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This paper presents a review of the subwavelength interference effects of light in struc-
tured surfaces. Starting from the anomalous interference in simple structures such as
double nanoslits, thin films, and catenary apertures, the theories and applications of
light-matter interaction in layered, periodic, and aperiodic subwavelength structures
are discussed. Two basic platforms, i.e., Young’s double slits and the Fabry—Perot cavity,
are used as prototypes for the investigation of the complex interference of surface waves.
It is shown that these novel phenomena could dramatically reduce the characteristic
lengths of functional devices and increase the resolution of optical imaging. By engineer-
ing the dispersion of surface waves, broadband responses beyond traditional limits
in both temporal and spatial regimes have been demonstrated. As a final remark, the
current challenges and future trends of subwavelength interference engineering are
addressed. © 2018 Optical Society of America
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Subwavelength interference of
light on structured surfaces

XiaNGANG Luo, DINPiING Tsal, MiN Gu, AND MiNGgHUI HoNG

1. INTRODUCTION

As one of the most essential characteristics of all kinds of waves, including light,
sound, matter waves, and gravitational waves, the interference effects have always
been the hotspot of research activities in scientific history. However, some wavelength-
dependent properties such as the diffraction limit and delay-bandwidth limitation [1-3]
hinder their applications in high-precision measuring, manufacturing, and functional
optical devices. Over the last three decades, the emergence of subwavelength physics,
including research into photonic crystals, plasmonics, and metamaterials, has led to
renewed interest and a wealth of breakthroughs in the fields of optics, photonics, and
even acoustics [4—14]. The main aim of this paper is to review recent progress of
research on the anomalous light—matter interaction in subwavelength structures.
Among various intriguing effects, subwavelength interference is the core of the sub-
ject, which in general refers to the constructive or destructive interference on a scale
much smaller than the wavelength, accompanied by greatly enhanced evanescent
fields. On such a scale, classical limitations regarding imaging resolution, device size,
and operating bandwidth could be relaxed.

Perhaps the most famous subwavelength interference effect is related to the collective
excitation of electrons and photons on a thin film made of noble metal, i.e., surface
plasmon polaritons (SPPs) [5,15]. In an interference experiment with a silver mask
perforated with nanoslits, it was shown that the period of the interference fringes on a
thin metallic film was reduced to a feature smaller than one quarter of the vacuum
wavelength, which is half the value predicted by classical interference theory [16,17].
In order to clarify the underlying mechanism, Young’s double slits interference was
re-investigated with finite-difference time domain (FDTD) simulations. Surprisingly,
it was found that the fringe period can be even pushed down to smaller than 1/15 [18].
In another experiment, Schouten ef al. proved that the mutual coupling of the two slits
via SPPs will lead to a periodic fluctuation in the overall transmittance when the wave-
length or distance between the two slits is changed [19]. From the dispersion curve
lying below the light line, it is seen that the effective wavelength of the SPP may be
much smaller than the vacuum wavelength [16]; thus the diffraction effect is sup-
pressed. This property is in accordance with the earlier discussion on the negative
refraction perfect lens [20] and extraordinary optical transmission (EOT) of light
in a subwavelength aperture array [21]. As Pendry proposed in 2000, a single layer
of silver film with negative permittivity could amplify the evanescent wave and form
sub-diffraction-limited images in the near field [20]. The EOT phenomenon, originally
reported in 1998 by Ebbesen et al. [21], was also explained using the interference and
coupling of SPPs [22,23]. Based on the great promise of nanoscale light manipulation
with noble metals, the term plasmonics was adopted to name this new discipline [24].
Great efforts have been spent to study various plasmonic devices, with greatly ex-
panded applications such as bio-chemical sensors, nanolithography, photovoltaic
devices, and photonic integrated circuits [1,25-28].

Apart from overcoming the diffraction limit, subwavelength interference of SPPs
also plays an important role in local phase modulation and wavefront manipulation.
Based on the near-field coupling of SPPs on adjacent metal—dielectric interfaces [16],
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light transmission through double nanoslits with variant width was theoretically
investigated [29,30]. The Fabry—Perot (F-P) interference inside the slits is responsible
for the high-efficiency transmission, while the phase shift can be constantly varied by
changing the slit width. Notably, the evanescent coupling of SPPs in the metallic slits
results in a catenary-shaped intensity distribution (hyperbolic cosine function), which
not only explains the width-dependent propagation constant but also enables high-
contrast nanolithography with plasmonic cavity [31-33]. By arranging nanoslits and
nanoholes with gradient geometric parameters, a set of flat optical components such as
planar lenses, deflectors, and vortex beam generators was designed and experimen-
tally validated by various groups [34-37], which finally led to the formation of the
generalized laws of reflection and refraction [38—40]. More recently, the subwave-
length slits were extended to include the “catenary of equal strength” [41,42], which
generates a linear phase distribution by transforming the spin state of circularly
polarized incidence via space-variant nanoslits perforated in metallic films. Because
the induced geometric phase shift is switchable with the polarization states, similar
structures are useful in the design of multifunctional planar devices with polarization
selectivity [43-47].

