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Recent adv@hces in fabrication and processing methods have spurred many breakthroughs in the field
of
ma by enabling a wide variety of innovative applications. Structural colors have shown great
pramise as an alternative for the existing colorant-based filters due to their noticeable advantages,
up diverse potential applications such as energy-efficient displays, ultrahigh-resolution
ahigh-sensitivity biosensors, and building-integrated photovoltaics. Broadband perfect
rb ich exploit extraordinary optical phenomena at subwavelength scale, have also received

L

tures that provide novel ways of manipulating light interaction on a well controllable

| %iér ] I 2

ention due to their capabilities of improving efficiency and performance characteristics of

ications including thermoelectrics, invisibility, solar-thermal-energy harvesting, and
. This review highlights some recent progress in these two related fields. Structural colors
cal resonances in thin-film structures, guided-mode resonances in slab waveguide gratings,
rface plasmon resonances (SPRs) in plasmonic nanoresonators are described. Representative
achievements associated with broadband perfect absorbers, which include schemes employing highly
absorbing media, multi-cavity resonances, and broadband impedance matching are investigated.

[

1. Introductio

1

Na exploiting either photonic or plasmonic resonances provide new optical

{

U

[1-8]

properties able unique optical devices with desired functionalities. Such novel

characteri great potentials for a wide variety of research fields such as near-field probes

with ult resolutions for sensing and imaging, optical trapping at the nanoscale with

A
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extraordinary precision, tight light confinement to deep subwavelength volumes via plasmonic

Submitted to

lenses, and steering light beyond the diffraction limit. One emerging area that attracts much
attentiom years is the ability of designed nanostructures to generate distinctive colors
employing nant properties, often referred as structural colors. In contrast with the
traditional —1§r.)proac of using different organic dyes or inorganic pigments to create colors, different

structural (ﬁn be created by using the same materials (e.g., metal and dielectric) but simply

changing t etry and dimension of the structures. Vivid structural colors can be observed in

nature, e.w butterfly wings, peacock feathers, fruits, beetles, and opals, arise from optical
interferen in multilayer structures.®™* Both transmissive or reflective colors have been
realized bnmeans, offering distinct advantages such as high stability, high reproducibility,
easy mann.gcturability, high spatial resolution, and slim dimension, over existing color filters that

made of o es or pigments to absorb a spectral portion in the visible wavelength range for

the color gefferaion.
Black can be Eﬁered as a special color, which can be created with nanostructured absorbers
featuring highly-efficient and broadband absorption, or with overlapped absorption bands to cover
the entireSisibIe range. Broadband absorbers contrast the aforementioned color filters whose
function is ce a relatively sharp resonance to filter a narrow spectral range of visible light.
Much effor imed at achieving “perfect absorption”, which can benefit various applications

such as p!tovoltaics, solarthermal harvesting, photodetectors, thermal emitters, and bolometers,

owing Mceptional absorption characteristics with unique functionalities for energy

. ) 5.
harvesting anE coiersmn,["" 5-34]

<
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In this review article, the recent results of the structural color filters and the broadband perfect

Submitted to

absorbers based on optical properties in the nanostructures, are discussed. The structural colors that

exploit str* tical interference effects in thin-film nanostructures, waveguide-mode resonances,
and surfac sonances are described. Moreover, the broadband perfect absorbers utilizing

broad c’pt ol resonances with highly absorbing media, multiple resonances, and broadband
impedance matghing, are investigated. Many methodologies can be extended to other wavelength

ranges. W ovide an overview of their applications including solar energy harvesting, anti-

counterfeiw printing, and light/thermal emitters.

2. Structurs Eo!or rilters

2.1. Fa sonances

One of i st methods to create structural colors is based upon the Fabry-Pérot (F-P)
resonances in thin-film structure comprising two metallic mirrors separated by an optically

transparen ic medium. Constructive interferences take place in a transparent cavity layer at

a certain th, leading to a transmission peak for optical thin bottom metallic layer, or
reflection v, opaque bottom metal layer. F-P filters have been used to selectively transmit or
reflect grtion of visible light by controlling the thickness of the cavity medium.®™*¥ For
displays, imaging, and color printing applications, it is important to achieve angle-insensitive
colors, whjy

t be achieved with ordinary F-P cavities where the resonance shifts toward

shorter gth with increasing angles of incidence. In order to mitigate the dependence of

This article is protected by copyright. All rights reserved.
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optical properties on angles of incidence, reduced refraction into the structure by using materials

Submitted to

with high refractive index, strong interference effects in highly absorbing media-based nanocavities,
phase cMn, and localized resonances in metallic plasmonic nanostructures have been
studied.™ use a reflective color design to illustrate the principle. Figure 1a depicts the
schemaﬁc —!onlguration that exploits the F-P resonances. Silicon nitride (SisN4) and silver (Ag) are
used as the cavity medium and the reflecting mirrors. Ag has been widely selected as the metallic
mirror in ctural color filter designs as it has the lowest absorption losses at visible
frequencie ch@osing the proper cavity length d to make the F—P interference resonance occur at

wavelengt;ponding to red, green or blue colors, their complementary colors of cyan,

magenta (CMY) can be readily obtained in the reflected light. Figure 1b shows the

experimenSlIy measured reflection spectra for the fabricated CMY filters with different Si;N,

thicknesse nm, M: 80nm, and Y: 54nm) while the same thicknesses for both the top (20 nm)
and bottom ) Ag layers. The scanning electron microscopy (SEM) image of a device is shown
in Figure 1c:

To mitigate the angle dependent properties of the F-P color filter, we analyze the angle dependence

of a standﬁ F—P etalon structure, as shown in Figure 1d. Here the refractive index of the dielectric
layer is n,Qincident angle from air and refraction angle into dielectric layer is 6, and 6,,
respectively. simplicity, we neglected absorption and material dispersion, but, as we will see
later, t}&ciples apply if they are included. The reflectivity R,, of the F-P etalon can be

approximata as!!‘I
: 2R-(1—cos0)

R, = , (1)
< o 1+ R*~2Rcoss
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where R is the reflectivity of the Ag film, O is the phase difference between each succeeding

Submitted to

reflection R, and R, and is given by

Q 5:(27”).n-2d-cos92. @)

H I
Reflection S'lnima occurs at the resonant wavelength A when the phase difference & =2mr.

