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Reflective Coloration from Structural Plasmonic to

Disordered Polarizonic

Mady Elbahri,* Shahin Homaeigohar, and Mhd Adel Assad

The generation of pigment-free colors by nanostructures and subwavelength
patterns has evolved in the last decade and outperformed the conventional paints
in terms of durability, recyclability, and environmental friendliness. The recent
progress in the field of structural coloration, particularly reflective coloration,
offering a full-color gamut, has realized high-resolution printing, not attainable by
the pigment paints. Herein, an overview of the various systems able to offer
reflective coloration for a variety of optical applications with static and dynamic
responses is presented. Specifically, an emphasis is given to recent works of the
article’s authors on the cooperative action of the disordered particles and dipoles
that can generate specular reflective colors. In addition, further developments of
reflective color nanosystems are discussed. In the first section, an overview of the
recent progress in the field of plasmonic reflective structural coloration is pro-
vided. The second part of the article deals with the authors’ latest findings with
respect to polarizonic color generation and its implementation in various areas
ranging from environmental detection and biosensing to colored solar perfect
absorbers. The report is wrapped up with an outlook and summary.

camouflage, among others. The remark-
able diversity of colors, as seen in, e.g.,
the sapphire blue wings of the morpho but-
terfly, the thermochromic coloration of the
chameleon, and the feathers of peacocks
and ducks,!"! has drawn the attention of
researchers for centuries.

In fact, colors are not originated only
from pigments or dyes, but rather the inter-
action of light with the specific, unique,
and self-assembled structures of living
organisms bring about a variety of colors.!
Inspired by nature, this concept has been
the principle of structural photonic and
plasmonic coloration based on periodic
structures and diffraction grating while
manipulating a reflection’s vivid coloration,
polarization, and the phase and intensity of
the radiated light.

Lord Rayleigh, a British physicist, was

1. Introduction

Colors and decorations are pivotal in the comprehension of our
surrounding world and are the most ubiquitous facet of human
visual perception. Billions of years ago, green algae and their
derivatives had revolved the earth’s surface from gray to green
and revolutionized life’s colors to as intriguing as we see them
today. Ever since, living organisms have been widely benefitting
from color for communication, self-defense, reproduction,
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one of the first scientists who studied struc-

tural colors to explain the blue hue of the

sky based on light scattering by the mole-
cules of the atmosphere.*~® Later, Gustov Mie developed the
scattering model and thoroughly elaborated the colors of colloidal
gold nanoparticles.”’ Such knowledge has enabled the tuning of
the resonant properties®® " and facilitated further developments
of structural colors of metallic nanostructures, as witnessed in
the recent decade.>*'?>'*l The plasmon of nanostructured mate-
rials is the quantized electron oscillations at the nanoscale
dimensions. In this regard, plasmonic metasurfaces are an
intriguing family of subwavelength architectures able to
extraordinarily enhance and confine the optical fields with
well-controlled intensity, phase, and polarization beyond the
diffraction limit and are used in optical imaging,"*) macroscopic
color holograms,"**% color filters,**?°! and polarizers.!*”!

Over the last few years, subwavelength isolated metal nano-
structures and ultrafine plasmonic nanoparticles have drawn
the attention of the research community as promising designs
for color generation.”®*!! However, looking at the historical vari-
ety of the man-made plasmonic objects such as the old colorful
mask of Tutankhamun, painted tiles, and the Roman Lycurgus
cup (Figure 1), a collection of plasmonic colors, yet not vivid, is
discovered.

Absorption and scattering have always been attracting
researchers when studying plasmonic nanostructures, nanopar-
ticles, and nanocomposites, whereas reflection has been rarely
addressed. This might stem historically from our lack of percep-
tion of these nanomaterials in their reflection mode, where
stained glasses composed of spatially disordered Au, Ag, or

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


mailto:Mady.elbahri@aalto.fi
https://doi.org/10.1002/adpr.202100009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

www.adpr-journal.com

Figure 1. Historical objects containing plasmonic nanocomposites. a) Mask of Tutankhamun. b) Tiles of the Palace of Darius, Susa, showing the Susian
guards. b) Reproduced under the terms of a CC BY 2.0 license. The Lycurgus cup, both in (c) reflection mode and (d) transmission mode. d) Reproduced

under the terms of a CC-BY 2.5 license.

