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SUPERHYDROPHOBIC AND DUST
MITIGATING COATINGS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation-in-part application of
U.S. patent application Ser. No. 16/215,040, filed Dec. 10,

2018, which 1 turn claims the benefit of U.S. patent
application Ser. No. 14/502,339, enfitled “SYSTEM, APPA.-
RATUS, COMPOSITION AND METHOD FOR SUPER-
HYDROPHOBIC AND DUST MITIGATING COAT-
INGS,” filed Sep. 30, 2014, and which claims prionty to
U.S. Provisional Patent Application No. 62/728,983 entitled
“SUPERHYDROPHOBIC AND DUST MITIGATING
COATINGS,” filed Sep. 10, 2018, and this application
claims priority to U.S. Provisional Patent Application No.
62/728,983, filed Sep. 10, 2018, each of which 1s hereby

incorporated herein by reference 1n its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The invention described herein was made 1n part by
employees of the United States Government and may be
manufactured and used by or for the Government of the
United States of America for governmental purposes without
the payment of any royalties thereon or therefor.

BACKGROUND OF THE INVENTION

Field of the Invention

The present mnvention 1s in the technical field of coatings
and other surfaces that mitigate or repel dust, other particu-
lates, water, ice, and other liquids. The principles of the
present invention are applicable to surfaces on apparatuses
and 1n systems for commercial or scientific use, for space
and planetary explorations, and for terrestrial uses, such as
acronautics, automotive, electronics, energy production,
health-related, and ultra-pure environments.

Description of Related Art

The exploration of space requires people and equipment
to uncover further mysteries of the Universe and its work-
ings. One of the hazards of working on the moon 1s regolith
or dust covering all surfaces. Dust problems are also per-
vasive on missions to Mars, asteroids, comets, and other
planetary bodies. Indeed, the unknown health effects of
moon dust were a great concern to the Apollo astronauts,
NASA researchers, and Mission Control.

Data from the Apollo missions also show that the dust
conditions on the surface of the moon substantially degraded
the performance of the astronauts’ extra-vehicular suits
(EVSs), the extra-vehicular activities (EVAs) tools, mecha-
nisms, spacecrait thermal control surfaces, and optical sur-
faces. Indeed, lunar regolith, 1n addition to being micro-
scopic, 15 electrostatically charged and has jagged edges,
making the dust extremely diflicult to remove from any
surface. The Apollo astronauts found that the dust trans-
ported and adhered everywhere, even throughout the interior
habitations areas. Further, the astronauts identified dust
accumulation on EVA suits and tools as a major problem that
restricted motion and data collection, 1.e., mission perfor-
mance was degraded, and presented health concerns.
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Dust control techniques developed during the Apollo
missions were only partially successtul. The more recent

Mars land rover missions provided NASA scientists with
information concerning how Martian dust can cause damage
to mechanisms and, like moon dust, adversely atfect mission
performance, e.g., decommissioning the Mars Exploratory
Rover Spirit. Martian dust has thus been i1dentified as a
major problem for future missions, including the ultimate
human colomization of Mars. Accordingly, these historical
data have resulted in NASA eflorts, such as those of Appli-
cants as set-forth 1n the instant application, to 1dentify dust
mitigation as a target area for all future Lunar and Martian
missions.

Additionally, NASA develops and launches contamina-
tion sensitive missions, whereby particulate, liquid, and 1ce
accumulation can degrade science or mission performance
on orbit. This problem can limit the life of a mission. This
1s a particular concern on missions with contamination
sensitive surfaces, such as optics, detectors, lasers systems,
cryogenics, large-scale optics, radiators, or any surface that
cannot be cleaned or that needs protection from water and
ice buildup.

Furthermore, since particulate, liquid, and ice accumula-
tion 1s a problem 1n various terrestrial industries as well, e.g.,
in clean environments, the need for better control of dust and
other particulates, liquids, 1ce accumulation, and contami-
nants 1s manifest 1n, e.g., hospitals, microprocessor manu-
facturing, textile performance, automotive performance,
solar array and wind turbine energy production, pharmaceu-
tical manufacturing, acronautical applications, clean rooms,
and the like. Because the regolith and dust in general
adversely aflect health, the amelioration of this problem 1s
necessary for future, long-duration space missions and
explorations, as well as in more Earthly-based applications.
Indeed, there 1s an immediate need for dust, liquid, and ice
mitigation 1n numerous terrestrial contexts, as discussed
further herein below. There 1s, therefore, a need for systems,
equipment, compositions, and methods that provide dust,
liquid, and ice mitigation or suppression capabilities, and
that enable proper functiomng in difhicult and extreme
situations and environments, whether on Earth, in space, or
on another world.

SUMMARY OF THE INVENTION

The present invention 1s directed to a method employing
enhanced lotus-like effect through super-hydrophobic
coated surfaces to mitigate against the contamination or
accumulation of dust, liqud, ice, and other debris. Addi-
tionally, the present mnvention 1s directed to techmiques to
coat the surfaces of optical components and other equipment
with hydrophobic and super-hydrophobic coatings, mini-
mizing or eliminating dust, liquid, and/or 1ce contamination
or accumulation problems during missions in hostile envi-
ronments, particularly, 1n outer space or on another planetary
body or moon, not excluding Farth. Further, the hydropho-
bic and super-hydrophobic coatings exhibit an enhanced
“lotus-like™ effect by the combination of various processes
implementing layering ol nano-particle filled epoxy base-
coats, and the use of self-assembling monolayers, epoxies,
and epoxy resins. The present invention 1s also directed to
techniques for improving the functioning of terrestrial-based
equipment and systems where dust, liqud, or 1ce contami-
nation or accumulation 1s a problem. Terrestrial-based
equipment may be used 1n a wide range of applications such
as, but not limited to the automotive, pharmaceutical, aero-
nautical, health, clean-room, energy production, cryogenic,
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and textile industries, to prevent contamination or accumus-
lation of dust, liquid, and 1ce.

BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims particularly
pointing out and distinctly claiming the subject matter that
1s regarded as forming the present invention, 1t 1s believed
that the invention will be better understood from the fol-
lowing Detailed Description, taken in conjunction with the
accompanying DRAWINGS, where like reference numerals
designate like structural and other elements.

FIG. 1 1s an illustration showing a droplet of a liquid or
particle on the surface of a substrate coated with nano-
structures (left), with microstructures (middle), and with a
hydrophobic surface coating hierarchical structure combin-
ing micro-structures with nano-structures (right).

FIG. 2 1s an illustration of an 1dealized structure of
nano-textured micro pillars only attainable 1 a laboratory,
but not viable for large-scale manufacturing production.

FIG. 3 1s an illustration of a “lotus-like” structure of the
present invention with different sized nano-particles, which
1s scalable for large manufacturing production or applica-
tion, wherein the figure shows the designed texture, nano-
particle clumping effect, and hierarchical structure.

FIG. 4 1s a transmittance graph generated with a Cary
5000 spectrophotometer where an embodiment of the pres-
ent mvention’s hydrophobic coating with surface angle of
148° on a glass substrate 1s optimized at a specific wave-
length to match the transmittance of a clean glass substrate.

FIG. 5 1s an 1llustration of an embodiment of a transparent
lotus coating where reference numerals 515 and 525 depict
the coating layers, reference numerals 5310 and 520 depict
the surfaces that end up as interfaces between the coating
layers, and reference numeral 330 depicts the exterior sur-
tace of the coating.

FIG. 6 1s an 1llustration of an embodiment of a transparent
lotus coating with vacuum deposition layer where the ret-
erence numerals 615, 625, and 635 depict the coating layers,
reference numerals 610, 620, and 630 depict the surfaces
that end up as interfaces between the coating layers, and
reference numeral 640 depicts the exterior surface of the
coating.

FIG. 7 1s an 1llustration of an embodiment of an alterna-
tive transparent lotus coating where reference numerals 715
and 725 depict coating layers, reference numerals 710 and
720 depict the surfaces that end up as interfaces between the
coating layers, and reference numeral 730 depicts the exte-
rior surface of the coating.

FIG. 8 1s an 1llustration of an embodiment of an alterna-
tive transparent lotus coating with a vacuum deposition layer
where reference numerals 815, 825, and 835 depict the
coating layers, reference numerals 810, 820, and 830 depict
the surfaces that end up as interfaces between the coating
layers, and reference numeral 840 depicts the exterior sur-
face of the coating.

FIG. 9 1s an 1llustration of an embodiment of a transparent
plasma treated lotus coating where reference numerals 915
and 925 depict the coating layers, reference numerals 910
and 920 depict the surfaces that end up as interfaces between
the coating layers, and reference numeral 930 depicts the
exterior surface of the coating.

FIG. 10 1s an illustration of an embodiment of a trans-
parent plasma treated lotus coating with a vacuum deposi-
tion layer where reference numerals 1015, 1025, and 1035
depict the coating layers, reference numerals 1010, 1020,
and 1030 depict the surfaces that end up as interfaces
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4

between the coating layers, and reference numeral 1040
depicts the exterior surface of the coating.

FIG. 11 1s an illustration of an embodiment of a trans-
parent double plasma treated lotus coating where reference
numerals 1115, 1125, 1135, 1145, and 1155 depict the
coating layers, reference numerals 1110, 1120, 1130, 1140,
and 1150 depict the surfaces that end up as interfaces
between the coating layers, and reference numeral 1160
depicts the exterior surface of the coating.

FIG. 12 15 an illustration of an embodiment of a durable
opaque lotus coating where reference numerals 1215, 1225,
and 1235 depict the coating layers, reference numerals 1210,
1220, and 1230 depict the surfaces that end up as interfaces
between the coating layers, and reference numeral 1240
depicts the exterior surface of the coating.

FIG. 13 1s an 1illustration of an embodiment of a durable
opaque lotus coating with a vacuum deposition layer where
reference numerals 1315, 1325, 1335, and 1345 depict
coating layers, reference numerals 1310, 1320, 1330, and
1340 depict the surfaces that end up as interfaces between
the coating layers, and reference numeral 1350 depicts the
exterior surface of the coating.

FIG. 14 1s an 1llustration of another embodiment of a lotus
coating with a patterned vacuum deposition layer where
reference numerals 1415, 1425, 1435, and 1445 depict the
coating layers, reference numerals 1410, 1420, and 1430
depict the surfaces that end up as interfaces between coating
layers, and reference numeral 1440 depicts the exterior
surface of the coating.

FIG. 15 1s an 1llustration of another embodiment of a lotus
coating with a patterned transparent vacuum deposition
layer where reference numerals 15135, 1525, and 13535 depict
the coating layers, reference numerals 1510 and 1520 depict
the surfaces that end up as interfaces between coating layers,
and reference numeral 1530 depicts the exterior surface of
the coating.

FIG. 16 1s an illustration of another embodiment of a
transparent lotus coating produced by the vapor deposition
ol a self-assembling monolayer where reference numerals
1615 and 1625 depict the coating layers, reference numerals
1610 and 1620 depict the surfaces that end up as interfaces
between the coating layers, and reference numeral 1630
depicts the exterior surface of the coating.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

The present mvention will now be described more fully
hereinafter with reference to the accompanying drawings, in
which preferred embodiments of the invention are shown. It
1s, ol course, understood, however, that this invention may
be embodied mm many different forms and should not be
construed as limited to the embodiments set-forth herein;
rather, these embodiments are provided so that the disclo-
sure will be thorough and complete, and will tully convey
the scope of the invention to those skilled in the art. It 1s,
therefore, to be understood that other embodiments can be
utilized, and structural changes can be made, without depart-
ing from the scope of the present invention.

Dust 1s ever-present and problematic both on Earth and
clsewhere. Certain environments require the absence or
reduction of dust imn order to be able to function, e.g., n
microprocessor manufacturing, clean rooms, and other ultra-
clean facilities, where dust 1s harmiul to the products. As
discussed herein above and herein below, however, the
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mitigation of dust 1s useful 1n many contexts, including the
health context, whether on Earth or on another heavenly
body.

NASA has been at the forefront in mitigating the prob-
lems with contamination or accumulation of dust, liquid, and
ice Tor decades. Various problems 1n regolith or dust particle
accumulation have been directly found during lunar explo-
rations by Apollo astronauts. In particular, analysis has
shown that lunar dust exhibits physical properties that make
the dust strongly adhere to any surface. Similarly, Mars also
has dust with strong adherence properties, but, unlike the
Moon, Mars has an atmosphere. Through long observations
and 1n the rover explorations, Mars 1s known to have severe
dust storms, making all equipment on the surface quite
vulnerable to dust accumulation. The Mars Exploration
Rover Spirit was lost recently due to dust accumulation on
the solar panels. Although the instant invention has been
developed primarily 1n the context of space exploration and
the hazards thereof, dust, particulates, liquid, and 1ce con-
tamination or accumulation are not desired 1 numerous
terrestrial contexts as well, making the solutions set-forth in
the present imvention applicable universally.

A purpose of the present invention 1s to address a large-
scale problem of dust contamination and accumulation 1n
dusty space environments, such as the moon, Mars, comets,
asteroids, and other planetary bodies. Additionally, diverse
coatings were developed to mitigate contamination or accu-
mulation on missions where sensitive surfaces, such as
large-scale optics, cannot be cleaned, or on surfaces that
need protection from particulate, liquid, and ice buildup.
Indeed, the present invention 1s a cross-cutting technology
development that achieves seli-cleaning hydrophobic and
super-hydrophobic properties with particulate contact sur-
face angles greater than 100 degrees. Hydrophobic and
super-hydrophobic surface properties can be used on any
mission or application where dust/particle contamination or
accumulation degrades science or mission performance. The
beneficial properties of the mstant invention also have other
applications, such as covering the interior of human habitats
to minimize long-term contamination and debris build-up.
Additionally, the coatings of the present invention are also
suitable for other purposes within NASA and commercially.
The concept of a Lotus coating, a dust mitigation coating, or
hydrophobic coating 1s found i1n nature. The name “Lotus
coating” addresses various hydrophobic and dust mitigation
coatings. However, the present invention resolves limita-
tions of current hydrophobic coating surfaces that are not
operable for NASA space qualification standards and
requirements, which factor-in durability of coating, stability
in space environment (vacuum, ultra-violet, radiation, high-
temperature, material degradation, outgassing), reproduc-
ibility, quality control, transmissivity, adhesion, and material
application processes. Conventional high temperature com-
mercial processes destroy substrates rendering them unus-
able for the contemplated purposes of the present invention.
The present invention maintains 1ts seli-cleaning hydropho-
bic and super-hydrophobic coating properties despite the
harsh space environment and space-born particulates’ high
adhesion properties. NASA space qualified hydrophobic and
super-hydrophobic surfaces were achieved, per FIG. 1, with
the use of hierarchical structure where micro-structures are
coupled with nano-structures coatings to achieve the optimal
surface contact angles. The invention herein overcomes the
limitations of small-scale, laboratory-grown close to 1deal-
ized nano-textured micro pillars, per FIG. 2, to make 1t

10

15

20

25

30

35

40

45

50

55

60

65

6

casier to scale up for large-scale manufacturability of coat-
ings with the use of randomly sized nano-particle coatings,
per FIG. 3.

Prior art efforts over the past few years have resulted 1n
various coatings that have hydrophobic or dust mitigation
characteristics. These other techniques, however, require
high temperatures to produce and apply, such as 1n combus-
tion chemical vapor deposition (CCVD). The CCVD tech-
nique can damage or destroy sensitive spacetlight substrates,
such as polyimide films. Furthermore, testing showed that
prior art coatings produced by these other techniques were
inconsistent and failed to survive harsh space tlight envi-
ronments. Additional efforts 1n wet chemistry formulations
were also problematic, e.g., they involved hazardous chemi-
cals and waste, required spin coating which creates unifor-
mity 1ssues and limits substrate size, or required high
temperatures that put the viability of the substrates at risk.

