(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
07 November 2024 (07.11.2024)

(10) International Publication Number

WO 2024/229459 Al

WIPO I PCT

(51) International Patent Classification:
C09D 5/32 (2006.01) Co9D 7/20 (2018.01)
C09D 7/62 (2018.01) C09C 1/00 (2006.01)
C09D 7/40 (2018.01) CO8K 9/02 (2006.01)

(21) International Application Number:
PCT/US2024/027991

(22) International Filing Date:
06 May 2024 (06.05.2024)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

18/311,952 04 May 2023 (04.05.2023) UsS

(71) Applicant: UNIVERSITY OF CENTRAL FLORIDA
RESEARCH FOUNDATION, INC. [US/US]J; 12201 Re-
search Parkway, Suite 501, Orlando, Florida 32826 (US).

(72) Inventors: CHANDA, Debashis; 1238 Calypso Way,
Oviedo, Florida 32765 (US). FRANKLIN, Daniel; 12424
Research Parkway, Suite 400, Orlando, Florida 32826 (US).
CENCILLO ABAD, Pablo Manuel;, 7404 Woodburn Ct.,
Winter Park, Florida 32792 (US).

Agent: ABID, Jack G. et al.; Allen Dyer, Doppelt &
Gilchrist, P.A. 1135 E. State Road 434, Suite 3001, Winter
Springs, Florida 32708 (US).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ,DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,

(54) Title: METHOD FOR FORMING RADIATION SHIELD AND RELATED INORGANIC STRUCTURAL COLOR PAINT PIG-
MENTS WITH DIFFERENT NANOPARTICLE SIZES AND LAYER THICKNESSES

403

402

FIG. 12A

wO 20247229459 A1 | NI F00 0 KOO0 0 0 0 00 0 0

(57) Abstract: A method is for forming a radiation shield around an object. The method includes providing an inorganic paint pigment
comprising a fluid matrix, and paint flakes carried within the fluid matrix. Each paint flake includes a common aluminum mirror layer
having a first major surface and a second major surface opposing the first major surface, a first plasmonic aluminum reflector layer
carried by the first major surface, and a second plasmonic aluminum reflector layer carried by the second major sutface. The method
also includes coating an outer surface of the object with the inorganic paint pigment.

[Continued on next page]



WO 2024/229459 A | [IN U]} 00 000000000 O

TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM, KE,LR,LS, MW, MZ NA,RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2024/229459 PCT/US2024/027991

METHOD FOR FORMING RADIATION SHIELD AND RELATED INORGANIC
STRUCTURAL COLOR PAINT PIGMENTS WITH DIFFERENT NANOPARTICLE
SIZES AND LAYER THICKNESSES

Government Rights

[0001] This invention was made with government support under grant number ECCS-
1509729 awarded by National Science Foundation. The government has certain rights

in the invention.

Related Application
[0002] This application claims priority to U.S. Patent Application No. 18/311,952 filed

May 4, 20223, which is a continuation-in-part of U.S. Patent Application No. 16/707,363
filed December 9, 2019 which is based upon prior filed U.S. Patent Application No.
62/777,849 filed December 11, 2018, the entire subject matter of these application is

incorporated herein by reference in their entireties.

Technical Field

[0003] The present disclosure relates to the field of nanostructure systems, and, more

particularly, to self-assembled aluminum particle systems and related methods.

Background
[0004] The science and application of nanostructured optical systems have been the

focal point of growing research interest, which has been in parallel with advances in
fabrication and characterization techniques. Termed colloquially as the field of
plasmonics when pertaining to metals, these nanostructured materials host size-
dependent resonances that alter the combined system’s optical characteristics from
simply that of its bulk constituents. Hence, metal nanoparticles have been the subject
of thousands of research articles, regarding every aspect of their synthesis,

characterization and utilization.
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Summary
[0005] Generally, a method is for forming a radiation shield around an object. The

method includes providing an inorganic paint pigment comprising a fluid matrix, and a
plurality of paint flakes carried within the fluid matrix. Each paint flake comprises a first
major aluminum nanoparticle surface and a second major dielectric surface underneath
the first major surface, a common aluminum mirror layer on top of a second dielectric
layer, and a second aluminum nanoparticle layer . The method also includes coating an
outer surface of the object with the inorganic paint pigment. For example, the object
may comprise one of a housing structure, a vehicle, and clothing.

[0006] Another method is for forming a radiation shield around an object. The method
includes providing an inorganic paint pigment comprising a fluid matrix, and a plurality of
paint flakes carried within the fluid matrix. Each paint flake comprises a common
aluminum mirror layer having a first major surface and a second major surface opposing
the first major surface, a first plasmonic aluminum reflector layer carried by the first
major surface, and a second plasmonic aluminum reflector layer carried by the second
major surface. The method also includes coating an outer surface of the object with the
inorganic paint pigment. For example, the object may comprise one of a housing
structure, a vehicle, and clothing.

[0007] Additionally, each of the first plasmonic aluminum reflector layer and the second
plasmonic aluminum reflector layer may comprise an oxide layer over the common
aluminum mirror layer, and a layer of self-assembled aluminum particles over the oxide
layer. The oxide layer may comprise an aluminum oxide layer. Each of the first
plasmonic aluminum reflector layer and the second plasmonic aluminum reflector layer
may be independent to an angle of incidence for incident visible radiation.

[0008] For example, the fluid matrix may comprise at least one of a solution and a
polymer resin; the fluid matrix may comprise a binder fluid; and the fluid matrix may
comprise isopropyl alcohol (IPA). Also, each paint flake may be symmetric about the
common aluminum mirror layer.

[0009] Another aspect is directed to an inorganic paint pigment. The inorganic paint
pigment includes a fluid matrix, and a plurality of paint flakes carried within the fluid

matrix. Each paint flake comprises a common aluminum mirror layer having a first major
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surface and a second major surface opposing the first major surface, a first plasmonic
aluminum reflector layer carried by the first major surface, and a second plasmonic
aluminum reflector layer carried by the second major surface. Each of the first
plasmonic aluminum reflector layer and the second plasmonic aluminum reflector layer
comprises an oxide layer over the common aluminum mirror layer, and first and second
layers of self-assembled aluminum particles over the oxide layer. Each of the first and
second layers of self-assembled aluminum particles has a different thicknesses.
[0010]In some embodiments, the first and second layers of self-assembled aluminum
particles may be vertically spaced, and each of the first plasmonic aluminum reflector
layer and the second plasmonic aluminum reflector layer may further comprise a spacer
layer between the first and second layers of self-assembled aluminum particles. In
other embodiments, the first and second layers of self-assembled aluminum particles
may be laterally spaced over the oxide layer.

[0011] Yet another aspect is directed to a method for making an inorganic paint
pigment. The method also includes forming a plurality of paint flakes. Each paint flake
comprises a common aluminum mirror layer having a first major surface and a second
major surface opposing the first major surface, a first plasmonic aluminum reflector
layer carried by the first major surface, and a second plasmonic aluminum reflector
layer carried by the second major surface. Each of the first plasmonic aluminum
reflector layer and the second plasmonic aluminum reflector layer comprises an oxide
layer over the common aluminum mirror layer, and first and second layers of self-
assembled aluminum particles over the oxide layer. Each of the first and second layers
of self-assembled aluminum particles has a different thicknesses. The method also

includes placing the plurality of paint flakes within a fluid matrix.

