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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,

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,[1] 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.[2]

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
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.[3–6] Later, Gustov Mie developed the
scattering model and thoroughly elaborated the colors of colloidal
gold nanoparticles.[7] Such knowledge has enabled the tuning of
the resonant properties[8–11] and facilitated further developments
of structural colors of metallic nanostructures, as witnessed in
the recent decade.[3,4,12–14] 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,[15] macroscopic
color holograms,[16–19] color filters,[20–26] and polarizers.[27]

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.[28–31] 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
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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.
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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.[32–34]

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[35]

(Figure 3). Upon visible light illumination, the lusterware dem-
onstrates color changes based on the observation angle. The vivid

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.[36]

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.[31,36–40] 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.[41]

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

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.

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.
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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,[42] nonbiodegradable,[43] nonenvironment friendly,[44]

and suffer from many challenges, including color fading[45]

and low resolution[46] (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 blue[47]) 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,[48] metal–

insulator–metal stacks,[23,49] and annular aperture arrays[50,51]

have been so designed to operate in the transmission mode.[52]

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.[53] 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.[52,54–57] Additionally, by using a
predesigned plasmonic structure, they can further create an
imaging pattern.[58,59]

Si et al.[52] 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 �, and the LSPR could be determined according
to the coupling dipole theory.[60,61] 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)[62]

�static � V
�m � �d

3�m þ 3�ð�m � �dÞ
(1)

where �m and �d are the relative permittivities of the metal and
surrounding medium, respectively, � 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 �* of

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. e) The
chemical composition of the copper nanoparticles is verified by electron energy loss spectroscopy (EELS) graphs. Reproduced under the CC BY 3.0
license.[35] Copyright 2012, The Author, published by InTech Open.
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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,[134] EBL,[75] Laser printing,[69] and FIB patterning,[135] 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.[134] Copyright 2017, Elsevier B.V. Reproduction of
Impression, Sunrise via EBL reproduced with permission.[75] Copyright 2014, American Chemical Society. Reproduction of pastel painting via FIB, repro-
duced under the terms of the CC BY license.[135] Copyright 2015, The Authors, published by Springer Nature.

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.[52] 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 (h1) and Al (h2) is
90 and 40 nm, respectively. The green arrow represents the lateral SPR-induced TM reflection peak with �SPR. The TM light with � < �SPR is diffracted
whereas with � > �SPR it is absorbed by the nanocavities (Acavity) 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.[136] Copyright 2016, Optical
Society of America.
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