The methods of the present invention have eliminated the
use of hazardous materials by utilizing more user-friendly
chemicals and safer procedures. The present mnvention also
climinated high temperature bakes, such as those experi-
enced when creating nano-textures from polystyrene
spheres, and high temperature exposures experienced during
application processes utilizing CCVD techmques. Avoiding
such high temperature baking processes facilitates the for-
mation of nanoparticles that are more uniform in size and
reduces the formation of multi-sized nanoparticles. Further-
more, the techniques of the present invention are applicable
for spray coating surfaces, as well as brush coating, rub
coating, spin coating, vacuum deposition, plasma etching,
and combinations thereof.

The coatings of the present invention are durable enough
to survive harsh space flight environments. The techniques
of the mstant invention also have to be extremely scalable 1n
order to apply the coating to small surfaces, such as solar
cells or lenses, as well as extremely large surfaces, such as
human space habitats. The coatings and the application
processes thus have to possess characteristics that do not
compromise the underlying hardware surfaces. For space
applications, these coatings must be durable and wear-
resistant, must be able to be applied to large surfaces, must
be optically clear for optics, must be transparent in the
infrared wavelengths for thermal control surfaces, must
exhibit low outgassing properties, must be stable in UV
environments, and must be resistant to most solvents, yet be
able to mitigate dust accumulation or prevent water or ice
buld-up.

The Lotus coating technique of the present invention
utilizes a low temperature application process, for example,
at a temperature of from 73° C. to 125° C., thereby pre-
venting or eliminating surface damage to the underlying
substrate. The coatings should also be stable under low
vacuum environments, e.g., at pressures of from 1x107> Torr
to 100 Torr, in space radiation environments and charged
particle environments, under extreme ultra-violet condi-
tions, and under thermal cycling. Most importantly, these
coatings must prevent particles and ice from adhering and
must repel liquids. As mentioned, prior art techniques
employ high temperature bakes or cures that may damage
sensitive space thght hardware, utilize hazardous chemaicals
or processes, only coat small-scale surfaces through spin
coating, and lack reproducibility, coating uniformity, or
coating stability 1n space. Additionally, these prior art coat-
ings applied through a combustion chemical vapor deposi-
tion (CCVD) process requiring a high temperature applica-
tion, are scale limited, have reproducibility 1ssues, and can
damage spacetlight materials during application. The coat-
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ings and techniques of the present invention have thus been
developed and overcome drawbacks of the prior art.

Dust mitigation coatings have, accordingly, been devel-
oped as a countermeasure for addressing the aforementioned
problems of dust accumulation, such as for long-duration
human space exploration on the Moon or Mars. In particular,
the coating of the 1nstant invention accomplishes dust miti-
gation with the nano-textured surface of the coating. The
coating reduces the surface energy of the underlying surface,
as well as the surface contacting area, which 1n turn dras-
tically reduces the adhesion of particles and 1ce, and repels
liquads.

As noted, the present invention 1s generally based upon
the naturally occurring anti-contamination and water repel-
lant surface properties of the Lotus plant leaf. In particular,
the Lotus coatings of the present immvention have a nano-
textured surface similar to that exhibited by the Lotus plant
leat. As mentioned hereinabove, this nano-texture sheds dust
and repels water by reducing surface energy and contact
surface area. Table 1 shows a durability test where an optical
coating hardness kit, per MIL-C-00675, was used to apply
both 2 1bf of cheesecloth and 5 1bf of eraser onto a sample
treated with a super-hydrophobic coating of the present
invention described herein. In both tests, the super-hydro-
phobic coated sample maintained 1ts super-hydrophobic
properties where contact angles remained greater than or
equal to 150° after at least 6 passes of the material onto the
coated surface. In addition, FIG. 4 shows transmittance test
results with a Cary 5000 spectrophotometer where a clean
glass substrate was compared to a glass substrate coated
with an embodiment of the present invention’s hydrophobic
coating that achieved a contact angle o1 148°. Per FIG. 4, the
hydrophobic coating was optimized at a specific wavelength
to exhibit the same transmittance as the clean glass substrate.
Finally, the embodiment of the present invention’s super-
hydrophobic coating was placed in a high vacuum chamber
to observe the durability of the coating’s contact angle 1n a
space environment. When the substrate with the super-
hydrophobic coating was exposed to a pressure ol approxi-
mately 107° Torr at room temperature for four weeks in a
VEECO™ chamber (Veeco Instruments Inc., Oyster Bay,
N.Y.), there were no observable changes 1n appearance or in
the contact angle of the coated substrate. The super-hydro-
phobic lotus-coated substrate had nitially measured contact
angles of between 153° and 130° after exposure to the
cheesecloth test, and initial contact angles of between 154°
and 145° after exposure to the eraser test.

TABLE 1

Durability Test Results

2 lbf Cheesecloth 5 Ibf Eraser
Pass Contact Angle Pass Contact Angle

0 153° 0 154°
1 153° 1 146°
2 151° 2 151°
3 150° 3 145°
4 151° 4 151°
5 150° 5 151°
6 150° 6 152°
7 151° 7 147°
8 151° 8 145°

It should be understood that the principles of the present
invention may be made applicable 1n a wide range of
situations, not necessarily the extremes of space exploration
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that 1s the subject of many of the studies herein. Indeed, the
present mvention may be employed not only 1n Earth’s (or

other extraterrestrial bodies’) atmospheres, but also 1n
countless terrestrial-based applications.

Indeed, the present invention includes an inovative coat-
ing that can be used to address a number of contamination
related concerns. As discussed, the coating reduces the
surface energy of the underlying surface, as well as the
surface contacting area, which in turn drastically reduces the
adhesion of particles and ice, and repels liquids. This for-
mulation 1s thus more durable than the aforementioned
previous formulations and does not sigmificantly reduce
transmission. The instant invention can be applied to both
metallic and nonmetallic surfaces. The coating 1s vacuum
compatible and can survive the harsh space environment.
The coatings of the instant invention are easily cleanable
using standard solvents or water.

There 1s a tremendous need for a flight-qualified, particu-
late, liguid, and ice mitigation coating that can survive
extremely harsh space and aeronautical environments, as
well as terrestrial environments. The coatings of the present
invention thus help ensure mission performance when per-
forming science and technology missions in potentially
dusty terrains or in wet or 1ce-forming environments.

The present invention can also be easily adapted or
modified to satisty the requirements of a specific applica-
tion. Depending on requirements, the coating systems of the
present mvention are more easily tailored to specific appli-
cations or environments than previous methods of the prior
art. This customization makes the present invention far more
adaptive, allowing for a more diverse range of applications.
The adaptability of the coating embodiments of the present
invention allow applicability to a variety of surfaces, such
as, but not limited to, radiators, solar arrays, optics and
lenses, reflectors, thermal control blankets, astronaut suits,
habitat enclosures, tluid transport systems, launch vehicles,
seals and gaskets, mechanisms, protective covers, laser
systems, and the like.

As noted, missions to the moon, Mars, and other celestial
bodies would greatly benefit from this technology develop-
ment. By prioritizing the transmittance of the coating, the
coatings and techniques of the present invention can be
tailored for large-scale optics that cannot be cleaned after
integration, to minimize particulate fall-out and keep mirrors
clean during ground processing and launch. The present
invention 1s able to address a major challenge for space
exploration and for other cross-cutting missions where par-
ticulate, condensation, or 1ce accumulation causes perfor-
mance degradation. The present invention also has aeronau-
tical applications such as, but not limited to, preventing ice
buildup on airplane wings and in airplane flap mechanisms.
Additionally, the coating can be utilized 1n mitigating poten-
tial health and safety 1ssues by controlling and reducing the
amount of particles and repelling liquids 1n human habita-
tion areas, such as in the International Space Station or in
future exploration habitats.

Embodiment 1: Transparent Lotus Coating Suitable
for Optics (WC2)

FIG. 5. shows a transparent lotus coating suitable for
optics, according to one embodiment of the present mven-
tion, wherein the lotus coating does not have, nor does 1t
require, a primer layer between, e.g., a substrate 505 (e.g.
glass) and a nano-texture epoxy basecoat 515 (epoxy base-
coat). The epoxy basecoat comprises nanoparticles and
produces a nano-textured surface and preferably utilizes
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several sizes ol nano-particles to produce a clumping etiect
as 1llustrated 1n FIG. 3. A self-assembling monolayer 1s then
applied to make the coating hydrophobic (water droplet
contact angles greater than 90°) or super hydrophobic (water
droplet contact angles greater than 150°). The method of
making the transparent lotus coating of this embodiment 1s
described below and can comprise, consist essentially of, or
consist of, the steps listed herein. All embodiments of the
methods of the present invention can comprise, consist
essentially of, or consist of, the steps listed 1n the respective
descriptions of the embodiments.

First, 1n this embodiment, epoxy basecoat 5135 1s created
by mixing from 0.1 g to 0.5 g, preferably about 0.1 g, of
s1lica nanoparticles 1 a 6:1 to 10:1 ratio, preferably an 8:1
rat1o, of 15 nm particles to 80 nm particles, by mass. Also
mixed to form the basecoat 1s 2 ml to 6 ml, preferably about
4 ml, of 4-to-1 TAP epoxy resin, 0.05 ml to 1.5 ml,
preferably about 1 ml, of 4-to-1 TAP epoxy hardener, and 40
ml of OPTIMA™ grade acetone (Thermo Fisher Scientific,
Rockville, Md.). The OPTIMA™ grade acetone 1s used to
dilute the mixture of the epoxy basecoat 515, and the volume
of 40 ml 1s not critical so long as the mixture 1s sufliciently
diluted. The epoxy basecoat 515 produces the nano-texture
and preferably utilizes several sizes of nano-particles to
produce a clumping efiect to the texture. It should be
understood that other sized nanoparticles can be used, as
well as other mix ratios, depending on the desired nano-
texture.

Next, substrate 505 without the application of a primer
layer 1s cleaned using standard low residue soap and distilled
water at surface 3510. Substrate 505 i1s then rinsed with
acetone 1n preparation for the coating process at surtface 510.
In this embodiment, a bare glass substrate was utilized as
substrate 305, although the coating can be applied to most
substrates.

After substrate 5035 i1s rinsed in acetone, epoxy/nano-
particle basecoat 515 1s rubbed on the substrate at surface
510 using a lint-free nonwoven cotton wipe and allowed to
flash off until the coating turns matte in appearance. This
flash process can take a minimum of 5 to 10 seconds to
occur, but may take longer. It should be noted that the
application of epoxy basecoat 515 onto the surface of
substrate 505 at surface 510 can be executed with other
processes, such as, but not limited to, spray coating, brush-
ing, or spin coating. After epoxy basecoat 515 becomes
matte, the film 1s then rubbed with a second dry lint-free
nonwoven cotton wipe to thin out epoxy basecoat 515 and
render 1t transparent. This process generally occurs within
10 minutes of the rub-coating becoming matte, but other
waiting periods can be utilized. In addition, other processes
can be used to thin epoxy basecoat 5135 other than the use of
second dry lint-free nonwoven cotton wipes.

Substrate 505 coated with epoxy basecoat 515 1s then
baked at a temperature of 100° C. 1n air for about 30 minutes
to allow the epoxy to cure and set. The curing temperature
ol nano-texture epoxy basecoat 515 can vary depending on
the amount of time and temperature applied. Curing tem-
peratures can vary between 75° C. and 125° C., with lower
temperatures taking more time. The time period for curing
can vary from 15 minutes to 45 minutes, but it needs to be
of suflicient time for epoxy basecoat 315 to cure and set.
Depending on the desired nano-texture, epoxy basecoat 5135
can be applied 1 one or multiple layers.

Once substrate 505 with epoxy basecoat 515 1s dry, a
self-assembling monolayer 523 1s applied to the substrate at
surface 520 thus providing the coating’s hydrophobic prop-
erties. Coated substrate 5035 1s then completely submerged 1n
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a solution comprising n-decane containing 0.4% 1H,1H,2H,
2H-pertluorooctyltrichlorosilane (FOTS) by volume. In a
preferred embodiment, this submerging occurs 1n an 1nert,
dry environment and 1s allowed to occur for a period of time
of from 15 to 45 minutes, for example, about 30 minutes.
The submersion, or an alternative wetting process for sub-
strates that cannot be submerged, allows self-assembling
monolayer 325 to develop. The relative amount of FOTS 1n
n-decane 1s not particularly limited, so long as FOTS 1s
present 1n an amount suilicient to coat coated substrate 503.
Further, istead of, or in addition to, FOTS, compounds such
as perfluorodecyltrichlorosilane can be used in the present
invention to coat coated substrate 505. The solution can
comprise, consist essentially of, or consist of, 1H,1H,2H,
2H-perfluorooctyltrichlorosilane, perfluorodecyltrichlorosi-
lane, or any combination thereof.

As used herein, the term “monolayer” means a uniform,
continuous, condensed, layer that 1s one molecule 1n thick-
ness. As an example, the FOTS molecules can self-assemble
on epoxy basecoat 515 during the submersion and seli-
assemble 1nto a monolayer that 1s uniform and continuous
across the surface of epoxy basecoat 515. This monolayer 1s
one FOTS molecule 1n thickness. This definition of “mono-

layer” applies to all embodiments of this application, unless
otherwise indicated.

Coated substrate 505 1s then removed from the n-decane

solution and rinsed with n-decane, followed by a rinse with
chloroform, followed by a rinse with methanol, or similar
chemical rinses. Rinse solvents are used 1n increasing polar-
ity to clean ofl unreacted FOTS; thus, the solvents of
n-decane, chloroform, and methanol are not required to be
used 1n this rinsing. Other solvents can be used, so long as
a rinsing of multiple solves takes place, where the solvents
increase in polarity between individual rinsing steps. Rins-
ing can be done using a solvent squirt bottle, submersion, or
similar cleaning process.
The rinsed coated substrate 505 with epoxy basecoat 515
and self-assembhng monolayer 525 1s then placed 1n an oven
to bake 1n air at a temperature of 100° C. for a suflicient
period of time, such as from 15 minutes to 45 minutes,
preferably about 30 minutes. The baking process allows
FOTS molecules 1n hydrophobic layer 5235 to align. The
oven temperature can vary, with lower temperatures requir-
ing more time for the FOTS molecules to align. A preferred
baking temperature range 1s from 75° C. to 125° C., for
example, about 100° C.

This coating process yields surface water droplet contact
angles of at least 90°, e.g. averaging at least 118°, or
averaging 118°, at surface 3530. The hydrophobic coating
detailed 1n this embodiment 1s less than 2 pm thick. This
coating 1s transparent and has been shown to be useful on
optical components or any other applications requiring a
clear coating.

Embodiment 2: Transparent Lotus Coating Suitable
for Optics with Vacuum Deposition Layer (VAC)

In this embodiment, an additional layer of vacuum depos-
ited material may be applied to the “Iransparent Lotus
Coating Suitable for Optics” formulation detailled 1n
Embodiment 1, and this embodiment can be seen 1n FIG. 6.
It 1s noted that the vacuum deposition process further
increases the durability and hydrophobic properties of the
self-assembled monolayer, and 1n addition, unexpectedly
increases, or improves, adhesion between the layer of the
self-assembled monolayer and the vacuum deposition layer.
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The adhesion of the vacuum deposition layer to the coating
in Embodiment 1 also increased.