Here we @ider the case of m = 1 because the other resonance modes are sufficiently

separated mnd located in the near-infrared band. According to Snell's law sin&, =nsind,,

we can ge:onance condition as A =2d n’> —sin’ @,.Then the variation of the resonant
wavelength with incident angle &, can be calculated as

A/Ir| 2d -sin @, -cos 6, a)
Clearly the V@migtion of the resonant wavelength is inversely proportional to the refractive index of
the die i . Therefore a high-index dielectric cavity layer can lead to color filters with a

smaller anile-dependence. Figure 1e shows the simulation and experiment results of the resonant

wavelength variation with different incident angles. Here we employ silicon dioxide (SiO,, n = 1.46),
SisN, (n = 2 m zinc selenide (ZnSe, n = 2.6) for the dielectric cavity. For better comparison, the
thicknemﬂlectric cavity for each of the three materials is about 130 nm, 80 nm and 55 nm,
respectively, to ensure the resonant wavelength for all three filters is around 550 nm. We can clearly
see from 3 that the device with a ZnSe dielectric cavity has the best performance in

minimizing pendent resonant wavelength variation, as expected from above analysis. Even

<
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when the incident angle approaches 80°, the variation of the resonant wavelength is still less than

Submitted to

8% at A =550 nm. This small shift of the resonant wavelength would not cause a significant change

{

in color pe ion. In comparison, the device with a SiO, dielectric cavity has strong angle-
dependen irm the simulated results, reflection spectra were measured from fabricated
H I

samples with angles of 20°, 40°, and 60°. The colored dots in Figure le represent the peak

absorption gfea d at each angle and all data agree well with the simulation results. Figure 1g—h

G

show the images of the fabricated CMY filters with ZnSe dielectric cavity at different

reflection s. Mere the ZnSe cavity length for CMY color is about 75 nm, 55 nm and 40 nm,

S

respectively, Y colors are almost invariable with incident angles.

U

The angle-i ity of the resonance will improve further with increased refactive index and

I

reduced c kness. However, increased index (n) is typically accompanied with increased

optical los8j (K the other hand, optical interference effects in highly absorbing media-based

cl

nanoca n studied by several groups, where non-trivial reflection phase shifts (i.e., not 0

or 1) occu interface between the metal and the lossy medium, leading to the high angular

M

tolerant performance that is ascribed to a special phase cancellation mechanism.**>* Figure 2a

presents a ic representation of an angular invariant visible wavelength filter consisting of an

[

ultrathin s ctor layer (amorphous silicon (a-Si)) sandwiched by two optically thin metal

layers (Ag, 18'Am) on a glass substrate. The phase acquired upon the reflection at the metal (air)-

semico

h

rface is significantly greater than m (reflection coefficient is a complex number),

therefor

[

case of lossless meidum, the F-P resonance condition can be satisfied for cavity

thickness that is m@rkedly thinner than the wavelength of the light in the medium. Based on the F—P

Gl

cavity effects reen and blue (RGB) colors can be generated by simply varying the thickness of

A
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a-Si (B: 9 nm, G: 15 nm, and R: 28 nm). Due to the fact that the ultrathin cavity thickness leads to the

Submitted to

small change in the propagation phase shift with angle of incidence, which is almost completely

cancelled non-trivial reflection phase shifts at the a-Si and Ag interfaces (Figure 2b—d), the

Dt

designed c resent great angular insensitivity up to 70° for all colors as displayed in Figure
2e — (j).*u ermore, since the device structure described above uses the semiconductor layer and

has both top and bottom metallic layers that can be potentially employed as an electrode, the

Gl

structure c signed as optoelectronic devices to achieve dual-functionalities, thus opening up

interestingll passibllities of wavelength-selective photodetectors, and colored, semitransparent

$

power-gen panels for building-integrated photovoltaics and energy-saving display

U

technologiés: ! As one example, we have created colored solar cells by modifying the structure

to allow aSymmetric charge transport, using vanadium pentoxide (V,0s) adjacent to the a-Si to

A

extract ph rated holes, and indene-Cq, bisad-duct (ICBA) on the opposite side of a-Si to

d

transport elétt , as can be seen from the schematic diagram in Figure 3a. The effective refractive
index of t medium is primarily determined by the a-Si layer since it has a higher refractive

index v

\

s and ICBA in the visible wavelength range. The spectral transmittance curves of

the fabricated colored, semitransparent solar cells and the corresponding photographs showing

{

distinctive ransmissive colors are provided in Figure 3b. Although the light absorption in the

photoacti @ as limited by the ultrathin thickness, the solar cell performance characteristics

with vivid parent colors were achieved with =2% of the power conversion efficiency from

the solar cells with 11 nm-thick a-Si layer, as presented in Figure 3c. Reflective colored solar cells

th

[60]

were made based on similar principle empoloying opaque bottom metal layer,”" and the traditional

AL
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F-P cavity where an optically transparent material is used as a cavity medium has also been

Submitted to

integrated with the solar cell devices.!*#¢%%97%

T

It should b, that because a-Si strongly absorbs the shorter wavelengths due to its bandgap,
the M/a-Si cannot produce high effeciency color filters for shorter wavelength ranges.
H I

To address@hese challenges, it has been demonstrated that either an omnidirectional resonance in a
MIM micrc@nfiguration or a phase compensating dielectric overlay integrated with the MIM
cavity is exploited to achieve the angle-insensitive characteristics without sacrificing the efficiency
for all the Puiagreflective and transmissive colors.[*3#****7Y The |ateral size of F-P cavity based
color pixels shoul@hbe greater than the optical wavelength to ensure proper operation, therefore

imposing aﬁesolution that may have some impacts on applications in displays, security labels,

and optica rages. In addition to the limited spatial resolution, to fabricate colored pixels, the
thickness of t er cavity medium needs to be altered to tune the colors, which require separate

lithographi ilm deposition steps to produce the RGB colors in pixel units. To simplify the

process, it is ary to develop a new strategy that can address the aforementioned issues at the

same time.

Recently, Ltural color filters based on the strong resonance behaviors in an ultrathin

semicondr patterned at the subwavelength scale by using nanoimprint lithography over
large areas_asai rated in Figure 4a were demonstrated.”” The change in the linewidth of the
subwavﬁings at the fixed semiconductor thickness (t = 35 nm) leads to varied effective
refractivelﬁexothe cavity medium for different reflective color generation, thereby creating the

individual color ;';Is via one-step lithographic process. CMY reflective colors were produced from

the nan{with the linewidth (C: 250 nm, M: 120 nm, and Y: 50 nm) and period (C: 420 nm,

This article is protected by copyright. All rights reserved.
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M: 280 nm, and Y: 220 nm) of the nanogratings, respectively. Figure 4b—d present top-view and

Submitted to

tilted-angle SEM images of the fabricated structural color filters, clearly exhibiting the well-defined
dimensiMubwavelength gratings with a smooth sidewall. As the fundamental principle is
based on t tical interference behaviors in the effective cavity where the ultrathin highly
absorbin-g EMe utilized, the angle dependent properties were greatly improved as can be seen

from both s':fuljed angle-resolved reflection spectra in Figure 4e—g and measured results in Figure

4h—.

