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Constructing Metastructures with Broadband

Electromagnetic Functionality

Ren-Hao Fan, Bo Xiong, Ru-Wen Peng,* and Mu Wang*

Electromagnetic metastructures stand for the artificial structures with

a characteristic size smaller than the wavelength, which may efficiently
manipulate the states of light. However, their applications are often restricted
by the bandwidth of the electromagnetic response of the metastructures. It

is therefore essential to reassert the principles in constructing broadband
electromagnetic metastructures. Herein, after summarizing the conventional
approaches for achieving broadband electromagnetic functionality, some
recent developments in realizing broadband electromagnetic response by dis-
persion compensation, nonresonant effects, and several trade-off approaches
are reviewed, followed by some perspectives for the future development of
broadband metamaterials. It is anticipated that broadband metastructures
will have even more substantial applications in optoelectronics, energy har-

vesting, and information technology.

1. Introduction

Controlling the states of light is an important issue in nano-
photonics. Metastructures!'l possess artificially designed
subwavelength units, and can effectively affect the propa-
gation of light. Metamaterials?® and metasurfaces!”®
are well-known examples in three-dimensional (3D) and
two-dimensional (2D) scenarios, respectively. By carefully
designing geometrical structures and chemical constituents, !
metastructures can possess unique optoelectric features that
are unavailable in conventional materials, such as near-zero
or negative refractive index. Due to the unique capability to
tune the propagation direction, amplitude, and polarization
state of the light, in principle, the metastructures can replace
traditional bulky and heavy optical devices, and hence ben-
efit the integration and miniaturization of optical devices.
However, practically, due to the intrinsic dispersion of mate-
rials (e.g., normal chromatic dispersion of dielectrics!®! and
intrinsic dispersion of metals!®!!) and the resonant feature of
some metastructures,I*% many fascinating physical properties
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occur only at specific frequencies. Such
a narrow-bandwidth feature dramati-
cally restricts the application of the
metastructures to versatile areas, such
as display technology, optoelectronics,
communications, energy harvesting,
etc. For example, since the solar spec-
trum extends from about 0.29 to over
3.2 um, for the efficient application of
solar energy conversion, a broadband
responsive system is an essential step in
realizing the high-efficiency solar energy
harvesting.'?l Bandwidth is an important
issue in display technology as well. Full-
color hologram and imaging in virtual
reality and augmented reality systems
require the modulation over the whole
spectrum. However, most of the existing
holograms nowadays can only exhibit monochromatic holo-
grams or the images with limited primary colors due to
the strong angular dispersion of the diffractive optical ele-
ments.[3] Currently, chromatic aberration remains a serious
challenge for full-color holograms.

So far, great efforts have been devoted to broadening the
frequency range of the electromagnetic response of metas-
tructures. The most straightforward approach is to superim-
pose different resonant modes in the system. For example, the
bandwidth of a metamaterial absorber can be expanded by
combining several individual resonant modes with different
frequencies. Essentially, this superposition approach requires
simultaneous excitations at all the resonant frequencies in the
metastructures, and this requirement confines the final band-
width of this approach.

The unique advantage of the artificially structured mate-
rials is that their band structure and dispersion relation can
be accurately tuned. It has been demonstrated that upon
illumination of the incident light, the surface charge den-
sity waves can be excited on the metallic surface, which are
usually known as surface plasmons (SPs). The surrounding
electromagnetic field is hence modulated by the irradiation
of the oscillating surface plasmon. At the resonant frequency,
this effect becomes so strong that a thin metallic metastruc-
ture can effectively tune the state of light.”#l However, the
underlying Drude-Lorentz response of the permittivity of
metal is highly dispersive, which limits its application to the
specific resonant frequency of the surface plasmon.!!l On the
other hand, dielectric material interacts with light in a much
gentle way that the influence to light is represented by the
accumulation of optical path over a certain thickness.['!l This
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feature is effective over a broad bandwidth and has already
been applied in antireflection coating and many other optical
devices."%15] By combining a metallic metastructure and a
dielectric interlayer, it is possible to realize a dispersion-free
broadband device, where the strong response of the metallic
structures helps to decrease the device size and the dielec-
tric interlayer compensates the dispersion simultaneously in
both the amplitude and the phase difference of light.['6-18l
The physical picture of this process is straightforward: by
superimposing the metallic metastructures and dielectric
interlayer, the intrinsic dispersion generated by the reso-
nance of metallic structures is compensated by the interlayer
thickness-sensitive dispersion of the dielectric interlayer, so
the dispersion-free optical functionalities can be realized in a
limited space.

Another way to achieve the dispersion-free feature is to select
a working frequency far away from the resonant frequency,
where the dispersion spectrum is nearly flat, and the permit-
tivity and permeability do not change significantly with the fre-
quency of the incident light. This scenario is similar to that of
the dielectric material, where the interaction with the electro-
magnetic waves is weak. Consequently, the material should be
sufficiently thick to affect the states of electromagnetic waves.
This type of metamaterial is usually designated as a nonreso-
nant metamaterial.'*)

In addition to the aforementioned approaches, there are
several trade-off approaches in realizing the broadband
response. At the resonance of the metastructures, the dimen-
sionless Q factor, which stands for the ratio of the resonant
frequency to the full width at half maximum (FWHM), charac-
terizes the relationship between the bandwidth with respect to
its center frequency. By lowering the Q factor at the resonant
frequency, the energy will dissipate more quickly and conse-
quently the bandwidth broadens. Another example comes
from ultrafast optics. According to the Fourier transforma-
tion, a narrow wave packet in the time domain corresponds
to a broad coverage in the frequency domain. This means that
a broadband frequency response can be realized by applying
ultrafast optical pulses.

Herein, we first provide a brief review of the principles
in designing metamaterials with broadband electromag-
netic functionality, followed by analyzing the characteris-
tics of each method. Finally, perspectives are given on the
development of broadband metamaterial design. The struc-
ture of the paper is illustrated in Figure 1. After a brief
review of the different approaches to realize the broadband
electromagnetic responses, we describe respectively the
design principles, advantages, and limitations of these dif-
ferent approaches in detail. In Section 2.1, the broadband
response realized by combining multiple resonant modes
is discussed; in Section 2.2, the dispersion compensation
approach based on metal-dielectric materials is reviewed;
Section 2.3 focuses on the nonresonant effect of the meta-
structures; and in Section 2.4, the broadband response real-
ized by using some trade-off approaches, such as lowering
the Q factor and introducing ultrafast systems, are pre-
sented. In Section 3, we try to summarize the trend in devel-
oping new metamaterial to meet the different demands for
the broadband responses.
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2. The Scheme of Broadband Electromagnetic
Response Implementation

2.1. Broadband Response Based on Combining Multiple
Resonant Modes

In this section, we focus on the conventional approach to
realize the broadband electromagnetic functionality with the
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Figure 1. The schematics to show different approaches in realizing broadband electromagnetic functionality with metastructures, including superim-
posing multiple resonant modes, dispersion compensation via the multiplication, addition, or subtraction of the contributions from different disper-
sion, several nonresonant effects, and some trade-off approaches, such as lowering the Q factor and introducing ultrafast systems.

artificially structured materials, which is based on superim-
posing multiple resonant modes in the system, as illustrated in
Figure 2. It is noteworthy that the bandwidth of each resonance
is narrow. Superimposing multiple resonant modes with dif-
ferent resonant frequencies can realize the broadband feature.
The examples can be found in various branches of photonics,
such as absorbers,!* antennas 22! filters,?223] scatterers,!?*!
reflectors, ! invisibility cloaks,?®?”] negative-refractive-index
metamaterials,?®? slow-light metamaterials,?*3l anomalous
propagations of light,3*3°] high-refractive-index metamate-
rials,*% and so on.