The method of making the transparent lotus coating of
this embodiment 1s described as follows. First, a nano-
textured epoxy basecoat 615 (epoxy basecoat) 1s created by
mixing from 0.1 g to 0.5 g, preferably about 0.1 g, of silica
nanoparticles having a 6:1 to 10:1 ratio, preferably an 8:1
rat1o, of 15 nm particles to 80 nm particles by mass. Also
mixed 1s 0.2 ml to 0.6 ml, preferably about 0.4 ml, of 4-to-1
TAP epoxy resin, 0.05 ml to 1.5 ml, preferably about 1 ml,
of 4-to-1 tap epoxy hardener, and 40 ml of OPTIMA™
grade acetone. The OPTIMA™ grade acetone 1s used to
dilute the mixture of epoxy basecoat 6135, and the volume of
40 ml 1s not critical so long as the mixture 1s sufliciently
diluted. Epoxy basecoat 615 produces the nano-texture and
preferably utilizes several sizes of nano-particles to produce
a clumping eflect to the texture.

Next, a substrate 6035, without a primer layer thereon, 1s
cleaned with standard low residue soap and distilled water at
surface 610. Substrate 603 1s rinsed 1n acetone in preparation
for the coating process at surface 610. In this embodiment,
glass was utilized as a substrate, although the coating can be
applied to most substrates.

After substrate 6035 1s rinsed in acetone, epoxy/nano-
particle basecoat 615 1s rubbed on the substrate at surface
610 with a lint-free nonwoven cotton wipe and allowed to
flash off until the coating turns matte 1n appearance. This
flash process can take a mimimum of 5 to 10 seconds to occur
but may take longer. It should be noted that the application
ol epoxy basecoat 615 onto the surface of substrate 605 at
surface 610 can be executed with other processes, such as,
but not limited to, spray coating, brushing, or spin coating.
Alter epoxy basecoat 615 becomes matte, the film 1s then
rubbed with a second dry lint-iree nonwoven cotton wipe to
thin out epoxy basecoat 615 and render 1t transparent. This
process generally occurs within 10 minutes of the rub-
coating becoming matte, but other waiting periods can be
utilized. In addition, other processes can be used to thin
epoxy basecoat 613 other than the use of second dry lint-free
nonwoven cotton wipes.

Once substrate 605 1s coated with epoxy basecoat 615, 1t
1s baked at a temperature of 100° C. 1n air for about 30
minutes to allow the epoxy coating to cure and set. The
curing temperature for nano-texture epoxy basecoat 615 can
vary depending on the amount of time and temperature
applied. Curing temperatures can vary between 75° C. and
125° C., with lower temperatures taking more time. The time
period for curing can vary from 15 minutes to 45 minutes,
but 1t needs to be of suflicient time for epoxy basecoat 615
to cure and set. Depending on the desired nano-texture,
epoxy basecoat 615 can be applied 1n one or multiple layers.

Once substrate 605 with epoxy basecoat 615 1s dry,
self-assembling monolayer 625 i1s applied to the coated
substrate to give 1t its hydrophobic properties. Coated sub-
strate 605 1s submerged completely 1n a solution comprising
n-decane containing 0.4% 1H,1H,2H,2H-perfluorooctyl-
trichlorosilane (FOTS) by volume. Preferably, this process
occurs 1n an 1nert, dry environment, and a time period for
this submerging can be from 15 minutes to 45 minutes, for
example, about 30 minutes. The submersion, or alternative
wetting process for substrates that cannot be submerged,
allows self-assembling monolayer 625 to develop. The rela-
tive amount of FOTS 1n n-decane 1s not particularly limited,
so long as FOTS 1s present 1n an amount suflicient to coat
coated substrate 605. Further, instead of, or in addition to,
FOTS, compounds such as perfluorodecyltrichlorosilane can
be used 1n the present invention to coat coated substrate 603.
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The solution can comprise, consist essentially of, or consist
of, 1H,1H,2H.,2H-perfluorooctyltrichlorosilane, pertluoro-

decyltrichlorosilane, or any combination thereof.

Next, coated substrate 605 1s removed from the n-decane
solution and rinsed with n-decane, followed by a rinse with
chloroform, followed by a rinse with methanol or similar
chemical rinses. Rinse solvents are used in increasing polar-
ity to clean off unreacted FOTS. Rinsing can be done using
a solvent squirt bottle, submersion, or similar cleaning
pProcess.

Rinsed coated substrate 605 with epoxy basecoat 615 and
self-assembling monolayer 625 thereon 1s then placed in an
oven to bake 1n air at a temperature of 100° C. for about 30
minutes. The baking process allows FOTS molecules in
hydrophobic layer 625 to align. The oven temperature can
vary with lower temperatures requiring more time for the
FOTS molecules to align. In one embodiment, the baking
temperature 1s from 75° C. to 125° C. The time period for
baking, in some embodiments, can be from 15 to 45 minutes.

After the baking process, to further optimize the durabil-
ity, contact angle, and super-hydrophobic eflects of FOTS
self-assembling monolayer 625 at surface 630, the assembly
of coated substrate 605 with epoxy basecoat 615 and seli-
assembling monolayer 625 1s placed 1n a vacuum deposition
chamber. The top surface of the FOTS at surface 630 of
coated substrate 605 with epoxy basecoat 615 and seli-
assembling monolayer 625 1s, additionally, coated with 75
nm to 125 nm, for example, about 100 nm, of fluorinated
cthylene propylene 9494 X (The Chemours Company, Wilm-
ington, Del.) using a vacuum deposition process. The depo-
sition can occur in a vacuum with a pressure of 10~ Torr
(e.g. 1x107 to 9x107 Torr) and at a deposition rate of from
15 to 25 ug/cm?, preferably about 19 pg/cm?, at surface 630.
Other thicknesses of fluorinated ethylene propylene or simi-
lar material can be applied at alternative deposition rates to
enhance the hydrophobic properties.

This variation of the embodiment produced water droplet
contact angles of at least 90°, e.g., averaging at least 140°,
or averaging 140°, at surface 640. With the addition of
fluorinated ethylene propylene layer 635, the hydrophobic
coating detailed in this embodiment 1s less than 2 um thick,
transparent, and particularly useful on optical components or
any other applications requiring a clear coating.

Embodiment 3: Alternative Transparent Lotus
Coating Suitable for Optics

This embodiment of the Lotus Coating does not have, nor
does 1t require, a primer layer, and i1s schematically 1llus-
trated i FIG. 7. The epoxy basecoat produces the nano-
texture and preferably utilizes several sizes of nano-particles
to produce a clumping efiect per FIG. 3. A self-assembling
monolayer 1s then applied to make the coating hydrophobic
(water droplet contact angles greater than 90 degrees) or
super hydrophobic (water droplet contact angles greater than
150 degrees).

The method of making the transparent lotus coating of
this embodiment 1s described as follows. Step one entails the
creation of a nano-texture epoxy basecoat 7135 (epoxy base-
coat) by mixing from 0.55 g to 0.75 g, preferably about 0.66
g ol silica nanoparticles having a 6:1 to 10:1 ratio, prefer-
ably an 8:1 ratio, of 15 nm particles to 80 nm particles by
mass. Also mixed 1s 0.2 ml to 0.6 ml, preterably about 0.4
ml, of 4-to-1 tap epoxy resin, 0.05 ml to 1.5 ml, preferably
about 0.1 ml, of 4-to-1 tap epoxy hardener, and 50 ml of
OPTIMA™ grade acetone. The OPTIMA™ grade acetone

1s used to dilute the mixture of epoxy basecoat 715, and the




US 11,219,922 Bl

13

volume of 50 ml 1s not critical so long as the mixture 1s
suiliciently diluted. Epoxy basecoat 715 produces the nano-
texture and preferably utilizes several sizes of nano-particles
to produce a clumping etlect.

Step two entails cleaning a bare glass substrate 705,
without the application of a primer layer, using standard low
residue soap and distilled water at surface 710 of substrate
705, which will become surface 710. Next, the substrate 1s
rinsed 1n acetone 1n preparation for the coating process at

surface 710. In this embodiment, glass was the desired
substrate.

Step three entails rubbing, with lint-iree nonwoven cotton
wipes, epoxy basecoat 715, from step one, onto the surface
of the substrate at surface 710, from step two. The applica-
tion of epoxy basecoat 715 onto substrate 705 at surtace 710
induces epoxy basecoat 715 to flash off and turn matte 1n
appearance. This rubbing process takes a minimum of 5 to
10 seconds to occur, but it may take longer. It should be
noted that the application of epoxy basecoat 715 onto the
surface of substrate 705 at 710 can be executed with other
processes, such as spray coating, brushing, or spin coating.
Next, once epoxy basecoat 715 becomes matte, a second set
of dry lint-free nonwoven cotton wipes are used to thin out
and render transparent epoxy basecoat 715. The thinming out
process should occur within 10 minutes of epoxy basecoat
715 becoming matte; however, other application periods can
be utilized. In addition, other processes can be used to thin
epoxy basecoat 715 other than the use of second dry lint-free
nonwoven cotton wipes.

Step four entails baking substrate 705 coated with epoxy
basecoat 715 from step three, at a temperature of 100° C. for
about 30 minutes to allow nano-texture epoxy basecoat 7135
to cure and set. The curing temperature of nano-texture
epoxy basecoat 715 can vary depending on the amount of
time and temperature applied. Curing temperatures can vary
between 75° C. and 125° C., depending on the cure time
used. The time period for curing can vary from 15 minutes
to 45 minutes, but 1t should be of sufficient time for
nano-texture epoxy basecoat 715 to cure and set. Depending,
on the desired nano-texture, epoxy basecoat 715 can be
applied 1n one or multiple layers.

In step five, once substrate 7035 with epoxy basecoat 715
1s dry, self-assembling monolayer 725 1s applied to the
coated substrate at the surface that will become interface 720
to give 1t 1ts hydrophobic properties. In a preferred embodi-
ment, substrate 705 with epoxy basecoat 715 thereon 1s
completely submerged 1n a self-assembling monolayer 7235
solution comprising ethanol, e.g., 200-proof ethanol, con-
taining 0.2% to 0.6%, e.g. 0.4%, 1H,1H,2H,2H-perfluoro-
decyltriethoxysilane (tri-ethoxy) by volume, for a period of
time ranging from 12 to 20 hours, for example 16 hours,
where this submerging takes place 1 an iert and dry
environment. This submerging also develops a suflicient
monolayer and submerging the substrate 1n this solution for
additional time beyond the 20 hours was not found to
produce better results. The submersion, or an alternative
wetting process for substrates that cannot be submerged,
allows self-assembling monolayer 725 to develop. The rela-
tive amount of tri-ethoxy in ethanol 1s not particularly
limited, so long as tri-ethoxy 1s present in an amount
suflicient to coat substrate 705. Further, instead of, or in
addition to, tri-ethoxy, compounds such as 1H,1H,2H,2H-
pertluorooctyltriethoxysilane and 1H,1H,2H,2H-perfluoro-
decyltrimethoxysilane can be used in the present invention
to coat substrate 705. The solution can comprise, consist
essentially of, or consist of, 1H,1H,2H,2H-pertluorodecyl-
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triethoxysilane,  1H,1H,2H,2H-perfluorooctyltriethoxysi-
lane, 1H,1H,2H,2H-perfluorodecyltrimethoxysilane, or any

combination thereof.

Step six entails removing the assembly of coated substrate
705 with epoxy basecoat 715 from the self-assembling
monolayer 725 solution, and rinsing 1t with 200-prootf etha-
nol at surface 730. Next, it 1s then blown dry with clean dry
air.

Step seven entails baking the assembly of rinsed and
coated substrate 705 with epoxy basecoat 715 and seli-
assembling monolayer 725, 1n an oven and 1n air at a
temperature of 100° C. for about 30 minutes. The baking
process allows the tri-ethoxy molecules in hydrophobic
layer 725 to align. In one embodiment, the baking tempera-
ture 1s from 75° C. to 125° C. The time period for baking,
in some embodiments, can be from 15 to 45 minutes.

This coating process yields surface water droplet contact
angles of at least 90°, e.g., averaging at least 120°, or
averaging 120°, at surface 730. The hydrophobic coating
that includes layers 715 and 725, detailed in this embodi-
ment, 1s less than 2 um thick, transparent, and particularly
useful on optical components or for any other applications
requiring a clear coating.

Embodiment 4: Alternative Transparent Lotus
Coating Suitable for Optics with Vacuum
Deposition Layer

In this embodiment, 1llustrated in FIG. 8, an additional
layer of vacuum deposited matenal 1s applied to the *“Alter-
native Transparent Lotus Coating Suitable for Optics™ for-
mulation detailed in Embodiment 3. It 1s noted that the
self-assembled monolayer unexpectedly improved the adhe-
sion of the vacuum deposition layer to the coating. This
coating further improves the durability and hydrophobic
cllects of the “Alternative Transparent Lotus Coating Suit-
able for Optics” of Embodiment 3 with the addition of
fluorinated ethylene propylene.

The method of making the transparent lotus coating of
this embodiment 1s described as follows. Step one entails
creating a nano-texture epoxy basecoat 815 (epoxy base-
coat) by mixing 0.55 g to 0.75 g, preferably about 0.66 g, of
s1lica nanoparticles having a 6:1 to 10:1 ratio, preferably an
8:1 ratio, of 15 nm particles to 80 nm particles by mass. Also
mixed 1s 0.2 ml to 0.6 ml, preferably about 0.4 ml, of 4-to-1
tap epoxy resin, 0.05 ml to 1.5 ml, preferably about 0.1 ml,
of 4-to-1 tap epoxy hardener, and 350 ml of OPTIMA™
grade acetone. The OPTIMA™ grade acetone 1s used to
dilute the mixture of epoxy basecoat 815, and the volume of
50 ml 1s not critical so long as the mixture 1s suiliciently
diluted. Epoxy basecoat 815 produces the nano-texture and
preferably utilizes several sizes of nano-particles to produce
a clumping eflect.

Step two entails cleaning a bare glass substrate 805, that
does not have a primer layer, with standard low residue soap
and distilled water at surface 810 that will become 1nterface
810. Next, substrate 805 1s rinsed 1n acetone 1n preparation
for coating with epoxy basecoat 815 at surface 810. In this
embodiment, glass was the desired substrate.

Step three entails rubbing, with lint-iree nonwoven cotton
wipes, epoxy basecoat 8135, from step one, onto the surface
of the substrate at surface 810, from step two. The applica-
tion of epoxy basecoat 813 onto substrate 805 at surface 810
induces epoxy basecoat 815 to flash off and turn matte 1n
appearance. This rubbing process takes a minimum of 5 to
10 seconds to occur, but it may take longer. It should be
noted that the application of epoxy basecoat 815 onto
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substrate 805 at surface 810 can be executed with other
processes, such as spray coating, brushing, or spin coating.
Next, once epoxy basecoat 815 becomes matte, a second set
of dry lint-free nonwoven cotton wipes are used to thin out
and render transparent epoxy basecoat 815. The thinning out
process should occur within 10 minutes of epoxy basecoat
815 becoming matte; however, other application periods can
be utilized. In addition, other processes can be used to thin
epoxy basecoat 813 other than the use of second dry lint-free
nonwoven cotton wipes.

Step four entails baking substrate 805 coated with epoxy
basecoat 815 from step three, at a temperature of 100° C. for
about 30 minutes to allow the coating to cure and set. The
curing temperature for nano-texture epoxy basecoat 815 can
vary depending on the amount of time and temperature
applied. Curing temperatures can vary between 75° C. and
125° C. depending on the cure time used. The time period
for baking, in some embodiments, can be from 15 to 45
minutes, but 1t needs to be of suflicient time for nano-texture
epoxy basecoat 815 to cure and set. Depending on the
desired nano-texture, epoxy basecoat 815 can be applied 1n
one or multiple layers.