Cu nanoparticles embedded in a dielectric matrix demonstrate
unique colors when observed through transmission/ scattering,
and a pale gray/green color via reflection (Figure 2). Yet, when
placed under specific conditions to eliminate transmission and to
diminish diffusive scattering such nanocomposites display vivid
specular reflections arising from the disordered plasmonic and
dipolar media, as seen in the lusterware shown in Figure 3, thus
challenging the main conception that requires the existence of an
even and mirror-like surface. This purely geometrical assump-
tion not only neglects the illuminated matter but also opposes
the electromagnetic dipole radiation concept that is well recog-
nized by several scientists.*27*

The generation of vivid reflective colors is not achievable by
the absolute suppression of reflection; rather it is preconditioned
by the appearance of the “rest” reflection spectrum, as observed
in the lusterware remains from 9th century Mesopotamia®®
(Figure 3). Upon visible light illumination, the lusterware dem-
onstrates color changes based on the observation angle. The vivid

Figure 2. Photographic images of the Chartres Cathedral, France. a) The
exterior image shows the stained glass in the reflection mode. b) The inte-
rior image exhibits vivid coloration of the stained glass through the trans-
mission mode.

Adv. Photonics Res. 2021, 2, 2100009 2100009 (2 of 27)

reflective colors derived from the luster are based on the reflec-
tion and interference effects emerging from ultrafine disordered
nanoclusters with irregular size and spatial arrangement.>®
Such shiny colors that arise from a disordered nanosystem have
been explained neither by the diverse existing plasmonic theories
nor by the work of Gustav Mie proposed for metal nanoclusters,
which is still in use today. In our opinion, such glossy colors
emerging from the disordered nanosystems contradict the com-
mon knowledge of the artificial plasmonic dipole absorbers that
are represented as dilute blackbody nanoheaters with the colors
arising from the energy dissipation along with the blackbody
radiation (Planck’s law) of the oscillating charged particles and
quantized dipoles. It should be borne in mind that this would
be most possibly valid only when the extinction and/or electronic
transition is contemplated as the single origin of color. Thus, the
lusters of Mesopotamia shed light on the duality of colors (i.e.,
absorption/scattering vs reflection) and unravel the mystery of
coloration by disordered nanoclusters. Recently, we challenged
this general knowledge and provided a novel understanding
by exploring polarizonic resonance with the specular reflection-
based colors of disordered plasmonic nanoclusters and nano-
composites, and artificial plasmonic molecules among other
radiating dipoles.’***% Indeed, the polarizonic colors emerg-
ing from such glassy and amorphous nanostructures could be
of paramount technological importance for energy harvesting,
biodetection, and aesthetics.

In this Review, we provide an updated overview of the field of
structural reflective coloration based on the plasmonic and the
new polarizonic reflective coloration systems with diverse
ordered/disordered geometries. The color generated by such sys-
tems is represented by only a reflection peak. Correspondingly,
reflective devices are devised and examined in the static and
dynamic modes for various optical applications. Regarding the
plasmonic structured colors represented by transmission and
reflection dips, we refer the readers to our previous Review.[*!]

In the first section, plasmonic nanostructures developed for
various optical applications depending on the static reflective col-
oration mode are introduced. This part will be followed by the
dynamic reflective coloration concept as the second section.
The recently developed polarizonic concept is introduced and
highlighted in the third section. Emphasis is given to the

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 3. A lusterware found in Mesopotamia belonging to the 9th century CE. a,b) The photographs show the angle dependency as the specular
reflection shifts from red (a) to blue/green (b). c,d) The particle distribution is shown via transmission electron microscopy (TEM) images. €) The
chemical composition of the copper nanoparticles is verified by electron energy loss spectroscopy (EELS) graphs. Reproduced under the CC BY 3.0

license.®*! Copyright 2012, The Author, published by InTech Open.

polarizonic reflective coloration from disordered dipoles based
on our recent works on artificial plasmonic dipoles and metal
nanoparticles whose size is less than 10 nm and can generate
colors via specular reflection. A highlight is presented for various
optical applications operating based on far-field polarizonic radi-
ation, including polarizability sensing, biosensing, decoration,
perfect absorbers, and colored perfect absorbers. In this regard,
the new concept of polarizonic interference along with the hybrid
antireflection coating is discussed.

2. Structural Plasmonic with Static Coloration

So far, the creation of color has mostly been attributed to syn-
thetic dyes and pigments, where they selectively absorb given
wavelengths of incident light and allow the others to be reflected
or transmitted. Yet, most of these pigments and dyes are carci-
nogenic,ml nonbiodegradable,[43] nonenvironment friendly,[44]
and suffer from many challenges, including color fading!*®!
and low resolution!*® (Figure 4).