Brief Description of the Drawings

[0012]FIG. 1 is a schematic diagram of self-assembled aluminum particles on an oxide
spacer and aluminum mirror layer, according to the present invention.

[0013]FIGS. 2A-2C is a set of scanning electron microscope images of three sampled
surfaces corresponding to yellow, magenta, and cyan, respectively, according to the

present invention.
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[0014]FIG. 3 is a histogram of particle sizes obtained from the SEM images shown in
FIGS. 2A-2C.

[0015]FIG. 4A is an image of a sample in which the amount of aluminum deposited is
azimuthally varied, according to the present invention.

[0016]FIG. 4B is a diagram of the reflectance spectra of the sample shown in FIG. 4A.
[0017]FIG. 4C is a diagram of a CIE Lab space diagram, according to the present
invention.

[0018]FIG. 4D is a diagram of spectrometer measurements of the surface compared to
discrete dipole approximation theory and finite difference time domain modeling,
according to the present invention.

[0019]FIG. 4E is a diagram of field profiles obtained through finite-difference-time-
domain (FDTD) at resonance showing field confinement in the gaps between particles,
according to the present invention.

[0020]FIG. 4F is a diagram of finite element method modeling of a metal-insulator-metal
system as a function of top metal thickness, according to the present invention.
[0021]FIG. 4G is a diagram of FDTD simulations predicting resonance location as a
function of particle diameter, according to the present invention.

[0022] FIG. 4H is a diagram of FDTD simulations over inter-particle distance in which
the shift in resonance location from model and experiment is found to be the near-field
coupling of adjacent particles, according to the present invention.

[0023]FIG. 5 is a diagram of angle independent plasmonic color where the top
experimental row is obtained through angle resolved reflectance measurements using
an integrating sphere and fiber optic coupled spectrometer, and where the bottom row
consists of FDTD simulations using assuming a perfectly periodic square array of
particles, according to the present invention.

[0024]FIG. 6A is an image of the plasmonic system formed on a piece of sandblasted
glass which results in a near Lambertian diffuse reflectance, according to the present
invention.

[0025]FIG. 6B is a diagram of experimentally obtained integrated reflectance from the
sample in FIG. 6A.
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[0026]FIG. 6C is an image of a fabrication performed on a thin, flexible layer of
polydimethylsiloxane (PDMS), according to the present invention.

[0027]FIG. 6D is an image of masked fabrication of the aluminum particles, according
to the present invention.

[0028]FIG. 6E is a set of microscope images of the surface fabricated on a PET fabric,
according to the present invention.

[0029]FIG. 7A is a diagram of the effect of the second oxide spacing layer on the
reflectance of the surface, according to the present invention.

[0030]FIG. 7B is a diagram of corresponding points within CIE Lab space, according to
the present invention.

[0031]FIG. 8 is a schematic diagram of an inorganic paint pigment, according to the
present invention.

[0032]FIG. 9A is a schematic perspective view of a paint flake comprising symmetric
layers of oxide and particle about a central aluminum mirror, according to the present
invention.

[0033]FIG. 9B is a schematic diagram of a first embodiment of a paint flake, according
to the present invention.

[0034]FIG. 10A is an image of the paint flakes lining a bottom of a container after being
released from a sacrificial layer, according to the present invention.

[0035]FIG. 10B is an image of paint flakes dispersed in isopropy! alcohol (IPA) resulting
in a simmering colored metallic effect, according to the present invention.

[0036]FIG. 11 is a flowchart for a method for making the inorganic paint pigment of FIG.
8.

[0037]FIG. 12A is a schematic diagram of a radiation shield, according to the present
invention.

[0038]FIG. 12B is a diagram of simulated temperature with the radiation shield,
according to the present invention.

[0039]FIG. 13 is a schematic diagram of a second embodiment of a paint flake,
according to the present invention.

[0040]FIG. 14 is a perspective view of the paint flake of FIG. 13.
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[0041]FIGS. 15-18 are diagrams of performance for an inorganic paint pigment using
the paint flake of FIG. 13.

[0042]FIG. 19 is a schematic diagram of a third embodiment of a paint flake, according
to the present invention.

[0043]FIG. 20 is a perspective view of the paint flake of FIG. 19.

[0044]FIGS. 21-22 are diagrams of performance for an inorganic paint pigment using
the paint flake of FIG. 19.

Detailed Description

[0045] The present disclosure will now be described more fully hereinafter with
reference to the accompanying drawings, in which several embodiments of the
invention are shown. This present disclosure may, however, be embodied in many
different forms and should not be construed as limited to the embodiments set forth
herein. Rather, these embodiments are provided so that this disclosure will be thorough
and complete, and will fully convey the scope of the present disclosure to those skilled
in the art. Like numbers refer to like elements throughout, and base 100 reference
numerals are used to indicate similar elements in alternative embodiments.

[0046] Generally, an inorganic paint pigment may include a fluid matrix, and a plurality
of paint flakes carried within the fluid matrix. Each paint flake may include a common
aluminum layer having a first major surface and a second major surface opposing the
first major surface, a first plasmonic aluminum reflector layer carried by the first major
surface, and a second plasmonic aluminum reflector layer carried by the second major
surface.

[0047]In particular, the common aluminum layer may comprise an aluminum mirror
layer. Each of the first plasmonic aluminum reflector layer and the second plasmonic
aluminum reflector layer may comprise an oxide layer over the common aluminum
layer, and a layer of self-assembled aluminum particles over the oxide layer.

[0048] For example, the oxide layer may comprise an aluminum oxide layer. Plasmon
resonance within each of the first plasmonic aluminum reflector layer and the second
plasmonic aluminum reflector layer may be independent to an angle of incidence for

incident visible radiation.
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[0049] Also, the fluid matrix may comprise at least one of a solution and a polymer resin.
The fluid matrix may comprise a binder fluid. The fluid matrix may comprise isopropy!
alcohol (IPA). Each paint flake may be symmetric about the common aluminum layer.
[0050] Another aspect is directed to a method for making an inorganic paint pigment.
The method may comprise forming a plasmonic aluminum reflector stack on a sacrificial
polymer layer, and dissolving the sacrificial polymer layer and generating a plurality of
paint flakes from the plasmonic aluminum reflector stack. Each paint flake may include
a common aluminum layer having a first major surface and a second major surface
opposing the first major surface, a first plasmonic aluminum reflector layer carried by
the first major surface, and a second plasmonic aluminum reflector layer carried by the
second major surface, and placing the plurality of paint flakes into a fluid matrix.