For step five, once substrate 803 with epoxy basecoat 815
1s dry, self-assembling monolayer 823 1s applied at surface
at 820 to give 1t 1ts hydrophobic properties. In a preferred
embodiment, substrate 805 with epoxy basecoat 815 thereon
1s completely submerged i1n a self-assembling monolayer
solution comprising 200-proof ethanol containing 0.4%
1H,1H,2H,2H-pertluorodecyltriethoxysilane (tri-ethoxy) by
volume for a period of time ranging from 12 to 20 hours, for
example 16 hours, where this submerging takes place 1n an
mert and dry environment. The submersion, or wetting
process, allows self-assembling monolayer 8235 to develop.
The relative amount of tri-ethoxy in ethanol 1s not particu-
larly limited, so long as tri-ethoxy 1s present in an amount
sufficient to coat substrate 805. Further, instead of, or 1n
addition to, tri-ethoxy, compounds such as 1H,1H,2H,2H-
pertluorooctyltriethoxysilane and 1H,1H,2H,2H-perfluoro-
decyltrimethoxysilane can be used in the present invention
to coat substrate 805. The solution can comprise, consist
essentially of, or consist of, 1H,1H,2H,2H-perfluorodecyl-
triethoxysilane,  1H,1H,2H,2H-perfluorooctyltriethoxysi-
lane, 1H,1H,2H,2H-perfluorodecyltrimethoxysilane, or any
combination thereof.

Step six entails removing coated substrate 805 with epoxy
basecoat 815 from the self-assembling monolayer solution
and rinsing it with 200-prootf ethanol at surface 820. Next,
it 1s then blown dry with clean dry air at surface 820.

Step seven entails baking the assembly of dry coated
substrate 8035 with epoxy basecoat 813 and self-assembling
monolayer 825, in an oven, 1n air, and at a temperature of
100° C. for about 30 minutes. The baking process allows the
tri-ethoxy molecules 1n hydrophobic layer 825 to align. The
oven temperature can vary where lower oven temperature 1s
grven more time for the tri-ethoxy molecules to align. In one
embodiment, the baking temperature 1s from 75° C. to 125°
C. The time period for baking, in some embodiments, can be
from 15 minutes to 45 minutes.

For step eight, after the baking process, to further opti-
mize the durability, contact angle, and hydrophobic eflects
of tri-ethoxy self-assembling monolayer 825 at surface 830,
coated substrate 805 with epoxy basecoat 815 thereon 1is
placed 1n a vacuum deposition chamber. The top of layer 825
at surface 830, 1s, additionally, coated using vacuum depo-
sition with 75 nm to 125 nm, preferably about 100 nm, of
fluorinated ethylene propylene 9494X under 1x10™> to
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0x107> Torr at a deposition rate of from 15 to 25 pg/cm”,
preferably about 19 ug/cm?, at surface 830.

This embodiment produced water droplet contact angles
of at least 90°, e.g. averaging at least 144°, or averaging
144°, at surface 840. With the addition of fluorinated eth-
ylene propylene layer 835, the composite hydrophobic coat-
ing 815, 825, and 835 detailed 1n this embodiment 1s less
than 2 wm thick, transparent, and particularly usetul on
optical components or for any other applications requiring a
clear coating.

Embodiment 5: Plasma Treated Alternative
Transparent Lotus Coating Suitable for Optics

This embodiment of the Lotus Coating does not have, nor
does 1t require, a primer layer, and 1s schematically 1llus-
trated 1n FIG. 9. Epoxy basecoat produces the nano-texture
and preferably utilizes several sizes of nano-particles to
produce a clumping eflect per FIG. 3. A self-assembling
monolayer 1s then applied to make the coating hydrophobic
(water droplet contact angles greater than 90 degrees) or
super hydrophobic (water droplet contact angles greater than
150 degrees).

The method of making the transparent lotus coating of
this embodiment 1s described as follows. Step one entails the
creation of a nano-texture epoxy basecoat 915 (epoxy base-
coat) by mixing 0.55 g to 0.75 g, preferably about 0.66 g, of
s1lica nanoparticles having a 6:1 to 10:1 ratio, preferably an
8:1 ratio, of 15 nm particles to 80 nm particles by mass. Also
mixed 1s 0.2 ml to 0.6 ml, preferably about 0.4 ml, of 4-to-1
tap epoxy resin, 0.05 ml to 1.5 ml, preferably about 0.1 ml,
of 4-to-1 tap epoxy hardener, and 350 ml of OPTIMA™
grade acetone. The OPTIMA™ grade acetone 1s used to
dilute the mixture of epoxy basecoat 915, and the volume of
50 ml 1s not critical so long as the mixture 1s suiliciently
diluted. Epoxy basecoat 915 produces the nano-texture and
preferably utilizes several sizes of nano-particles to produce
a clumping eflect.

Step two entails cleaning a bare glass substrate 905, that
does not include a primer layer, using standard low residue
soap and distilled water, at surface 910. Next, the substrate
1s rinsed 1n acetone 1n preparation for the coating process at
surface 910. In thus embodiment, glass was the desired
substrate.

Step three entails rubbing, with lint-iree nonwoven cotton
wipes, epoxy basecoat 915, from step one, onto the surface
ol the substrate at surface 910, from step two. The applica-
tion of epoxy basecoat 9135 onto substrate 903 at surface 910
induces epoxy basecoat 915 to flash off and turn matte 1n
appearance. This rubbing process takes a minimum of 5 to
10 seconds to occur, but it may take longer. It should be
noted that the application of epoxy basecoat 915 onto the
substrate’s surface at 910 can be executed with other pro-
cesses, such as spray coating, brushing, or spin coating.
Next, once epoxy basecoat 915 becomes matte, a second set
of dry lint-free nonwoven cotton wipes are used to thin out
and render transparent epoxy basecoat 9135. The thinning out
process should occur within 10 minutes of epoxy basecoat
915 becoming matte; however, other application periods can
be utilized. In addition, other processes can be used to thin
epoxy basecoat 9135 other than the use of second dry lint-free
nonwoven cotton wipes.

Step four entails baking substrate 903, coated with epoxy
basecoat 915 from step three, at a temperature of 100° C. for
about 30 minutes to allow the coating to cure and set. The
curing temperature of nano-texture epoxy basecoat 915 can
vary depending on the amount of time and temperature
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applied. Curing temperatures can vary between 75° C. and
125° C., depending on the cure time used. The time period
for baking, in some embodiments, can be from 15 to 45
minutes, but it should be of sufficient time for nano-texture
epoxy basecoat 915 to cure and set. Depending on the
desired nano-texture, epoxy basecoat 9135 can be applied 1n
one or multiple layers.

For step five, once the assembly of substrate 905 with
epoxy basecoat 9135 thereon, 1s dry, 1t 1s placed 1n a plasma
chamber with a pressure lower than 2.5x10~> Torr. Substrate
905 with epoxy basecoat 915 therecon at surface 920 is
exposed to 10 minutes of oxygen plasma treatment at 3x10~°
Torr, with 2000 volts, and modulating current under 0.2
Amps. The plasma process 1s repeated for the time duration.
The oxygen plasma treatment enhances epoxy basecoat 915
properties and texture by exposing and cleaning the silica
nano-particles at surface 920 prior to the application of
self-assembling monolayer 925.

For step s1x, after oxygen plasma treatment at surface 920,
self-assembling monolayer 925 1s applied to the plasma
treated nano-textured layer at surface 920 providing its
hydrophobic properties. In a preferred embodiment, sub-
strate 905 with epoxy basecoat 915 thereon 1s completely
submerged 1n a self-assembling monolayer solution com-
prising 200-prool ethanol containing 0.4% 1H,1H,2H,2H-
pertluorodecyltriethoxysilane (tri-ethoxy) by volume for a
period of time ranging from 12 to 20 hours, for example 16
hours, where this submerging takes place 1n an inert and dry
environment. The submersion, or wetting process, allows
self-assembling monolayer 925 to develop. The relative
amount of tri-ethoxy 1n ethanol 1s not particularly limited, so
long as tri-ethoxy 1s present 1n an amount suilicient to coat
epoxy basecoat 9135, Further, mstead of, or 1n addition to,
tri-ethoxy, compounds such as 1H,1H,2H,2H-perfluorooc-
tyltriethoxysilane and  1H,1H,2H,2H-pertluorodecylt-
rimethoxysilane can be used 1n the present invention to coat
epoxy basecoat 915. The solution can comprise, consist
essentially of, or consist of, 1H,1H,2H,2H-pertluorodecyl-
triethoxysilane,  1H,1H,2H,2H-perfluorooctyltriethoxysi-
lane, 1H,1H,2H,2H-perfluorodecyltrimethoxysilane, or any
combination thereof.

Step seven entails removing the assembly of coated
substrate 905 with epoxy basecoat 915 thereon from the
self-assembling monolayer solution, and rinsing it with
200-proof ethanol at surface 930. Next, 1t 1s then blown dry
with clean dry air.

Step eight which occurs after step seven, entails placing
dry coated substrate 905 with epoxy basecoat 915 and
self-assembling monolayer 923 thereon, 1n an oven to bake
in air at a temperature of 100° C. for about 30 minutes. The
baking process allows the tri-ethoxy molecules 1n hydro-
phobic layer 925 to align. In one embodiment, the baking
temperature 1s from 75° C. to 125° C. The time period for
baking, 1n some embodiments, can be from 15 minutes to 45
minutes.

This coating process yields surface water droplet contact
angles of at least 90°, e.g. averaging at least 130°, or
averaging 130°, at surface 930. Composite hydrophobic
coating 915 and 925 detailed 1n this embodiment 1s less than
2 um thick, transparent, and particularly useful on optical
components or any other applications requiring a clear

coating.

Embodiment 6: Plasma Treated Alternative
Transparent Lotus Coating Suitable for Optics with
Vacuum Deposition Layer

In this embodiment, schematically illustrated 1n FIG. 10,
an additional layer of vacuum deposited material may be
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applied to the “Plasma Treated Alternative Transparent
Lotus Coating Suitable for Optics™ formulation detailed 1n
Embodiment 5, depending on desired coating properties,
durability, desired contact angle, and final application.

The method of making the transparent lotus coating of
this embodiment 1s described as follows. Step one entails
creating a nano-texture epoxy basecoat 10135 (epoxy base-
coat) by mixing 0.55 g to 0.75 g, preferably about 0.66 g, of
s1lica nanoparticles having a 6:1 to 10:1 ratio, preferably an
8:1 ratio, of 15 nm particles to 80 nm particles by mass. Also
mixed 1s 0.2 ml to 0.6 ml, preferably about 0.4 ml, of 4-to-1
tap epoxy resin, 0.05 ml to 1.5 ml, preferably about 0.1 ml
of 4-to-1 tap epoxy hardener, and 50 ml of OPTIMA™
grade acetone. The OPTIMA™ grade acetone 1s used to
dilute mixture of the epoxy basecoat 1013, and the volume
of 50 ml 1s not critical so long as the mixture 1s sufliciently
diluted. Epoxy basecoat 1015 produces the nano-texture and
preferably utilizes several sizes of nano-particles to produce
a clumping eflect to the texture.

In step two, a bare glass substrate 1005, without the
application of a primer layer, 1s cleaned using standard low
residue soap and distilled water at surface 1010. Next, the
substrate 1s rinsed 1n acetone 1n preparation for the coating
process at surface 1010. In this embodiment, glass was the
desired substrate; however, other substrate materials could
be used.

Step three entails rubbing, with lint-free nonwoven cotton
wipes, epoxy basecoat 1015, from step one, onto the surface
of the substrate at surface 1010, from step two. The appli-
cation of epoxy basecoat 1015 onto substrate 1005 at surface
1010 induces epoxy basecoat 1015 to flash ofl and turn matte
in appearance. This rubbing process takes a minimum of 5
to 10 seconds to occur, but 1t may take longer. It should be
noted that the application of epoxy basecoat 1015 onto the
surface of substrate 1005 at 1010 can be executed with other
processes, such as spray coating, brushing, or spin coating.
Next, once epoxy basecoat 1015 becomes matte, a second
set of dry lint-free nonwoven cotton wipes are used to thin
out and render transparent epoxy basecoat 1015. The thin-
ning out process should occur within 10 minutes of epoxy
basecoat 1015 becoming matte. In addition, other processes
can be used to thin epoxy basecoat 1015 other than the use
of second dry lint-free nonwoven cotton wipes.

Step four entails baking substrate 1005, coated with
epoxy basecoat 1015 from step three, at a temperature of
100° C. for about 30 minutes to allow the coating to cure and
set. The curing temperature of nano-texture epoxy basecoat
1015 can vary depending on the amount of time and tem-
perature applied. Curing temperatures can vary between 75°
C. and 125° C., depending on the cure time used. The time
period for baking, in some embodiments, can be from 15 to
45 minutes, but 1t should be of suflicient time for nano-
texture epoxy basecoat 1015 to cure and set. Depending on
the desired nano-texture, epoxy basecoat 1015 can be
applied in one or multiple layers.

In step five, once substrate 1005 with epoxy basecoat
1015 1s dry, 1t 1s placed 1n a plasma chamber with a pressure
lower than 2.5x107> Torr. Substrate 1005 with epoxy base-
coat 1015 at surface 1020 1s exposed to 10 minutes of
oxygen plasma treatment at 3x107° Torr, with 2000 volts,
and modulating current under 0.2 Amps. The plasma process
1s repeated for the time duration. The oxygen plasma treat-
ment enhances epoxy basecoat 1015 properties and texture
by exposing and cleaning the silica nano-particles prior to
the application of self-assembling monolayer 1025.

In step s1x, alter oxygen plasma treatment at surface 1020,
self-assembling monolayer 1025 1s applied to the substrate
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at surface 1020 to give 1t 1ts super-hydrophobic properties.
In a preferred embodiment, substrate 1005 with epoxy

basecoat 1015 thereon 1s completely submerged 1n a seli-
assembling monolayer solution comprising 200-proof etha-
nol contamning 0.4% 1H,1H.,2H,2H-perfluorodecyltriethox-
ysilane (tri-ethoxy) by volume for a period of time ranging,
from 12 to 20 hours, for example 16 hours, where this
submerging takes place 1n an 1nert and dry environment. The
submersion, or wetting process, allows the self-assembling
monolayer to develop. The relative amount of tri-ethoxy in
cthanol 1s not particularly limited, so long as tri-ethoxy 1s
present 1n an amount suflicient to coat substrate 1005,
Further, instead of, or 1n addition to, tri-ethoxy, compounds
such as 1H,1H,2H,2H-perfluorooctyltriethoxysilane and
1H,1H,2H,2H-pertluorodecyltrimethoxysilane can be used
in the present invention to coat substrate 10035, The solution
can comprise, consist essentially of, or consist of, 1H,1H,
2H,2H-perfluorodecyltriethoxysilane, 1H,1H,2H,2H-per-
fluorooctyltriethoxysilane, 1H,1H,2H,2H-perfluorodecylt-
rimethoxysilane, or any combination thereof.

Step seven entails removing coated substrate 1005 with
epoxy basecoat 1015 thereon from the self-assembling
monolayer solution, and rinsing 1t with 200-proof ethanol at
surface 1030. Next, 1t 1s then blown dry with clean dry arr.

Step eight entails placing dried coated substrate 1005 with
epoxy basecoat 1015 and self-assembling monolayer 10235
thereon 1n an oven to bake 1n air at a temperature of 100° C.
for about 30 minutes. The baking process allows the tri-
cthoxy molecules 1n super-hydrophobic layer 1025 to align.
In one embodiment, the baking temperature 1s from 75° C.
to 125° C. The time period for baking, 1n some embodi-
ments, can be from 15 to 45 minutes.