In contrast, structural coloration that generates color based on
the light interference of multilayered films or diffraction/scatter-
ing from periodic or aperiodic micro-nano structures is environ-
mentally friendly and nontoxic. In addition, not only does it
overcome the aforementioned challenges, but also it opens up
new possibilities such as substitution of conventional paints
(e.g., the commercial Lexus LC structural bluel*”)) and industrial
scalable high-resolution manufacturing (when combined with a
roll-to-roll technique).

Due to their highly compact design, extraordinary resolution,
and easy integration, plasmonic structural colors have gained
wide interest in the areas of imaging, sensing, color displays,
and digital cameras. In this regard, different plasmonic struc-
tures, such as nanoslits with periodical grooves,*¥! metal—

Adv. Photonics Res. 2021, 2, 2100009 2100009 (3 of 27)

insulator-metal stacks,***?) and annular aperture arrayst®®>"!
have been so designed to operate in the transmission mode."?

Here, we cover only the reflective coloration generated by peri-
odic nanoantennas, plasmonic nanostructures, grating struc-
tures, and asymmetric Fabry—Perot cavities.

Plasmonic nanoparticles can be regarded as nanoantennas col-
lecting and/or emitting visible radiation received from the far
field at given frequencies.”*! To build up plasmonic color devi-
ces, the nanoantennas are arranged as micron-scale arrays called
pixels. By varying the geometry, dimension, and patterned
arrangement, the nanoantennas can induce customized localized
surface plasmon resonances (LSPRs), and thus the desired reflec-
tion and transmission spectra.>***>7] Additionally, by using a
predesigned plasmonic structure, they can further create an
imaging pattern.*®>%!

Si et al.”? elaborated the mechanism and theory behind the
performance of a reflective plasmonic color filter consisting of
silver nanorod arrays, shown in Figure 5a. The silver nanorods
are arranged as arrays with periodicity (p) of 550 nm in x and y
directions. They modeled every single nanorod via a dipole with
polarizability of a, and the LSPR could be determined according
to the coupling dipole theory.*>®! Upon excitation of each reso-
nator, a scattering field is radiated whose intensity depends on
the resonator’s dipole moment, whereas each resonator‘s static
polarizability is determined through Equation (1)!*?

Em — &

astatic xV
3E'm + 3)((gm - ed)

1)

where e, and ¢4 are the relative permittivities of the metal and
surrounding medium, respectively, y is the geometrical factor
that depends on the physical shape of the resonator (here, a nano-
rod), and V is the volume of a resonator. In case the entire nano-
rod array is considered infinite, the effective polarizability a* of

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 4. Figure of merit comparing pigments and dyes to structural colors. Paints, offset printing, and laser/inkjet printing are widely used and highly
scalable in comparison to mechanical texturing,l'**! EBL,”! Laser printing,'*® and FIB patterning,** yet suffer from a 50-fold lower resolution. When
EBL, FIB, or laser printing is combined with a roll-to-roll technique (top right), its scalability can be compared with that of pigments and dyes.
Reproduction of Mona Lisa portrait via mechanical texturing reproduced with permission.l'** Copyright 2017, Elsevier B.V. Reproduction of
Impression, Sunrise via EBL reproduced with permission.”®! Copyright 2014, American Chemical Society. Reproduction of pastel painting via FIB, repro-
duced under the terms of the CC BY license.l'**! Copyright 2015, The Authors, published by Springer Nature.
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Figure 5. Plasmonic structures as reflective color filters. a) Top-view SEM image implies a silver nanorod array with periodicity (p) of 550 nm; b) Optical
image showing the reflective colors emerged by different silver nanorod arrays (from left to right: d/p = 0.938, 0.933, 0.930, 0.928, and 0.926). The spectra
showing different c) reflection peaks and d) transmission dips corresponding to different nanorod arrays. Reproduced with permission.?? Copyright
2013, Royal Society of Chemistry. e) Schematic illustration of the reflective plasmonic color device based on an Al nanowire grating structure; f) SEM
images of the grating structure with top and side views verifying that the Al layer has been conformally deposited on the dielectric reliefs of poly(methyl-
methacrylate) (PMMA). In this structure, the PMMA grating pitch (T) is 420 nm with a duty cycle of 50% and the thickness of dielectric (h;) and Al (h,) is
90 and 40 nm, respectively. The green arrow represents the lateral SPR-induced TM reflection peak with Aspr. The TM light with 1 < Aspg is diffracted
whereas with 4> Aspg it is absorbed by the nanocavities (Acayi,) and the Si substrate (A substrate). g) Angle-dependent reflection spectra and their

corresponding color when the incident TM white light's angles vary from 15° to 50°. Reproduced with permission.'*®) Copyright 2016, Optical
Society of America.
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the LSPR on a single dipole resonator can be defined by
Equation (2)

o= @)