[0051] The application of plasmonic color to surfaces is a more recent development
enabled by the vacuum deposition of metallic films. The first demonstrations originate
from the early 20th century, but widespread use required advances in vacuum
technology not present until the 1930’s. The evaporated films were vital to the
production of high quality mirrors and industry-need fueled research to improve their
optical properties. Detailed studies of the metallic films and the influence of deposition
conditions continued throughout the 1950’s till today. These included fundamental
research on the correlation of nano-topography and optical properties, along with
explanations of various thin-film growth modes. These early studies clearly show the
existence of plasmonic resonances in arrays of particles formed through vacuum
evaporation, and the ability to tune this resonance through the morphology of the
surface, indirectly controlled through process parameters.

[0052] Advances in fabrication and simulation techniques have further expanded our
understanding of these particle arrays. By placing particles near a mirror, interference
has been found to enhance the plasmonic resonances of the particles. However, many
of these examples use distances of 50 nm or more between the resonating particles
and mirror. This reliance on Fabry-Perot induced resonances creates an inherent
undesired angle dependence in the resulting systems. Those that have demonstrated
angle-insensitive resonances are limited by expensive fabrication methods or

unsaturated color. If placed within 10s of nanometers, however, oscillations in electron
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density interact with their image charge and produce hybrid resonance states. This
strong near-field coupling provides a route to angle-independent resonances and
another degree-of-freedom with which to control and tune the optical properties of the
surface. However, examples of this phnenomenon rely on highly dispersed arrays of
particles spin-cast from chemically derived dispersions. This results in highly non-
uniform and unsaturated surfaces. On the other hand, de-wetting, another well-known
technique, has recently found its application in color generation.

[0053] Different subtractive colors can be achieved by controlling the initial thickness of
the metal film and then post annealing. However, this method requires high
temperatures close to the melting point of the metal. This also puts constraints on the
materials used and examples have resulted in limited color saturation or even
broadband absorption leading to black surfaces. Laser-assisted methods have also
attracted a lot of attention. By either reshaping particles through localized dewetting or
particle creation through ablation, these methods can produce microscopic color images
highly angle independent due to the particles deep-subwavelength size. However, the
color quality shown in these examples is still lacking for many potential applications due
to the lack of control of particle size distributions and density.

[0054] In the present disclosure, a large area, highly reproducible self-assembling
technique where aluminum particles are formed on a surface through a temperature and
pressure dependent thin film growth mechanism in an ultra-high vacuum electron beam
evaporator is disclosed. The narrow, sub 10 nm gaps between particles and the mirror,
hybridize individual plasmonic modes and manifests a single angle-insensitive
resonance with near 100% absorption. This process is compatible with and takes on
the scattering properties of underlying arbitrary substrates and can result in completely
diffusive, angle-independent and flexible plasmonic color surfaces. The present
disclosure demonstrates several key advantages compared to previous demonstrations
— advantages that when combined, open the door to many applications and potential

markets for plasmonic nanostructures.

Self-Assembled Aluminum Plasmonic Surface
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[0055] The plasmonic system comprises of a dense array of aluminum nanoparticles
formed on top of an oxide coated aluminum backplane, an illustration of which is shown
in FIG. 1. Ambient white light excites resonances within the structure, which are
predominantly confined to the gaps between particles. These resonances demonstrate
a high degree of angle-independence and their spectral location is a function of the size
distribution of the aluminum particles, the surrounding refractive index and the optical
distance from each other and the mirror. Light, which is not absorbed by the surface, is
reflected to result in a perceived color. The fundamental physics of this gap-plasmon
mode is discussed in the sections below.

[0056] The particles form through a temperature and pressure dependent thin film
growth mechanism in an ultra-high vacuum electron beam evaporator, and
understanding this growth mechanism is vital in designing and controlling attributes of
the surface. Island formation in thin film growth has been extensively studied and is
generally separated into three modes: Frank-van der Merwe (Layer-by-Layer), Volmer-
Weber (Island), and Stranski-Krastanov (Layer and Island). Aluminum exhibits the
Volmer-Weber growth mode, which is initiated by the adsorption of atoms to the surface
of the substrate. The energetic molecule is free to diffuse along the surface until it
settles on a site with a local energy minimum.

[0057] Subsequent aluminum atoms adsorb, diffuse and condense about these low
energy sites in a process termed nucleation. As this continues, particles anchored at
adjacent nucleation sites touch and form grain boundaries, or if energetically favorable,
coalesce to form larger particles. The shape of the combined particles depends on the
equilibrium condition between the aluminum’s free energy and interfacial stress with the
substrate. The accumulative result of this process at three deposition thicknesses (4
nm, diagram 150a; 7.5 nm, diagram 150b; and 11 nm, diagram 150c;) can be seen in
FIGS. 2A-2C, resulting in yellow, magenta, and cyan sample colors, respectively.
Scanning electron micrographs (SEMSs) of the samples show an increase in particle size
as a function of material deposited. Insets depict microscope camera images taken
from the respective surfaces. Interestingly, the fill fraction of particles on the surface
remains near unity for all samples which indicates a high number of nucleation sites in

the initial phase of deposition. From the SEM images, FIG. 3 includes a diagram 151 of
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histograms of particle size using the Gwyddion software package and approximate the
area of each particle with an equivalent circular area. The distributions shown in FIG. 3
indicate that the spread of particle diameters increases within a sample as deposition
continues. This is also seen qualitatively from the SEM images that the rather circular
particles of the yellow sample become more irregular as lateral particle size increases.
This is attributed to the interfacial energy of aluminum to the aluminum oxide substrate
at odds with the aluminum particle surface energy, preventing the aluminum from
reforming into symmetric oblate ellipsoids. Despite this increasing irregularity, the
particle distributions are isotropic and show no preferred particle elongation direction.
[0058] The island formation is a statistical process which greatly depends on the
temperature of the substrate and pressure of the chamber at the time of evaporation. In
the present disclosure, it is shown that surfaces deposited below 100°C and above 107
Torr result in colored surfaces, however, are relatively unsaturated. Alternatively, the
color vibrancy appears to increase with the lower pressure and the hotter the substrate.
These differences are the result of changes in contact angle between the aluminum
particles and that of the aluminum oxide spacer, therefore modifying the plasmonic
resonance strength and coupling efficiency.

[0059] The thickness of this oxide layer influences the coupling and overall strength of
the resonance while having little impact on resonance location. This is optimized over
this parameter, and it was found that a thickness of 10 nm results in the most
pronounced resonances and therefore vivid color. [If desired, however, this parameter
can be used as an independent mechanism by which to achieve any color less

saturated than and within the color gamut of the optimized nanostructure.

Color Space and Origin of Plasmonic Color

[0060] To show the range of color achievable with such a system, the present disclosure
includes a sweep over the thickness of aluminum deposited by adapting a partial shutter
and rotatable stage. The sample is rotated roughly 11° every 0.5 nm for 8 nm, and then
a step of statically depositing another 8 nm. This method results in the vivid sample and
corresponding spectra shown in diagrams 152, 153 of FIGS. 4A-4B. As the deposition

begins, the white mirror-like reflectance of the sample turns yellow as the plasmonic

10
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resonance red-shifts from the UV to visible spectrum. The pronounced, near 100%
absorption resonance continues to shift through the visible regime, creating a standard
subtractive color palette. The dashed white lines of FIG. 4B correspond to the yellow
(A), magenta (B) and cyan (C) samples of FIG. 4A, and the SEM images of FIGS. 2A-
2C. The color quality or contrast of the reflective colors are quantified in a diagram 154
of FIG. 4C as represented in the CIE Lab color space.