2.2, Guidemesonances

Guided—m& resonance (GMR) or waveguide-mode resonance is also oftenly used to produce
narrow ba ances and its operation details are provided.”>*? The GMR based color filters
feature high colOf purity with high efficiency, especially when the structure does not involve light
absorbing m ials. Figure 5a depicts the schematic diagram of the GMR-based reflective structural
color fi ing of an array of the Si;N, nanogratings patterned on a thin Si;N, waveguide
layer on a ﬁss, where d;, dy, F, and /A represent grating height, waveguide layer thickness, fill factor
and period e subwavelength gratings, respectively. Incident light is coupled into a leaky
waveguide the grating structure through the diffraction, which is enabled by satisfying the

phase-mat!mg condition. Then, the waveguide resonant mode is coupled out to the incident

medium b' the ssttering, resulting in 100% of reflectance with a very narrow bandwidth at the

resonant :h. In this study, the period of the grating structure was designed to be much

smaller th avelength of visible light, yielding only a zero-order diffraction mode. Figure 5b

<
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displays optical images of the fabricated GMR-based color filters presenting the reflective RGB colors.

Submitted to

Figure 5c,d show simulated and measured spectral reflectance curves at normal incidence for s-

polarizatiofi (i.e,, electric field is parallel to the direction of the subwavelength gratings), clearly the

pl

efficiency tric GMR based has very high efficiency due to the absence of light absorbing
materiale. as been demonstrated that the metallic nanogratings can also be employed to create

the transmissionsRGB colors in the GMR-based structural color filters.® % As exemplified in Figure

Cl

5e, the me onance waveguide grating structures consist of two dielectrics deposited on the

glass substfatgy The triple layer forms the effective waveguide with sub-wavelength Ag gratings

S

providing entum for coupling incident light into a waveguide resonant mode at a certain

U

frequency f). Note that the center wavelengths in the visible range and hence the resulting

colors can @lso be shifted by varying the refractive index, thickness and angles of incidence. Although

[}

the GMRs a sharp resonance with the very narrow bandwidth, it is difficult to highly

d

suppress the'o sonant wavelength components, which are critical to attain the enhanced color

purity. A the optical properties of the GMRs are highly dependent on the incident angles,

[93-96]

which ¢ ated by several methods.

r M

2.3. Surfac n Resonances

6,

Plasmonic @hanostructures have generated much interest with the development of recent

§

nanofabricgtion maethods and capabilities of optical field localizations into subwavelength

{

dimension lasmonic nanostructures have also shown great promise for the structural

(65,71

u

colors. he early demonstration of extraordinary optical transmissions through a hole

A
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array periodically perforated on a thin metal film can be considered as the first example.[m] Recently,

Submitted to

plasmonic color printing with the subwavelength resolution has become a flurishing area,

I

dramatical ancing printing resolutions to =100 000 dots per inch (dpi).[>”20%108111]

An exampl smonic color filter structures consisting of an array of the subwavelength
[ |

gratings inhe MIM nanocavity configuration on a transparent substrate is schematically shown in

Figure 6a. fWo m-thick aluminum (Al) mirrors, separated by a 100 nm-thick ZnSe dielectric film,

G

the structure e its the coupled surface plasmon modes at the two Ag/ZeSe interfaces (dispersion

S

shown in e @b), especially the assymetric mode shows a linear dependence of frequency v.s.

wavevector (red lifie in Figure 6b). When periodic nanogroves are introduced, light incident upon the

Gl

structure ft, substrate side can be coupled to the plasmon waveguide modes via grating

[

coupling. Ti ned plasmon waveguide resonant modes are then efficiently converted to the

propagati by scattering with the help of the top Al nanogratings, thereby transmitting a

d

certain ge to the far field in the forward direction. Figure 6b depicts the plasmon

dispersion of IM stack array for p-polarization where an oscillating direction of electric field is
perpendicular to the direction of the subwavelength gratings. Figure 6c presents the simulated
spectral trismittance curves of the plasmonic transmissive structural RGB colors, obtained with the
stack perio , 270, and 230 nm, respectively. In Figure 6d, the cross-sectional view of the
simulated t rage magnetic field intensity distribution and electric displacement profiles (red
arrow) int!he MIM stack at 650 nm for p-polarization is described. It is obvious that incident light is

efficientMnto the antisymmetric waveguide modes with strong magnetic response. Figure

6e provides meired transmission spectra of the fabricated plasmonic color filters under s-

(triangles) and ::)olarized light (circles) illuminations, clearly exhibiting strong polarization

This article is protected by copyright. All rights reserved.
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dependent spectral properties. The devices show dual-functionalities, where it creates the RGB

Submitted to

transmissive colors as well as p-polarized light transmission. Figure 6f illustrates micrographs of the

1

fabricated plasmonic color filters with the different stack period from 200 to 360 nm.

Both GMR are highly sensitive with respect to the angles of incidence. Though not
[ |

desirable displays, such properties can be exploited for angle-sensitive pixels in image sensors,

angle-selegffVe bi@chemical sensors, solar and thermal energy harvesting, and anticounterfeiting

G

technologies,* -2 7]

In particular for the anticounterfeiting application, although color-changing

S

inks, fluor tg@dVes, and magnetic inks have been widely used for holograms and watermarks in

both passports amd checks, the angle-sensitive structural colors can also be employed for the

Gl

anticounter; pplications as an additional security feature that is difficult to replicate with

7,116]

1

traditional

d

Next, som es to diminish the angle-sensitive characteristics, which rely on either localized
resona eep subwavelength nanogrooves through light funneling or localized surface

plasmo ances (LSPRs) in the ultrathin metallic nanopatch array, are described.

M

Figure 7a depicts the schematic diagram of the metallic nanocavity-based wide-angle reflective

£

structural co ilters consisting of dielectric subwavelength gratings that is conformally covered by

Ag, and th onding SEM image. The plasmonic structures were designed, where incident light

O

is tightly c@nfined into the deep subwavelength grooves by light funneling instead of grating-based

§

coupling ofdight ingio the SPRs. Figure 7b displays how light is redirected into the nanogrooves by the

t

light funne t, along with the induced polarization charge and Poynting vector distribution. In

u

Figure 7c, d (solid lines) and measured (dashed lines) spectral reflectance curves of the

A

This article is protected by copyright. All rights reserved.

131313131313131313134131313



AP

MATERIALS

fabricated structures with different depth of the subwavelength grooves at normal incidence are

Submitted to

provided. At the resonant wavelength, incident light is strongly concentrated into the nanogrooves

t

Y

and eventually absorbed by the metallic layer, thus producing reflective CMY colors. Figure 7d,e

describe le-resolved reflection spectra with different depth of the structures at the

fixed p&io nm) and linewidth (50 nm), apparently exhibiting that the resonances remain

£

nearly constant @ver a broad range of incident angles up to 75° due to the localized characteristic of

C

the resona strong field confinement could be adopted by a wide range of applications such

as optical datadlstofage with ultrahigh resolution, plasmonic emitters and chemical/bio sensors with

$

ultrahigh . It has also been shown that the LSPRs in an array of the ultrathin patch

U

patterned le metallic layer enable the color generation with angle-insensitive performance.