The subwavelength interference effect also exists in circumstances beyond the metal—
dielectric interfaces mentioned above. Taking the F-P type interference in a three-
layered optical system as an example, there are periodic transmission maxima when
the thickness of the slab equals the integer times half the wavelength. Similarly, both
Salisbury-type electromagnetic absorbers and anti-reflection coatings have a minimal
thickness of one quarter wavelength. From the most fundamental interference condi-
tion, it is known that the key for either constructive or destructive interference is phase
matching. In classical F-P resonators, the phase shift relies exclusively on the propa-
gation delay along transmission; thus a rigid restriction on the thickness is derived.
With the emergence of phase-shifting surface structures [48], additional degrees of
freedom are introduced to meet the phase-matching requirement and construct sub-
wavelength interference for various applications. For example, Sievenpiper et al.
showed that a thin metal-backed structure (high-impedance surface) has a 180° phase
change at the resonant condition [49], which was intensively studied to reduce the
thickness of antennas and radar absorbers [50-52]. Using a configuration consisting
of a lossy metasurface with tailored frequency dispersion [53], one can introduce fre-
quency-dependent phase change, resulting in destructive interference and near-perfect
absorption over a continuous and broad spectrum [54,55].

In addition to the above anomalous interference effects associated with subwavelength
structures, it should be noted that there are similar phenomena in quantum and stat-
istical optics [56,57]. In coincidence measurement, high-order interference patterns
with reduced interference periods have been observed. By using NV entangled photons,
the interference pitch may be shrunk to be A/2N [58]. Unfortunately, this quantum
or coincidence interference is still very weak and relies on specific measurement con-
ditions [59]; thus much work is still needed to meet the requirements of engineering
applications.

As a result of the explosion of scientific discoveries and theoretical and experimental
advancements in areas related to subwavelength structures, it is hard to give a com-
prehensive survey of all the results. Although several nice reviews on similar topics
have already been presented [1,7,9,10,26,28,60—63], little attention was paid to the
subwavelength interference effects. In this paper, we would like to provide a concise
discussion of the phenomena and principles of subwavelength interference as well as
their engineering applications. The structure of the paper is as follows. In the intro-
duction, we present a brief description of the research history and classification of
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subwavelength interference. In Section 2, anomalous interference phenomena in sub-
wavelength structures are reviewed. In Section 3, basic theories of diffraction, refrac-
tion, and reflection at the subwavelength scale are provided based on the interference
principle. In Section 4, the subwavelength interference in layered structures is re-
viewed. In Sections 5 and 6, periodic and aperiodic subwavelength structures with
embedded subwavelength interference are discussed in detail. In Section 7, the chal-
lenges of current technologies and future developing trends are outlined.

2. ANOMALOUS INTERFERENCE IN SUBWAVELENGTH STRUCTURES

The formation of new theories in sciences generally starts with the observation of
abnormal effects or phenomena that could not be explained by conventional theories.
Among various theories about the generation, propagation, and absorption of light, the
interference of light plays an extremely significant role. In this section, we show that
both Young’s double slits and the F-P cavity can find their counterparts in the sub-
wavelength scale, featuring novel physical properties different from classical cases.
Of course, it should be remembered that in many complex structures, the interference
phenomena are rather intricate and cannot be simply described using these elementary
concepts.

2.1. Extraordinary Young’s Interference

As the heart of wave physics, Young’s double slits experiment was thought of as one
of the most beautiful physical experiments in history [64]. It has been used to validate
the wave physics of both photons and electrons. To date, there has still been much
research on the quantum physics of the multiple photon interference experiment with
such a simple configuration [65,66]. In this review, we would like to constrain our-
selves in classical optics and not be involved in quantum entanglement and related
phenomena. Even in this condition, we will show that there are still many new physics
when the scale of light—matter interaction is scaled down to smaller than the wave-
length. At the beginning of the discussion, we note that the classical Young’s double
slits experiment has made some assumptions. First of all, the material of the screen is
often assumed to be a perfect absorber or perfect electric conductor (PEC); second, the
mutual coupling of the slits is ignored; third, the influence of the slit width and the
polarization of incident light on the interference fringes is often ignored. These con-
ditions are keys to understand the following anomalies, which are referred to as
extraordinary Young’s interference (EYI) for simplicity.

For a typical standing wave created by two counter-propagating waves, the period of
the intensity peaks is generally known to be half of the wavelength. As a consequence,
one can assume that there will be no observable interference patterns when two slits
are placed with a distance smaller than half a wavelength, and this condition is also
required for effective medium theory to be applicable [67,68]. When the period of the
metamaterial becomes larger than 4/2 but smaller than A, higher-order diffraction may
occur for off-axis illumination. When the period is larger than 4, these structures must
be considered as diffraction gratings.

To investigate the Young’s interference on the deep-subwavelength scale, i.e., when
the geometric parameters are much smaller than the wavelength, the light field dis-
tribution for a pair of double slits separated by 100 nm and perforated in a 20-nm-thick
silver film is shown in Fig. 1 [18]. A very interesting phenomenon can be seen: at a
wavelength of 365 nm, the peak-to-peak distance is close to 100 nm, and no inter-
ference pattern is observed; at a wavelength of 385 nm, the peak-to-peak distance is
decreased to about 25 nm, which is almost 1/15. The electric field distribution implies
that surface plasmon resonance has been excited. If the localized fields in the bottom
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left figure are taken as an interference pattern, a more counterintuitive conclusion may
be drawn: the increase of wavelength has led to a much smaller interference pattern.
This EYI effect means that one need not reduce the wavelength to achieve higher
resolution; thus the classical diffraction limit could be overcome. Note that the above
phenomena can only be observed for transverse magnetic (TM) but not transverse
electric (TE) polarization, which is also distinct from the macroscopic experiment.