[0061] The more vivid a color, the further it is from the origin — while near the center
resides unsaturated mixtures of light culminating in the white point. Black dots on the
graph represent the color of the plasmonic surface and are obtained by applying the
standard CIE chromaticity function conversion to the spectra of FIG. 4B. To provide
context to this color quality, an overlay of two color quality standards is used in the
commercial printing industry — ISO 12647-3 for the inner hexagon representing
newsprint and SWOP Coated 1, ISO-standard on Grade 1 high quality photo paper for
the outer hexagon in FIG. 4C. The color generated by the plasmonic surface exceeds a
fair portion of the newsprint color space and reaches that of the high-quality photo paper
for certain colors. However, the singular subtractive resonance of the surface prohibits
the creation of green and color mixing techniques must be employed - just as in
conventional Cyan Magenta Yellow Black (CYMK) (i.e. CYMK color model) printing.
This limitation is addressed and proposed methods to achieve green and expand the
color space are disclosed within sections below.

[0062] To understand the fundamental resonance mechanisms involved in the particle
system, the present disclosure employ a series of analytical modeling techniques and
compares throughout with experimental and FDTD simulated reflection spectra of the
three selected particle distributions, yellow (A), magenta (B) and cyan (C), shown in a
diagram 155 of FIG. 4D. Due to the highly dense and subwavelength nature of the
particle films, the first analytical approach is a stratified effective medium theory (EMT)
where an effective polarizability is obtained for the particle film assuming the
fundamental shape of oblate ellipsoids. Size distributions and depolarization terms are
included to account for the inhomogeneous linewidth broadening and particle-to-particle

near field coupling, respectively. Once this singular layer is approximated, Fresnel

11
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equations are then applied to find the total reflectance coming from the combined
particle film, oxide spacer and mirror system.

[0063] Alternative models which account for truncated spheroids, near field interactions
at material interfaces and higher order multipolar resonances can all be implemented,
but each hosts their own assumptions and limitations on particle shape, coverage and
surrounding media, etc. The present disclosure finds the EMT model employed here
adequately fits that of the experimental spectra with the use of a single fitting parameter
that approximates the accumulative depolarization of particles imparted by particle-
particle and particle-mirror near field coupling — the latter of which is not captured by the
application of Fresnel equations in the thin spacer-oxide limit.

[0064] To further validate the EMT method and visually identify resonance mechanisms,
the present disclosure directly applies finite-difference-time-domain modeling to the
SEM images of FIGS. 2A-2C. This brute force approach — of importing particle surfaces
and extrapolating into large simulation volumes — accounts for particle distributions,
near-field coupling effects and gives a unique perspective on field localization within a
randomly distributed particle media. Reflectance spectra are shown in FIG. 4D and
compared to the experiment and the EMT model. While the spectra are close, the SEM
images only give an accurate x-y profile of the particle shape and location. The present
disclosure approximates the out-of-plane profile as a cropped oblate ellipsoid and
attribute this as one source of spectral differences. Many particles are also required to
accurately represent the dispersion of particles and the broad resonances they create.
[0065] Here, the present disclosure uses surfaces with 1372, 1659, and 1539 particles
in C, B, and A, respectively — equivalently a total surface area of 10.76 um?, 2.983 um?
and 0.662 um?. Diagrams 156a-156c¢ in FIG. 4E shows an example of the fields
generated through such simulations for the A surface in the x-y plane as well as the x-z
plane at the resonant wavelength of 400 nm. From these, it can be seen that the fields
are highly confined to the edges of the particles and within particle-particle and particle-
mirror gaps. Further results of the full-wave simulations for A, B, and C - including
decompositions of fields — are provided in Sl units FIGS. 4A-4C. The fields surrounding
the particles are characteristic of gap surface plasmons but occur at wavelengths not

predicted in previous reports. To elucidate the relation of the dense particle system with

12
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that of gap surface plasmons, the present disclosure modifies an alternative model
which first determines the dispersion of a metal-insulator-metal (MIM) waveguide. The
following relation is commonly used:

tanh( B*— kéfdtd) _ —&gy/B? — kiem

2

where, B is the propagating wave, t, is the thickness of the insulator, ¢; and ¢,,, are the
dielectric constants of the insulator and metal, respectively.

[0066] This equation assumes two infinite metal regions surrounding a dielectric gap of
finite thickness. The particles and thin films used in MIM resonators, however, cannot
be approximated as infinite if their thickness is comparable to their skin-depth. The
present disclosure performs finite element method simulations (Mode Solutions,
Lumerical) to quantify the impact of this approximation on the effective index of a mode
propagating parallel to the surface, within the dielectric gap, as a function of top metal
thickness, d2.

[0067] Here, aluminum is used as the metal and 10 nm of aluminum oxide used as the
spacer. The thickness, d1, of the bottom metal is 300 nm — well beyond the skin-depth
of the material and can therefore be safely approximated as infinite within the visible
domain. Diagram 157 of FIG. 4F shows the results of these simulations and that the
index of the mode varies greatly for top film thicknesses less than 20 nm. As the film
thickness increases, the index approaches that of the infinite case and closely matches
that obtained analytically, represented by the black line. Once the effective index is
attained as a function of film thickness, the condition for constructive interference for
such a propagating mode is applied:

w (2—") Nepp =M — P,

Ares

where I is the diameter of the top film, n., the effective index of the propagating
mode, m the mode order and ¢ a phase term due to reflection at the particle boundary.
[0068] Using the first order (m = 1) and assuming zero reflective phase, the combination
of these relations allows us to predict the resonant wavelength, 4,., for a given particle
diameter. Due to the close packing nature of the particle arrays, the present disclosure

approximates the particle height as the equivalent mass thickness of the deposited film
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and relate this to particle diameter through the particle distributions of FIG. 3. The
results of this approach are represented by the dashed black line in a diagram 160 of
FIG. 4G and can be compared to the red dashed line of the infinite metal MIM case and
the solid black line of experiment, which are overlaid atop a sweep of FDTD simulations
which perform as a control.

[0069] In these simulations, a single particle is assumed within square periodic
boundary conditions. This simplification of the surface as a perfectly ordered square
array neglects the impact of size distributions but allows to isolate the impacts of various
physical parameters and greatly reduces simulation requirements. Using an inter-
particle gap of 4 nm, which is obtained through SEM images, the location of the
plasmonic resonance red-shifts linearly with particle diameter — a result in close
agreement with the experimental spectra shown in FIG. 4B. The resonances also have
a narrower full-width-half-maximum than experimental results due to the lack of
inhomogeneous broadening originating through the approximations outlined above.
The results show a discrepancy with the predicted resonance location obtained through
the analytical and hybrid MIM models and are shifted by a wavelength of AA = 90 nm.
[0070] The MIM model neglects the near-field coupling that occurs between particles
and the hybridization of plasmonic modes that results. This hybridization can be
understood as the splitting of energy levels within the system into parallel and anti-
parallel resonances on adjacent particles. The in-phase resonance becomes a blue-
shifted non-radiative mode whereas the out-of-phase resonance red-shifts and can be
excited via external light. The strength of this splitting and, therefore, amplitude of the
red or blue shift depends greatly on the inter-particle distance and has been termed the
plasmonic ruler effect in previous literature.