In step nine, aiter the baking process, to further improve
the durability, contact angle, and super-hydrophobic eflects
of tri-ethoxy self-assembling monolayer 1025 at surface
1030, coated substrate 1005 with epoxy basecoat 1015
thereon 1s placed 1n a vacuum deposition chamber. The top
of layer 1025 at surface 1030 of substrate 1005, coated with
epoxy basecoat 1015 1s, additionally, coated with 75 nm to
125 nm, preferably about 100 nm, of fluorinated ethylene
propylene 9494X, thereby forming layer 1035, under 1x107>
to 9x107> Torr at a deposition rate of from 15 to 25 ug/cm”,
preferably about 19 pug/cm?, at surface 1030.

This coating process yields surface water droplet contact
angles of at least 150°, e.g., averaging at least 161°, or
averaging 161°, at surtace 1040. With the addition of the
fluorinated ethylene propylene layer 1035, the composite
hydrophobic coating 10135, 1025, and 1035 detailed in this
embodiment 1s less than 2 um thick, transparent, and par-
ticularly useful on optical components or any other appli-
cations requiring a clear coating.

Embodiment 7: Double Plasma Treated Alternative
Transparent Lotus Coating Suitable for Optics

This embodiment of the Lotus Coating does not have, nor
does 1t require, a primer layer, and 1s schematically 1llus-
trated 1n FIG. 11. The epoxy basecoat produces the nano-
texture and preferably utilizes several sizes of nano-particles
to produce a clumping eflect per FIG. 3. A self-assembling
mono-layer 1s then applied to make the coating hydrophobic
(water droplet contact angles greater than 90 degrees) or
super hydrophobic (water droplet contact angles greater than
150 degrees).

The method of making the transparent lotus coating of
this embodiment 1s described as follows. Step one entails the
creation of a nano-texture epoxy basecoat 1115 (epoxy
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basecoat) by mixing from 0.55 g to 0.75 g, preterably about
0.66 g, of silica nanoparticles having a 6:1 to 10:1 ratio,
preferably an 8:1 ratio, of 15 nm particles to 80 nm particles
by mass. Also mixed 1s 0.2 ml to 0.6 ml, preferably about 0.4
ml, of 4-to-1 tap epoxy resin, 0.05 ml to 1.5 ml, preferably
0.1 ml, of 4-to-1 tap epoxy hardener, and 50 ml of
OPTIMA™ grade acetone. The OPTIMA™ grade acetone
1s used to dilute the mixture of epoxy basecoat 1115, and the
volume of 50 ml 1s not critical so long as the mixture 1s
sulliciently diluted. Epoxy basecoat 1115 produces the nano-
texture and preferably utilizes several sizes of nano-particles
to produce a clumping eflect.

Step two entails cleaning a bare glass substrate 1105, that
does not have a primer layer, using standard low residue
soap and distilled water, at surface 1110. Next, the substrate
1s rinsed 1n acetone 1n preparation for the coating process at
surface 1110. In this embodiment, glass was the desired
substrate; however, other substrate materials can be used.

Step three entails rubbing, with lint-iree nonwoven cotton
wipes, epoxy basecoat 1115, from step one, onto the surface
of the substrate at surface 1110, from step two. The appli-
cation of epoxy basecoat 1115 onto substrate 1105 at 1110
induces epoxy basecoat 11135 to flash off and turn matte 1n
appearance. This rubbing process takes a minimum of 5 to
10 seconds to occur, but it may take longer. It should be
noted that the application of epoxy basecoat 11135 onto the
substrate’s surface at 1110 can be executed with other
processes, such as spray coating, brushing, or spin coating.
Next, once epoxy basecoat 11135 becomes matte, a second set
of dry lint-free nonwoven cotton wipes are used to thin out
and render transparent epoxy basecoat 1115. The thinning
out process should occur within 10 minutes of epoxy base-
coat 1115 becoming matte. In addition, other processes can
be used to thin epoxy basecoat 1115 other than the use of
second dry lint-free nonwoven cotton wipes.

Step four entails baking substrate 1103, coated with epoxy
basecoat 1115 from step three, at a temperature of 100° C.
for about 30 minutes to allow the coating to cure and set. The
curing temperature of nano-texture epoxy basecoat 1115 can
vary depending on the amount of time and temperature
applied. Curing temperatures can vary between 75° C. and
125° C., depending on the cure time used. Depending on the
desired nano-texture, epoxy basecoat 1115 can be applied 1n
one or multiple layers. The time period for baking, 1n some
embodiments, can be from 15 to 45 minutes, but 1t needs to
be of suflicient time for nano-texture epoxy basecoat 1115 to
cure and set.

In step five, once substrate 11035 with epoxy basecoat 1115
thereon 1s dry, it 1s placed 1n a plasma chamber with a
pressure lower than 2.5x10™ Torr. Substrate 1105 with
epoxy basecoat 1115 at surface 1120 1s exposed to 10
minutes of oxygen plasma treatment at 3x10™> Torr, with
2000 volts, and modulating current under 0.2 Amps. The
plasma process 1s repeated for the time duration. The oxygen
plasma treatment enhances epoxy basecoat 1115 properties
and texture by exposing and cleaning the silica nano-
particles prior to the application of self-assembling mono-
layer 1125.

In step six, after oxygen plasma treatment at surface 1120,
self-assembling monolayer 1125 1s applied to the substrate at
surface 1120 to give it its super-hydrophobic properties. In
a preferred embodiment, substrate 1105 with epoxy basecoat
1115 thereon 1s completely submerged in a self-assembling
monolayer solution comprising 200-proof ethanol contain-
ing 0.4% 1H,1H,2H,2H-pertluorodecyltriethoxysilane (tri-
cthoxy) by volume for a time period ranging from 12 to 20
hours, for example 16 hours, where this submerging takes
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place 1n an inert and dry environment. The submersion or
wetting process allows the self-assembling monolayer to
develop. The relative amount of tri-ethoxy 1n ethanol 1s not
particularly limited, so long as tri-ethoxy 1s present in an
amount sufficient to coat substrate 1105. Further, instead of,
or 1n addition to, tri-ethoxy, compounds such as 1H,1H,2H,
2H-pertluorooctyltriethoxysilane and 1H,1H,2H,2H-per-
fluorodecyltrimethoxysilane can be used in the present
invention to coat substrate 1105. The solution can comprise,
consist essentially of, or consist of, 1H,1H,2H,2H-pertluo-
rodecyltriethoxysilane, 1H,1H,2H,2H-pertluorooctyltri-
cthoxysilane, 1H,1H,2H,2H-pertluorodecyltrimethoxysi-
lane, or any combination thereof.

Step seven entails removing coated substrate 1105 with
epoxy basecoat 1115 therecon from the self-assembling
monolayer solution and rinsing 1t with 200-proof ethanol at
surface 1130. Next, 1t 1s then blown dry with clean dry air.

Step e1ght entails placing dry, coated substrate 11035 with
epoxy basecoat 1115 and self-assembling monolayer 1n an
oven to bake 1n air at a temperature of 100° C. for a time
period ranging from 15 minutes to 45 minutes, for example,
about 30 minutes. The baking process allows the tri-ethoxy
molecules 1n super-hydrophobic layer 1125 to align. A
preferred baking temperature 1s from 75° C. to 125° C.

In step nine, aiter the baking process, to further improve
the durability, contact angle, and super-hydrophobic eflects
of tri-ethoxy self-assembling monolayer 1125 at surface
1130, coated substrate 1105 with epoxy basecoat 1115 1s
placed 1n a vacuum deposition chamber. The top of layer
1125 at surface 1130 of the substrate coated with epoxy
basecoat 1115 1s, additionally, coated with 75 nm to 1235 nm,
preferably about 100 nm, of fluorinated ethylene propylene
9494X under 1x107> to 9x107> Torr at a deposition rate of
from 15 to 25 ng/cm”®, preferably about 19 ng/cm?, at surface
1130. In some embodiments, fluorinated ethylene propylene
9494X 1s vacuum deposited onto the FOTS and/or tri-ethoxy
layer 1n a textured pattern. To create this textured pattern, the
FOTS and/or tri-ethoxy coated substrate 1s masked with a
screen, a mesh, a masking, or other material suflicient to
form a pattern on the FOTS and/or tri-ethoxy coated sub-
strate. Upon this masking, fluorinated ethylene propylene
9494X 1s vacuum deposited onto the masked substrate.

Step ten entails placing, after the vacuum deposition
process, substrate 1105 with epoxy basecoat 11135, seli-
assembling monolayer 1125, and fluorinated ethylene pro-
pylene 9494X layer 1135, in a plasma chamber with a
pressure lower than 2.5x107° Torr. Fluorinated ethylene
propylene 9494X layer 1135 at surface 1140 1s exposed to 2
minutes, 30 seconds of oxygen plasma treatment at 3x10~°
Torr, with 2000 volts, and modulating current under 0.2
Amps. The plasma process 1s repeated for the time duration.
The oxygen plasma treatment enhances the properties and
texture of the fluorinated ethylene propylene 9494X layer
1135 at surface 1140 through cleansing and cleaning prior to
the application of self-assembling monolayer 1145. In one
embodiment, for step ten, the pressure 1n the plasma cham-
ber is not higher than 2.5x107* Torr.

In step eleven, after oxygen plasma treatment at surface
1140, an additional self-assembling monolayer 1145 1s
applied to the top of fluorinated ethylene propylene 9494X
layer 1135 at surface 1140 to further enhance its super-
hydrophobic properties. In a preferred embodiment, sub-
strate 1105 with epoxy basecoat 1115, self-assembling
monolayer 1125, and fluorinated ethylene propylene 9494X
layer 1135 thereon, 1s completely submerged i a seli-
assembling monolayer solution comprising 200-proof etha-
nol contamning 0.4% 1H,1H.,2H,2H-perfluorodecyltriethox-
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ysilane (tri-ethoxy) by volume for a time period ranging
from 12 to 20 hours, for example 16 hours, where this
submerging takes place 1n an mert and dry environment. The
submersion or wetting process allows the self-assembling
monolayer to develop. The relative amount of tri-ethoxy in
cthanol 1s not particularly limited, so long as tri-ethoxy 1is
present in an amount suflicient to form layer 11435, Further,
instead of, or 1n addition to, tri-ethoxy, compounds such as

1H,1H,2H,2H-pertluorooctyltriethoxysilane and 1H,1H,2H,

2H-pertluorodecyltrimethoxysilane can be used 1n the pres-
ent invention to form layer 11435, The solution can comprise,
consist essentially of, or consist of, 1H,1H,2H,2H-pertluo-
rodecyltriethoxysilane, 1H,1H,2H,2H-pertluorooctyltri-
cthoxysilane, 1H,1H,2H,2H-pertluorodecyltrimethoxysi-
lane, or any combination thereof.

Step twelve entails removing coated substrate 1105 with
epoxy basecoat 1115, self-assembling monolayer 1125, and
fluorinated ethylene propylene 9494X layer 1135, from the
self-assembling monolayer solution and rinsing 1t with 200-
proof ethanol at surface 1150. Next, 1t 1s then blown dry with
clean dry arr.

Step thirteen entails placing dry coated substrate 11035
with epoxy basecoat 1115, self-assembling monolayer 1125,
fluorinated ethylene propylene 9494X layer 1135, and seli-
assembling monolayer 1145, 1n an oven to bake 1n air at a
temperature of 100° C. for about 30 minutes. The baking
process allows the tri-ethoxy molecules of super-hydropho-
bic layer 1145 to align. A baking temperature of 100° C. 1s
one embodiment, and, 1 other embodiments, the baking
temperature can be from 75° C. to 125° C.

In step fourteen, after the baking process, to further
improve the durability, contact angle, and super-hydropho-
bic eflects of tri-ethoxy self-assembling monolayer 1145 at
surface 1150, coated substrate 1105 with epoxy basecoat
1115, selt-assembling monolayer 1125, fluorinated ethylene
propylene 9494X layer 1135, and self-assembling mono-
layer 1145, 1s placed 1n a vacuum deposition chamber. The
top of layer 1145 at surface 1150 1s, additionally, coated with
100 nm of fluorinated ethylene propylene 9494X (layer
1155) under 10~ Torr (e.g. 1x107™ to 9x10™> Torr) at a
deposition rate of from 15 to 25 ng/cm?, preferably about 19

ug/cm?, at surface 1150.

This coating process yields surface water droplet contact
angles of at least 150°, e.g. averaging at least 170°, or
averaging 170°, at surface 1160. With the addition of the
fluorinated ethylene propylene 9494X layer 1135, the com-
posite super-hydrophobic coating 1115, 1125, 1135, 1145,
and 1155, detailed in this embodiment, 1s less than 2 um
thick, transparent, and particularly useful on optical com-
ponents or for any other applications requiring a clear
coating.

Embodiment 8: Durable Opaque Lotus Coating

This embodiment of the Lotus Coating utilizes a primer
layer for increased adhesion to a variety of substrates, as
schematically illustrated 1in FIG. 12. The primer layer pro-
vides opaque characteristics to the coating. A silicate base-
coat produces a nano-textured surface and preferably utilizes
several sizes ol nano-particles to produce a clumping effect
per FIG. 3. A self-assembling monolayer 1s then applied to
the silicate basecoat to make the coating hydrophobic (water
droplet contact angles greater than 90 degrees) or super
hydrophobic (water droplet contact angles greater than 150
degrees). Specimens of this embodiment were tlown into
space for experimental testing for a specified time and
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proved to withstand the harsh space environment with
mimmal degradation of its super-hydrophobic properties.

The method of making the lotus coating of this embodi-
ment 1s described as follows. Step one entails the creation of
an opaque nano-textured basecoat 12135 (silicate basecoat)
by mixing 1.125 g of silica nanoparticles having a 6:1 to
10:1 ratio, preferably an 8:1 ratio, of 15 nm particles to 80
nm particles, by mass. The nano-particles are mixed with 1.7
g of LiNa-33 Silicate Binder, and then diluted with 32 ml of
distilled water. The silicate basecoat 1215 produces the
nano-texture and preferably utilizes several sizes ol nano-
particles to produce a clumping efl

ect.

Step two entails cleaning a bare glass substrate 1205 that
does not 1nclude a primer layer, with standard low residue
soap and distilled water, at surface 1210. Next, the substrate
1s rinsed 1n acetone in preparation for the application of a
primer layer 1215 at surface 1210. In this embodiment, glass
was the desired substrate.

Upon cleaning substrate 1205 in step two, step three
entails applying a primer layer 1215 that preferably includes
metal oxide, silica pigment in silicate, or epoxy binder, to
substrate 1205 at surface 1210. Primer 12135 used in this
embodiment 1s an AZ Tech MLP-300™ Primer (AZ Tech-
nology, Huntsville, Ala.). Primer layer 12135 1s spray coated,
brushed, or spin coated on surface at 1210 of substrate 1203.
It 1s possible to use, 1n some embodiments, a non-silicate-
based primer.

Step four entails drying substrate 1205 with primer layer
1215 1n air for approximately 10 to 30 minutes, preferably
about 20 minutes. It 1s preferred that, for the MLP-300
primer, a 48-hour bake at 212° F. facilitates a full cure of the
primer before advancing in this process. In other embodi-
ments, the MLP-300 primer 1s allowed to dry for at least 12
hours 1n air at room temperature, with a preferred time of 24
to 50 hours, and at a temperature of from 185° F. to 250° F.

In step five, substrate 12035 with dried primer layer 1215
1s preferably sprayed with a fog coat of silicate basecoat
1225 at surface 1220. It should be noted that the application
of silicate basecoat 12235 onto the substrate 1205 with primer
layer 1215 at surface 1220 can be executed with other
processes, such as rub priming, brushing, or spin coating.