In practice, subwavelength interference is difficult to record with traditional instru-
ments such as charge coupled devices (CCD) and complementary metal oxide
semiconductor (CMOS) detectors. By placing a photoresist (PR) layer below the per-
forated silver film, a simple method was proposed to record the subwavelength
interference fringes. This configuration also functions as a novel scheme for sub-
diffraction-limited nanofabrication. As illustrated in Fig. 2, with a light source oper-
ating at 436 nm, the width of the one-dimensional (1D) interference fringe was
reduced to smaller than 50 nm [17], which is almost only 1/9 of the vacuum wave-
length. According to numerical simulations and dispersion diagram of the SPP, this

Ag I t
Dielectric

EYI on a thin silver film. The top panel displays the geometric configuration. The
values of p, w, and ¢ are set as 100, 10, and 20 nm. The dielectric constant is supposed
to be 2.89. The bottom panel displays the z component of the electric fields with the
same magnitude scale. Adapted with permission from Pu ef al., ACS Photon. 5,
3198-3204 (2018) [18]. Copyright 2018 American Chemical Society.
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Plasmonic interference with 1D grating on a metallic mask. From left to right: the
experimental configuration, simulated intensity distribution, and scanning electron
microscope (SEM) image of the photoresist pattern. Adapted with permission from
Luo and Ishihara, Appl. Phys. Lett. 84, 4780-4782 (2004) [17]. Copyright 2004 AIP
Publishing LLC.
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approach may provide a promising alternative to traditional bulky and costly photo-
lithographic systems [26,69].

The excitation and interference process in the above experiment can be separated to
realize more flexible modulation of the interference patterns. Figure 3 shows a method
to realize two-dimensional (2D) interference [70]. By using a 266 nm exposing light
and four mutually perpendicular 1D aluminum (Al) gratings with a 130 nm periodicity,
a square lattice of 2D dot array with a 90 nm periodicity and a 40 nm feature size was
realized. By arranging many different gratings and employing the holography principle,
more complex 2D interference patterns were subsequently demonstrated [71,72].

To render the subwavelength interference effect into practical imaging or lithographic
devices, the energy efficiency must be optimized. In general, the separation distance
and width of the slits, together with the film thickness, will influence the efficiency at a
given wavelength. As a result, these geometric parameters have been optimized in
previous simulations and experiments [16,17]. In a follow-up work, the Young’s in-
terference at the metal surface was revisited with a detailed discussion of the influence
of the incident wavelength [19]. It was found that the total intensity of the far-field
diffraction pattern is reduced or enhanced as a function of the wavelength of the
incident light beam, as shown in Fig. 4. Such a phenomenon is attributed to the con-
structive and destructive interference of SPPs propagating along the surfaces. When
the incident field is TE-polarized, the transmission of the double slits is small and
weakly modulated as a function of wavelength. This experiment is also an additional
physical explanation of the famous EOT effect [21]. From the perspective of electro-
magnetics, this unusual interference effect is related to the mutual coupling of anten-
nas [73], which has been widely known in antenna theory. As a result, surface waves
in microwave frequency could also result in similar fluctuation [74].

Using the dispersion relations of waveguide modes derived from boundary conditions,
it is straightforward to show that the effective wavelength of the SPP, defined by the
vacuum wavelength divided by the mode index, is dependent on the film thickness
[16] or the gap width for the nanoslits [29]. As shown in Fig. 5, when light passes
through two slits with the same thickness and different widths (w; and w,), light in
two channels may acquire a phase shift of z; thus the intensity at the center of the two
slits becomes zero. This is in contrast to the bright line formed in the traditional
interference experiment, where the slit width only influences the transmitted intensity

(1Tl
N

2D interference patterns generated by four mutually perpendicular gratings. Periodic
boundary conditions are used in the simulation (depicted by the dashed lines shown in
the left panel). The incident light polarization is aligned along the diagonal. Adapted
with permission from Liu et al., Nano Lett. 5, 957-961 (2005) [70]. Copyright 2005
American Chemical Society.
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but not the phase shift. Furthermore, by properly tuning the geometric parameters of
these nanoslits, constructive and destructive interference was used to direct the energy
flow to one particular direction [30]. Meanwhile, more slits or wider slits filled with
dielectrics have been adopted to increase the exciting efficiency [75].

In another regime, anisotropic apertures were used to excite SPPs and the interference
is dependent on the incident light polarization. Based on the complex photonic
spin-orbit interaction, polarization-controlled unidirectional excitation of SPPs and
holographic pattern generation are demonstrated [76,77]. Figure 6 shows a simple
configuration for switchable directional excitation. Two arrays of rectangular nanoslits
with a relative rotation of § = 6, — 6, are placed adjacent to each other with a hori-
zontal distance of Ay, /4. Under circularly polarized illumination, the phase difference
between the two scattering channels is shown to be z/2 £ 0. If 6 is set to /2, the
interference may be switched from constructive to destructive when the incident light

Transmission

740 760 7(*‘30 860 820
Wavelength (nm)
Mutual coupling in Young’s double slits experiments. The normalized transmission
oscillates as the change of wavelength. The solid and dashed lines indicate the trans-
mission for TM and TE polarization, respectively. Figures 2 and 3 adapted with per-
mission from Schouten ef al., Phys. Rev. Lett. 94, 053901 (2005) [19]. Copyright
2005 American Physical Society.
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EYI experiment with non-equal widths. The angular shift of far-field energy distri-
bution leads to a dark fringe at the normal direction (¢ = 0°). Adapted with permission
from [29]. Copyright 2007 Optical Society of America.
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is changed from left-handed circular polarization (LCP) to right-handed circular
polarization (RCP), or vice versa.