[0071] This idea stems from classical electromagnetic theory, where the interaction
energy between two radiating dipoles is given by:

L wE
amey nZ, 52

where |u|? is the squared modulus of the transition dipole moment, n,,, is the refractive
index of the surrounding medium, S is the dipole-dipole separation and the orientation
factor k = cos @y, — 3 cos a5 cos o, 5, Where ay,, a;,, and a,, represent the angles

between the two dipoles and the vector connecting them.
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[0072]FIG. 4H includes a diagram 161, which shows a series of FDTD simulations by

changing this inter-particle distance while keeping a constant particle diameter. As the
inter-particle distance increases, it is observed that the characteristic rig decay in

interaction energy and blue-shift of the resonance wavelength. This value
asymptotically approaches that of the infinitely spaced particle case, but which becomes
negligible beyond 40 nm. The resonance shift, AA, from the infinite inter-particle
distance case to the experimentally obtained distance of 4 nm closely matches that
obtained through FIG. 4G and confirms that the near-field coupling plays a pivotal role
in defining the resonance location and ultimately color of the plasmonic surfaces.
Through the models and simulations above, the present disclosure shows how the
system can be understood through different lenses and theoretical starting points.
Whether beginning with the optical properties of a single particle, extending to an
effective optical film and then the effects of mirror coupling, or beginning with a
combined mirror-insulator-mirror system, obtaining resonance relations through
constructive interference conditions, and then accounting for hybridization due to the
close packed nature of the film, the present disclosure’s results show that they are

consistent and equivalent.

Angle Dependence of Plasmonic System

[0073]In the pursuit of high contrast color, some approaches compromise and sacrifice
various other attributes of the system. A common approach is the adoption of grating
coupled or Fabry-Perot based nanostructure modes. While these can produce narrow
and high amplitude reflectance, the color observed is inherently dependent on the angle
of incident light. For consumer product coloration, this is unacceptable and has
inhibited such structural color from practical implementation.

[0074] The present disclosure demonstrates a key advantage of the subwavelength
localized gap plasmon resonance of the aluminum island nanostructure and address the
need for high contrast color in addition to angle insensitivity. Utilizing a reflective
integrating sphere with a rotatable mount (RTC-060-SF, as available from Labsphere,
Inc. of North Sutton, New Hampshire) and a spectrometer (HR 2000+, as available from

Ocean Optics, Inc. of Largo, Florida), the spectra of the three selected samples (yellow
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(A), magenta (B), and cyan (C)) are shown in diagram 162a-162f of FIG. 5. These
measurements verify the invariance of the aluminum island plasmonic system to
excitation angle. To test the validity of these results, the present disclosure also
includes FDTD simulation sweeps over incident angle for three equivalent particle radii;
13 nm, 24 nm and 39 nm, respectively. These radii are obtained by the mean of the
particle distributions of FIGS. 2A-2C. Again, the present disclosure approximates the
particle system as a perfectly periodic square array to perform the large number of
required simulations and accepts that the resulting resonances will be narrower than the
experimental case as discussed above. Comparing these results, the resonance
locations closely match, as well as the qualitative behavior of the resonance as a
function of angle. To determine the impact of angle on the color perceived from the
surface, the present disclosure present the CIE predicted color adjacent to each data

set — further confirming the large angle invariance of the surface.

Diffuse and Flexible Plasmonic Color

[0075] One of the defining advantages of the aluminum island system is its ability to be
formed on arbitrary surfaces. This fabrication flexibility allows the system to take on the
scattering attributes of the substrate and leads to the first-time demonstration of
potential diffuse plasmonic color. In animage 163 of FIG. 6A, the present disclosure
demonstrates this ability by forming the plasmonic surface on sandblasted glass. The
surface of the glass is jagged and contains random microstructures more than 100 um
in height. The result is an extremely diffuse, mat and paper-like finish compared to the
specular mirror-finish when created on optically smooths surfaces. To quantify the
diffusiveness of the surface, the present disclosure includes integrating sphere
measurements with the incident beam normal to the sample. Specular reflection from
the surface exits the sphere and only scattered light is measured and shown in a
diagram 164 of FIG. 6B. Normalized with respect to a Spectraflect coated surface (98%
near-Lambertian surface, Labsphere), much of the light is scattered but while
maintaining the color of the underlying nanostructure. However, it was also observed
that a slight broadening of the spectra, which is attributed to the extreme angles, more

than 70°, at which a portion of particles will be excited.
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[0076] Another advantage of the fabrication process is the low temperatures at which
samples are formed. This is in contrast to the annealing techniques commonly
employed to generate similar particle films. Image 165 of FIG. 6C shows the color
space of the plasmonic system fabricated on a flexible PDMS substrate and attached to
a curved surface. Interestingly, the deposition of a thick aluminum mirror on the PDMS
creates micro corrugations on the surface which results in a shimmering semi-diffuse
effect on the reflected color.

[0077] This potentially opens opportunities to a large range of consumer products and
further research including dynamic stretchable tunability and integration with biomedical
devices. Stencils or conventional lift-off techniques can also be employed to pattern the
plasmonic surface and by placing a physical mask on the substrate before a rotated
particle depasition, the present disclosure recreates the “UCF” Pegasus logo. The
images 166a-166c¢ of FIG. 6D are taken at increasing angles to reaffirm the system’s
angular invariance.

[0078] The present disclosure shows the ability to form the plasmonic system on fibers
and fabrics. Microscope camera images 167a-1670 of the surface at 15 x magnification
are presented in FIG. 6E, spanning the same subtractive color gamut produced on
alternative substrates. Due to the anisotropic nature of electron beam evaporation, only
a portion of the fibers are coated with the plasmonic surface, which can lead to poor
angle performance in certain types of fabrics. However, it is believed that
implementation of angled depositions along with stage rotation could greatly reduce
these effects. The summation of these advantageous attributes makes the plasmonic
particle system a promising candidate for new multifunctional materials with stretchable,
flexible, angle-independent and diffuse color properties which could find use in display

and biosensing applications.