Here, we take the broadband absorber as an example to elu-
cidate that superimposing multiple resonant modes can indeed
achieve a broadband electromagnetic response. Two resonant
modes are selected to construct a broadband absorber.’’#] As
illustrated in Figure 3a, the electric-field-driven inductance—
capacitance (LC) resonator with cell “1” and cell “2” has been
designed to build a broadband ultrathin absorber at microwave
regime.*?l Two distinct absorption peaks occur at 5.04 GHz (cell
“2”) and 5.28 GHz (cell “1”) with high absorbance. The super-
position of these two resonant peaks provides an FWHM band-
width of 0.42 GHz, which symbolizes a broadband microwave
absorber. Another example is that Cheng et al. demonstrated a
broadband terahertz absorber made of a planar array of cross-
shaped structures, which is constructed by surface etching of
doped silicon.*®l In this scenario, the absorption originates

. s i

from two resonant modes supported by the plasmonic cavi-
ties of the etched cross structure (Figure 3b). To expand the
working bandwidth further, people may superimpose three
modes, 57 four modes,’®%7] or even more modes!®*%7 with
different resonant frequencies. As illustrated in Figure 3c, a
superpixel single-layer absorber contains four subunits with
different sizes.’! It turns out that for light with both trans-
verse-electric (TE) and transverse-magnetic (TM) polarization,
the FWHM for TE incident light is 37% of the center frequency,
and it becomes 41% of the center frequency for TM incident
light. This polarization dependence feature is mainly induced
by the anisotropic arrangement of these four subunits. Fur-
ther, to generate an ideal polarization-independent broadband
absorber, an alternating stack of metal crosses and dielectric
layers was proposed.’? Three close-positioned resonant peaks
are superimposed to form a broadband absorption plateau
(Figure 3d). Such a multilayer absorber is polarization insensi-
tive since all these single subunits are optically isotropic.

It seems that the bandwidth of the absorber can be expanded
arbitrarily by adding separated subunits with different sizes.
Practically, however, there are some restrictions on the scale of
planar or stereo devices. For example, by incorporating more
and more resonant modes in the unit cell, the size of the unit
cell will increase accordingly. Yet metamaterials require that
the size of the unit cell be smaller than the wavelength since
only in this case each structure cannot be identified by the

Figure 2. The schematics for achieving a broadband response by superimposing multiple resonant modes with different frequencies.
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Figure 3. Superimposing different resonant modes to achieve a broadband response. a) The electric-field-driven LC resonator structure with cell
“1” and cell “2”, and the absorbance plot for normal incidence on this structure. Reproduced with permission.i? Copyright 2013, Wiley-VCH. b)
Schematic of a planar array of cross-shaped structures defined by surface etching of doped silicon, and the induced electric current density dis-
tributions on the cross structure at 0.80 THz (left column) and 1.44 THz (right column), respectively. Reproduced with permission.*?l Copyright
2015, Wiley-VCH. c) Scanning electron microscopy (SEM) image of a single superpixel of the broadband absorber, which contains four subunits
with different sizes (left), and the absorption spectra for both TM and TE polarizations (right). d) Schematics to show the cross-section of a three-
layered metamaterial absorber and the SEM image of the multilayer absorber with a top view (left panel). The right panel shows the experimental
and simulated the finite-difference time-domain (FDTD) absorption spectra of the absorber. c,d) Reproduced with permission. Copyright 2011,

Optical Society of America.

electromagnetic wave and hence the material can be treated
as a homogeneous one with effective relative permittivity and
permeability.”®l Such restriction constrains the band expan-
sion based on the superposition of different resonant modes.
Despite that the stereo structures can be introduced, some limi-
tations are still there. In the case of the multilayer broadband
structure, for example, the resonance of the underneath layer is
excited by the penetrating wave from the above layer, so practi-
cally the number of the stacking layers cannot be too many to
keep a nearly equal strength for the different modes designated
to each layer. This limitation becomes even more evident when
the electromagnetic loss or mechanical loss becomes more
significant.

To achieve a flat plateau in the absorption spectrum, people
may introduce gradient structures,®192 self-similar fractal
structures,'%15] and disordered structures.'1"l The gra-
dient structure stands for a type of component in the unit cell
that continuously changes the geometrical parameters and
hence can support a broadband resonance. One interesting
work applying this idea is to design the crossed trapezoidal
arrays on a silver film,®® which realized an ultrathin broad-
band absorber, as illustrated in Figure 4a. In this scenario,
the broadband feature arises from the resonant electromag-
netic responses of different cross-sections of the trapezoid at
different frequencies.®®!l In addition to the gradient struc-
tures with 2D configuration, stereoscopic gradient structures
can also be applied, which provide additional freedom in
arranging the resonant units. For example, a periodic array of
metal-dielectric multilayered quadrangular frustum pyramids
has been designed for the broadband metamaterial absorbers
(Figure 4Db).P2 The width of the structure gradually increases
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from the top to the bottom, which can support resonances with
different frequencies.’>1%1 A similar strategy can be applied to
the designing of broadband emitter as well.}%U In addition to
the aforementioned gradient resonant structures, the self-sim-
ilar fractal structurel'®! is also capable of embodying different
frequencies within a limited space.l'™ 151 Zhu et al. reported
that the quantum efficiency can be significantly enhanced in
an ultrathin silicon solar cell coated with a fractal-like pattern
of silver nanocuboids (Figure 4¢).l1%l Due to the coexistence of
several feature sizes in the fractal pattern, multiple cavity modes
and surface plasmon modes are simultaneously excited. Super-
imposing those multiple cavity modes and surface plasmon
modes eventually contributes to the broadband absorption in
the solar cell.1%19] Furthermore, disordered structures can be
applied to increase the bandwidth and efficiency of solar energy
harvesting as well.''811] An assembly of random-sized plas-
monic absorbers!') has been realized with gold nanoparticles
with different size distribution, as shown in Figure 4d, which
enables a high density of hybridized localized surface plasmon
resonance, and absorbs light in a wide wavelength range from
400 nm to 10 um.