Another interesting interference effect occurs in continuously deformed slits [41,78].
As shown in Fig. 7, circularly polarized light illuminated on this aperture is turned
into its cross-polarization, and then deflected into one side determined by the handed-
ness of the incident light. Owing to the constant phase gradient along the x direction,
the corresponding curve is also denoted as ‘“catenary of equal phase gradient™:
y = A/x - In(] sec(zx/A)|), where A is the horizontal size. Notably, this interference
effect is rather different from both the above double slits experiment and the beaming
effect [79]. Owing to the continuous and linear gradient phase in the aperture, only
light along one particular direction is coherently enhanced. By shape deformation and

Column1 Column2 R

Switchable excitation of SPP by two columns of apertures with a rotation angle of
90° under circular polarized illumination. The apertures of the first and second col-
umns are oriented at angles 6, and 6, with respect to the y axis. The combined
SPP waves propagating away from the column pair (red arrows) have intensities
I, and [;. From Lin et al., Science 340, 331-334 (2013) [76]. Adapted with permis-
sion from AAAS.

Figure 7

LCP incidence

0
X (um)

Spin Hall effect of light induced by a single catenary-shaped aperture. (a) Cross-
polarized electric intensity in the xz plane (y = 1 pm). (b) Measured cross-polarized
intensity patterns in the xy planes for z = 0, 2, 4, and 6 pm under LCP illumination

(4 = 632.8 nm). Reproduced from [78] under the terms of the Creative Commons
Attribution NonCommercial-NoDerivs 4.0 License.
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arranging single elements into an array, miniaturized Bessel-like beam generators and
flat lenses have also been designed and experimentally characterized [78]. Since the
performance does not depend on the excitation of SPPs, it is straightforward to scale
the device to other frequency bands by taking advantage of the scalability of
Maxwell’s equations.

The discovery of the EYI effect has led to a new concept termed “meta-surface-wave
(M-wave),” which is defined as a special surface wave confined at the surface of struc-
tured materials [38,80]. In general, there are three typical properties that distinguish
M-waves from other kinds of waves. First, the effective wavelength of the M-wave
could be much smaller than the vacuum wavelength, which is beneficial for imaging
and lithography beyond the diffraction limit; second, the propagation constant is tun-
able via changing the geometric parameters such as the slit width and film thickness,
leading to a local controllable phase shift; third, for typical structures such as metallic
thin films and slits, the field distribution tends to follow hyperbolic cosine (catenary)
and sine functions, as a result of the evanescent coupling effect [18]. This forms one
basis of the so-called catenary optics.

2.2. Subwavelength F-P Interferometer

In Young’s double slits experiment, subwavelength interference takes place in the
plane perpendicular to the original propagation direction of incident light. In contrary,
F-P interferometers are characterized by interference along the propagation direction.
By adding subwavelength surface structures on the two sides of the classical F-P cav-
ity (a single dielectric slab), the interference phenomena would change dramatically.
Figure 8(a) shows a simple configuration based on metallic slits separated by a di-
electric slab of ¢ = 2.25. Without these subwavelength slits, a 10-mm-thick dielectric
slab would have a transmission peak at f = 10 GHz (4 = 20 mm). However, the in-
troduction of subwavelength slits makes the peak shift to 5.13 GHz owing to the addi-
tional phase shift induced by the localized fields, as shown in Fig. 8(b) [80]. Since the
thickness is only about one sixth of the wavelength, this subwavelength interference
provides an efficient approach to reduce the thickness of similar devices.

1

0.4}

(a) w=0.5mm (b) Transmission
-~ 0.9
p=5mm 07
3
E 0.6
E S 0s)
£
<

031

0.2} .
Reflection
0.1}
€]

0 . . . . L . . . .
0 1 2 3 4 5 6 7 8 9 10
Frequency (GHz)

Subwavelength F-P interference. (a) Definition of the geometric parameters. The bot-
tom shows an effective medium model based on effective admittance. Adapted with
permission from [80]. Copyright 2018 Optical Society of America. (b) Calculated
transmission and reflection coefficients for TM polarization. The transmission peak
locates at /' = 5.13 GHz.

___________________________________________________________________________________|
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As a reflective F-P cavity with a reflective layer on one side, the Gires—Tournois inter-
ferometer (GTI) could also be significantly modified by subwavelength structures.
Figure 9(a) shows the simplest configuration that replaces the reflective layer by a
metallic groove array known as a metamirror. As depicted in Fig. 9(b), it transforms
the reflective phase from 7 to 0 when the depth of the groove equals one quarter of the
wavelength. By defining the ratio of the tangential electric field to the tangential mag-
netic field at the surface, the surface impedance is transformed from O to infinity (high
impedance) at the resonant frequency. Since the electric field reaches a peak at the top
surface, such structures are useful in the design of thin antennas and solar cell absorb-
ers [81]. Figures 9(c) and 9(d) show the measured absorption and simulated electric
field distribution when a silver mirror is substituted by a metallic grating, demonstrat-
ing a clear enhancement of the photon absorption fraction in almost the entire visible
range. Note that besides the simple groove array, many other types of structures,
including mushrooms and patches arrays on the ground plane [49,53], can be used
to realize high impedance with much smaller thickness than these grooves.