Step six entails drying silicate basecoat 1225 applied to
substrate 1205 with primer layer 12135 for preferably 24
hours, but no less than 12 hours, in air at room temperature.

In step seven, once substrate 1205 with primer 1215 and
silicate basecoat 1225 1s dry, a self-assembling monolayer
1235 1s applied to the substrate at surface 1230 to give it 1ts
super-hydrophobic properties. In a preferred embodiment,
substrate 1205 with primer and silicate basecoat 1225
thereon 1s completely submerged in a self-assembling mono-
layer solution comprising n-decane containing 0.4% 1H,1H,
2H,2H-perfluorooctyltrichlorosilane (FOTS) by volume for
a time period ranging from 15 minutes to 45 minutes, for
example, about 30 minutes, which 1s suflicient time for
formation of a monolayer with additional time yielding no
additional benefits. This submerging takes place in an 1nert
and dry environment. The submersion, or wetting process,
allows self-assembling monolayer 1235 to develop. The
relative amount of FOTS 1n n-decane 1s not particularly
limited, so long as FOTS 1s present in an amount suilicient
to coat silicate basecoat 1225. Further, instead of, or in
addition to, FOTS, compounds such as pertluorodecyl-
trichlorosilane can be used 1n the present invention to coat
silicate basecoat 1225.

Step eight entails removing the assembly of coated sub-
strate 1205 with primer 1215 and silicate basecoat 1225
from the self-assembling monolayer solution and rinsing 1t
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in the following sequence of solvents at surtace 1240. The
first solvent used for rinsing coated substrate 1205 with

primer 1215, silicate basecoat 1225, and self-assembling
monolayer 1235, 1s n-decane; the second solvent 1s chloro-
form: and the third and last solvent 1s methanol.

Step nine entails placing the rinsed, coated substrate 1203
with primer 1215, silicate basecoat 1225, and self-assem-
bling monolayer 12335, in an oven to bake in air at a
temperature of 100° C. for at least about 30 minutes,
preferably from 30 minutes to 60 minutes. The baking
process allows the FOTS molecules 1n super-hydrophobic
layer 1235 to align. In some embodiments, the baking
temperature range 1s from 75° C. to 125° C.

This coating process yields surface water droplet contact
angles of at least 150°, e.g. averaging at least 163°, or
averaging 163°, at surface 1240. The super-hydrophobic
composite coating 1215, 1225, and 1235, detailed 1n this
embodiment, 1s less than 2 um thick, translucent or opaque,
and particularly useful on optical components or for any
other applications not requiring an optically clear coating.

Embodiment 9: Durable Opaque Lotus Coating,
with Vacuum Deposition Layer

In this embodiment, as 1llustrated in FIG. 13, an additional
layer of vacuum deposited material may be applied to the
“Durable Opaque Lotus Coating” formulation detailed 1n
Embodiment 8, depending on desired coating properties,
durability, desired contact angle, and the final application.

The method of making the lotus coating of this embodi-
ment 1s described as follows. Step one entails the creation of
an opaque nano-textured basecoat 13135 (silicate basecoat)
by adding 1.000 g to 1.150 g, preferably about 1.125 g, of
s1lica nanoparticles having a 6:1 to 10:1 ratio, preferably an
8:1 ratio, of 15 nm particles to 80 nm particles by mass, to
1.7 g of LiNa-33 Silicate Binder, which 1s then diluted with
32 ml of distilled water. The amount of distilled water 1s not
critical, but 1t needs to be enough to suthiciently dilute the
opaque nano-textured basecoat 1315. The silicate basecoat
1315 produces the nano-texture and preferably utilizes sev-
eral sizes of nano-particles to produce a clumping ellect.

Step two entails cleaning a bare glass substrate 1305 that
does not 1include a primer layer, with standard low residue
soap and distilled water, at surface 1310. Next, the substrate
1s rinsed 1n acetone 1n preparation for the application of a
primer layer 1315 at surface 1310. In this embodiment, glass
was the desired substrate.

In step three, after substrate 13035 1s cleaned, a primer
layer 1315 that preferably includes metal oxide, silica pig-
ment 1n silicate, or epoxy binder, 1s applied to substrate 1303
at surface 1310. Primer layer 1315 used 1n this embodiment
1s AZ Tech MLP-300™ Primer. Primer layer 1315 1s spray
coated, brushed, or spin coated on surface 1310 of substrate
1305.

Step four entails drying substrate 1305 with primer layer
1315 thereon, i air, for a period of time of from 10 to 30
minutes, preferably about 20 minutes.

Step five entails spraying substrate 1305, with dried
primer layer 1315 thereon, with a fog coat of silicate
basecoat 1325 at surtace 1320. It should be noted that the
application of silicate basecoat 1325 onto primer-coated
substrate 1305 at surface 1320 can be executed with other
processes, such as rub priming, brushing, or spin coating.

Step six entails drying silicate basecoat 13235 applied to
substrate 1305 with primer layer 1315 for preferably 24
hours, but for no less than 12 hours, 1n air at room tempera-
ture.
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In step seven, once substrate 1305 having primer layer
1315 and silicate basecoat layer 1325 1s dry, a self-assem-

bling monolayer 1335 1s applied at surface 1330 to give 1t its
super-hydrophobic properties at surface 1330. In a preferred
embodiment, substrate 1305 with primer 1315 and silicate
basecoat 1325 thereon 1s completely submerged 1n a seli-
assembling monolayer solution comprising n-decane con-
taiming 0.4% 1H,1H,2H,2H-pertluorooctyltrichlorosilane
(FOTS) by volume for a period of time ranging from 15
minutes to 45 minutes, for example, about 30 minutes,
where this submerging takes place in an imert and dry
environment. The submersion, or wetting process, allows
self-assembling monolayer 13335 to develop. The relative
amount of FOTS 1n n-decane 1s not particularly limited, so
long as FOTS 1s present in an amount suilicient to coat
silicate basecoat 1325. Further, instead of, or 1n addition to,
FOTS, compounds such as perfluorodecyltrichlorosilane can
be used 1n the present mvention to coat silicate basecoat
1325.

Step eight entails removing coated substrate 13035, with
primer 1315, and silicate basecoat 13235, from the seli-
assembling monolayer solution, and rinsing it 1n a sequence
of solvents at surface 1340. The first solvent used for rinsing
the assembly of coated substrate 1305 with primer layer
1315, silicate basecoat 1325, and self-assembling monolayer
1335, 1s n-decane; the second solvent 1s chloroform; and the
third and last solvent 1s methanol.

Step nine entails placing rinsed coated substrate 13035
having primer layer 13135, silicate basecoat 1325, and seli-
assembling monolayer 1335 thereon, 1n an oven to bake 1n
air at a temperature of 100° C. for about 30 minutes. The
baking process allows the FOTS molecules 1 super-hydro-
phobic layer 1335 to align. In one embodiment, the baking,
temperature 1s from 75° C. to 125° C. The time period for
baking, 1n some embodiments, can be from 15 minutes to 45
minutes.

In step ten, after the baking process, to further improve the
durability, contact angle, and super-hydrophobic eflects of
FOTS self-assembling monolayer 1335 at surface 1340,
coated substrate 1305 having primer layer 1315, silicate
basecoat 1325, and self-assembling monolayer 13335 thereon
1s placed 1n a vacuum deposition chamber. The top of layer
1335 at surface 1340 i1s, additionally, coated with 75 nm to
125 nm, preferably about 100 nm, of fluorinated ethylene
propylene 9494X under 1x107> to 9x10~> Torr at a deposi-
tion rate of from 15 to 25 ng/cm”, preferably about 19
ug/cm?, at surface 1350.

This coating process yields surface water droplet contact
angles of at least 150°, e.g. averaging at least 167°, or
averaging 167°, at surface 1350. The composite hydropho-
bic coating 1315, 1325, 1335, and 1345, detailed in this
embodiment, 1s less than 2 um thick, translucent or opaque,
particularly useful on mechanical components or for any
other applications not requiring an optically clear coating.

Embodiment 10: Patterned Opaque Vacuum
Deposition Layer on Lotus Coating

This embodiment of the Lotus Coating utilizes a primer
layer for increased adhesion to a variety of substrates, as
schematically illustrated 1n FIG. 14. The primer layer pro-
vides opaque characteristics to the coating. The silicate
basecoat produces the nano-texture and preferably utilizes
several sizes ol nano-particles to produce a clumping eflect
per FIG. 3. A pattern of self-assembling monolayer and
fluorinated ethylene propylene 1s created by using a masking
process.
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The method of making the lotus coating of this embodi-
ment 1s described as follows. Step one entails the creation of
an opaque nano-texture basecoat 1415 (silicate basecoat) by
adding 1.100 g to 1.150 g, preferably about 1.125 g, of silica
nanoparticles having a 6:1 to 10:1 ratio, preferably an 8:1
ratio, of 15 nm particles to 80 nm particles by mass, to 1.7
g of LiNa-33 Silicate Binder, which 1s then diluted with 32
ml of distilled water. The amount of distilled water 1s not
critical, but 1t needs to be enough to suthiciently dilute the
opaque nano-texture basecoat 1415 matenial. Silicate base-
coat 1415 produces the nano-texture and preferably utilizes
several sizes of nano-particles to produce a clumping eflect.

Step two entails cleaning a bare glass substrate 1405, that
does not 1include a primer layer, with standard low residue
soap and distilled water, at surface 1410. Next, the substrate
1s rinsed 1n acetone in preparation of the application of a
primer layer 1415 at surface 1410. In this embodiment, glass
was the desired substrate.

In step three, after substrate 14035 1s cleaned, a primer
layer 1415 that preferably includes metal oxide, silica pig-
ment 1n silicate, or epoxy binder, 1s applied to substrate 1403
at surface 1410. Primer 1415 used in this embodiment 1s AZ
Tech MLP-300 Primer. Primer layer 1415 1s spray coated,
brushed, or spin coated on surface 1410 of substrate 1405.

Step four entails drying substrate 14035 with primer layer
1415 1n air for approximately 20 minutes.

Step five entails spraying substrate 1405, with dried
primer layer 1415 thereon, with a fog coat of silicate
basecoat 1425 at surface 1420. It should be noted that the
application of silicate basecoat 1425 onto substrate 1405
including primer layer surface 1420, can be executed with
other processes, such as rub priming, brushing, or spin
coating.

Step six entails drying silicate basecoat 14235 applied to
substrate 1405 1ncluding primer layer 1415, for preferably
24 hours, but for no less than 12 hours, in air at room
temperature.

In step seven, once substrate 1405 with primer 1415 and
silicate basecoat 1425 1s dry, a mask 1s placed on the top of
silicate basecoat 1425 at surface 1430 to create a patterned
FOTS or tri-ethoxy self-assembling monolayer 143S5. The
mask can be a screen, mesh, or other pattern. The masking
process selectively masks, 1in a pattern, sections or areas of
surface 1430 of silicate basecoat 1425.

In step eight, once the mask 1s placed on surface 1430 of
silicate basecoat 1425, a self-assembling monolayer 1435 1s
applied to the exposed section or area of surface 1430 of
silicate basecoat 1425 providing super-hydrophobic proper-
ties at surface 1440. In a preferred embodiment, substrate
1405 with primer 1415, and masked silicate basecoat 1425
thereon, 1s completely submerged 1n a self-assembling
monolayer solution comprising n-decane containing 0.4%
1H,1H,2H,2H-pertluorooctyltrichlorosilane (FOTS) by vol-
ume, or ethanol (e.g. 200-proof ethanol) containing 0.4%
tri-ethoxy, for a time period ranging from 15 minutes to 45
minutes, for example about 30 minutes, where this submerg-
ing takes place i an inert and dry environment. The
submersion, or wetting process, allows self-assembling
monolayer 1435 to develop. The relative amount of FOTS 1n
n-decane 1s not particularly limited, so long as FOTS 1s
present 1 an amount suflicient to coat silicate basecoat
1425. Further, instead of, or 1in addition to, FOTS, com-
pounds such as perfluorodecyltrichlorosilane can be used 1n
the present invention to coat silicate basecoat 1425.

Step mine entails removing the assembly of coated sub-
strate 14035 with primer layer 1415, silicate basecoat 1425,
and mask at surface 1430, from the self-assembling mono-
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layer solution, and rinsing 1t 1n a sequence of solvents, at
surfaces 1430 and 1440. The first solvent used for rinsing the

assembled coated substrate 1405 with primer 1415, silicate
basecoat 1425, and self-assembling monolayer 1435 solu-
tion, and mask at surface 1430, 1s n-decane; the second 35
solvent 1s chloroform; and the third and last solvent i1s
methanol.

Step ten entails baking, 1n an oven, rinsed and assembled
coated substrate 1405 with primer 1415, silicate basecoat
1425, self-assembling monolayer 1435, and mask at surface 10
1430, 1n a1r at a temperature of 100° C. for about 30 minutes.
The baking process allows the FOTS or tri-ethoxy molecules
in super-hydrophobic layer 1435 to align. In one embodi-
ment, the baking temperature 1s from 75° C. to 125° C. The
time period for baking, in some embodiments, 1s from 15 15
minutes to 45 minutes.

In step eleven, after the baking process, the mask on top
ol silicate basecoat 1425 at surface 1430 1s removed and
surface 1430 of silicate basecoat 1425 has patterns of
self-assembled monolayers 1435 at 1440. The patterns can 20
comprise FOTS or tri-ethoxy and exposed silicate basecoat
1425 at surface 1430. Next, another mask, screen, mesh, or
other pattern 1s placed on top of self-assembled monolayer
1435 (FOTS or tri-ethoxy) at surface 1440.

In step twelve, after the masking process, to further 25
improve the durability, contact angle, and super-hydropho-
bic eflects of the FOTS or tri-ethoxy self-assembling mono-
layer 1435, the assembled substrate 14035, coated with
primer layer 1415, silicate basecoat 14235, self-assembling,
monolayer 1435 solution, and mask at surface 1440, 1s 30
placed in a vacuum deposition chamber. The top of the
exposed silicate basecoat layer 1425 at surface 1430 1is
coated with 75 nm to 125 nm, preferably about 100 nm, of
fluorinated ethylene propylene 9494X under 1x10™> to
0x10™> Torr at a deposition rate of from 15 to 25 ug/cm”, 33
preferably about 19 ng/cm?, at surface 1430.

In step thirteen, after the vacuum deposition process to
form a tluorinated ethylene propylene layer 1445, the mask
at surtace 1440 1s removed where a pattern of self-assem-
bling monolayers 1435 (FOTS or tri-ethoxy) and fluorinated 40
cthylene propylene layers 1445 1s created on surface 1430 of
silicate basecoat 1425.

The super-hydrophobic coating detailed in this embodi-
ment 1s less than 2 um thick, translucent or opaque, particu-
larly useful on mechanical components or for any other 45
applications not requiring an optically clear coating.

Embodiment 11: Patterned Transparent Vacuum
Deposition Layer on Lotus Coating
50

This embodiment of the Lotus Coating does not have, nor
does 1t require, a primer layer, and 1s schematically 1llus-
trated 1n FIG. 15. The epoxy basecoat produces a nano-
texture and preferably utilizes several sizes of nano-particles
to produce a clumping effect per FIG. 3. A pattern of 55
self-assembling monolayer and fluorinated ethylene propyl-
ene 1s created by using a masking process.