2.2. Broadband Response Based on Dispersion Compensation

Another efficient approach of expanding the bandwidth is to uti-
lize dispersion compensation in designing the artificially struc-
tured material. Such a strategy is necessary in many scenarios.
For traditional dielectric material, such as glass, the intrinsic
material dispersion['!! leads to longer focal lengths at a lower fre-
quency in a refractive lens, which induces chromatic aberration
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Figure 4. Superimposing different resonant modes to achieve a broadband response. a) The schematics of the single trapezoid unit cell (left panel)
and SEM images and the measured extinction spectra of the fabricated crossed trapezoid arrays (right panel). In the SEM images, scale bars are
500 and 100 nm, respectively. Reproduced with permission.®® Copyright 2011, Springer Nature. b) Broadband absorber made of a periodic array
of metal-dielectric multilayered quadrangular frustum pyramids and the simulated reflection, transmission, and absorption spectra. Reproduced
with permission.’2 Copyright 2012, AIP Publishing. c) The schematic of the ultrathin silicon solar cell with a fractal feature, and calculated absorb-
ance spectrum of the fractal-featured silicon solar cell (red line). Reproduced with permission.%! Copyright 2013, Optical Society of America.
d) 3D schematic of the self-assembled plasmonic absorbers and the comparison of the transmission between a bare nanoporous template (trans-
parent, left) and a $90 nm thick gold-deposited nanoporous template (completely black, right). Reproduced with permission.'" Copyright 2016,
American Association for the Advancement of Science. The Authors, published by American Association for the Advancement of Science (AAAS).
Reprinted/adapted from ref. [119]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science.
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in imaging. For the diffractive optical elements, such as a
Fresnel lens, the opposite tendency occurs, and the focal length
decreases at the lower frequency. Such a dispersion originates
from different phase accumulation through light propagation.t3]
In the scenario of artificially structured materials, the excited
resonances are also dispersive, which limit the working band-
width.['! In this section, we focus on some approaches to reach
broadband response with a dispersion compensation strategy.

2.2.1. Dispersion Compensation via the Multiplication
of the Contributions from Different Dispersion

The system with dispersion compensation involves two or more
types of materials/components. The electromagnetic broadband
response of the whole system can be achieved via the multiplica-
tion, addition, or subtraction of the contributions from different
parts. The detailed physics mechanism varies. Yet the essential
strategy is that by elaborately selecting materials and constructing
metastructures, certain algebra operation on the contribu-
tions from different dispersion components occurs when the
electromagnetic wave interacts with the metastructures. Con-
sequently, a dispersion-free effect can appear in the electromag-
netic response within a certain frequency range. In 2014, Jiang
et al. reported the broadband response based on the dispersion
compensation by the multiplication of the contributions from
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different dispersion (Figure 5a) in the metal-insulator-metal
(MIM) structure.ll®] Several earlier studies!!?*-124 have indicated
that the broadband effect exists in the MIM structure, yet the
underlying mechanism was not elucidated. In ref. [16], Jiang
et al. provided a clear physics picture of the MIM design, where
the resonant phase dispersion in the metallic structure is com-
pensated by the thickness-dependent dispersion of the dielectric
spacing layer. As illustrated in Figure 5b, the light reflected from
the lower solid metallic film can be regarded as the radiation of
the mirror image of the above metallic metastructure, and hence
the overall reflected electric field can be taken as the superposi-
tion of each component propagating in the +z direction as

E:ref = _Einc +Erad X (_eikd +e—ikd) (1)

where E, originates from the Lorentz resonance of the
L-shaped metallic structure, and the term —e*¥ + ¢ stands
for the frequency-dependent conjugation between the radiation
from the metallic structure and that from its mirror image. In
this configuration, the thickness of the dielectric interlayer, d,
is the key parameter leading to the frequency independence
of the overall dispersion. By changing the dielectric interlayer
thickness d, the amplitude of the reflected light shows a com-
plicated function of the frequency. However, when the dielec-
tric interlayer thickness d is selected as a specific value,[' the
amplitude of the irradiation E, increases with the frequency,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The dispersion compensation via multiplication of the contributions of different components in the metastructure to achieve a broadband response.
a) The schematics to show the operation of dispersion compensation via multiplication of the contribution of different components. b) The schematics to
show the interaction of light with the array of L patterns (z=d) in front of a perfect electric conductor (z = 0), the mirror image of the array is located at z=—d.
c) The left panel shows that as frequency increases, the amplitudes of the x-components of the irradiation of the structure increase, whereas | —e + ¢7/|
decreases. The dashed line in the right panel demonstrates that when the interlayer thickness d is selected as 911 nm, the color (amplitude ratio of the x- and
y-polarized reflected light) along the dashed line remains a constant across a broad frequency region, indicating the dispersion-free feature at this specific
interlayer thickness. d) The SEM image of the array of gold L patterns, the bar represents 5 um. The middle and right panels are the experimentally measured
amplitude ratio and phase difference of the sample under the illumination of x- and y-polarized light, respectively. b—d) Reproduced under the terms of the
CC-BY Creative Commons Attribution 3.0 Unported License (http://creativecommons.org/licenses/by/3.0/).1% Copyright 2014, American Physical Society.
e) The plot of a split ring, which serves as the building block of the metasurface. f) The simulated and measured reflectance of the array of the split rings,
and the angle-resolved light intensity distribution for the wavelengths of 1100, 1300, 1500, and 1700 nm, respectively. e,f) Reproduced with permission.['28!
Copyright 2015, American Physical Society. g) The schematics of the broadband metamaterial linear polarization converter, and the obtained cross-polarized
transmittance. Reproduced with permission.'’] Copyright 2013, American Association for the Advancement of Science. h) The schematics of the three-layer
grating, working as a tunable polarization rotator for the broadband terahertz waves. Reproduced with permission.'*% Copyright 2015, Wiley-VCH.
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whereas the conjugated term | —¢*@ + ¢4 decreases with
the frequency (see the left panel of Figure 5c¢). Interestingly,
the increase E,, can be compensated by the decrease of the
conjugated term | —e*¢ + ¢7*| within a broad frequency region by
multiplying these two terms. Consequently, the amplitude ratio
of the x- and y-polarized reflected light remains the same over
a very broad frequency range (see the dashed line in Figure 5c).
Both simulated and experimental data (Figure 5d) show that a
dispersion-free quarter waveplate is achieved with a bandwidth
of about 30% of the central frequency.'® This approach is a typ-
ical example of dispersion compensation via the multiplication
of the contributions from different dispersion.