Figure 7f d@scribes the schematic drawing of the LSPRs-based angle robust ultrathin structural color

g

filters on a ent substrate, thus being able to generate both reflective and transmissive colors

d

at the samée¥tim@” The reflective RGB colors and the corresponding transmissive CMY colors are
produced the duty ratio of the structure. 70, 140, and 240 nm of the period with the fixed

thickne

V]

tal patch array at 20 nm were used for the reflective RGB colors, respectively.

Simulated angle-resolved transmission spectra for the yellow and magenta colors are given in Figure

I

7g,h, respectively. As is seen from the figures, the resonances are almost maintained at the same

wavelengt w creasing the angles of incidence up to 60°.

One interdsting capability of the plasmonic color filters is to print the colors with the deep-

q

subwav lution that can even beyond the diffraction limit, which is ascribed to their

{

unique ability offlocalizing light into a small sub-diffraction volume,[P7101,108,111,128,129] Figure 8a

U

provides the schematic representation of the two plasmonic nano-pixels, where each pixel

A
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comprises four nano disks. The pixels support particle resonances whose scattering strength was

Submitted to

increased by a metal back-reflector so that different colors are able to be reflected without varying

£

P

the periodIiCity of the plasmonic nanostructures. Figure 8b presents optical micrographs of 50 x 50
mm squar , Where the pixel was a 250 x 250 nm square, before and after a deposition of
the mefal yers. A laser post-writing method was also utilized for printing colors on prefabricated
plasmonic metasurfaces with the sub-diffraction-limit resolution of 127 000 dpi over large areas as

presented igdfe 8c andd.'*® Morphological changes of the prefabricated metasurfaces were

enabled byigeerdling transient local heat at a single unit cell level by the laser pulses, which can

s$Cn

vary the re avelength of the SPR and hence create the different color appearances.

U

Although v anostructures described above were fabricated via top-down nanofabrication

n.

technique s electron-beam lithography, laser interference lithography, nanoimprinting

lithography a cus ion beam technology, there have also been reports on achieving these

d

schem ttom-up nanofabrication approaches such as colloidal self-assembly fabrication,

metal dewettj ethod and electrochemistry technique."*>**%*? Such bottom-up fabrication
methods start from small building blocks such as atoms, molecules, nanoparticles and clusters,
which can s assembled in a well-arranged manner to build the nanostructures. Figure 9a presents a
fabrication flow of the wide-gamut plasmonic color surfaces via a colloidal self-assembly
over large monolayer of polystyrene (PS) nanospheres was self-assembled and transferred

onto a po!mer film, which then utilized as a mask to pattern the nanostructures, where the

diameteMnanospheres was controlled by using reactive-ion etching (RIE). Figure 9b shows

the SEM anE tEeeresponding micrographs of the fabricated plasmonic color patterns, displaying

vivid colors that f be varied by altering the pitch (P), height (H), radius (R) and inner radius (r) of

This article is protected by copyright. All rights reserved.
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the nanopatterns. Figure 9c,d exhibit the SEM and the corresponding optical images of the

Submitted to

fabricated structural colors achieved from dewetted nanoparticle arrays and ultrathin metallic films
with diffe!n icknesses of a metal film. The metal dewetting on a glass substrate enables a
formation of a variety of shapes and sizes, which can create vibrant transmission and

reflectin g'ors. These bottom-up approaches are advantageous in producing vivid colors with

improved m:rpf:!ogical quality and uniformity, and at low cost over large area.

As a summary,_we have compared the performance of structural color filters, which includes

brightness, sensitivity, spatial resolution, and fabrication cost, employing those three

different mechanis\s discussed above in Table 1.

3. Broadbmct Absorbers
In contEforementioned structural color filters where a sharp resonance with capabilities

of filtering a narrow spectral range of visible light is highly desired for producing the colors with high

purity, nahred ‘perfect black’, which can be regarded as a special color featuring highly-

efficient aand absorption at the visible frequency, has also attracted substantial interest in
differenrelds.

AIthoqurily focus on the broadband absorbers in this review, there have also been

previous eving narrow band absorption characteristics, which are relevant to applications

such as nanoan enfas, selective thermal emitters, and sensing.

This article is protected by copyright. All rights reserved.
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Numerous approaches have been developed for achieving the perfect absorption. The one-

Submitted to

dimensional (1D) MIM stack, which was firstly described by Salisbury for radar wave absorption
dating bac!t 952, provides the simplest solution.'”*® The absorption is significantly enhanced at
the resona due to the accumulated electric field inside the effective F—-P cavity.*>"*13%

141] With-t)g aavent of various advanced nano-fabrication technologies, plasmonic structures have

emerged asgappealing alternatives for achieving strong absorption in metallic nanostructures

patterned velength or subwavelength scale.™*? %! By exciting the SPRs via coupling of light
to collecti illations of electrons on the metal surface, light can be tightly trapped around the
metals, an tly absorbed by the metal. More recently, metamaterials, which are artificially

U

constructe lals exhibiting unusual electromagnetic characteristics that are not possible with

natural materials, have been geometrically engineered to attain perfect absorption at various

)

frequency 134142-148249151) o wever, the resulting resonances intrinsically present a narrow

d

spectral coVe , thus dramatically limiting numerous potential applications. The most

straightfor ay to broaden the absorption is to involve highly absorbing materials into those

structu [144,152-154]

VI

sentially lowers the quality-factor (Q-factor) of the resonant cavities.

The additi@ifially incorporated resonators provide flexibility in selecting absorption frequency range

£

[155-159]

and can a ven broader absorption, but also require more complicated fabrications.

Q

Novel struc aturing broadband impedance matching without exciting resonances have been

recently pr@posed accompanied with various cost-effective fabrication methods, thereby opening up

i

[160-162]

anewp tensive use of broadband absorbers in various applications.

t

AU
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3.1. Broadband Absorption with Lossy Materials

Itis seIWat the absorption can be effectively broadened and intensified by
employing @ als that have high losses. Firstly demonstrated in the MIM F—P cavity, the
broadbinWtion feature can be easily achieved by replacing the noble metals (e.g., Ag,
gold (Au),hper (Cu)) with lossy ones (e.g., chromium (Cr), nickel (Ni), tungsten (W),
and titanidign (TiPF>>1%%72%8 For instance, Li et al. proposed a broadband absorber with high

efficiency ing a simple tri-layer Cr/SiO,/Cr configuration. Over =97% of the

3

absorptio ;CV averaged from 450 to 800 nm was achieved by using lossy metallic
layers as for the F—P cavity. As illustrated in the inset of Figure 10a, the bottom
metallic Ia@tlcally thick to block any transmission (i.e., A=1—-R—-Twith A, R,and T

referring tion, reflection, and transmission, respectively), and the optimized

a

thickn top Cr is found to be 3 nm that allows incident light to pass through the

entire struc that it provides a certain level of the reflection for the cavity effect while

M

also offering sufficient light absorption, thereby remarkably enhancing the overall

E

absorptio cy. The “poor” F-P cavity effects indicated by the weak electrical field

confinemg own in Figure 10b, which features both low field intensity and large

confinem around the red color regime, as well as the inherently high loss of Cr

result i ened while efficient absorption (peak absorption >99% at 560 nm) as

thic

presente e 10a for the normal incidence. Resulting from the broadband behavior,

U

the angul ive property is greatly mitigated for both p- and s-polarization light as is

A

This article is protected by copyright. All rights reserved.