Color Space Expansion

[0079] The present disclosure demonstrates a relatively large CYMK color gamut
(CYMK in conjunction with LC) compared to other non-diffractive plasmonic color
schemes, but this can be further improved through an exploration of aluminum thin film

growth mechanisms. While a deep resonance may be a requirement, the ideal width of
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the resonance is substantial (full width at half maximum (FWHM) =~ 75 nm) and changes
based on the resonance’s location. This is due to the subtractive nature of the color as
opposed to the additive color of light generating systems like LEDs. While a sharp peak
in the spectra might be desired for additive color, a narrow and deep absorption dip
would still result in an unsaturated color close to the white point for subtractive color.
For this reason, independent control over the resonance location and width would be
highly desirable. The present disclosure has shown that the resonance location
depends directly on the mean particle size which is controlled through the amount of
material deposited. The width of the resonance, however, depends on several factors
from the geometry of the system to the dispersion of the underlying plasmonic material.
[0080] The most straightforward is the inhomogeneous resonance linewidth broadening
due to variations in particle size and shape. Above, it has been seen that as more
material is deposited and islands begin to coalesce, the distribution of particle size
increases. The reflectance spectrum of a distribution of particles can be understood as
the geometrical mean of the spectra arising from its individual components. Therefore,
templated self-assembled methods which exhibit order may allow control over the
distribution of particles and limit the dispersion of size as particles coalesce as a
function of deposition parameters. Alternatively, modifications to the formation process
of the particles through higher growth temperatures, alloys, applied voltage or barrier
oxides can be explored to increase surface tension and allow coalescing particles to
more uniformly reform.

[0081] Another approach to widen the color space of the plasmonic surface is the
addition of multiple layers of aluminum particles and oxides. By doing this, colors
outside the CYM space can be obtained. To demonstrate this, the process begins with
the aluminum mirror and 10 nm of aluminum oxide, as illustrated in FIG. 8C. A magenta
is formed through the deposition of 7 nm of aluminum nanoparticles and shifted to cyan
through the ALD of a second aluminum oxide film. After a final deposition of 5 nm of
aluminum nanoparticles, the surface exhibits a range of colors shown in a diagram 174
of FIG. 7A. In this case, it shows creation of green colors. The thickness of this second
oxide film greatly influences the combined resonances of the surface and the CIE Lab

coordinates of these samples are shown in a diagram 175 of FIG. 7B. It can be seen
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that by combining particle layers of cyan and yellow, a route to green exists. Further
thickness optimizations and modification to the particle distributions can improve the

quality of this green.

Plasmonic Paint

[0082] The present disclosure includes another application of the self-assembled
plasmonic surface in the form of inorganic pigments. By forming the structure on a
sacrificial polymer layer, the metal film can be released with sonication into an aqueous
or similar solution to form suspended flakes. To guarantee that color is seen from the
flakes regardless of orientation, the nanoparticle system is assembled on both surfaces
surrounding the aluminum mirror. FIG. 9A shows an illustration of representative paint
flake. If left to settle in the solution, as shown in an image 176 of FIG. 10A, the flakes
line the bottom of the container and give an approximation of the final colors one might
obtain if assembled with a binder and used to coat an object. FIG. 10B shows an image
177 of the large range of colored flakes suspended in IPA.

[0083]In conclusion, the present disclosure has demonstrated a large area, highly
reproducible self-assembling technique where aluminum particles are formed on a
surface through a temperature and pressure dependent thin film growth mechanism in
an ultra-high vacuum electron beam evaporator. This process is compatible with and
takes on the scattering properties of underlying substrates and can result in completely
diffusive, angle-independent and flexible plasmonic color surfaces. The present
disclosure then demonstrates the potential and novelty of such a color generation
mechanism by exploring its active tuning and integration with optoelectronic devices.
The present disclosure then explores the expansion of the color space to obtain green
as well as the application of the structures to plasmonic paint, providing a platform of

inorganic pigments.

Fabrication of the self-assembled plasmonic system

[0084] The 150 nm Al mirrors are deposited on glass using a Thermionics electron
beam evaporation system. Deposition is performed at ~5x10° T at a rate of ~0.1 nm s

and room temperature. The aluminum oxide layer is deposited by atomic layer
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deposition (Savannah 2, Cambridge Nanotech) at 100°C using pulses of
trimethylaluminum and water. The aluminum particles are then evaporated in an
electron beam evaporator at ~5x10-8 T, 100°C and ~0.05 nm s, as available from AJA

International, Inc. of Scituate, Massachusetts.

Finite difference time domain modeling

[0085] Reflection spectra are calculated using experimental parameters with commercial
FDTD software package (Lumerical FDTD, Lumerical Solutions Inc.). The wavelength
dependent refractive index of aluminum is taken from Palik and the anisotropic
parameters of the liquid crystal (LC) layer are obtained using an effective anisotropic
index model based on the orientation of LC obtained from finite element method (FEM)
calculations.

[0086] Referring to FIG. 9A, an inorganic paint pigment according to the present
disclosure is now described. The inorganic paint pigment illustratively includes an
aqueous solution, and a plurality of paint chips within the aqueous solution.

[0087] Each paint flake illustratively includes a first major surface and a second major
surface opposing the first major surface, each the first and second major surfaces
comprising an aluminum reflector layer. The aluminum reflector layer illustratively
includes an aluminum mirror layer, an aluminum oxide layer over the aluminum mirror
layer, and a plurality of self-assembled aluminum particles the aluminum oxide layer.
[0088] Another aspect is directed to a method for making an inorganic paint pigment
comprising forming a plurality of paint flakes on a sacrificial polymer layer. Each paint
flake may include a first major surface and a second major surface opposing the first
major surface, both the first and second major surfaces comprising an aluminum
reflector layer. The method may also comprise applying a sonication process to remove
the plurality of paint flakes, and combining the plurality of paint flakes into an aqueous
or similar solution.

[0089] Referring now to FIGS. 8-10B, an inorganic paint pigment 120 according to an
exemplary embodiment of the present disclosure is now described. It should be
appreciated that one or a combination thereof of the features described hereinabove

can be applied to the inorganic paint pigment 120. Moreover, the teachings of the
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article, authored by the present application’s inventors, Franklin, D. et al., “Self-
Assembled Plasmonics for Angle Independent Color Displays with Actively Addressed
Black States”, can also be applied to the present embodiments, the contents of this
article are hereby incorporated by reference in their entirety. A copy of this article is
submitted within an Information Disclosure Statement accompanying this application.
[0090] The inorganic paint pigment 120 illustratively comprises a fluid matrix 121, and a
plurality of paint flakes 122a-122n carried within the fluid matrix. The fluid matrix 121
may comprise at least one of a solution and a polymer resin. The fluid matrix 121 may
comprise a binder fluid, thereby enabling effective coating of objects. The fluid matrix
121 may comprise IPA in some embodiments.

[0091] Each paint flake 122a-122n illustratively includes a common aluminum layer 123
having a first major surface 130 and a second major surface 131 opposing the first
major surface. In some embodiments, the common aluminum layer 123 may comprise
an aluminum mirror layer. Each paint flake 122a-122n illustratively includes a first
plasmonic aluminum reflector layer 124a carried by the first major surface 130, and a
second plasmonic aluminum 124b reflector layer carried by the second major surface
131. Each paint flake 122a-122n may be symmetric about the common aluminum layer
123.

[0092] In the illustrated embodiment of FIG. 9A, each of the first plasmonic aluminum
reflector layer 124a and the second plasmonic aluminum reflector layer 124b comprises
an oxide layer 125a-125b respectively on the first major surface 130 and the second
major surface 131 of the common aluminum layer 123, and a layer 126a-126b of self-
assembled aluminum particles 127a-127n over the respective oxide layer. For
example, the oxide layer 125a-125b may comprise an aluminum oxide layer. Plasmon
resonance within each of the first plasmonic aluminum reflector layer 124a and the
second plasmonic aluminum reflector layer 124b may be independent to an angle of
incidence for incident visible radiation.