This principle can be extended to other sandwiched MIM
nanostructures, such as gold or silver nanorod,[12>126l metallic
cut-wire pairs,'?’! split rings,'?!! and ring/disk cavity.'*! In
Figure 5e, the unit cell of a silver split ring with a 45° orien-
tation angle is introduced.'?®! By tuning the thickness of the
SiO, spacing layer, the dispersion of the reflected electric field
can be compensated, and hence a broadband linear polarization
convertor with high efficiency is achieved for near-infrared light
(left panel of Figure 5f). It has been known that the nanoan-
tenna with a high polarization conversion ratio is an excellent
candidate to generate the Pancharatnam-Berry (PB) phase by
rotating the orientation of the antenna while maintaining the
other geometrical parameters.'3%13! In this case, when the ori-
entation angle of the split ring rotates along the x-direction, a
PB phase gradient is generated. It follows that with a linearly
polarized light normally incidence, the metasurface generates
two anomalous reflection beams with a high conversion effi-
ciency of more than 70% from 1100 to 1750 nm, as shown in
the right panel of Figure 5£.11?8 In addition to anomalous reflec-
tion, the broadband PB phase based on MIM configuration is
also effective for other devices such as holograms!'26:132 and
metalenses.['3¥134 It has been reported that a broadband holo-
graphic image can be formed with a circularly polarized light
from 630 to 1050 nm.[132]

The application of dispersion compensation via the multi-
plication of the contributions from the resonant phase dis-
persion in the metallic structure and the thickness-dependent
dispersion of the dielectric spacing layer is not limited to the
reflection mode in the MIM structure, it occurs to the trans-
mission mode as well. Grady et al. demonstrated broadband
and high-efficiency terahertz polarization converter in trans-
mission mode, as shown in the left panel of Figure 5g.'”! The
schematic of the unit cell is similar to the MIM configuration,
except replacing the solid metallic ground plane with a metal
grating. This grating allows transmission of the cross-polarized
waves but reflects the co-polarized wave like a metal ground
plane. As validated by both calculations and experiments
(Figure 5g), it is capable of rotating a linear polarization state
into its orthogonal orientation with high efficiency in the range
from 0.52 to 1.82 THz.'l A broadband polarization rotator can
also be made by multilayers with a similar mechanism.[13>-141]
Fan et al. demonstrated a freely tunable polarization rotator for
broadband terahertz waves with a three-rotating-layer metallic
grating structure (Figure 5h).14% By mechanically rotating the
orientation angles of three gratings, the polarization of the lin-
early polarized THz wave can be conveniently rotated to any
desired direction with nearly perfect conversion efficiency.
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2.2.2. Dispersion Compensation via Adding the Contributions
from Different Dispersion

Apart from the multiplication, adding up the contributions from
two types of dispersion with the opposite evolution tendency
with respect to frequency can also lead to a dispersion-free struc-
ture with broadband response, as illustrated in Figure 6a. It has
been known that the phase discontinuity originated from the
PB phase is dispersion-freel'*?1#4; ie., the PB phase depends
on the orientation angle of the building block only, and it is not
related to the other geometrical parameters. However, even for
the broadband PB-phase-based metamaterials,'*>!4¢l due to the
different phase accumulation through light propagation with dif-
ferent wavelengths, strong chromatic aberration remains, which
limits their performance in broadband focusing and imaging.'*!
By superimposing multiple independent resonances in a unit
cell, achromatic metalens working at several discrete frequen-
cies or narrowband can be achieved.'31#-1#] Recently, Wang
et al. employed the integrated-resonant unit element, which con-
sists of basic geometric phase and compensated resonant phase
to realize broadband achromatic flat optical components (inset
of Figure 6b).'®l When the working wavelength satisfies A
{AminAmax }» the distribution of phase retardation for an ideal
achromatic metalens can be expressed as the sum of two parts

PR, 2) = (R, Amax) + AQ(R, 1) (2)

where

AQ(R,A) =—[27r(\/R2 +F —F)](%—%) (3)

Here, R is the distance from arbitrary position on the met-
alens to the center and F is the focal length. The first term in
Equation (2) can be easily acquired from the geometric phase,
which can be adjusted by changing the orientation angle of the
building block. Meanwhile, the second part of Equation (2) (for
details in Equation (3)) requires that the phase response be lin-
early proportional to the wavenumber. One approach to realize
such dispersion is to judiciously design the resonance phase
response of metallic structures. Because the mechanism of this
resonant phase response in this system['® is completely dif-
ferent from the geometric phase, these two parts of the phase
do not interfere with each other. Instead, they can be simply
added up. Via this “adding up” operation, the contributions of
different components compensate each other, thus forming a
dispersion-free region. The simulations in Figure 6b demon-
strate that the integrated-resonant unit element can satisfy this
requirement. As shown in the gray region of Figure 6b, the con-
version efficiency remains nearly a constant when the reflected
phase changes linearly with the wavenumber. This indicates
that the addition of the contributions from the geometric phase
and resonant phase can provide an accurate achromatic phase
profile for the metalens within a certain wavelength range. To
verify it, an achromatic converging metalens designed for band-
width from 1200 to 1680 nm has been fabricated (Figure 6c¢).
With a numerical aperture of 0.268, the focal length of the
achromatic metalens remains almost a constant for different
incident wavelengths. For most optical applications, however,
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Figure 6. The dispersion compensation based on adding up the contributions of different components to achieve a broadband response. a) The
schematics to show the dispersion compensation based on adding up the contributions of different components. b) The efficiency to convert a
right-circular-polarized state to left-circular-polarized state (red curves) and phase response (blue curves). c) Experimental intensity profiles of broad-
band achromatic metalens along axial planes at various incident wavelengths. b,c) Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/)."8 Copyright 2017, The Authors, published by Springer Nature.
d) The plot of the circularly polarized conversion efficiency (red curves) and phase response (blue curve) for the integrated-resonant unit element
with phase compensation of 1080°. e) The captured images from an achromatic metalens after color correction. d,e) Reproduced with permis-
sion.'% Copyright 2018, Springer Nature. f) The schematic of a metalens element consists of two TiO, nanofins, which are rotated to the center
of the square. g) The achromatic metalens imaging of the standard resolution target with an illumination bandwidth of 200nm centered at 570nm.

f,g) Reproduced with permission.['>!l Copyright 2018, Springer Nature.

transmission schematic is more desirable. Therefore, recently
such a design strategy has been applied to a dielectric meta-
surface, which works in the visible regime with transmission
mode.50131 Gallium nitride, which is lossless in the visible
regime, is applied to build the integrated-resonant unit element
(the inset of Figure 6d)."°% The simulations in Figure 6d show
that the gallium nitride structure provides a linear relationship
between the phase response and the wavenumber. The meas-
urements demonstrate that the focal length of this dielectric
achromatic metalens remains a constant for the wavelength
between 400 and 660nm. The full-color imaging with this ach-
romatic metalens indicates that the device is promising for the
full-color optical applications (Figure Ge).">” During the same
period, Chen et al. also illustrated that by judicious designing
of TiO, nanofins on a surface, a transmission achromatic met-
alens with large bandwidth can be achieved (Figure 6f), and
white-light achromatic imaging from 470 to 670nm has been
experimentally realized, as shown in Figure 6g.l'>!]
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2.2.3. Dispersion Compensation via the Subtraction
of the Contributions of Different Dispersion