The method of making the transparent lotus coating of
this embodiment 1s described as follows. Step one entails the
creation of a nano-textured epoxy basecoat 1515 (epoxy 60
basecoat) by mixing 0.55 g to 0.75 g, preferably about 0.66
g ol silica nanoparticles having a 6:1 to 10:1 ratio, prefer-
ably an 8:1 ratio, of 15 nm particles to 80 nm particles by
mass. Also mixed are 0.2 ml to 0.6 ml, preferably 0.4 ml, of
4-to-1 tap epoxy resin, 0.05 ml to 1.5 ml, preferably about 65
0.1 ml, of 4-to-1 tap epoxy hardener, and 50 ml of
OPTIMA™ grade acetone. The OPTIMA™ grade acetone
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1s used to dilute the mixture of the epoxy basecoat 1515, and
the volume of 50 ml 1s not critical so long as the mixture 1s
sufliciently diluted. Epoxy basecoat 1515 produces the
nano-texture and preferably utilizes several sizes of nano-
particles to produce a clumping effect.

Step two entails cleaning a bare glass substrate 1505, that
does not include a primer layer, with standard low residue
soap and distilled water, at surface 1510. Next, substrate
1505 1s rinsed 1n acetone 1n preparation for the coating
process at surface 1510. In this embodiment, glass was the
desired substrate.

Step three entails rubbing, with lint-free nonwoven cotton
wipes, epoxy basecoat 1515, from step one, onto the surface
of the substrate at surface 1510, from step two. The appli-
cation of epoxy basecoat 1515 onto substrate 1505 at surface
1510 induces epoxy basecoat 1515 to flash ol and turn matte
in appearance. This rubbing process takes a minimum of 5
to 10 seconds to occur, but 1t may take longer. It should be
noted that the application of epoxy basecoat 1515 onto
surface 1510 can be executed with other processes, such as
spray coating, brushing, or spin coating. Next, once epoxy
basecoat 1515 becomes matte, a second set of dry lint-free
nonwoven cotton wipes are used to thin out and render
transparent epoxy basecoat 1515. The thinning out process
should occur within 10 minutes of epoxy basecoat 1515
becoming matte; however, other application periods can be
utilized. In addition, other processes can be used to thin
epoxy basecoat 1515 other than the use of second dry
lint-free nonwoven cotton wipes.

Step four entails baking substrate 1505, coated with
epoxy basecoat 1515 from step three, at a temperature of
100° C. for about 30 minutes to allow the coating to cure and
set. The curing temperature for nano-textured epoxy base-
coat 1515 can vary depending on the amount of time and
temperature applied. Curing temperatures can vary between
75° C. and 125° C. depending on the cure time used. In some
embodiments, the time period for curing can be from 15
minutes to 45 minutes, but 1t should be of suflicient time for
nano-textured epoxy basecoat 1515 to cure and set. Depend-
ing on the desired nano-texture, epoxy basecoat 1515 can be
applied 1n one or multiple layers.

In step five, after baking epoxy basecoat 1515 on substrate
1505, a mask 1s placed on silicate basecoat 15135 at surface
1520. The mask 1s used to create a pattern of FOTS or
tri-ethoxy self-assembling monolayer material. The mask
can be a screen, mesh, or other pattern. The masking process
selectively masks, for example, 1n a pattern, sections or areas
of surface 1520 of epoxy basecoat 1515.

In step six, once the mask 1s placed on surface 1520 of
epoxy basecoat 1515, a self-assembling monolayer material
1525 15 applied to the exposed section of surface 1520 of
epoxy basecoat 1515 providing super-hydrophobic proper-
ties at surface 1530. In a preferred embodiment, substrate
1505 with masked epoxy basecoat 1515 thereon 1s com-
pletely submerged 1n a self-assembling monolayer solution
comprising n-decane containing 0.4% 1H,1H,2H,2H-per-
fluorooctyltrichlorosilane (FOTS) by volume, or ethanol
(e.g. 200-proof ethanol) containing 0.4% of tri-ethoxy, for a
period of time ranging from 15 minutes to 45 minutes, for
example, about 30 minutes, where this submerging takes
place 1n an 1nert and dry environment. The submersion or
wetting process allows self-assembling monolayer 1525 to
develop. The relative amount of FOTS 1n n-decane 1s not
particularly limited, so long as FOTS 1s present 1n an amount
sufficient to coat substrate 1505. Further, instead of, or in
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addition to, FOTS, compounds such as perfluorodecyl-
trichlorosilane can be used 1n the present imnvention to coat
substrate 1503.

Step seven entails removing the assembled coated sub-
strate 1505, epoxy basecoat 1515, and mask at surface 1520,
from the self-assembling monolayer solution, and rinsing 1t
in the following sequence of solvents at surface 1520 and
1530. The first solvent used for rinsing the coated substrate
1505 with epoxy basecoat 1515, self-assembling monolayer
1525, and mask located at 1520, 1s n-decane; the second
solvent 1s chloroform; and the third and last solvent 1is
methanol.

Step eight entails baking, in an oven, the rinsed and
assembled substrate 1505, epoxy basecoat 1515, self-assem-
bling monolayer 1525, and mask at surface 1520, 1n air at a
temperature of 100° C. for about 30 minutes. The baking
process allows the FOTS or tri-ethoxy molecules in super-
hydrophobic layer 1525 to align. In one embodiment, the
baking temperature 1s from 75° C. to 125° C. The time
period for baking, in some embodiments, can be from 15
minutes to 45 minutes.

In step mine, after the baking process, mask 1520 1s
removed and the top of surtace 1520 of epoxy basecoat 1515
has patterns of self-assembled monolayers 1525 at surface
1530. The patterns can comprise FOTS or tri-ethoxy and
exposed epoxy basecoat 15135 at surface 1520. Next, another
mask, screen, mesh, or other pattern 1s placed on top of
self-assembled monolayer 1525 (FOTS or tri-ethoxy) at
surface 1330 masking only the epoxy basecoat 15135 at
surface 1520.

In step ten, aiter the masking process, to further optimize
the durability, contact angle, and super-hydrophobic eflects
of the assembled FOTS or tri-ethoxy self-assembling mono-
layer 1525, coated substrate 1505, epoxy basecoat 1515, and
self-assembled monolayer 15235, the assembly 1s placed 1n a
vacuum deposition chamber. The top of exposed epoxy
basecoat layer 15135 at surface 1520 1s coated with 75 nm to
125 nm, preferably about 100 nm of fluorinated ethylene
propylene 9494X under 1x107 to 9x10™> Torr at a deposi-
tion rate of from 15 to 25 pg/cm®, preferably about 19
ug/cm”, at surface 1520.

In step eleven, after the vacuum deposition process of
fluorinated ethylene propylene layer 1535, the mask at
surface 1530 1s removed and a pattern of self-assembled
monolayers 1525 (FOTS or tri-ethoxy) and fluorinated eth-
ylene propylene layers 1535 1s created on surface 1520 of
epoxy basecoat 1515.

The super-hydrophobic coating detailed 1n this embodi-
ment 1s less than 2 um thick, transparent, and particularly

useiul on optical components or for any other applications
requiring a clear coating.

Embodiment 12: Vapor Deposition of
Selif-Assembling Monolayer 1n Production of
Transparent Lotus Coating

In addition to the techniques described in the embodi-
ments ol Transparent Lotus Coatings, the self-assembling
monolayer can be applied through a vapor deposition tech-

nique, as schematically illustrated in FIG. 16. The vapor
deposition techmique can enhance the clarity of the seli-

assembling monolayer. In this embodiment, the wvapor

deposited self-assembling monolayer can be applied directly
after the application of the nano-textured epoxy basecoat.
The vapor deposition process can replace and eliminate the
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dipping, submersion, spray coating, brushing, or spin coat-
ing steps 1n the wetting process of applying a self-assem-
bling monolayer.

The method of making the self-assembling monolayer via
vapor deposition 1s described as follows. Step one of the
vapor deposition process occurs aiter the epoxy basecoat
1615 1s baked. The step entails cleaning an aluminum
welghing boat, eflusion cell, or other suitable container,
using 1sopropyl alcohol, or another appropriate solvent or
cleaning material. The aluminum weighing boat will be used
to contain the material for a self-assembling monolayer 16235
in order to facilitate the evaporation or outgassing of the
silane.

In step two, 0.5 ml of 97% 1H,1H,2H,2H-perfluorodecyl-
triethoxysilane (tri-ethoxy) or FOTS 1s poured into the
aluminum boat. The volume of this solution 1s not critical,
so long as 1t 1s enough to deposit tri-ethoxy or FOTS onto
epoxy basecoat 1615, as described 1n step three as follows.

In step three, the aluminum weighing boat containing the
tri-ethoxy or FOTS 1s placed in a vacuum bell jar or other
vacuum chamber, along with substrate 1605, and previously
applied epoxy basecoat 1615. A vacuum 1s pulled on the jar
or chamber, until the approximate range ol pressure 1s
10-100 Torr. The jar or chamber 1s sealed off from the
vacuum pump and left undisturbed for 16 hours.

In step four, after the vapor deposition process, the jar or
chamber i1s then vented with air. Next, coated substrate 1605
with epoxy basecoat 1615 and self-assembling monolayer
1625, 1s removed immediately and placed 1n an oven. The
assembled coated substrate 1605 with the epoxy basecoat
1615 and self-assembling monolayer 1625 1s baked for one
hour at a temperature of 100° C. In other embodiments, the
temperature for baking can be from 75° C. to 125° C.

The hydrophobic coating detailed in this embodiment 1s
less than 2 um, transparent, and particularly usetul on optical
components or for any other applications requiring a clear
coating.

The embodiments of the present invention described
herein use a substrate on which an epoxy layer 1s coated. In
all embodiments of the present invention, the substrate 1s not
particularly limited so long as the substance being used as
the substrate can function as a substrate. Examples of the
substrate include, but are not limited to, optical lenses, solar
panels, multi-layer imnsulation (MLI), MLI blankets, glass, a
polyimide surface (e.g. Kapton—duPont, Wilmington,
Del.), a metal surface such as germanium, aluminum, silica,
or an aluminum-silica mixture, or any combination thereof.
In other embodiments, the substrate can be smooth, rough,
patterned, lithographed, micro and/or nano featured, super-
hydrophobic, textured, designed, printed, imprinted, porous,
tubular, sintered, striated, relieted, impressioned, hollowed,
foamed edged, powdered, powder-coated, etched, selec-
tively-located, embossed, woven, or non-woven. The sub-
strate can comprise one or more of molded or formed
surfaces, lotus-etlect surfaces, electrowetting surfaces, labo-
ratory vessels, fluidic devices, medical devices, powders,
fibers, optical fibers, optical or electrical components, signal
transmitters, signal receivers, signal reflectors, radomes,
vehicular surfaces, architectural surfaces, antennae, micro-
wave antennae, dishes, reflectors, signs, visual signaling
devices, scanner windows, lenses, liquid crystal displays,
clectrowetting displays, 3D displays, and video displays.

Some ol the embodiments of the present nvention
described herein have an epoxy layer comprising nano-
particles that 1s bound to a surface of a substrate. In other
embodiments of the present invention, this layer 1s preferred,
but not required. Alternatively, a surface of a substrate to
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which the self-assembling monolayer, e.g. FOTS or tri-
ethoxy, 1s applied, can be etched or shaped and the epoxy
layer can be omitted. The etching or shaping can take place,
¢.g., by plasma etching, micro-machining, or laser-etching a
surface. A combination of these techmiques can be used.
Further, as an option, a surface of a substrate can be surface
etched or shaped and have an epoxy layer applied to the
ctched or shaped surface.

In embodiments described herein, the epoxy layer is
created by mixing silica nanoparticles, an epoxy resin (e.g.
TAP epoxy resin), an epoxy hardener (e.g. TAP epoxy
hardener), and a solvent (e.g. acetone). The epoxy resin,
hardener, and solvent are not particularly limited so long as
they are suflicient to form a usable nano-textured epoxy
basecoat having nanoparticles dispersed therein and that can
be applied to a surface of a substrate.

In embodiments described herein, silica nanoparticles are
a nanofeature that 1s mixed with an epoxy mixture as
described above. The silica nanoparticles are said to be, e.g.,
an 8:1 ratio of 15 nm to 80 nm 1n particle size. The ratio 1s
not particularly limited, but it can be a 6:1 to 10:1 ratio, for
example an 8:1 ratio. For the sizes of the silica nanoparticles,
the sizes represent a distribution of sizes of the nanopar-
ticles, e.g., a distribution of sizes ranging from silica nan-
oparticles of 15 nm 1n size to nanoparticles of 80 nm 1n size.
The distribution of silica nanoparticles 1s not limited to this
distribution; the silica nanoparticles can be characterized by

a monomodal particle size distribution of 105 nm, 10x1
nm, 1535 nm, 151 nm, 20+5 nm, 201 nm, 25+5 nm, 25x1

nm, 30+5 nm, 30+1 nm, 35+5 nm, 351 nm, 40+5 nm, 40+1
nm, 45+5 nm, 451 nm, 50+5 nm, 501 nm, 555 nm, 55+1
nm, 60x5 nm, 60x1 nm, 655 nm, 651 nm, 705 nm, 70+1
nm, 755 nm, 75+1 nm, 80+£5 nm, 80x1 nm, 855 nm, and
85x1 nm. The particle size dlstrlbutlon can also be bimodal,

trimodal, or otherwise multi-modal with the median particle
s1zes listed above.

In embodiments described herein, different sizes of silica
nanoparticles can be used, for example, comprising a ratio
by mass of small particles to large particles, of from 6:1 to
10:1, of from 7:1 to 9:1, or of about 8:1. The small particles
can have, for example, a maximum dimension (e.g., length
or diameter) particle size range of from 10 nm to 30 nm and
the large particles can have, for example, a maximum
dimension particle size range of from 70 nm to 90 nm. In
some embodiments, the small silica nanoparticles consist of
s1lica nanoparticles having a maximum dimension of about
15 nm and the large silica nanoparticles consist of silica
nanoparticles having a maximum dimension of about 80 nm.

In other embodiments, a nanofeature can be included 1n
the coating, which comprises a nano-sized object other than
s1lica nanoparticles. The nano-sized objects include, but are
not limited to, nano-fibers, nano-tubes and other natural,
manufactured and engineered components, said objects can
have dimensions which are smaller than the wavelengths of
visible, ultraviolet, and infrared light or selected ranges
therein.

The silica nanoparticles can be spherical, plank-shaped,
rod-shaped, flake-shaped, or rectangularly-shaped. As used
herein, “spherical” does not refer to an ideal sphere but a
sphere that 1s substantially spherical, e.g. characterized by a
sphericity of at least 0.8. For the plank-shaped, rod-shaped,
flake-shaped, and rectangularly-shaped nanoparticles, they
can be characterized by an aspect ratio of, e.g., 1:1 to 5:1.
The silica nanoparticles can be plank-shaped, rod-shaped, or
tflake-shaped, or 1s a dispersion of silica nanoparticles char-

acterized by at least two of these shapes.
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In embodiments described above, OPTIMA™ grade
acetone 1s used as a solvent to dissolve the epoxy and expose
silica nanoparticles 1 the epoxy basecoat. This 1s one
example of the solvent, and any solvent can be used so long
as 1t dissolves the epoxy binder. The amount 1s not particu-
larly limited.

In embodiments described above, the self-assembling
monolayer comprises a compound that 1s capable of forming
a self-assembling monolayer, e.g. 1H,1H,2H,2H-perfluo-
rooctyltrichlorosilane (FOTS). This compound can also or
instead be perfluorodecyltrichlorosilane, 1H,1H,2H,2H-per-
fluorooctyltriethoxysilane, pertluorodecyltriethoxysilane,
1H,1H,2H,2H-perfluorodecyltriethoxysilane  (tri-ethoxy),
1H,1H,2H,2H-perfluorooctyltrimethoxysilane  1H,1H,2H,
2H-perfluorodecyltrimethoxysilane, or any combination
thereof. The compound that 1s capable of forming the

self-assembling monolayers can be represented by a For-
mula (I):

X3-Si—R (D)

wherein each X represents F, Cl, Br, and/or alkoxy such
as methoxy, ethoxy, propoxy, and butoxy, and

wherein R represents a substantially fluorinated or per-
fluorinated alkyl group having from 4 to 12 carbon atoms.