181818181818181818184181818



AP
MATERIALS

seen from Figure 10c, which is highly desirable in diverse applications. It is noteworthy that

Submitted to

the absorption performance can be further enhanced by incorporating an additional

{

dielectric atop.[33167.168]
Using loss s also an effective way to make plasmonic structures and
N

metamatégials into broadband absorbers. Ding et al. realized the broadband near infrared

(NIR) via IM plasmonic metamaterial that exploited Ti as the top metallic patterns.[153] As

¢

depicted ingFi 113, the structure consists of a 160 nm-thick SiO, layer sandwiched by a

S

continuous Au substrate and an array of Ti disks (period (p) = 600 nm). Au is 100 nm-thick to

U

avoid tra ioh, and the thickness and the diameter of the Ti disk are t,,=30 nm and d =

400 nm, r@spectively. The absorption spectra in Figure 11b show that this new design with

f

slight mo i@hs exhibits broadband absorption properties over a wide range of

d

wavelengt 875 to 1840 nm with over 90% of efficiency. By plotting the electric and

magnetic fie ribution at the absorption peak 1468 nm (Figure 11e,h,j), the LSPRs, i.e.,

1\

the gui nic mode in typical MIM waveguides, is clearly observed between the Ti

disk and Als substrate. The absorption around this resonance gets significantly broadened

[

due to th s of Ti, which lowers the Q-factor of the waveguide cavity. To date, other

0

refractory s as Ti have also been demonstrated for broadband absorption and

semico ch as silicon (Si) and germanium (Ge) can be included instead of

N

{

transpa ators for extra absorption improvement.[154'169'171] Interestingly, an

additional pro ting surface plasmon resonance (PSPR) excited at the short wavelength

J

(Figure ue to the relatively large Ti pattern period further boosted the absorption

A
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as presented by the other absorption peak at 914 nm in Figure 11b. This indicates another

Submitted to

way for metamaterials to attain broader absorption, i.e., exciting various resonances at

different gths simultaneously, which will be discussed in more detail in Section 3.2.
As the ref als feature high melting points and high temperature durabilities,
N

those effi@lient and broadband structures that exploit the refractory metals have opened

£

new pers@or thermophotovoltaics (TPVs).B2** 74 However, since most of the

absorptiong Iting from the metallic loss, structures based on this method can be hardly

used to enhance the photovoltaic (PV) performance.

3.2. Broadmorption Employing Multiple Resonances

In additio@ing lossy metals to broaden the absorption via the low-Q-factor cavity,
altern ies have also been developed by integrating multiple resonators working
at neig wavelengths together. As one example, Lee et al. created a broadband
absorber at visible frequencies exploiting two stacks of a metal (Ag) and a semiconductor (a-
Si) as shohure 12a."”® The second a-Si layer on the very top induces additional
resonance @ 496 nm and #3 @591 nm) apart from the one inside the bottom a-Si (#2
@568 nm)ias clearly presented by the spectrum of the electric field intensity in Figure 12b.
Asa reWorption, which is proportional to the electric field intensity, gets

effectivel@ed with the multiple absorption peaks (red curves in Figure 12c). Another

type of&iband absorber is designed by subsequent deposition of ultrathin

This article is protected by copyright. All rights reserved.
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semiconductor (Ge and a-Si) and dielectric (titanium dioxide (TiO,) and magnesium floride

Submitted to

(MgF,)) Iaiers on top of a thick lossy metal (Cr), with the relevant schematic shown in Figure

124.11781 mon characterized by multiple peaks in Figure 12e ranges from 400 nm
to 2 um age efficiency of x97.76%, offering a practical method to broadband
N

perfect ab§orbers. Highly efficient absorption property is ascribed to the AR effects induced
by the gr@active index profile (i.e., MgF, / TiO, / a-Si / Ge), while ultrabroadband
absorptiongh teristics arise from the excitation of multiple resonances in each layer of
the tandem structure comprising diverse absorptive materials. Figure 12f presents an optical
image of mated absorber taken at normal illumination, showing a totally black

appearang. Considering both designs described above already involve semiconductor

media, th potentially applied to PV cells by inserting efficient hole and electron
transporting | s, and using a transparent electrode, such as indium tin oxide (ITO), on the
top.

Signifi have been made to expand the absorption bandwidth of plasmonic

structuresSnd metamaterials via mixing multiple resonators within a single unit cell. Distinct

from 1D | onfiguration where additional cavities can only be accumulated vertically,
those patte structures allow for multiple resonances arranged along any directions in
the 3D@ enabling design varieties and innovative effects.[1>>1°6:169.177] Figure 13a
shows a -metal-based MIM laminate with the top Ag layer patterned as crossed

trapezoid arra;;Sn the configuration, top and bottom Ag layers are both 100 nm, the

sandwic » has a thickness of 60 nm, and the periodicity is 300 nm. The gradually

This article is protected by copyright. All rights reserved.
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varying width within each trapezoid cell allows for different localized resonances excited at

Submitted to

each width alonﬁ the trapezoid, thus enabling a decent extinction spectrum with the
average effigi of 71% between 400 and 700 nm (Figure 13b,c). As seen in the 2D

absorptio ree absorption peaks, light is absorbed at the centre position of the
N

unit cell 75 nm (Figure 13e), below the narrow section of trapezoid array @560 nm

(Figure l@nderneath the center of the y-directional trapezoid @630 nm (Figure

13g), respesgti Due to the crossed symmetric arrangement, the absorption response is

also robust to the polarization as indicated by the similar results at two polarization angles

(=0° anEFigure 13b,c.