The broadband response can also be realized by using disper-
sion compensation via the subtraction of the contributions
of the different components (Figure 7a). The idea was theo-
retically and experimentally demonstrated by Wu et al. with a
metallic helix array (Figure 7b).52 In the earlier studies, due
to the specific asymmetric shape, helix array has been exten-
sively investigated as a chiral metamaterial.'>*"'>% By choosing
certain geometrical parameters to control the local resonance
of nanostructures and Bragg scattering of periodic structures,
Wu et al. demonstrated that the dispersion relation for the
right- and left-handed elliptically polarized eigenstates can
be simultaneously modulated.'>?l The calculated band struc-
ture in Figure 7c shows that for a specific design, the disper-
sion of the lowest branch By (black solid line, the degenerated
+1 orders of helical Bloch states with the electric fields along the
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Figure 7. The schematics of the approaches to realize the broadband response by dispersion compensation via subtracting the contributions of the
components. a) The schematics of dispersion compensation via subtraction of the contributions of different components. b) The schematics to show
the transverse propagation through the array of helices, which are arranged in a square lattice. c) The experimental realization of the designing in
(b) and the corresponding dispersion diagram. d) The plot shows both the calculated and measured transmission spectra of the helix array. b—d) Repro-
duced with permission.'"? Copyright 2011, American Physical Society. e) The plot to show the designing of the unit cell consisting of two subunits,
each with eight gold V-shaped antennas. f) The schematics to show that two orthogonal plasmonic eigenmodes, V and H (red and blue curves), can
be excited by an array of identical anisotropic plasmonic structures. g) The calculated phase difference ¥ and the ratio of amplitudes R of the two
orthogonal waves. e-g) Reproduced with permission.l®"l Copyright 2012, American Chemical Society. h) The schematics of the designed L-shaped
stereo structures (LSSs) unit, and the SEM image of the LSS array. The scale bar represents 5 um. i) The calculated amplitudes of the reflected light
and the phase difference for different polarizations. h,i) Reproduced under the terms of the CC-BY Creative Commons Attribution 3.0 Unported License

(https://creativecommons.org/licenses/by/3.0/).['% Copyright 2014, The Authors, published by AIP Publishing.

y-direction) and the second-lowest branch B; (red dashed line,
the zeroth order of helical Bloch state with the electric fields
along the z-direction) are almost linear and parallel each other
in a broadband range. In this case, two orthogonal eigenstates of
the By and By branches pick up the same phase difference in a
wide frequency range. This broadband mechanism is quite dif-
ferent from previous ones that utilize helix structures like that
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in ref. [153], where light propagates along the helix axis and the
broadband response originates from the superposition of three
standing wave modes along the propagation direction, as dis-
cussed in Section 2.1. In the scenario of ref. [153], the metas-
tructure can only block the circular polarization with the same
handedness as the helices and work as a broadband circular
polarizer. However, dispersion compensation via the subtraction
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of the contributions of the different components can realize
more functions in broadband waveplates. This unique design
has been experimentally demonstrated, as shown in Figure 7d,
where the y-polarized light transmits through the helical array
and turns into the right-handed circular polarized light. The
bandwidth ranges from 3.9 to 9.6 GHz, as schematically illus-
trated in Figure 7d. The experimentally measured transmission
spectra are in good agreement with the simulations. Based on
the same dispersion—compensation principle, more nanostruc-
tures supporting two orthogonal resonant modes with a constant
phase difference have been reported.'®-1%7] Yu et al. proposed a
metasurface to realize broadband polarization conversion with
high efficiency in the mid-infrared regime.'®! The unit cell con-
sists of two spatial separated subunits (the pink and the green
ones in Figure 7e), generating two co-propagating waves with
equal amplitudes and orthogonal polarizations. The phase dif-
ference between these two co-propagating waves is fixed at /2
over a large frequency range, as shown in Figure 7f. Via coherent
interference, this metasurface acts as a quarter waveplate and
generates a circularly polarized beam. The measured phase dif
ference ¥ and amplitude ratio R in Figure 7g indicate that ¥
and R are very close to 90° and 1, respectively, suggesting that a
broadband quarter waveplate has been realized in the wavelength
ranging from 5 to 12 um.'®!l Instead of introducing volumetric
metamaterials or combining two subunits inside one unit cell,
Xiong et al.l'® introduced a new broadband approach, which
consists of standing metallic L-shaped stereo structures (LSSs),
as shown in Figure 7h. Each arm excites one electric dipole and
builds the desired dispersion as shown in Figure 7f. The reflected
spectra and phase response are simulated in Figure 7i. When
the incident light is 45°polarized, the reflected amplitudes for
45°- and 145°-polarized light are almost identical in the range
of 1550-2100 cm™, and the phase difference between 45°- and
145°-polarized light remains 90°. This situation means that a
right-circular-polarized light has been realized within this fre-
quency range.

2.3. Broadband Response Based on the Nonresonant Effects
of the Metastructures

As discussed in previous sections, the broadband response can
be achieved via superimposing multiple resonant modes or by
dispersion compensation. An alternative approach to realize the
dispersion-free effect is to use the nonresonant feature of some
metastructures, where the dispersion spectrum becomes nearly
flat. Three different ways to realize the broadband response
are presented in this section: using the nonresonant response
of nondispersive materials; selecting a working frequency far
away from the resonant frequency of the structure, and relying
on the frequency-independent physical effects to realize the
broadband electromagnetic response.

2.3.1. The Nonresonant Response of Nondispersive
or Low Dispersive Materials
The broadband response can be achieved by using the non-

resonant feature of the nondispersive or low-dispersion meta-
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materials (Figure 8a). Because most dielectric materials are
low dispersive in a certain frequency range, people can take
the advantage of this feature to design the broadband mate-
rials, which has been successfully applied in broadband
cloaking, 1171 lenses,'”7>17° antennas,'’®! photonic crys-
tals,77178] etc. For example, Ma et al.l”?l presented a 3D
broadband flattened Luneburg lens made of nonresonant meta-
material, which is fabricated by drilling inhomogeneous holes
on the multilayered dielectric plates. The continuous variation
of the refractive index (n) has been realized by tuning the air
filling ratio by changing the diameter (D) of the holes in the unit
cell (Figure 8b). It has been reported that some 2D materials
also have low-dispersion features, which are good candidates to
fabricate ultrathin broadband metamaterials. As illustrated in
Figure 8¢, at the frequency lower than 2Eg/h (where E is the
Fermi energy), such as in the terahertz frequencies, the sheet
conductance of monolayer graphene is dominated by intra-
band transitions and exhibits a value of (¢?Er7)/(mh?).17? This
conductance can lead to broadband absorption. Moreover, by
controlling Fermi energy Ep with electrical gating or chemical
doping, this broadband absorption is also tunable.”?) Based
on the broadband and tunable properties of conductance, mon-
olayer or a few layers of graphene can be employed to design
the broadband electro-optic modulators.'7%-1%8] For example,
Liu et al.'®) experimentally demonstrated a broadband, high-
speed, and waveguide-integrated electroabsorption modulator
based on monolayer graphene (Figure 8d). By electrically tuning
the Fermi level of the graphene sheet, they experimentally
demonstrated a broadband modulator operating in the range
from 1.35 to 1.6 um, with the operation speed higher than
1.0 GHz.189] Besides, terahertz modulators with high tunability
in both intensity and phase are essential for effective control of
the electromagnetic properties. Chen et al.l'¥”] demonstrated a
highly tunable solid-state graphene/quartz modulator based on
the low-dispersion sheet conductance of graphene (left panel
in Figure 8e). By controlling the electric gate, the conductivity
of the graphene can be varied and hence the refractive index
can be tuned. In this way, a nearly perfect intensity modula-
tion with the modulation depth (the ratio of reflection change
to original reflection) higher than 99.3% from 0.5 to 1.6 THz
(middle panel in Figure 8e) has been achieved. Meanwhile, the
relative phase shift of the reflected light remains more than 140
degrees in this broadband range (right panel in Figure 8e).['*”]