RI=

where S is the array factor and engages the contribution of the
other arrays. This factor for the square array with normal inci-
dence can be estimated by Equation (3)1

S =

3 + G)

r

itr [(1 — ikr)(3cos?0 — 1)  k*sin? 6
r

dipoles

where 6 and r refer to the dipole resonators’ position. If S =1/a,
the maximum effective polarizability occurs and results in a
strong scattering. At the resonance, the backward wave scattering
leads to a reflection peak (i.e., a dip in transmission).

The other main physical mechanism involved in plasmonic
reflective coloration is based on guided-mode resonance
(GMR) of planar dielectric waveguide grating.!* The metallic
gratings are promising structures for various optical applications
due to their compact structure, outstanding spectral characteris-
tics, and easy production. In this regard, a subwavelength metal
(Al) nanowire grating structure on a Si substrate (Figure 5e,f) has
shown the ability to generate a narrow monochromatic peak
when reflecting visible p-polarized light. As shown in
Figure 5g, the reflection wavelength depends on the incident

www.adpr-journal.com

angle, giving rise to large color shifts. In this system, the mono-
chromatic peak is caused by several factors, including the Fabry—
Perot (F-P) absorption by the nanocavities at long wavelengths,
significant diffraction at shorter wavelengths, and the surface
plasmon resonance occurring at the Al-air interface.

The reflective plasmonic color could be also based on thin
films of metal-dielectric multilayers acting with F-P cavity res-
onances.®¥ The structure of this F-P resonator includes a loss-
less dielectric sandwiched between a partly reflective overlay
metal nanostructured layer and a highly reflective mirror. The
frequent round-trip phase delay of the light wave in the resonator
brings about perfect absorption in F-P resonators.!*”!

Yang et al.l**! developed F—P cavity—based reflective color fil-
ters comprising a nickel (Ni) thin (6 nm) film and an aluminum
(Al) thick (100 nm) film, connected by a dielectric layer of silicon
dioxide (SiO,). Replacing the SiO, layer with an active ITO layer
leads to the generation of reflective colors electrically (Figure 6a,
middle). The Ni layer acts as a broadband absorber enabling the
emergence of a wide range of highly saturated, vivid, and bright
structural colors. The optical thickness of the SiO, layer controls
the location of the absorption and reflectance peaks. Such a
reflective color filter coupled with grayscale patterning techni-
ques allows for high-resolution, high-contrast monolithic color
printing. As shown in this study, high-resolution (over
50 000 dpi) full-color printing is accessible when using F—P-type
elements as the pigments. In addition, such a reflective color fil-
ter exhibits angle insensitivity up to 60°. Due to the photonic
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Figure 6. Plasmonic scattering coloration for optoelectronics. a) Schematic illustration of the Al nanodisk/ITO/n-Si/Al optoelectronic device. The Al
nanodisks with a diameter of D are arranged periodically (P) in a square lattice. b) Contour plot of the reflectance versus the diameter of nanodisks
(D = 0 to 200 nm and fill factor (F) = D/P = 0.5). c) CIE 1931xy chromaticity coordinates show the predicted colors with reflectance correlated to the
spectra estimated in (b). d) The simulation and e) experimental reflection spectra of the color pixels containing Al nanodisks with diameters of 80, 95, 115,
135, and 165 nm and periods of 264, 296, 328, 360, and 392, respectively. Reproduced with permission.“”l Copyright 2016, American Chemical Society.
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action determined by the F-P dielectric cavity, once the condition
of A=2nd is fulfilled, the plasmonic reflective color emerges
(Figure 6b,d,e). For such thick cavities, there is no need for
ordered plasmonic nanostructures as a top layer and thus reflec-
tive colors can be realized even by random nanostructures, thus
allowing for a variety of fabrication methods.!®®

Benefitting from the F-P interference effect, Yang et al.l*’]
developed a full-color printing concept based on a metal-
dielectric-metal configuration. Figure 7a shows the structure
of the interference color pixel comprising an ultrathin nickel
top layer, a back reflector made of aluminum, and an intermedi-
ate oxide layer. Under white light illumination, such a structure
offers a high reflective contrast and vivid colors that are gener-
ated by intensive destructive interference effects. The dielectric’s
thickness in each F-P cavity governs the pixel color, as shown in
Figure 7b. Utilizing grayscale lithography, the tunability of the

www.adpr-journal.com

filling factor and the thickness of the F-P cavity are realized.
As a result, diverse colors with different adjustable brightness
and saturation are generated.