The high-impedance surfaces or the so-called artificial magnetic conductors (AMCs)
typically operate in a narrow band. Using the small antenna theory [82], it is easy to
prove that the relative bandwidth for a non-magnetic structure is expressed as
B <« 2nd /A, where d is the overall thickness [51]. To increase the operational band-
width, other degrees of freedom such as the top surface (metasurface) of the GTI may
be utilized. Using the transfer matrix theory, it is seen that if the dispersion of the
metasurface follows a specific rule, broadband response may be achieved for
various kinds of devices such as absorbers, polarization converters, and wavefront

Figure 9
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(a) Corrugated quarter-wavelength-deep metal slab with high surface impedance.
(b) Reflection phase of a resonant textured surface. © 1999 IEEE. Adapted, with
permission, from Sievenpiper et al., IEEE Trans. Microwave Theory Tech. 47,
2059-2074 (1999) [49]. (c) Absorption enhancement of solar cell by metamirror com-
posed of metallic grating. (d) Simulated electric field distribution at a wavelength of
600 nm. Adapted with permission from Macmillan Publishers Ltd.: Esfandyarpour

et al., Nat. Nanotechnol. 9, 542-547 (2014) [81]. Copyright 2014.
|
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shapers [55,83—-88]. As shown in Fig. 10, both the resistance (R) and reactance (X) of a
perfectly impedance matched metasurface are dependent on the operating wavelength
(or frequency) [53], which can be approached using a Lorentz-type resonance induced
by a metallic patches array [55]. With this dispersion-engineered metasurface, the
absorption bandwidth has been doubled without increasing the thickness.

Another interesting effect of the GTI is related to the evanescent waves. As shown in
Fig. 11(a), when evanescent waves are excited at the front layer and reflected back by
the ground plane, the intensity profile inside the dielectric spacer could be expressed
as 4 exp(—2az) + B exp(2az), where a is the attenuation constant, z is the propaga-
tion direction, and A4 and B are coefficients [18]. Clearly, the intensity profile resem-
bles an ideal catenary shape, which could double the depth of field and lead to better
pattern transfer characteristics for nanolithography [89,90]. As will be discussed in
more detail in Subsection 4.1, a large number of current plasmonic lithographic
designs are based on this simple configuration [32,33,91,92].

When both the reflecting surfaces of the GTI are not penetrable, the structure trans-
forms into a metal-insulator—metal (MIM) waveguide [Fig. 11(b)]. In this case, cat-
enary optical fields are just the eigenmodes of this waveguide. The change of width
between the metal has a critical influence on the optical fields and the propaga-
tion constant [39]. Such an effect was extensively exploited to realize local phase
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modulation for applications ranging from beam steering and flat lensing to orbital
angular momentum (OAM) generation [34,35,37,39,93].

2.3. Inter-Mode Interference in Resonators Array

In 1935, Fano gave a hypothetical explanation of the asymmetric line shape of
Rydberg spectral atomic lines and suggested a formula that predicts the shape of spec-
tral lines based on quantum interference [61]. This effect was later widely exploited in
many physical systems, and presented a powerful tool for analyzing mode interfer-
ence. In some circumstances, the mode interference can be interpreted using Young’s
double slits interference. For instance, Young’s interference has been observed in plas-
monic structures when two or more nanoparticles with separation on the order of the
wavelength are illuminated simultaneously by a plane wave [94,95]. The scattering
fields in the intermediate region would interfere and lead to enhanced field intensity,
absorption, and scattering. The localized intensity in a plasmonic dimer may be much
larger than that in a single metallic nanoparticle [95,96], and the intensity enhance-
ment factor is dependent on the geometry of each nanoparticle [97]. As illustrated in
Fig. 12, in dimer plus monomer systems with separations less than 300 nm [94], two
distinct resonances are attributed to the contributions of the dimer (around 790 nm)
and monomer (around 660 nm), which is consistent with the scenario of plasmon
hybridization between the dimer and the monomer. However, when the dimer—
monomer separation is in the range of 400-700 nm, a new behavior emerges as
indicated by the shallow pink region.

The mode interference is usually associated with the symmetry of the structures. By
utilizing asymmetric structures such as asymmetrical split rings and bars [98,99],
sharp trapped (or dark) modes may be excited and interfere with the bright mode;
thus asymmetric spectral lines appear. Fano resonance can also be induced by break-
ing the translational symmetry, i.e., the periodicity of periodic structures. To illustrate
this, three magnetic resonators composed of wire pairs are designed with slightly
different resonant frequencies [100]; thus high-quality-factor trapped modes are in-
troduced. In the ideal case, the dark mode cannot be accessed by far-field excitation,
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as a result of destructive interference. However, the introduction of tiny asymmetry
makes destructive interference not perfect; thus an asymmetric light spectrum is
formed with huge local field enhancement, which may have far-reaching applica-
tions in bio-chemical sensors, nanolasers, and filters, among other electro-optical
devices [61,101].

Note that the loss of material has a significant influence on the resonant spectrum, and
the loss mechanism in the asymmetric structure can be utilized to realize a wideband
and wide-angle absorber, as intensively studied in recent years [100,102] (see more
details in Subsection 5.2). To reduce the optical loss, all-dielectric dimers have also
been investigated [103,104]. Regardless of the fact that dielectric resonators often
have larger sizes and a smaller field enhancement factor, the negligible absorption
is helpful to avoid the heating problem in metallic structures [103].

3. GENERALIZED THEORIES

In this section, an overview of the general theories for the diffraction, refraction, and
reflection behaviors of light is given based on the interference principle. Most contents
in the following subsections can be described with the theories given here.

3.1. Interference Theories for Sub-Diffraction Imaging

Traditional optical imaging theory proposed by Abbe in 1873 is based on the inter-
ference of the spatial spectrum of the diffracted light [105]. The diffraction limit is a
natural consequence of the loss of high-spatial-frequency components, such as the
large off-axis components not collected by the imaging lens and the evanescent waves
that decay exponentially away from the object [106,107]. Recent results show that the
high-spatial-frequency components may be recovered via various near-field or far-
field techniques; thus the barrier of the diffraction limit may be overcome [17,20,25].