[0093] Referring now to FIG. 11, a method for making the inorganic paint pigment 120 is
described using a flowchart 200, which begins at Block 201. The method comprises
forming a plasmonic aluminum reflector stack on a sacrificial polymer layer, and

dissolving the sacrificial polymer layer and generating a plurality of paint flakes 122a-
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122n from the plasmonic aluminum reflector stack. (Block 202). In some embodiments,
the dissolving and generating steps may comprise a sonication process.

[0094] Each paint flake 122a-122n includes a common aluminum layer 123 having a
first major surface 130 and a second major surface 131 opposing the first major surface,
a first plasmonic aluminum reflector layer 124a carried by the first major surface, and a
second plasmonic aluminum reflector layer 124b carried by the second major surface.
The method also includes placing the plurality of paint flakes 122a-122n into a fluid
matrix 121. (Blocks 203-204).

[0095] Referring now again to FIG. 1, an embodiment of the plasmonic aluminum
reflector layer 302 is now described. In this embodiment of the plasmonic aluminum
reflector layer 302, the plasmonic aluminum reflector layer 302 illustratively includes an
aluminum backplane substrate 303, an aluminum oxide layer 304 over the aluminum
backplane substrate, and a layer of self-assembled aluminum particles 305 over the
aluminum oxide layer. The layer of self-assembled aluminum particles 305 illustratively
comprises nanoparticles 308a-308b of varying size and shape. In this illustration, a
portion (i.e. a spectral portion) of the incident visible radiation 313a is reflected at the
plasmonic aluminum reflector layer 302 and emitted as reflected visible radiation 313b.
The other portion (noted with circles) of the incident visible radiation 313a is absorbed.
[0096] Referring now to FIGS. 8, 9A-9B, & 12A-12B, a method for forming a radiation
shield 401 around an object 402 is now described. The method includes providing an
iInorganic paint pigment 120 comprising a fluid matrix 121, and a plurality of paint flakes
122a-122n carried within the fluid matrix. Each paint flake 122a-122n comprises a
common aluminum mirror layer 123 having a first major surface 130 and a second
major surface 131 opposing the first major surface, a first plasmonic aluminum reflector
layer 124a carried by the first major surface, and a second plasmonic aluminum
reflector layer 124b carried by the second major surface. The method also includes
coating an outer surface of the object 402 with the inorganic paint pigment 120. For
example, the object 402 may comprise one of a housing structure, a vehicle, and a
fabric (i.e., clothing).

[0097] As shown FIGS. 12A-12B, the coating of the inorganic paint pigment 120 defines
the radiation shield 401. Helpfully, the radiation shield 401 may reflect the IR radiation
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403, cooling the object 402. Further, diagram 180 shows a simulation of the radiation
shield 401 applied to a housing structure. Here, the use of the inorganic paint pigment
120 may reduce the temperature of housing structure by greater than 10 °C. Indeed
using the inorganic paint pigment 120 for the radiation shield 401 may provide for
almost total IR radiation reflection.
[0098] Referring now additionally to FIGS. 13-18, another embodiment of the paint flake
522 is now described, which can be used in an associated inorganic paint pigment. In
this embodiment of the paint flake 522, those elements already discussed above with
respect to FIGS. 8-11 are incremented by 400 and most require no further discussion
herein. This embodiment differs from the previous embodiment in that this paint flake
522 illustratively includes different first and second plasmonic aluminum reflector layers
524a-524b. Here, each of the first plasmonic aluminum reflector layer 524a and the
second plasmonic aluminum reflector layer 524b comprises an oxide layer 525a-525b
over the common aluminum mirror layer 523, and first and second layers 526a-526b of
self-assembled aluminum particles 527a-527f over the oxide layer. Each of the first and
second layers 626a-526b of self-assembled aluminum particles 527a-527f, 528a-528j
has different thicknesses (tm, tm). Here, the first and second layers 526a-526b of self-
assembled aluminum particles 527a-527f, 528a-528j may be laterally spaced over the
oxide layer 525a-525b. In the illustrated embodiment, the left set of self-assembled
aluminum particles 527a-527f has a thickness tm smaller than the thickness tm of the
right set of self-assembled aluminum particles 528a-528j. As perhaps best seen in FIG.
14, by controlling the ratio of area covered by the different sets of self-assembled
aluminum particles 527a-527f, 528a-528j, the reflection curve is defined via an additive
rule:

R (mix of a% of tm and 1-a% of tm) = (1-0)R(tm) + aR(tm)
where:
a = Area occupied by particles with thickness tm(right set of self-assembled aluminum
particles 527a-527f)/ (Area by particles with thickness tm + Area by particles with
thickness tm (left set of self-assembled aluminum particles 527a-527f & right set of self-
assembled aluminum particles 528a-528j). Here, a refers to the mixing ratio of color A

and B, as defined from the amount of area that one has with respect to the other. For
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instance, orange might be made of mixing yellow 40% and red 60%, with respect to
yellow (color A), a will be 0.4, which means that red (color B) will be 1-0=1-0.4=0.6 that
is, 60%.

[0099] Diagram 181 shows images of samples with mixing ratios o (area between tm,
tm) from 0 to 100%, for spacer thicknesses of 10, 15, and 20 nm. Diagram 182 shows
microscope images for the samples highlighted in diagram 181. The areas of the two
collateral particles tm and t'm are defined as subpixels of 100-um length and variable 0-
to 100-um width, in steps of 10 pm, corresponding to the aforementioned o values (0 to
100% in steps of 10%). Diagram 183 shows that as the ratio is increased, the reflection
curves transition from pure basis A to pure basis B, as expected from the simple
additive rule defined above. Diagram 184 shows a CIELAB space for the samples
corresponding to spacer thickness of 10 nm in diagram 181. The white dotted line
overlay represents the space defined by the color wheel, and the points inside the
values of the different mixture from pure tm (a =0%) to pure tm (a =100%).

[00100] Referring now additionally to FIGS. 19-22, another embodiment of the
paint flake 622 is now described, which can be used in an associated inorganic paint
pigment. In this embodiment of the paint flake 622, those elements already discussed
above with respect to FIGS. 8-11 are incremented by 500 and most require no further
discussion herein. This embodiment differs from the previous embodiment in that this
paint flake 622 illustratively includes different first and second plasmonic aluminum
reflector layers 624a-624b. Here, each of the first plasmonic aluminum reflector layer
624a and the second plasmonic aluminum reflector layer 624b comprises the first and
second layers 626a-626b of self-assembled aluminum particles 627a-627g, 628a-628i
in a vertically spaced apart relation. Each of the first plasmonic aluminum reflector layer
624a and the second plasmonic aluminum reflector layer 624b further comprises a
spacer layer 629 between the first and second layers 626a-626b of self-assembled
aluminum particles 627a-627g, 628a-628i. In the illustrated embodiment, the first layer
626a of self-assembled aluminum particles 627a-627g has thickness particle tm
different than the thickness tm of the second layer 626b of self-assembled aluminum
particles 628a-628i. Furthermore, the self-assembled layers are separated by an oxide

layer 624a that offers an additional layer of control of the color and has thickness ti. It
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should be appreciated that only one side of the paint flake 622 is shown for drawing
simplification. The other side of the paint flake 622 has an identical structure (i.e., a
symmetrical paint flake about the common aluminum mirror layer 623). The color
depends on the thickness of the particles (technically also on the inter-spacing between
particles on a given layer) and the interspacing of different layers (t).