Generally!ntegrating different-sized resonators within a single unit, instead of using these

[178]

irregularlym structures that are difficult for fabrication, is more frequently utilized for

realizing mUltip¥ resonances, except for RF frequencies, where the structures are large

and easy to te. For instance, Cui et al. successfully controlled absorption over a broad

band i me with a horizontal array of multi-sized strip antennas, wherein each

size withirs unit cell corresponds to plasmonic MIM resonances at distinct wavelengths.[m]

On the otQ, anisotropic metamaterials based on tapered, alternating metal-dielectric

multilayere ctures (i.e., vertical arrangement) have been subsequently adopted for

broadb&tion in the microwave, IR, and visible ranges.[lso'lszl Incident light at

differen gths will be captured at certain positions of the sawtooth shaped
configuration: Jch can be equivalently treated as a hyperbolic matematerial waveguide

with varyi th, and consequently get absorbed.

This article is protected by copyright. All rights reserved.
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Broadening the absorption via multiple resonators has also been extended to 3D metallic

Submitted to

patches or nanoparticles (NPs) to eliminate the polarization dependence, where the latter

{

provides agsi and cost-effective solution suitable for mass production.[169’183'186] A novel
water des vice based on plasmon-enhanced broadband absorber was

N
experimengally demonstrated by Zhu and co-workers in 2016, which presented a great

example af convalting the solar radiation into the thermal energy.[187] As illustrated in

C

Figure 14 ucture can be easily fabricated by the self-assembly of Al NPs into a 3D

S

nanoporous aluminum oxide membrane (AAM). Due to the hybridization of LSPRs and non-

u

radiative decay, such Al NP-based plasmonic structures absorb a broad solar

spectrum >96%, Figure 14c) and lead to highly localized heating of water inside the deeply

£

subwavel lumes (Figure 14b), thus enabling efficient (=90% energy transfer

d

efficiency, Fig 4d) and effective solar desalination.

It is worth n hat various resonances induced by multi-sized resonators are essentially

Vi

based absorption principles in the above discussion. Specifically, the stacked

resonancd® in the 1D layered structures are attributed to the same F-P cavity effects and

[

the exam etamaterials employ plasmonic waveguides despite of different widths to

&

excite discr sorption resonances. The broadband absorbers with multiple resonances

have a monstrated by coalescence of various absorptive mechanisms. One good

th

exampl in Ref. 188 adopting the square, ring-like Ni grating/SiO,/Ni substrate

configuration. h the well-optimized dimensions (i.e., 600 nm period, 400 nm-thick top Ni,

9

100 nm- 2, 0.85 lateral filling ratio, and enough thick Ni substrate), >90% incident

A
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light are absorbed by this modified MIM structure for both polarization from 300 to 1000

Submitted to

nm, wherein absorption effects at short (=450 nm) and long (1000 nm) wavelengths are

recognize cavity resonance within the hollow regime of the concave grating and

magnetic i.e., LSPRs), respectively. Considering the wide variety of effects that
N

can absorfllight, such as grating diffraction, waveguiding, F-P resonance, PSPRs, LSPRs, etc.,

this basic iflea fulther enriches the broadband absorber designs so that can satisfy different

CE

154,169,189—

requiremegts 15] Although additional resonators allow flexibilities in selecting

desired absorption band positions, most structured described above require delicate

resonant which significantly increases the fabrication complexity, thereby hindering

their prac!cal applications.

Comp eriodically or randomly arranged patterns on the subwavelength scale,

3.3.Br orption by Impedance Matching (Non-Resonant Absorbers)

metamaterials can be intuitively treated with effective materials. The corresponding

effective &ermittivity () and magnetic permeability (1) are dependent on the
geometrisions. Typically, metamaterials are compact in size, which are highly

desirable ! nowadays high-density on-chip integration, and can be engineered to achieve

many sWerties that are impossible with natural materials. Facilitated by rapid

advances Eand nano-fabrication technologies, metamaterials hold great promise in

various areas, t as superlenses, electromagnetic cloaking, optical filters, perfect

This article is protected by copyright. All rights reserved.
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101,129,149,192-194] Taking the advantage of the electric

absorbers, metamaterial antennas, etc.!

() and maﬁnetic iu) responses that can be engineered, non-resonant broadband absorption

(i.e., differ those resonant absorbers discussed above) is possible for metamaterials
through i atching over a wide wavelength range by geometrically adjusting the
N

structure.s

Low dens( carb’n nanotube (CNT) forest, which is an array of vertically aligned nanotubes

with the tWameter of =10 nm, the spacing of =50 nm, and the corresponding bulk
density < 0. m >, is one of the most promising candidates for black materials based on
the non-rjimpedance matching principle.'*¥%7% |t hossesses near unity refractive

index withislight loss (i.e., ng, =1+id with 6 = 1) across a wide wavelength range retrieved

[

by the eff edium theory (Figure 15d), which consequently can minimize the

reflection due to the perfect impedance matching to the air and provide total absorption

with sufficien kness. SEM images of multi-walled CNT forest on a flat substrate grown
by plasma-enhanced chemical vapor deposition (PECVD) are displayed in Figure 15a andb,

presentinshe sparseness and alignment properties of the material. After increasing the

thickness to 70 um, both the reflection and the transmission are efficiently
suppressed %), thus achieving a near unity absorption over the whole visible range
(Figure roof-of concept, an optical image of a “tank” pattern (fabricated by

focused i* beam (FIB) milling) covered by CNT forest (SEM image in Figure 15e) was taken

under brosvisible illumination, showing the perfect cloaking of the object (Figure

<
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15f). Other works have further extended the perfect absorption capability of the CNT forest

Submitted to

from UV to far-IR ranges and applied it as the black body of near-unit emissivity.“sl]

Based on't e mechanism, i.e., reaching near-unity effective refractive index by
controllin olume ratio, arrays of sharp patterns employing lossy media (e.g., Si

N
nanocone$, tungsten (W) pyramids) could also serve as a broadband absorber in the visible

E

and NIR rdhge.!” 86062201 Those structures featuring the graded transition of the effective

C

refractive hich is very close to air at the cone top, exhibit great AR effects, thus

S

resulting in the Overall absorption enhancement. Similarly enhanced absorption can be

U

achieved i g nano-patterned AR coatings of lossless dielectrics onto absorptive

substrates!~™“" " So far, various methods have been developed for achieving those graded

§

nano-stru cluding ion bombardment, femtosecond laser texturization, and RIE,

d

which extefsi simplifies the fabrication and paves the way for PVs of high

efficiencies. 2,162,202-205] example, the PCE of a flat crystalline Si solar cell under

M

AM1.5 on was improved from 8.7 to 13.1% (over 50% increase) as a result of

applying anocones as an AR layer onto the surface to improve the absorption and

[

206]

correspon to-current (Jsc).[

G

In addition, nating metal-dielectric multilayered structure with an optical topological

n

transiti ovides another approach for wide band absorption.[zm'm] Since each

{

layer in his special structure here is much thinner than the wavelength, the whole

3

system can be cribed as an effective anisotropic medium with the parallel (g;) and

A
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perpendicular (¢, ) permittivities, respectively. When the wavelength decreases across the

epsilon-near-zerg,(ENZ, corresponding to g, = 0) point, the layered structure changes from

an effectiman effective dielectric for both polarizations, which is more impedance
matching to surrounding air, thus allowing the light to penetrate into the structure and

N
getting abwt all short wavelengths (compared to the ENZ frequency). Zhou et al.
proposed @nand absorber/emitter based on the OTT effect to improve thermal/light
interconvmficiency. Figure 16a depicts the schematic diagram of the multilayered
structure ing titanium nitride (TiN) and SiO, as the metal and dielectric, respectively.
By setting point at the board between the visible and IR range through tuning the
fill ratio oghe metal as presented in Figure 16b, the IR emission is largely suppressed

compare of W filament (Figure 16c), which effectively enhances the lighting

efficiency featufing a visible/IR emission ratio of >0.6 (2.3 times higher than that of

conventional i descent lighting). It is worth noting that the high visible light absorption
and low IR radiation of the OTT structure here make it also suitable for solar energy storage
if integrat@d with heat engines.