Jiang et al.®® suggested an efficient approach for plasmonic
printing based on the creation of a layer of silver nanoparticle
ink atop a nanostructured transparent polymer substrate. The
as-formed silver layer can offer robust structural diffractive colors
that are tunable by changing the geometries of the nanostructure.
This technique enables a scalable and inexpensive printing
method to produce a wide range of various structural colors with
high resolution that could be used for regular publishing and
display applications.

As schematically shown in Figure 8a, first, a nanostructured
transparent substrate is made through an imprinting process by
a premanufactured stamp onto a polyethylene terephthalate
sheet. Subsequently, using inkjet printing, ink droplets, which
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Figure 7. Grayscale patterned FP cavity based plasmonic reflective color printing. a) The fundamental structure of an interference color pixel based on
metal-dielectric-metal FP resonance cavities. HSQ represents hydrogen silsesquioxane. b) Schematic illustration of the FP resonator—based monolithic
full-color printing device. Each square pixel as large as P includes only one FP resonance cavity (thickness t and size D) and its Ni and Al metallic layers are
as thick as 6 and 100 nm, respectively. c) The grayscale lithography of FP cavities with different thicknesses. d) Simulated and e) measured reflection
spectra for the FP cavities with different t when the filling density is as large as 100%. f) Simulated and g) measured reflection spectra for FP cavities with
various filling densities (when the square size D varies from 433 to 968 nm at a fixed t of 463 nm). The arrows in (e)—(g) stress the third-order interference
modes of the studied FP cavities. Optical images of Van Gogh'’s sunflower painting h) before and i) after Ni deposition (scale bars: 50 pm). j) Magnified
image of a selected region of the sunflower painting in (i), emphasizing its color uniformity (scale bar: 20 um). k) Higher-magnification image of the
marked square in (j) implies the resolved pixels with various colors caused by the interference effect (scale bar: 10 um). Reproduced with permission.!*”)

Copyright 2017, John Wiley and Sons.
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Figure 8. Ink-jetted Ag nanostructure for plasmonic diffractive color printing. a) Schematic illustration of the preparation process of the inkjet silver
nanostructure. b,d) Schematic illustration of the diffractive colors observed from the Ag nanocone and nanowell arrays, respectively. c,e) Side-view
schematic illustration of the diffraction of light by the nanocone and nanowell array perceived as diffractive colors from the top and back sides, respec-
tively. f) Schematic illustration of the full-color printing process. The substrate surface consists of Ag pixelated nanostructures as periodically repeated R,
G, and B pixel bands. For a specific color image, a digital pattern is made and then inkjet printed onto the pixel bands considering precise registration
relative to the pixel layout. g-i) SEM images show the polymer nanostructures in R, G, and B pixel bands, respectively. The scale bar represents 500 nm.
j) The diffraction spectra of the silver nanowell arrays on R, G, and B bands. k) CIE-1931 chromaticity map of the diffractive colors of three printed silver
nanowell arrays. The circled areas represent the colors of the silver nanowell arrays, and the triangle encompasses the range of colors that can be mixed
from the three silver nanowell arrays. l) Schematic illustration of the different lighting modes and viewing angles. m) Camera images of a printed image of
a hot air balloon taken at the different angles defined in (l). n) Angle-sensitive diffraction spectra of the silver nanowell arrays on R, G, and B bands
measured at the angles defined in (I). Reproduced with permission.[*® Copyright 2016, American Chemical Society.

contain silver nanoparticles, are printed on top of the nanostruc-
tured substrate designed according to a customized pattern. As
the silver ink dries, it turns into a solid silver thin film molded by
the polymer nanostructured substrate. The as-molded silver
nanostructure can generate diffractive structural colors that
can be tuned by the shapes and geometries of the diffractive
nanostructures along with the viscosity of the silver nanoparticle—
containing ink. Subsequent to printing, the whole surface is coated
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with an impedance-matching layer to maintain a transparent
background and to protect the silver from exposure to the ambient
environment.