[00101] Diagram 185 shows green shades inaccessible with a single layer
plasmonic aluminum reflector layer. This performance can be generated by stacking
two self-assemblies with different thicknesses (tm and t'm), as well as the interspacing
oxide layer sandwiched in between (ti). The horizontal axis represents the interspacing
ti that separates the second layer 626b of self-assembled aluminum particles 628a-628i
from the first 626a using the spacer layer 629. The vertical axis represents the second
layer 626b thickness tm. Diagram 186 shows how the tuning of the interspace layer
between self-assemblies controls the optical response of the cavity for a given
configuration of thickness of self-assembled layers tm and tm. The optical response of
the multilayer can be numerically predicted by using an analytical model that combines
an effective medium theory describing each of the nano-islands’ layers of different
thickness (tm and t'm), with the transfer-matrix method (TMM) that describes as a
stratified medium the multilayer stack, and depends on the interspacing distance
between particles (i.e., the thickness of the oxide spacer sandwiched in between (ti)).
[00102] Yet another aspect is directed to a method for making an inorganic paint
pigment 620. The method also includes forming a plurality of paint flakes 522a-522n.
Each paint flake 522a-522n comprises a common aluminum mirror layer 523 having a
first major surface 530 and a second major surface 531 opposing the first major surface,
a first plasmonic aluminum reflector layer $24a carried by the first major surface, and a
second plasmonic aluminum reflector layer 524b carried by the second major surface.
Each of the first plasmonic aluminum reflector layer 524a and the second plasmonic
aluminum reflector layer 524b comprises an oxide layer 525a-525b over the common
aluminum mirror layer 523, and first and second layers 526a-526b of self-assembled
aluminum particles 527a-527f over the oxide layer. Each of the first and second layers
of self-assembled aluminum particles has different inter-particle spacing. The method

also includes placing the plurality of paint flakes within a fluid matrix.
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[00103] Many modifications and other embodiments of the present disclosure will
come to the mind of one skilled in the art having the benefit of the teachings presented
in the foregoing descriptions and the associated drawings. Therefore, it is understood
that the present disclosure is not to be limited to the specific embodiments disclosed,
and that modifications and embodiments are intended to be included within the scope of

the appended claims.
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CLAIMS:

1. A method for forming a radiation shield around an object, the
method comprising:
providing an inorganic paint pigment comprising
a fluid matrix, and
a plurality of paint flakes carried within the fluid matrix, each paint
flake comprising
a common aluminum mirror layer having a first major
surface and a second major surface opposing the first major
surface,
a first plasmonic aluminum reflector layer carried by
the first major surface, and
a second plasmonic aluminum reflector layer carried
by the second major surface; and

coating an outer surface of the object with the inorganic paint pigment.

2. The method of claim 1 wherein the object comprises one of a

housing structure, a vehicle, and a fabric.

3. The method of claim 1 wherein each of the first plasmonic
aluminum reflector layer and the second plasmonic aluminum reflector layer comprises
an oxide layer over the common aluminum mirror layer, and a layer of self-assembled

aluminum particles over the oxide layer.

4, The method of claim 3 wherein the oxide layer comprises an

aluminum oxide layer.

5. The method of claim 3 wherein plasmon resonance within each of
the first plasmonic aluminum reflector layer and the second plasmonic aluminum

reflector layer is independent to an angle of incidence for incident visible radiation.
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6. The method of claim 1 wherein the fluid matrix comprises at least

one of a solution and a polymer resin.

7. The method of claim 1 wherein the fluid matrix comprises a binder
fluid.

8. The method of claim 1 wherein the fluid matrix comprises isopropyl
alcohol (IPA).

9. The method of claim 1 wherein each paint flake is symmetric about

the common aluminum mirror layer.

10.  Aninorganic paint pigment comprising:
a fluid matrix; and
a plurality of paint flakes carried within the fluid matrix;
each paint flake comprising

a common aluminum mirror layer having a first major surface and a
second major surface opposing the first major surface,

a first plasmonic aluminum reflector layer carried by the first major
surface, and

a second plasmonic aluminum reflector layer carried by the second
major surface;
each of the first plasmonic aluminum reflector layer and the second

plasmonic aluminum reflector layer comprising

an oxide layer over the common aluminum mirror layer, and

first and second layers of self-assembled aluminum particles over
the oxide layer, each of the first and second layers of self-assembled

aluminum particles having different thicknesses.
11.  The inorganic paint pigment of claim 10 wherein the first and

second layers of self-assembled aluminum particles are vertically spaced; and wherein

each of the first plasmonic aluminum reflector layer and the second plasmonic
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aluminum reflector layer further comprises a spacer layer between the first and second

layers of self-assembled aluminum particles.

12.  The inorganic paint pigment of claim 10 wherein the first and
second layers of self-assembled aluminum particles are laterally spaced over the oxide

layer.

13.  The inorganic paint pigment of claim 10 wherein the common

aluminum mirror layer comprises an aluminum mirror layer.

14.  The inorganic paint pigment of claim 10 wherein the oxide layer

comprises an aluminum oxide layer.

15.  The inorganic paint pigment of claim 10 wherein plasmon
resonance within each of the first plasmonic aluminum reflector layer and the second
plasmonic aluminum reflector layer is independent to an angle of incidence for incident

visible radiation.

16.  The inorganic paint pigment of claim 10 wherein the fluid matrix

comprises at least one of a solution and a polymer resin.

17.  The inorganic paint pigment of claim 10 wherein the fluid matrix

comprises a binder fluid.

18. A method for making an inorganic paint pigment comprising:
forming a plurality of paint flakes, each paint flake comprising

a common aluminum mirror layer having a first major surface and a
second major surface opposing the first major surface,

a first plasmonic aluminum reflector layer carried by the first major
surface, and

a second plasmonic aluminum reflector layer carried by the second

major surface;
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each of the first plasmonic aluminum reflector layer and the second
plasmonic aluminum reflector layer comprising
an oxide layer over the common aluminum mirror layer, and
first and second layers of self-assembled aluminum particles over
the oxide layer, each of the first and second layers of self-assembled
aluminum particles having different thicknesses; and

placing the plurality of paint flakes within a fluid matrix.

19.  The method of claim 18 wherein the first and second layers of self-
assembled aluminum particles are vertically spaced; and wherein each of the first
plasmonic aluminum reflector layer and the second plasmonic aluminum reflector layer

further comprises a spacer layer between the first and second layers of self-assembled
aluminum particles.

20.  The method of claim 18 wherein the first and second layers of self-

assembled aluminum particles are laterally spaced over the oxide layer.
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