In general, the physical model of Abbe imaging is outlined in Fig. 13. The light fields
scattered or radiated by the objects are collected by the lenses or mirrors, while the
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CCD, CMOS, or other photosensitive materials are utilized to record the interference
patterns [105]. Since high-order diffraction and evanescent waves are absent in the
interference process, as shown in the optical transfer function (OTF), such lens sys-
tems are diffraction limited; i.e., the resolution is limited by 0.54/NA, where NA is the
abbreviation for numerical aperture.

In Abbe’s theory, the field distribution in the image plane is expressed using the
Fourier transform of the vectorial spatial spectra:

E.(x,y,2) ky)
E,(x,y,z) / / A (kx, kv) x exp(ik,x + ik,y)dk.dk,, (1)
E.(x,y,2) —(k, A +k,A,)/k.

where

A fo’k) O, (6, ) Ty (ky, k) o
[ y ] / / [Oy(x,y)Ty(kx’ ki) x exp(—ik,x — ik,y)dxdy.  (2)

Here O(x, y) represents the optical fields produced by the objects, T'(k,, k,) is the OTF
of the optical system, and 4, and 4, are the spatial spectra for the x and y polarizations
in the image plane.

One straightforward approach to surpass the classical diffraction limit is to utilize
high-spatial-frequency components in the OTF. In microscopy imaging and nanoli-
thography applications, metal—dielectric multilayers are promising candidates for such
applications as a result of the strong plasmonic coupling effects, which lead to the
amplification of evanescent waves. As early as 2000, Pendry proved that a single sil-
ver layer could work as a perfect lens [20]. For multilayers, it was shown that complex
mode coupling could enable a broader transmission bandwidth in the evanescent
region [108], as shown in Fig. 14(a). Interestingly, when one reduces the thickness
of the layers, the transmission at higher spatial frequency will be significantly
increased. In the deep-subwavelength limit, such multilayers can be considered as
an effective medium.

Using effective medium theory, the equivalent anisotropic permittivities of the deep-
subwavelength multilayers are written as

e = Emtm + gd[d l — l — tm/Em + td/gd (3)
: by +tg & & by +tg

where ¢,, and ¢; are the permittivities of metal and dielectric, and ¢,, and ¢#; are the

thicknesses. According to the wave equation, the dispersion relation of the propagat-

ing wave becomes
k)% k2 k2 2
AL <9> . @

& Ex

Clearly, this dispersion curve is hyperbolic if €,e, < 0. Depending on the value of ¢,
there are two hyperbolic materials that exhibit all-pass (e,,, > 0, &, < 0) and high-pass
(&4 < 0, &, > 0) filtering property, respectively. On the one hand, the all-pass filter is
suitable for super-resolution imaging, because both high and low spectral components
can be used to reconstruct the images. On the other hand, the high-pass filters are often
used to filter out undesired low spatial components, as shown in Fig. 14(b). On the
condition of &, = 0, all spatial frequencies are forced to propagate along the z direc-
tion, which has been widely used in magnifying and demagnifying imaging systems
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(see Subsection 4.2 for details) [109—113]. Note that here we are merely interested in
the super-resolution imaging based on hyperbolic materials; readers can refer to other
references for applications in the enhancement of spontaneous emissions [114-116].

Figure 14(c) illustrates a typical configuration for super-resolution lithography based
on the combination of superlens/hyperlens, photoresist, and a reflective layer. As
shown in the OTF curves [Fig. 14(d)], the superlens has a transmission peak located
at the evanescent region accompanied with relatively high transmission in the propa-
gating region, which helps to increase the resolution of imaging lithography. For the
high-pass hyperlens, pure evanescent waves with large horizontal wavenumber are
filtered; thus higher resolution is feasible especially for interference lithography [117].

The above OTF curves indicate that the use of plasmonic effects could amplify the
evanescent waves that are otherwise lost, thus providing a route to break both the far-
field and near-field diffraction limits. Similar to Abbe’s definition, the near-field dif-
fraction limit means that the resolution is limited by both the wavelength and the
working distance, which is defined according to the working distance at which the
highest evanescent component decays to its 1/e in vacuum [38]:

y)
>__
5_2 , (5)

where 0 is the resolution at a given working distance d between the image and lens.
Obviously, this equation could be combined with the far-field diffraction limit to give
a universal definition:

Figure 14

] ® B}

Effective medium \ 2 /

5 10 15 20 25 30 35 45

)

k/k
() ) d
‘H . Bl 5o myperens

Air

Classic lens

Transmission

Reflective I -
eflective layer Z T

0

Optical properties of metal—dielectric multilayers. (a) OTF for a slab divided into 5,
10, and 40 layers. When the thickness of each layer becomes much smaller than the
wavelength, it approaches the effective medium theory. Adapted with permission from
Wood et al., Phys. Rev. B 74, 115116 (2006) [108]. Copyright 2006 American
Physical Society. (b) Dispersion relation of the hyperbolic lens with €, > 0.
(c) Schematic of the sub-diffraction imaging lithography based on plasmonic lens.
(d) Optical transmission for typical superlens (red), hyperlens (blue), and traditional
lens (dashed line).