Broadban ers employing impedance matching methods exhibit wide absorption
bandwidth comparable to that based on multiple resonances, but can be realized via various
cost—efshods as discussed above. However, the number of designs based on this

mechanism is very limited and more structures need to be exploited. As a summary, Table 2

t

AU
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has listed the advantages and disadvantages of each method discussed above for achieving

broadband perfect absorption.

pt

4, Sumriarmnlook

We have re:‘ewﬁ various structural colors that exploit F-P resonances, GMRs, SPRs and LSPRs in

diverse na ral configurations. The structural colors provide distinct advantages in terms of

efficiency, mn, durability, manufacturability, and resolution over the conventional color filters

that rely o;al pigments, thereby opening up many potential applications. The simplicity of

[42,63—

the structu designs leads to easy integration with electronic and optoelectronic devices.

%l In addign, the SPR-based structural colors introduce new capabilities of printing colors with

deep-subw, h resolution exceeding 10° dpi, thus allowing their implementation in a number
of applicatiohs as security marking, display and information storage. Many attempts have also
been madeE the demonstration of dynamically tunable colors and scalable fabrications of the
structu er large areas. However, it is still difficult to produce vivid colors with high

efficiency and simultaneously high color purity as there is a trade-off between these two
characterisﬁ could be addressed by exploiting multi-cavity resonances in a transparent cavity
medium, been recently demonstrated on a flexible substrate.”*? Although the angle-
sensitive , Which are obtained from the nanostructures where either GMRs or SPRs are
exploited, hold great potential for hologram and anti-counterfeiting, the angle-insensitive features,

which areﬁsired in display, imaging and sensing, could be achieved by using high index

media, ph

<
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and therefore degraded color vibrancy, which could be improved by employing new low-loss Al-

Submitted to

doped Ag materials, and exploiting hybridization and Fano resonances.””**”! With the rapid

development of nanofabrications and optical materials, the structural colors can provide us with the

pil

distinct p open up novel technologies, including optical data storage, chemical/bio

sensing,-a ynamically tunable display.

£

The broadi@nd ab8orbers, which reply on a variety of strategies, have also been summarized. In light

G

of the inexhaustible solar radiation from the sun every day, effectively integrating these broadband

S

absorbers th@solar cells and confining the absorption inside the active layer to improve the PCE

is of vital importance. Recently, enhancing the absorption in ultrathin films receives increasing

Gl

interest si n further boost the PV performance by effectively suppressing the carrier

N

1

recombina 752182231 Thair absorption characteristics over a broad range of the wavelength

show greafipr in a variety of applications such as invisibility cloak, solar cells, light detection,

d

and th devices. For some research fields, including solar-thermal harvesting, anti-

reflection coati nd imaging, the ultrabroadband absorption features are highly desired, which

M

can be enabled by exploiting the multi-cavity resonances and broadband impedance matching. By

making us@lof the high temperature durability of media such as refractory metals, the broadband

[:

absorbers o be attained, which hold considerable potential in heat engines and

)

thermophotovoltaic (TPVs). Instead of the multilayer thin-film structures, different patterns with 2D

and 3D ge@metric configurations can also be incorporated in a single unit, which can provide the

g

possibil izihg the broadband absorption characteristics for mass production. Benefiting from

{

different advanc&d micro- and nano-fabrication technologies increasingly emerged,[1°6'13°'224'233]

Ul

numerous novel cancepts with attractive features have been proposed and subsequently realized,

A
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opening up more opportunities for further advancement. We foresee a promising future for the

Submitted to

artificial colors and broadband absorbers whose optical properties are determined by the structures,

t

P

and many ing applications.
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Figure 1. aichematic diagram of the proposed reflective F—P color filter. The dielectric cavity length

isd. The t

for differe ive colors. The illumination source is normally incident onto the planar surface
with arbitrzation. b) Experimentally measured reflection spectra of the cyan, magenta and
yellow (CM olor filters with Si;N, dielectric thicknesses of d = 108, 80, and 54 nm. c¢) SEM and
optical images for the CMY colored devices. The device sizes are about 2cm x 2cm. d) Schematic of

s of top and bottom metallic layers are fixed as 20 nm and 150 nm, respectively,

the F— ture. The incident and refractive angle is 6, and 6, , respectively. e) Simulation

(curve) Hent (dot) results of devices on the resonant wavelength variation as a function of

incident a ere the dielectric cavity material of the devices is SiO,, SisN,, and ZnSe,

respectively. f—h) Bptical images for the CMY color filters with ZnSe cavity. The images are taken
a

with the r ngle about f) 20°, g) 45°, and h) 70°.
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Figure 2. a) A geometry of angle-insensitive color filters comprising a semiconductor layer
sandwiches by two thin metal layers on a glass substrate. b—d) Calculated propagation phase

eflection phase shifts at both the top and bottom a-Si and Ag interfaces as a
ident angle for red, green and blue (RGB) transmissive colors. The propagation
phase cha the transparent cavity layer (SiO,) is also plotted for comparison. E—g) Simulated
and h—j) meastifed angle-resolved transmission spectra of the proposed visible wavelength filters

under p-p@farized  light illumination. The flat dispersion curves indicate that the transmissive
resona gths are retained up to 70° for all three primary colors. Reproduced with

permissWright 2014, AIP Publishing LLC.
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Figure 3. a
and ultra-