Preferably, the perfluorinated alkyl group has from 6 to 10
carbons atoms, more preferably from 7 to 9 carbon atoms,
and, for example, 8 carbon atoms, and at least 80% of the
CElI"JOIl atoms can be di-ﬂuorinated are tluorinated.

As used herein, the term “perfluorinated” encompasses
alkyl groups 1 which each hydrogen atom bound to the
carbon atoms of the alkyl group 1s replaced with a fluorine
atom. This term also encompasses alkyl groups where all but
one, two, or three carbon atoms have only fluorine atoms
bound thereto and these one, two, or three carbon atoms are
not fully fluorinated.

In embodiments of the present invention, the compound
that 1s capable of forming a self-assembling monolayer
binds to the surface of the substrate and/or to the surface of
the epoxy basecoat layer. Without wishing to be bound by
any particular theory, it 1s believed that this compound binds
to the surface via the S1—X3 moiety, where at least one X
group 1s liberated from the silane and the compound forms
a substrate-S1 bond. The bond can be electrostatic (e.g. Van
der Waals) or covalent.

In some embodiments of the present invention, 200-proot
cthanol 1s used to dissolve the tri-ethoxy compound of the
self-assembling monolayer. The 200-proof ethanol 1s also
used to rinse, €.g., a surface of the self-assembling mono-
layer formed of the tri-ethoxy compound. The solvent 1s not
particularly limited to 200-proof ethanol; it can be any
solvent that 1s substantially anhydrous and 1s of suflicient
polarity to dissolve the compound of the self-assembling
monolayer. The term “substantially anhydrous™ means a
solvent that 1s no more than 10% by volume water.

In some embodiments of the present invention, at least
two solvents of increasing polarity are used to rinse the
self-assembling monolayer. The series of solvents can be
n-decane, followed by chloroform, followed by methanol,
but this 1s one example of a series of solvents used for
rinsing.

In embodiments of the present invention, a plasma etch of
a surface can take place. As described in some embodiments,
the plasma etch takes place 1n a plasma chamber at a
pressure lower than 2.5x107> Torr. The pressure can be, e.g.,
1x107° Torr to less than 2.5x107> Torr. The plasma can be
oxygen plasma, or any other i1onizable gas that forms a
plasma, and the plasma etch can take place for a period of
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time of from 15 seconds to 5 minutes. The pressure of the
plasma treatment can be from 2.5x107 Torr to 1x10~" Torr.
The voltage during plasma treatment can be from 13500 volts
to 3000 volts, e.g. 2000 volts, with a modulating current of
less than 0.2 Amps, e.g. 0.001 to 0.195 Amps.

The coatings of the present invention described herein can
be self-cleaming. As used herein, the term “self-cleaning’™
refers to a coating that promotes the removal of a contami-
nate present on the surface of the coating. For example, the
contaminate can be water, salt-water, dust, windshield
washer fluid, antifreeze, power steering fluid, liquid glass
cleaning compositions (e.g. WINDEX), coflee, optionally
with at least one of cream and sugar, gasoline, diesel fluid,
car-surface protectants (e.g. ARMOR ALL), sun-screen
compositions, hand lotions, and bug repellants. The coatings
can be characterized by a surface energy of not more than 30
dyne/cm”, e.g. from 5 to 25 dyne/cm” (and all values
therein), which can promote the self-cleaning nature of the
coating.

In embodiments described above, a layer of fluorinated
cthylene propylene 9494X 1s included 1n the coatings and 1t
1s formed by using a vacuum deposition process. Fluorinated
cthylene propylene (“FEP”) 9494X 1s one example of a
fluorinated ethylene propylene compound that can be used to
form this layer. Additional fluorinated ethylene propylene
compounds that can be used included, for example, FEP
100X, FEP 100]J, FEP 106X, FEP 9302X, FEP 9835X, FEP
0898, FEP CI95X, FEP CJ99X, and FEP 9819FLX, also
available from The Chemours Company, Wilmington, Del.

In each of the embodiments described herein, wherein one
or more solvents 1s used, 1t 1s to be understood that different
solvents than just those mentioned 1n the specific embodi-
ment, can be used. Aliphatic solvents of substantially high
vapor pressure can be used, for example, that will not
evaporate too quickly or substantially. As an example, for
embodiments wherein decane or n-decane 1s used, another
different solvent can 1nstead or additionally be used. Mineral
o1l can be used.

While the foregoing written description of the ivention
cnables one of ordinary skill to make and use what 1s
considered presently to be the best mode thereot, it should
be understood that various changes, substitutions and altera-
tions can be made herein without departing from the spirit
and scope of the invention as defined by the appended
claims. Therefore, the mnvention 1s not to be limited by the
above described embodiment, method, and examples, but by
all embodiments and methods within the scope and spirit of
the 1nvention as claimed.

When an amount, concentration, or other value or param-
cter 1s given as either a range, preferred range, or a list of
upper preferable values and lower preferable values, this 1s
to be understood as specifically disclosing all ranges formed
from any pair of any upper range limit or preferred value and
any lower range limit or preferred value, regardless of
whether ranges are separately disclosed. The term “about™
refers to the value identified as an exact value, or as a value
that deviates within the range of +/-5% or +/-5° of the value
identified. Where a range of numerical values 1s recited
herein, unless otherwise stated, the range 1s intended to
include the endpoints thereof, and all integers and fractions
within the range. It 1s not mtended that the scope of the
invention be limited to the specific values recited when
defining a range. Further, in this application, a reference to
an clement by the indefinite article “a” or “an” does not
exclude the possibility that more than one of the element or
embodiment 1s present. The definite article “the” can, but not
must, refer to a specific element or embodiment.
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What 1s claimed 1s:

1. A method of applying a hydrophobic dust mitigating
transparent coating to a substrate; said method comprising
the steps of:

making a nano-texture epoxy basecoat composition by

mixing 0.55 g to 0.75 g of silica nanoparticles, an
epoXy resin, an epoxy hardener, and a solvent, the silica
nanoparticles comprising a ratio by mass of small
particles to large particles, of from 6:1 to 10:1, the
small particles having a maximum dimension particle
size range of from 10 nm to 30 nm and the large
particles having a maximum dimension particle size
range of from 70 nm to 90 nm;

cleaning a substrate and thereafter rinsing said substrate

with a solvent;

applying said epoxy basecoat composition to said sub-

strate by rubbing the epoxy basecoat composition onto
a surface of the substrate and allowing said epoxy
basecoat composition to flash ofl and form a first
basecoat:

thinning out the first basecoat to form a transparent

basecoat;

baking said substrate with said transparent basecoat

thereon at a temperature of from 75° C. to 125° C. for
a period of time of from 15 minutes to 45 minutes to
form a cured and set basecoat;

applying a self-assembling, monolayer to said cured and

set basecoat by submerging the substrate with the cured
and set basecoat 1n a self-assembling monolayer solu-
tion comprising ecthanol and 1H,1H,2H,2H-perfluo-
rooctyltriethoxysilane, 1H,1H,2H,2H-pertfluorodecylt-
rimethoxysilane, 1H,1H,2H,2H-
pertluorodecyltriethoxysilane, or a combination
thereof, for 12 to 20 hours to form a self-assembling
monolayer on the cured and set basecoat;

removing said substrate having the cured and set basecoat

and the self-assembling monolayer thereon, from said
solution;

rinsing said self-assembling monolayer with ethanol;

drying to obtain a dried coated assembly; and
then baking the dried coated assembly at a temperature of
from 75° C. to 125° C. for a period of time of from 15
minutes to 45 minutes such that the self-assembling
monolayer aligns and forms a self-assembled mono-
layer.
2. The method of claim 1, further comprising:
coating, 1n a vacuum deposition chamber, said self-as-
sembled monolayer with 75 nm to 125 nm of a fluo-
rinated ethylene propylene under a pressure of 1x10-5
Torr to 9x10-5 Torr at a deposition rate of from 15 to
25 ng/cm?2, whereby

satrd method produces a transparent coating exhibiting
hydrophobicity such that contacting water forms drop-
lets having contact angles averaging at least 90°.

3. The method according to claim 1, wherein the seli-
assembling monolayer solution comprises 1H,1H,2H,2H-
perfluorooctyltriethoxysilane.

4. The method according to claim 1, wherein the small
s1lica nanoparticles consist of silica nanoparticles having a
maximum dimension of about 15 nm and the large silica
nanoparticles consist of silica nanoparticles having a maxi-
mum dimension of about 80 nm.

5. The method according to claim 1, wherein the applying
said epoxy basecoat composition and the thinning out com-
prise using lint-free, nonwoven cotton wipes.

6. The method according to claim 1, wherein the self-
assembling monolayer solution comprises a combination of
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at least two of 1H,1H,2H,2H-perfluorooctyltriethoxysilane,
1H,1H,2H,2H-pertluorodecyltrimethoxysilane, and 1H,1H,

2H,2H-perfluorodecyltriethoxysilane.

7. A method of applying a hydrophobic dust mitigating,
transparent coating to a substrate; said method comprising
the steps of:

making a nano-texture epoxy basecoat composition by

mixing 0.1 to 0.5 g of silica nanoparticles, an epoxy
resin, an epoxy hardener, and a solvent, the silica
nanoparticles comprising a ratio by mass of small
particles to large particles, of from 6:1 to 10:1, the
small particles having a maximum dimension particle
size range of from 10 nm to 30 nm and the large
particles having a maximum dimension particle size
range of from 70 nm to 90 nm;

applying said epoxy basecoat composition to said sub-

strate by rubbing the epoxy basecoat composition onto
a surface of the substrate and allowing said epoxy
basecoat composition to flash ofl and form a first
basecoat;

thinming out the first basecoat to form a transparent

basecoat;
baking said substrate with said transparent basecoat
thereon at a temperature of from 75° C. to 125° C. for
a period of time from 15 minutes to 45 minutes to form
a cured and set basecoat;

applying a self-assembling monolayer to said cured and
set basecoat by submerging the substrate with the cured
and set basecoat 1n a self-assembling monolayer solu-
tion comprising n-decane and pertluorodecyltrichlo-
rosilane, 1H,1H,2H,2H-perfluorooctyltrichlorosilane,
or a combination thereof, for a period of time from 15
minutes to 45 minutes to form a self-assembling mono-
layer on the cured and set basecoat;

removing said substrate having the cured and set basecoat

and self-assembling monolayer thereon, from said solu-
tion;

rmsmg said self-assembling monolayer with a first solvent
having a first polarity and then with a second solvent
having a second polarity that 1s greater than the first

polarity, to remove unreacted perfluorodecyltrichlo-
rosilane, unreacted 1H,1H,2H,2H-pertluorooctyl-
trichlorosilane, or both, to form a coated substrate; and
then

baking the coated substrate at a temperature of from 75°

C. to 125° C. for a period of time from 15 minutes to
45 minutes such that the self-assembling monolayer
aligns and forms a self-assembled monolayer, whereby
saild method produces a transparent coating exhibiting
hydrophobicity such that contacting water forms drop-
lets having contact angles averaging greater than 90°.

8. The method according to claim 7, wherein the self-
assembling monolayer solution comprises perfluorodecyl-
trichlorosilane.

9. The method according to claim 7, wherein the seli-
assembling monolayer solution comprises 1H,1H,2H,2H-
perfluorooctyltrichlorosilane.

10. The method according to claim 7, wherein the small
s1lica nanoparticles consist of silica nanoparticles having a
maximum dimension of about 15 nm and the large silica
nanoparticles consist of silica nanoparticles having a maxi-
mum dimension of about 80 nm.

11. The method according to claim 7, wheremn said
method produces a transparent coating exhibiting hydropho-
bicity such that contacting water forms droplets having
contact angles averaging at least 118°.
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12. The method according to claim 7, wherein the seli-
assembling monolayer solution consists essentially of
1H,1H,2H,2H-pertluorooctyltrichlorosilane.

13. The method according to claim 7, wherein the seli-
assembling monolayer solution consists essentially of per-
fluorodecyltrichlorosilane and 1H,1H,2H.,2H-perfluorooc-
tyltrichlorosilane.

14. A method of applying a hydrophobic dust mitigating
transparent coating to a substrate, said method comprising
" the steps of:

making a nano-texture epoxy basecoat composition by

mixing 0.1 to 0.5 g of silica nanoparticles, an epoxy
resin, an epoxy hardener, and a solvent, the silica
nanoparticles comprising a ratio by mass of small
particles to large particles, of from 6:1 to 10:1, the
small particles having a maximum dimension particle
size range of from 10 nm to 30 nm and the large
particles having a maximum dimension particle size
range of from 70 nm to 90 nm;

applying said epoxy basecoat composition to said sub-

strate surface by rubbing the epoxy basecoat composi-
tion, using a lint-free nonwoven cotton wipe, onto the
surface of the substrate and allowing said epoxy base-
coat composition to flash ofl and turn matte in appear-
ance;

thereafter using a second lint-free nonwoven cotton wipe

to thin out the epoxy basecoat composition and form a
transparent basecoat; and

baking said substrate with said transparent basecoat at a

temperature of from 75° C. to 125° C. for a period of
time of 15 minutes to 45 minutes to form a cured and
set basecoat:

applying a self-assembling monolayer to the substrate by

submerging the substrate 1n a self-asset Ming mono-
layer solution comprising n-decane and 1H,1H,2H,2H-
pertluorooctyltrichlorosilane,  perfluorodecyltrichlo-
rosilane, or both, for a period of time from 15 minutes
to 45 minutes, and thereafter removing said substrate
from said solution to form a coated substrate having a
surface substrate coated with a self-assembling mono-
layer

rmsmg said self-assembling monolayer with a first solvent

having a first polarity and then with a second solvent

having a second polarity that 1s greater than the first
polarity, to remove unreacted 1H,1H,2H,2H-perfluo-
rooctyltrichlorosilane, unreacted pertluorodecyltrichlo-
rosilane, or both, and form a rinsed coated substrate:
and then

baking the rinsed coated substrate at a temperature of

from 75° C. to 125° C. for a period of time from 15
minutes to 45 minutes, such that the self-assembling
monolayer aligns and forms a self-assembled mono-
layer, whereby

saild method produces a transparent coating exhibiting

hydrophobicity such that contacting water forms drop-
lets having contact angles averaging greater than 90°.

15. The method according to claim 14, further compris-
ing, prior to said applying:

ctching or forming the surface of the substrate to form an

ctched or formed substrate surface having nano-sized
features.

16. The method according to claim 14, wherein said
method produces a transparent coating exhibiting hydropho-
bicity such that contacting water forms droplets having
contact angles averaging 120°.
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17. The method according to claim 14, wherein the
self-assembling monolayer solution comprises 1H,1H,2H,
2H-pertluorooctyltrichlorosilane.

18. The method according to claim 14, wherein the
self-assembling monolayer solution comprises perfluoro- 3

decyltrichlorosilane.
19. The method according to claim 14, further comprising

coating, in a vacuum deposition chamber, said seli-as-
sembled monolayer with 75 nm to 125 nm of a fluorinated
cthylene propylene under a pressure of 1x10-5 Torr to 10
9x10-5 Torr at a deposition rate of from 15 to 25 ug/cm?2.
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