___________________________________________________________________________________|



Review Vol. 10, No. 4 / December 2018 / Advances in Optics and Photonics 773
N D? + 44> y)

/ 2NA
1 + 27zd 2 27rd

where D is the aperture diameter of the lens. When the working distance d is much
larger than the wavelength, Eq. (6) is reduced to 6 > 0.54/NA, i.e., the classical dif-
fraction limit proposed by Abbe. To compare the resolution of plasmonic lenses with
the near-field diffraction limit, a plasmonic cavity lens composed of Ag—photoresist—
Ag incorporating high-spatial-frequency spectrum off-axis illumination was proposed
[118]. This approach remarkably enhances the object’s subwavelength information
and damps negative imaging contributions from the longitudinal electric field com-
ponent in the imaging region. Experimental images of well-resolved 60 nm half-pitch
patterns under 365 nm ultraviolet light were demonstrated at an air distance of 80 nm
between the mask patterns and the plasmonic cavity lens, approximately four-fold
longer than that of the superlens scheme.

(6)

>4
%2,

Although plasmonic effects are able to amplify evanescent fields by the excitation of
highly localized modes, it is generally not suitable for telescopy applications since
both the object and image are located in the far field of the lens system. In fact,
the traditional roadmap for a higher resolution telescope is still based on the continu-
ous increase of the lens aperture [8]. Fortunately, recent studies demonstrated that
proper manipulation of the wavefront could lead to an exotic interference effect known
as superoscillation, where the light intensity function could oscillate much quicker
than its highest Fourier component [119]. Seemingly counterintuitive, this anomalous
effect may be understood by investigating the difference between the complex am-
plitude and intensity. As depicted in Fig. 15, if one constructs an intensity function
as | sin(2zx) + 0.99|%, a small peak can be obtained with very small width. Though
this example is very simple, it reveals some important aspects of superoscillation
interference. First, although the local intensity may oscillate more rapidly than the
highest Fourier components, the complex amplitude often does not have this property.
Notably, if one could record and reconstruct complex optical fields, the time-reversal
process could be used to realize super-resolution focusing and imaging [120]. Second,
the superoscillation is weak and accompanied by strong side lobes. In general, the
narrower the superoscillatory lobe, the higher the side lobe will be, which poses a
serious challenge for the practical applications [121].

In superoscillatory focusing and imaging with a flat metasurface, it is easy to control
the interference effect by tuning the phase and amplitude of transmission or reflection
coefficients by locally tuning the subwavelength structures. The physical process of
far-field interference may be fully understood using the vectorial diffraction theory
[41,122]. Assuming that light is propagating along the 4z direction and the field
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at z = 0 is known, the vectorial electric fields at any plane with z > 0 are calculated
using Fourier transform of the spatial-frequency components. By optimizing the am-
plitude and phase function, superoscillatory focusing and imaging devices can be de-
signed [121,123—125]. For instance, benefiting from the nearly dispersionless feature
of phase modulations with metasurfaces, a superoscillatory metasurface filter was pro-
posed for broadband super-resolution imaging. In demonstrative experiments, resolv-
ing ability of about 0.64 times of the Rayleigh criterion is obtained for visible light
ranging from 400 to 700 nm [126]. This method is expected to potentially promote the
development of super-resolving telescopes and microscopes.

3.2. Interference Theories for Reflection and Refraction

Formulated in 1621 and 1821, respectively, Snell’s law and Fresnel’s equations are two
fundamental rules of the design of lenses and mirrors, and both of them are deduced from
the electromagnetic boundary conditions. According to Snell’s law of refraction, a refrac-
tive lens should be constructed using curved surfaces to bend light correctly. Consequently,
the mass of the lens usually increases approximately by the cube of its diameter [8].
Although large reflective telescopes have much smaller weight than lenses at the same
aperture, precise fabrication and measurement are still very challenging. Fortunately, it
has been shown that the anomalous interference effects in subwavelength structures could
dramatically change the optical responses at surfaces, based on which traditional equations
governing the refraction and reflection must be cast into a new form. The so-called gen-
eralized Snell’s law and generalized Fresnel’s equations [38-40,127] form the basis of flat
optical devices, which may completely change the rules for optical designs.

From a logical consecution, let us first discuss the reflection and transmission on a
subwavelength periodic metasurface that could be treated as homogenous. Using
impedance theory and matching the boundary conditions [100,128], the modified
Fresnel’s equations is written as

1 (2Yy-Y, Z,—2Z,
S 2\2Yo+ Y, Z,+27,)°
1 (2Y0 -Y, Z,-— 2ZO>

T 2\2Y,+ Y, Z,+2Z,

()

where Y, = 1/Z, is the admittance of vacuum (the surrounding space), and Y, =
1/Z,and Y,, = 1/Z,, are the effective electric and magnetic admittance of the meta-
surface (Z is the corresponding impedance). This equation provides a means to
arbitrarily control the wavefront on a structured interface [128,129]. For a slab with
non-negligible thickness, the optical properties cannot be fully described by a single
impedance; thus Eq. (7) is not valid. Instead, the reflection and transmission should be
calculated using the transfer matrix, as demonstrated in multilayered systems
[53,130]. Note that this matrix approach is equivalent to the multiple interference
method widely used in optical textbooks [52,131].

Figure 16 shows the generalized Snell’s law, or the so-called M-wave-assisted laws
of refraction and reflection (MLRR) obtained by tuning the Fresnel’s reflection or
transmission [38]:

nikg sin 8; + V®,.(T) = n,k, sin 6,,
ni kg sin 0; + V®,(T) = nyk, sin 6,, (8)
where VO is the phase gradient in the surface plane, which is determined by the ar-

rangement of subwavelength structures, and may be changed with time 7" by external
stimuli such as electric and mechanic tuning. n; and n, represent the refractive index
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of media at the incident and transmit sides. &;, 6,, and 6, are the angles for incident,
refracted, and reflected light. Combined with the generalized Fresnel’s equations, the
MLRR has been widely adopted in the generation and transformation of an arbitrary
wavefront across a thin sheet.