2.3.2. Selecting Working Frequencies Far Away from the Resonances
in the Metastructures

Another approach to realize the dispersion-free feature is to
select a working frequency far away from the resonant point.
This type of metamaterials is usually termed as nonresonant
metamaterials.l') The dispersion of nonresonant metamaterials
is nearly flat, and the permittivity and permeability do not signif-
icantly vary with the frequency of the incident light (Figure 9a).
This scenario is very similar to that of the dielectric material,
and the interaction with the electromagnetic waves is much
weaker, which can decrease the absorption of the incident light.
Utilizing the metal-based nonresonant metamaterial elements,
Liu et al. found out that the permittivity in the zero-frequency
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Figure 8. The broadband response based on non-dispersive materials. a) The schematics of the broadband response based on nondispersive
materials. b) The photograph of a 3D flattened Luneburg lens (left), and the relationship between the refractive index and the hole’s diameter
of the unit cells (right). Reproduced with permission.['’2 Copyright 2010, Springer Nature. c) The qualitative trend of the frequency-dependent
conductance for monolayer graphene normalized to €?/4%. The optical frequency range exhibits a universal value of 1, whereas in the THz range,
the conductance can be orders of magnitude higher. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/).7%l Copyright 2017, The Authors, published by Springer Nature. d) The schematics of a
graphene-based broadband optical modulator. Reproduced with permission.[8% Copyright 2011, Springer Nature. e) The plot to show the 3D diagram
of the graphene-controlled device for ultra-broadband terahertz modulation (left). The modulation depth (middle) and relative phase shift (right)
are shown as a function of frequency. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).'¥7] Copyright 2018, The Authors, published by Springer Nature.

limit (the working frequency far away from the resonant fre-
quency) can be expressed as

£
2

0

“)

Ew—0)=1+

where f, is the plasma frequency and f; is the resonant frequency
of the metamaterial elements.') It follows that the permittivity
of the nonresonant metamaterials in the zero-frequency limit
can be tuned by changing the geometry of the metamaterial ele-
ment (i.e., changing the resonant frequency f;) (Figure 9b).*"]
Such nonresonant metamaterials can be applied to facilitate
many devices, such as broadband cloaking structures,!89-19
lenses,[19:200-206] antennas, 27220 and other broadband metama-
terials.?21-224 The ground-plane cloaking, for example, provides
the cloaked objects an appearance of a flat conducting sheet.
Since the resonance point of the structure has been avoided, the
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electromagnetic loss is no longer a significant issue. Based on
this principle, Liu et al. experimentally realized a ground-plane
cloaking (Figure 9c). To match the complex spatial distribu-
tion of the required constitutive parameters, they constructed a
metamaterial consisting of thousands of elements with different
geometrical parameters, which are determined by an automated
design process. These elements possess nonresonant features,
resulting in a broad bandwidth (13-16 GHz) for a ground-plane
cloak.’® The other example is the broadband flat metalens
made by Kundtz and Smith.2%U The required refractive index
profile of the lens is achieved through patterning specific copper
strips on a dielectric substrate. The copper strips act as polariz-
able inclusions in the medium, determining the overall polariz-
ability of the unit cell (Figure 9d). These strips do not resonate
in the broad operation frequency range (7-15 GHz).

Another application of the nonresonant metastructures is
to achieve broadband negative refraction based on hyperbolic
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Figure 9. The broadband response realized by selecting the working frequency far away from the resonant region. a) The schematic shows the frequency
range with a broadband response, which is far away from the resonant region. b) At frequencies well below the resonance, the unit cell behaves like
an effective medium. By changing the unit scale a of the metamaterial element, one can tune the value of low-frequency permittivity. b) Reproduced
with permission.l"l Copyright 2009, Optical Society of America. c) The photograph of the broadband ground-plane cloaking, the nonresonant elements
and the relation between the unit cell geometry (a varies from 0 to 1.7 mm) and the effective index. Reproduced with permission.l®l Copyright 2009,
American Association for the Advancement of Science. d) The schematic of the flattened Luneburg lens. The required refractive index profile of the
lens is achieved by patterning the specific copper strips on a dielectric substrate. Reproduced with permission.2%" Copyright 2010, Springer Nature.
e) Schematic of metallic nanowires embedded in a dielectric matrix, constructing the hyperbolic metamaterials. f) The effective permittivities parallel
and perpendicular to the nanowire for silver nanowires embedded in an alumina matrix with two different filling ratios. The gray region is far away from
the localized SPPs around 400 nm and the property of negative refraction maintains in this area. e,f) Reproduced with permission.8l Copyright 2008,
Optical Society of America. g) The schematic of negative refraction from air into the hyperbolic metamaterials. The zoom-in pictures show the top and
side views of the silver nanowires and alumina matrix. The scale bars indicate 500 nm. h) The Measured beam intensity at the existing surface of the
metamaterial slab at the wavelength of 660 and 780 nm, respectively. g,h) Reproduced with permission.?2’l Copyright 2008, American Association for
the Advancement of Science.
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metamaterials (HMMs).227233 HMMs are a class of highly ani-
sotropic metamaterials that hold hyperbolic dispersion.?25-2%7]
One kind of hyperbolic structures is a large number of metallic
nanowires embedded in a dielectric medium, as shown in
Figure 9e.228! In 2008, Liu et al. theoretically demonstrated that
by introducing silver nanowires embedded in an alumina matrix,
the real part of effective permittivity parallel (g)) and perpendic-
ular (g) to the nanowire becomes negative and positive, respec-
tively.??) In this configuration, as simulated in Figure 9f, the crit-
ical condition g+ &, <0 for the negative refraction can be realized
in a broad spectral region, as indicated by the gray region, which
is far away from the localized surface plasmon polaritons (SPPs)
around 400 nm. Thereafter, this idea was experimentally veri-
fied by the same group in the silver nanowire metamaterials.?*’!
Figure 9g illustrates the schematic of the negative refraction
from air into the hyperbolic metamaterials. The measured beam
intensity shown in Figure 9h demonstrates that the negative
refraction occurs in a wide spectral range from 660 to 780 nm.