atic diagram of a colorful, see-through structure that comprises cathode, anode,
ped a-Si. The cathode is composed of dielectric—-metal—dielectric (DMD) and
organic layers, andionly DMD structure for the anode. The ultra-thin a-Si layer thickness is 31, 11,
and 6 nm GB colors, respectively. b) (top) Calculated and measured transmission spectra at
normal in . (bottom) Photographs of distinct blue, green, and red colors by the fabricated
devices. c) ensity-voltage (J—V) characteristics of the hybrid cells under AM1.5 illumination
. Reproduced with permission.'®” Copyright 2014, Nature Publishing Group.
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Figure tic diagram of the plasmonic nanoresonators. The white arrow represents the
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light fr ifferent stack arrays. Grey, pink and blue in the structure indicate the material of
aluminilm, lenide and magnesium fluoride respectively. Inset is the SEM image of the
fabricated device. Scale bar is 1 um. b) Plasmon dispersions in MIM stack array. Red, green and blue
dots correﬁond to the case of filtering primary RGB colours. Red and blue curves correspond to
antisymmetric and symmetric modes respectively. The shaded region indicates the visible range. c)
Simulated sion spectra for the RGB filters. The solid and dash curves correspond to p- and s-
minations respectively. d) Cross-section of the time-average magnetic field

intensity a ic displacement distribution (red arrow) inside the MDM stack at a wavelength of
650 nm with 360 nm stack period. The colours on the right side represent the constitutive materials,

polarized

defined ') Micrographs of seven plasmonic colour filters illuminated by white light. Scale
bar is 1H<perimentally measured transmission spectra of three fabricated colour filters

correspondi e RGB colours. The circle and triangle correspond to p- and s-polarized light
illuminations respattively. Reproduced with permission.'”! Copyright 2010, Nature Publishing Group.

<

This article is protected by copyright. All rights reserved.

484848484848484848484484848



AP

Submitted to MATER.ALS

(d) g0o

P=180nm
E700
=

£
£600/

&

2500

o

<
400

) 80

45 50 55 60 65 70 75
0

(e

P=180nm

=3
t=3

Reflectance (%)
»n -
o o

“‘J‘,I \ “f"’

0 =
400 500 600 700 800 400
avelength (nm) 45 50 55 60 65 70 75
) (g) ™

Incident
Light

T

Wavelength (nm)

—
=
=

Wavelength (nm)

anuscript

Incidence angle (°)

Figure 7. chematic of the metallic nanocavity-based angle-insensitive structural colors and
correspondi image of a fabricated device. b) Polarization charge and Poynting vector
distribu ighit funneled into these nanogrooves, presented with the red—blue surface plot and

purple arrows, respectively. c) Reflection (simulated in solid lines and measured in dash lines) and
measured absorption spectra (inset, dashed lines) at D = 110, 130, and 170 nm in blue, green, and
red curvesL@d P =180 and W = 50 nm at normal incidence. d) The angle resolved reflection

spectra of

icn with sweeping incident illumination angle from 45° to 75° are presented with
the followifig ¢e dimensions d) P =180, W =50, and D =130 nm and e) P =180, W =50, and D =
170 nm. Reprodtced with permission.®”! Copyright 2013, Nature Publishing Group. f) The schematic
geometmngle robust reflection/transmission plasmonic filters using localized surface
plasmogi es in the ultrathin metal patch array structure. g) Simulated transmittance of the
transmissi ello@ filter of the nanocuboid pattern as a function of wavelength and the angle of
incidence fOr average polarization. h) Simulated transmittance of the transmissive magenta filter of

the nanocuEmE ittern as a function of wavelength and the angle of incidence for average
polarizatio uced with permission.® Copyright 2016, John Wiley & Sons.
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pixel, dj elengths of light are preferentially reflected back. b) Optical micrographs of the

Lena image before (left) and after (right) metal deposition. Reproduced with permission.*®

Copyright 2012, Nature Publishing Group. c) A schematic illustration of laser printing. The printing is
governed Mthermal reshaping of the metasurface. d) A printed portrait of Mona Lisa
photographegddbya camera with a macro lens. Scale bar: 2 mm. Inset shows a magnified image taken
ibits colour dots with different dimensions. Scale bar: 500 um. Reproduced with
8Py right 2016, Nature Publishing Group.
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hydrogen silsesqui@xane (HSQ, Dow Corning XR-1541) spin coating and polystyrene (PS) monolayer
transfer; P rinkage; HSQ etching; removal of PS using two routes: route |, O, reactive-ion
etching (RI s to completely remove the top PS and obtain the Disks; or route Il, O, DRIE to

G

further shr S spheres to obtain Al Dome-Rings; Rings are obtained by ultrasonic removal of

the PS fro he Al Dome-Rings. b) SEM and corresponding optical microscope images showing
correspon( s for al) Al Dome-Rings with (P, R, r) = (628, 250, 150 nm); a2) Disks with (P, R,
H) = (420, m; a3), Al Dome-Rings with (P, R, r) = (520, 200, 100 nm); a4) Rings with (P, R, r)

= (628, . Reproduced with permission.!**” Copyright 2016, American Chemical Society.
c) Sample ages for different initial silver ultrathin metal film thicknesses (i.e., before
dewettin otographs for the three samples on white and black backgrounds. Reproduced with
right 2016, American Chemical Society.
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Cr bei , and 100 nm, respectively. b) Electrical field distribution inside this broadband
absorber, presenting a weakly confined cavity. Three layers are located at 0-100 nm (bottom Cr),
100-195 nm (Si0,), and 195-198 nm (top Cr), respectively, along the y axis. c) Simulated and
measured le resolved absorption of the absorber in (a) for both polarizations, showing an angle-
independent_absorption behavior up to 60°. Reproduced with permission."™®? Copyright 2015,

Nature Pul w roup.
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al-semiconductor (MSMS). It shows a broadened absorption by introducing
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additional g es with the top a-Si layer. Reproduced with permission.™” Copyright 2016, AIP
Publishing WLAA d)8Schematic of an ultra-broadband absorber featuring graded refractive index
profile. e) Simulated and measured absorption spectra of this design, showing an average absorption

>97% fi nm to 2 um. f) Optical image of the fabricated absorber device under normal
incidence. Reprodliced with permission.!’® Copyright 2016, American Chemical Society.
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absorptionfof plasmonic absorbers, showing great consistency with each other. The normalized
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Table 1. Performance comparison of various types of structural color filters.

F—P cavity resonances
Guided mode resonances Surface plasmon resonances
Lossless cavity Lossy cavity
High Low High High
AnqulB Low
ngular . .
independen (can be mitigated by High Low High
5 hiih-index materials)

Spatial resolu Low Low High High
Fabrication c Low Low High High

ST

Table 2. Pros and

H

ns of broadband perfect absorbers achieved with various methods.

:

Lossy materials

Multiple resonances

Broadband impedance
matching

Advan

High temperature stability

Absorption band flexibility

Broadband absorption

Disadv@antal

No use in PVs

Complicated fabrication

Limited designs
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Subwavelength nanostructures featuring extraordinary optical properties have received
considerable research interest in the field of structural color filters and broadband perfect absorbers
owing to their unigue advantages over conventional counterparts. This review summarizes recent
work ian with a detailed discussion of design principles, characteristic performances,
implementproaches, and practical applications, aiming to inspire further investigations in

nanotechn

I
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