To address insufficient resolution and low scalability of plas-
monic color prints, Kumar et al.®” encoded color information in
the structural (dimensional) details of plasmonic nanostructures
to enable tailoring their plasmon resonance and thus the individ-
ual pixels’ colors. They enhanced the scattering intensity of the
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particle resonators made of silver (15 nm) capped by gold (5 nm)
by depositing them atop a metal back reflector to create 250 nm
pitch pixels reflecting individual colors independent of their peri-
odicity. Particularly, the back reflector acts as a mirror, enhanc-
ing the scattering intensity of the resonators. Furthermore, the
larger Ag/Au disks offer stronger resonance peaks due to their
increased scattering strength. A resonance dip is induced due to
the power absorption by both the smaller resonators and slightly
the back reflector. As a result of the interference occurring
between the surface modes and broad resonance of these nano-
disks and nanoholes (i.e., Fano resonance), narrower spectral
peaks emerge and thus purer colors. Accordingly, bright-field
reflective color prints with high resolutions up to the optical dif-
fraction limit (and as high as 100000dpi) were obtained.
Moreover, this technique allows for large-scale color printing
via nanoimprint lithography, thus offering potential in the pro-
duction of microimages for nanoscale optical filters, steganogra-
phy, and optical data storage.

Mudachathi and Tanakal”” have developed a simple yet oper-
ative color printing technique based on submicrometer-scale
plasmonic pixels. Such pixels made of Al, as large as 260 nm
(i-e., slightly over the optical diffraction limit), enabled near-
perfect light absorption of two distinct wavelengths, leading to
the generation of saturated colors. This technique cannot confer
a resolution as high as that offered by the fine nanostructured
pixel-based techniques (i.e., near diffraction limit), which is
not necessary for various applications such as consumer product
coloration. However, it facilitates large-scale production through
a single-layer fabrication process using electron beam lithogra-
phy (EBL) and thermal evaporative metal deposition.

Similarly, Rezaei et al.”" have targeted the costly nature of
plasmonic color printing for large-scale images due to the need
for specific patterning methods of nanostructured pixels such as
EBL and focused ion beam (FIB) that are complicated and
lengthy. They developed a novel printing technique for structural
diffractive color images based on a reusable generic nanosub-
strate with red, green, blue, and infrared subpixels. The nanosub-
strate is covered by a mask layer, subsequently patterned
according to the desired color image. The patterning creates
size-controlled apertures and thereby enables selective imprint-
ing of subpixels of the nanosubstrate onto a second polymeric
substrate. The colors needed depending on the image (i.e., the
pattern created on the mask layer) are obtained by adjusting
the active area of the subpixels controlled by the aperture sizes.
For instance, a yellow pixel is obtained by exposing the red and
green subpixels and covering the blue and infrared subpixels.
The patterning of the mask layer takes place by laser lithography
with a submicron resolution. The nanosubstrate can be cleaned
and used several times for printing various images. Accordingly,
the fabrication cost and throughput are superior to conventional
photolithography. However, as the authors declared, the printing
resolution could be maximally up to 25400 dpi, which is much
lower than that obtained by the EBL nanostructures with
100 000 dpi resolution. The suggested technique can be used
for both optical data storage and document security along with
publicity applications such as posters, magazines, newspapers,
and book covers.

Xue et al.”? have researched the scalability of plasmonic
reflective color printing based on a novel approach consisting
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of a plasmonic broadband absorber (PBA) along with a conjugate
twin phase modulation (CTPM). This technique not only enables
scalable, full-color printing but also provides the ability to reverse
color transformations. Such a possibility could be applied in con-
structing functionalized prints for security and storage. The
CTPM can enlarge the peak—valley (p-v) ratio of reflection spec-
tra, and thus provide high saturation of the emerged colors, and
the PBA, i.e., a metal (silver) island film, narrows the reflective
peaks. Accordingly, this supplementary function leads to the gen-
eration of vivid full reflective colors. As shown in Figure 9a, the
plasmonic prints are manufactured based on an electrochemi-
cally grown anodic alumina (AAO) template and a sputtered sil-
ver island film, which assure a scalable, inexpensive production
method (up to the centimeter scale) that is much less compli-
cated than EBL. In such a structure, when the average thickness
of the silver layer increases, a silver island film is constructed
which can notably raise the p—v ratios in the reflection spectra
(Figure 9b), leading to the emergence of a vivid pink color.
By filling the pores of the AAO with different dielectrics
(e.g., ethanol, toluene) the np can be adjusted, and the generated
colors are manipulated in a controlled manner (Figure 9e). As
soon as the filling solution evaporates, the color returns to its
former state.