2.3.3. Relying on the Frequency-Independent Physical Effects

By relying on some frequency-independent physical effects, it
is possible to achieve a broadband electromagnetic response
in metastructures. Here, we take examples to illustrate that the
radiation of surface plasmons, which is frequency independent,
can make the structured metals ultra-broadband transparent.
It has been found that surface plasmons (SPs) or spoof surface
plasmons (SSPs) on the surface of structured metals can lead
to extraordinary optical transmission.l'?*] However, due to the
underlying resonance mechanisms of the metal, these transpar-
ency phenomena occur only in a very narrow frequency band.
In 2000, Huang et al.?*] initially predicted that metallic gratings
consisting of narrow slits can become transparent for extremely
broad bandwidth at oblique incidence (Figure 10a). This unique
phenomenon of ultra-broadband transparency originates from the
radiation of SPs (or SPPs),23l which is frequency independent.
Physically, when the transverse-magnetic (TM) polarized light
illuminates the subwavelength metal grating, the incident wave
drives free electrons on the conducting surfaces and part of the
slit walls to form SPs (or SSPs). The SPs (or SSPs) then propagate
on the slit walls but are abruptly discontinued by the bottom edges
to form oscillating charges that emit the transmitted wave, which
eventually makes those structured metals highly transparent.*]
The corresponding microscopic process is not sensitive to the fre-
quencies of the incident waves, thus leading to ultra-broadband
flat transmission. Later on, this effect has been experimentally
verified in terahertz (Figure 10b),23% microwave,?3) and visible(238]
regimes. Interestingly, this ultra-broadband transparency of metal
gratings can also be macroscopically interpreted by the anoma-
lous impedance-matching mechanism?* (Figure 10c). Actually
as a nonresonant effect, this unusual broadband transparency
phenomenon has been verified at wide spectral range,240-248]
and extended from one dimension to two dimensions,238249-252
and even generalized from light waves to acoustic waves,2>>2>4
which achieves promising applications on transparent conducting
panels and high-efficiency photovoltaic devices.

There are some other frequency-independent effects that can
lead to a broadband electromagnetic response. For example,
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enhancing and funneling light efficiently through deep sub-
wavelength apertures are essential in harnessing light-matter
interaction. Subramania et al.”> presented a paradigm struc-
ture comprising periodically connected rectangular apertures
with two different sizes (Figure 10d). It shows an efficient
ultra-broadband funneling of optical power confined in an area
as small as (A/500)%, where the optical fields are drastically
enhanced.?5>27] This nonresonant effect originates from a fre-
quency-independent quasi-static process, wherein the electrons
in the metal respond nearly instantaneously to the incident
field and the charges build up across the gaps (see the left panel
of Figure 10d). The electric field in each respective slit region
has no phase difference; thus, broadband funneling of light
is realized via ultra-subwavelength channels beyond resonant
platforms. Another example is about a long-standing desire to
design a broadband angle-selective system, where only the light
with a certain incident angle can go through. Shen et al.'78 uti-
lized a 1D photonic crystal, where two different materials are
alternately stacked, to realize the narrow-angle selectivity over
a broad frequency range. Due to the impedance match between
the sample and the surrounding colorless liquid, the angle-sen-
sitive mode can be preserved over the entire visible spectrum
(Figure 10e). All these frequency-independent physical effects
are nonresonant ones, which can reduce dramatically the elec-
tromagnetic loss of the material. Therefore, the device effi-
ciency in this scenario has been increased, as that reported in
the high-performance solar cells,!?*®! broadband detectors,25%260]
and broadband angular momentum multiplexing.[26!]

2.4. The Other Approaches towards Broadband Response

As we indicated in previous sections, currently the
broadband response can be realized either by superimposing
multiple resonant modes, or via dispersion compensation, or
by using the nonresonant effect in the artificially structured
materials. Actually, there are some additional ways to achieve
the broadband feature.

2.4.1. Expand the Bandwidth by Lowering the Q Factor
in a Resonant System

For the resonance of a structure, a dimensionless factor, Q, is usu-
ally introduced to designate the relationship between the central
frequency fy and the FWHM Af = f; . — fuin, Which is defined as

_fo_ S 5
=N o fom P)

By lowering the Q factor of a system at the fixed resonant fre-
quency, the bandwidth of the system Af= f,/Q increases accord-
ingly (Figure 11a). It is known that both the split-ring resonator
(SRR) and the electrically coupled LC resonator (ELC) are essen-
tially RLC resonators,>262l and the Q factor can be expressed as
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Figure 10. The broadband response based on the nonresonant physical effect of metastructured materials. a) The calculated transmission spectra of
a gold grating for TM polarization. Reproduced with permission.?** Copyright 2010, American Physical Society. b) The measurements of TM polariza-
tion light transmission through a gold grating. Time-domain THz transmission signals (left panel) and the corresponding transmission spectra (right
panel) for different incident angles. The calculated results agree well with the experiments. Reproduced with permission.2*l Copyright 2012, Wiley-
VCH. c) The angular transmission spectra for gratings with different widths. The dashed line indicates the anomalous impedance-matching condition.
Reproduced with permission.2*? Copyright 2011, American Physical Society. d) A paradigm structure with periodic connected rectangular apertures
of two different sizes operating at normal incidence. The schematic depicts the frequency-independent quasi-static process of the charge response.
The corresponding transmission spectra are shown in the right panel. Reproduced with permission.?>l Copyright 2011, American Physical Society. e)
Experimentally measured p-polarized transmission spectrum. The experimental results in the right panel demonstrate that the sample is transparent
(up to 98%) to p-polarized incident light at a critical angle (55°) and behaves like a mirror at all other incident angles over the entire visible spectrum.
Reproduced with permission.[78 Copyright 2014, American Association for the Advancement of Science.

where R is the electric resistance, L is the inductance, and Cis  as a control parameter to tune the Q factor. The increase of R

the capacitance. The resonant frequency is determined by yields a flatter resonance curve and the decrease of Q factor,
whereas a decrease of R yields a sharper resonance curve and

o= 1 Jic ) the increase of Q factor. Gu et al.?®2l reported the expansion of
*on the bandwidth by adding resistors in the metamaterial absorber

(with fixed L and C, so fy remains a constant). It follows that
indicating that once L and C are determined, the resonant according to Equation (6), Q factor of this metamaterial absorber
frequency f; remains a constant. Meanwhile, R can be used  decreases; hence, the bandwidth Af expands (Figure 11D).l262
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Figure 11. Expanding the bandwidth of a resonant system by lowering the Q factor. a) The schematics to show the expanding of the bandwidth by
lowering the Q factor of a resonant system. b) The plot to show the unit cell of an ELC and an SRR structure, the photo of the ELC-SRR absorber, and
the simulated absorption of separate and combined ELC-SRR performance. b) Reproduced with permission.[262 Copyright 2010, AIP Publishing. c) The
geometry of an SRR loaded with an arbitrary impedance Z| and its lumped element equivalent circuit representation, and the magnitude of the parameter
of the unloaded (dashed line) and loaded (solid line) SRR-based antenna. Reproduced with permission.?%¢l Copyright 2013, IEEE.

The application of this strategy can be found in exploring new
broadband metamaterial absorbers, 20225l and some other meta-
material-inspired components.?® The different bandwidth of
the unloaded components (without adding extra resistance R or
impedance Z;) and the loaded components (with extra resistance
R or impedance Z;) can be clearly seen in Figure 11c; clearly, the
loaded SRR-based antenna (solid line) has a broadened band-
width comparing with that of the unloaded (dashed line) one.[2¢]
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2.4.2. The Broadband Features in Ulirafast Systems

Another example of broadband response comes from the ultra-
fast optics, where the duration of the ultrafast optical pulse
corresponds to a broadband frequency range after the Fou-
rier transformation (Figure 12a). It has been known that for the
application of terahertz technology, one of the challenges is to
find efficient and compact terahertz emitters/detectors with a
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fast pulses in time. b) The measured THz time-domain signals by pumping the SRR magnetic-dipole resonance (black dots) at 1500 nm; the inset
exhibits the linear optical transmission showing electric (red curve) and magnetic (black curve) resonances of SRRs. c) The normalized time-domain
THz pulses and the corresponding spectral amplitudes generated from the SRR emitter and three different detectors. b,c) Reproduced with permis-
sion.l27] Copyright 2014, Springer Nature. d) The THz pulse traces (100-180 fs) and the corresponding normalized spectral amplitudes. Reproduced

with permission.[2%81 Copyright 2018, Optical Society of America.

broadband spectrum.?97-2%l [yo et al.?%”] demonstrated an effi-
cient single-cycle broadband terahertz generator in the range
of 0.1-4.0 THz, which is composed of a thin layer of split-ring
resonators a few tens of nanometers in thickness pumping
at the telecommunication wavelength of 1.5 um (200 THz).
The broadband terahertz emission arises from the excitation
of a magnetic-dipole resonance in the split-ring resonators
(Figure 12b). The bandwidth of the SRR emitter can be as
wide as 4.0 THz (Figure 12c). By introducing shorter pumping
pulses, even wider terahertz bandwidth can be achieved. For
example, the bandwidth of the generated terahertz spectrum
can be tuned by changing the duration of the incident Gaussian
pulse.?%®l The terahertz emission bandwidth and central fre-
quency scale linearly with the bandwidth of the pumping pulse;
a shorter pumping pulse of 100 fs leads to a broader terahertz
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emission bandwidth comparing to a longer pumping pulse of
180 fs (Figure 12d).1268]

3. Conclusions and Outlook

In previous sections, we briefly summarized the different
approaches in designing broadband optoelectric artificially
structured materials. The most straightforward strategy in
realizing the broadband electromagnetic functionality is to
superimpose multiple resonant modes. Despite its wide appli-
cations in electromagnetic absorbers, solar cells, antennas,
filters, invisibility cloaks, and slow light materials, it indeed pos-
sesses some restrictions. Actually to design the metastructures
with different independent resonant modes in a limited space
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is technically challenging, and to keep those resonant modes
non-interferential and equal intensity is also demanding.
Therefore, practically it is not easy to combine too many sepa-
rated resonant modes in a single metastructure.

With nonresonant effects, we can achieve a broadband
response, where both the permittivity and the permeability are
insensitive to the change of frequencies of the electromagnetic
waves. However, due to the nonresonant characteristics of the
metastructure, the interaction between light and material is
weak. This means that in order to change the states of light,
a sufficiently long optical path has to be accumulated. So, the
size of the device will not be small, which is not favorable in the
trend of device miniaturization and integration.

By tuning the Q factor of a resonating system, it is possible
to change the bandwidth with the trade-off of the sensitivity of
the system response. Similarly, in the ultrafast optical system,
by tuning the pulse duration, the bandwidth can be tuned. In
this scenario, however, nonlinearity is usually required to gen-
erate the broadband effect,?”] which induces the additional
requirements in structural design.

The dispersion compensation approach, among the afore-
mentioned methods in the above sections, seems to be a
more elegant strategy. It allows us to manipulate the electro-
magnetic contributions coming from different dispersion in
the structure with certain algebra operation, eventually real-
izing a frequency-insensitive electromagnetic response. What
makes this approach even more interesting is that it usually
requires us to combine an artificially structured metallic mate-
rial and dielectric material. Meanwhile, the strong phase dis-
persion in the thin metallic structure can be compensated by
the thickness-dependent dispersion of the dielectric material.
Hence, a dispersion-free feature can be eventually realized.
Introducing the hybrid metallic—dielectric metastructures also
helps to shrink the device size, which is a very important issue
in nanophotonics.

Despite the success so far in developing functional struc-
tures with broadband features with different strategies, there
are still some aspects awaiting further exploration. One
valuable prospect is to achieve broadband electromagnetic
multifunctionalities by manipulating multiple degrees of
freedom (DOFs) of light (e.g., polarization, amplitude, inci-
dent angle, etc.).””% For example, polarization is a convenient
DOF making the broadband electromagnetic functionality, yet
most broadband function works only on certain polarization of
incident light.2”1:272] Recently, by employing meta-units with
fourfold symmetry or rotational symmetry, a broadband achro-
matic polarization-insensitive metalens can be realized, which
is highly desirable for compact imaging systems particularly in
virtual/augmented reality.?’>?’4 Furthermore, by tuning more
DOFs, several broadband electromagnetic functionalities can be
integrated into a single device. For example, one device could
act as a broadband hologram, broadband waveplate, and broad-
band detector/sensor, respectively, by merely changing the inci-
dent angle. Such kind of approaches could be further employed
to implement more functionalities, including the encryption
in information processing. In principle, broadband multi-
functional metastructures can build hybrid DOF multiplexing
systems, which can be applied for high-density data encoding,
security encryption, and optical information engineering.
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Another possible hot spot for the future development of
metastructures is the active control?”=?"7] of the bandwidth of
metamaterial with external fields, such as electrical field, mag-
netic field, light field, thermal field, mechanical force field, etc.
For many transition metal oxides, the insulator-metal transition
occurs due to the microscopic interactions among the charge,
lattice, orbital, and spin degrees of freedom. Liu et al. reported
an interesting observation of an insulator-metal transition
induced by a terahertz electric field in vanadium dioxide, which
is covered by gold metastructures.l?’® By applying picosecond,
high-field terahertz pulses, the Coulomb-induced potential
barrier is reduced for carrier transport and the electronic den-
sity is rearranged in the system; thus, a nonlinear response
is observed across the phase transition. In this way, the func-
tional nonlinear electromagnetic composites are achieved by
integrating metamaterials with phase-change materials, which
can be tuned by a terahertz electric field in real time. Further-
more, a broadband electromagnetic response may be imple-
mented in those composites by applying the aforementioned
strategies for broadband functionalities. Recently, Abbaszadeh
et al. reported that the mechanical strain can create a synthetic
gauge field that controls the dynamics of electrons in the gra-
phene sheets.”””! Upon tuning the strength of the gauge field,
the density of states and the transverse spatial confinement of
sound in the metamaterial can be effectively tuned. To some
extent, active control with an external field provides a prom-
ising way to design the new generation of metamaterials that
may dynamically modulate their physical properties, including
the bandwidth, upon request.

Finally, we anticipate that the principles presented in this
article, although initially coming from the electromagnetic sys-
tems, can be transferred to the related areas, such as acoustic
metamaterials, 280281 mechanical metamaterials,/?792821  and
thermal metamaterials.l?83284 Material designing based on the
basic physical principles is the first step to make devices with
novel functionalities, which is the cornerstone of nowadays fast
developing information technology. The concept of metamate-
rial, since it was first known to the world in 1999, has brought
us a large number of surprising and unexpected new physical
properties. It is a good example of advanced materials with the
artificially designed microstructures that their physical proper-
ties can be tailored to meet the exploding technology demands.
On the road of exploring new metastructured materials with
adaptive and sensitive broadband physical properties, we
believe that the obstacles can surely be overcome with knowl-
edge, imagination, and endeavors.
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