As mentioned before, generation of highly saturated and
bright structural colors is not easy and necessitates the fabrica-
tion of very small nanostructures.”>’? To address such
challenges, one advanced solution could be utilization of
metal-insulator-metal (MIM) structures. Wang et all”’!
fabricated MIM nanodisks that fortify the enhanced in-phase
electric dipoles, thereby shifting them to a shorter wavelength
when compared to a singular disk. Figure 10a schematically illus-
trates a tandem nanodisk square array on a SiO, substrate. The
hybridization between Wood’s anomaly and the enhanced in-
phase electric dipole mode of the nanodisk pairs leads to the
appearance of narrow and high-resonance reflection peaks
and deep transmission dips (Figure 10b—e). As shown in
Figure 10f, the emerged colors depend on the periodicity and
radius of the nanodisk. Adjusting the periodicity of the array
and/or the radius of the involved nanodisks enables the genera-
tion of full colors, as represented by a CIE1931 chromaticity map
shown in Figure 10i-1. The technique developed can potentially
be used in imaging, storage, display, and sensing.

Miyata et al.”* developed an MIM device based on aluminum
gap-plasmonic nanoantennas. They could manifest that the
properties of an individual antenna encompassing intensive
absorption at dual dissimilar frequencies can be encoded into
a singular pixel. Moreover, the basis of this approach is the
reality that these nanostructures offer strong resonances
due to the metallic nanogap, in which light is confined. The
applicability of the MIM-based color pixels for subwavelength
printing was validated by displaying colorful microscopic
letters. The coloration was omnidirectional, polarization-
independent, and notably durable. Given the cost-
effectiveness and high stability of aluminum, the suggested
approach could be beneficial in printing microimages for
security purposes, or for data storage. It is noteworthy that
aluminum suffers from a high loss leading to a low Q-factor,
thus lowering the color variety in the plasmonic printing.l”*7”%)
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Figure9. Scalable, full-color plasmonic reflective color printing. a) Schematic illustration of the CTPM—PBA device wherein the top layer is a PBA layer, the
middle one an AAO template, and the bottom one an Al substrate. b) Reflective spectra of the CTPM—PBA device versus Ag sputtering time, t;. The
camera images are related to the measured samples (4 x 4 mm?). In addition, the SEM image (scale bar, 200 nm) shows the morphology of the sample
(ta = 20 nm) under a tilted angle of 45°. c) Reflective spectra of the CTPM—PBA device based on AAO with different thicknesses, d. The samples with
longer t, possess a larger d, which induces a shift for the reflective peak. d) Reflective spectra of the CTPM—PBA device (d = 480 nm) with different
porosities, P. A longer t. increases P, and decreases the average refractive index, thus blueshifting the reflective peak. e) Reflective spectra of
the CTPM—PBA device (d = 480nm, P = 37%) under different conditions. Reproduced under the terms of the CC BY license.’”? Copyright 2015,

The Authors, published by Springer Nature.

3. Dynamic Plasmonic Reflective Coloration

One important bottleneck of the mentioned plasmonic reflecting
systems is that the plasmonic nanostructures perform as passive/
static devices offering consistent outputs under the same inputs
conditions. This feature notably restricts their applicability
because of the need for further investments to design and fabri-
cate another similar device able to offer a slightly changed output.
Therefore, dynamic, active plasmonic systems are highly
demanded. Such devices mainly consist of a reconfigurable prop-
erty induced by certain external stimuli. This part discusses the
most recent developments in this area that promise attractive
opportunities for plasmonic research in the future.

Utilizing the fascinating feature of structured plasmonic meta-
materials in tuning optical resonance, and thus plasmonic color,
via change of composition, Wang et al.”® developed highly ordered
Au/Ag nanodomes as dynamic plasmonic nanostructures. They
could devise a biomimetic mechanical “chameleon” that func-
tioned by varying the Au/Ag core—shell structures, enabling plas-
monic modulation through an electrodepositing/stripping process.
The coating process is performed in an electrochemical cell dynam-
ically and depending on the applied voltage the silver ions are either
deposited onto or stripped from the gold nanodomes. This
approach allows for real-time light manipulation in compliance
with the color details of any given surrounding medium.

Adv. Photonics Res. 2021, 2, 2100009 2100009 (9 of 27)

Figure 11a shows the reflection spectra of the structure versus
Ag deposition time. The longer is the deposition time, the more
the reflection peak blueshifts. The reflection’s peak positions ver-
sus depositing/stripping time are shown in Figure 11b, where
the inset images show the generated colors for the points nomi-
nated. Figure 1lc indicates a chromatic map of the structure
based on the points extracted from Figure 11a that further proves
the achievement of an alterable nearly full-color development via
a plasmonic cell. Figure 11h schematically illustrates the
mechanical chameleon fabricated in this study whose body is
enclosed with color patches that comprise the plasmonic cells.
The mechanical chameleon is equipped with fine color detectors
able to identify the details of the surrounding area. The received
data are then analyzed and transferred to the color patches,
thereby changing the mechanical chameleon’s color.
Figure 11j shows the chameleon moving in different successive
times in front of a triple-color scene.

As already discussed, plasmonic color printing by metasurfa-
ces has bloomed the color display research, thanks to an extraor-
dinary subwavelength resolution and compact optical data
storage. In this regard, there is still a need for advanced dynamic
plasmonic-based displays exhibiting dynamic multicolor anima-
tions along with highly secure encryption. Duan et al.””! devel-
oped catalytic magnesium-based metasurfaces that meet the
mentioned needs as dynamic displays. In the plasmonic device,
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Figure 10. Reflective and transmissive coloration by MIM structures. a) Schematic illustration of the tandem nanodisk square array. In this schematic, the
array's structure is specified with period P, radius R, and thickness of the Ag layers H and the Al,O; layer h and is illuminated at normal incidence with y-
polarized white light. b) Simulated and c) experimental reflection spectra; d) Simulated and e) experimental transmission spectra. f) The SEM images of
the array structures whose reflection and transmission properties are exhibited in (b—e). The period and radius values of the array structures are indicated
on the right. Scale bar: 200 nm. The generated g) reflection (from dark blue to red) and h) transmission (from yellow to cyan) colors for 16 samples. Scale
bar: 40 um. The CIE1931 chromaticity space including i,j) experimental and k,l) simulated colors. The six colors of (b—e) are specifically shown by double
rings. The white dashed arrows imply the evolution trend for the colors corresponding to the increase of the radius and period. Reproduced with per-

mission.l”?! Copyright 2017, American Chemical Society.

the dynamic pixels consisted of Mg nanoparticles placed between
capping layers of titanium Ti/Pd. As schematically shown in
Figure 12a, the introduction of hydrogen and its absence in
the magnesium nanoparticle-based dynamic pixels enabled plas-
monic color printing, erasing, and tuning.

The possibility of tuning, erasing, and restoring plasmonic col-
ors”®7% can be beneficial in the development of high-quality color-
tunable plasmonic microprints. Duan et al.””) demonstrated this
applicability by creation of a microprint based logo, as shown in
Figure 12d. By exposure to hydrogen, the logo experiences a
dynamic color change. Up to 23 s, the color changes abruptly; after-
ward the logo starts fading and completely vanishes after 566 s. In
contrast, after exposure to oxygen, the logo’s colors are restored,
and no significant color change is seen after 2224 s. In addition
to the aforementioned utilities, using various dynamic pixels with
different color transformation kinetics, plasmonic animations are
realized (Figure 12e). Also, information can be encoded on specific
pixels that are not detectable either by optical microscopy or by
scanning electron microscopy but can be revealed using hydrogen
as a deciphering key. This possibility could be utilized for encryp-
tion and anticounterfeiting applications.

A combination of photoswitchable molecules!*®”?#% and plas-
monic nanostructures could lead to new opportunities in the
field of optics, including display technologies. For instance,
reflective electronic papers are highly demanded thanks to their
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lower energy consumption and pleasant visibility under ambient
light.®") However, the technologies that can offer reflective color
displays are relatively few. In this regard, conjugated polymers
are a promising candidate, yet their electrochromic property suf-
fers from high switching times, poor optical contrast, and low
coloration efficiency.®? Despite such shortcomings, when cou-
pled with plasmonic nanostructures, conjugated polymers can
offer adjustable absorption, thus tuning the optical activity.[*#*
The plasmonic nanostructured systems studied so far are mainly
based on nanoparticles and rely on the modulation of transmis-
sion. In an innovative attempt, Xiong et al.®* have demonstrated
a plasmonic nanostructure generating reflective colors that can
be electrically modulated by a conjugated polymer. The devel-
oped material can be used as a flexible screen. The optical absorp-
tion of a conjugated polymer is electrically controlled to tailor the
reflection of the wultrathin plasmonic nanostructure. This
approach enables high polarization-independent reflection
(>90% in air) and brings about optimum contrast (30-50%),
low response times (milliseconds), negligible power consump-
tion (<0.5mW cm™?), and long-term durability. Interestingly,
the plasmonic metasurfaces possessing the red-green—blue
(RGB)-related pixels offer reflectivity and contrast comparable
to those of the printed ink. Eventually, as shown by Xiong
et al. the RGB pixels can generate secondary colors and images
that are switched on/off.
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