Figure 17 illustrates a hybrid numerical methodology used to simulate the transmis-
sion and reflection in an array of subwavelength structures (either periodic or aperi-
odic) [41,122]. First of all, the near-field electromagnetic responses of subwavelength
structures must be solved using Maxwell’s wave equation with rigorous numerical
approaches such as FDTD, the finite element method (FEM), and methods of
moments (MoM). When the scattered waves leave the subwavelength structures,
vectorial diffraction theory may be used to calculate the far-field diffractions (either
reflection or transmission). Since the diffraction could be calculated more efficiently
than FDTD, FEM, and MoM, this hybrid approach has been taken in the design of
large-area flat devices.

In a previous discussion of Fresnel’s equations, it is assumed that the period of the
subwavelength structure is much smaller than the wavelength; thus no diffraction
effect is considered. In many cases, the subwavelength structures are placed above

0
E’\
n L6,
o o 'o "o
11

Figure 16

2

2 3 r4
E (I) (1)12 (1)13 (1)14
n, IJ
6,

Beam deflection via constructive interference in a given direction. The transmitted and
reflected phase shifts @, and @, are locally tuned by gradient subwavelength structures.

Figure 17

Incident .
Reflection
Vectorial diffraction

Subwavelength structures €(x,y,z) LL(X,Y,Z) d<<h
Full-wave simulations -

(FDTD/FEM/MoM)

Vectorial diffraction

Transmission

Hybrid simulation method. The re-radiation of the localized waves forms the reflec-
tion and transmission. For simplicity of discussion, periodic subwavelength structures
are shown.

___________________________________________________________________________________|



776 Vol. 10, No. 4 / December 2018 / Advances in Optics and Photonics =T

high-index substrates. When the effective wavelength of modes in the substrate
becomes smaller than the period, diffraction in the substrate should be considered
[44,132]. More interestingly, when the substrate forms waveguides, incident light
may be converted to guiding modes via grating diffraction, leading to guided mode
resonances [133,134]. According to the reciprocal principle, these guided modes may
be reconverted into free space as reflection or transmission, which is similar to the
leaky wave antenna. When the internal resonator loss equals the coupling loss, zero
reflection could be expected. This condition is termed critical coupling, which has been
observed as early as 1902 when Wood was investigating the diffraction spectrum [135],
and utilized to design highly efficient optical absorbers [136,137] and couplers [138].

3.3. Localized Phase Modulation

As shown in Eq. (8), the key to realizing the generalized Snell’s law is the gradient
local phase shift. The following is a detailed discussion of three kinds of phase shift
currently widely used in the literature [8,127,139].

3.3a. Propagating Phase

Plasmonic nanoslits shown in Fig. 18 are typical structures where propagating phase
takes place. In general, these nanoslits are treated as F-P interferometers, where SPP
modes propagate and bounce back many times to enhance the overall transmission.
Using transfer matrix formalism, the phase retardation A® is written as [34,39,140]

A® = Re(ph) + 9,
6 = arg[l — (1 — B/ko)*(1 + B/ko)? exp(i2ph)], 9)
where § originates from multiple reflections between the entrance and exit surface,

h presents the length of the MIM waveguide, and $ is the propagation constant of
SPP. Both physical analysis and numerical simulation show that ¢ is small and gk
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plays a dominating role in the phase shift. As illustrated in the bottom of Fig. 18,
p is a function of the slit width, and the phase retardation can be readily tuned by
varying the width. Therefore, one can manipulate the wavefront almost arbitrarily,
as demonstrated by a series of work including anomalous deflection [39], super-
resolution focusing, and subwavelength imaging [34]. As an experimental demonstra-
tion, a TM-polarized wave with a wavelength of 637 nm was focused at the focal
length of 5.3 pm with a full width at half magnitude (FWHM) of 0.88 pm and agreed
well with the simulation results [35].

To remove the polarization dependence, 1D nanoslits may be replaced by circular or
cross-shaped plasmonic holes with variable radius to generate polarization-independent
phase modulation [36,37]. Besides lensing applications, such a holes array could also
be used to realize optical vortices carrying spiral phase front [93]. Furthermore,
simultaneous control of light polarization and phase distribution was achieved using
more complex nanoslits [141]. Note that the focusing mechanism of these holes is
completely different from the so-called photonsieves or nanosieves [142,143], which
do not change the local phase front of the incoming waves.

Although metal supports strongly localized resonance through the coupling of pho-
tons and free electrons, unwanted loss of energy is inevitable owing to ohmic loss and
inter-band transition in the visible regime [144]. Consequently, lots of efforts have
been made to all-dielectric subwavelength structures to control the phase shift of light
[145,146]. Similar to the plasmonic case, the dielectric rods or pillars can also be
treated as waveguides and the propagation constant is tunable via the geometric
parameters [147,148].

3.3b. Phase Shift Based on Surface Impedance

Huygens’ principle is a well-known concept in optics that dates back to the 1690s.
Recently, based on the generalized Fresnel’s equations and Snell’s law, it was applied
to develop artificial surfaces that provide powerful control of electromagnetic
wavefronts across electrically thin layers. These reflectionless surfaces, referred to
as metamaterial Huygens’ surfaces or Huygens’ metasurfaces [128,129], provide
new beam shaping, steering, and focusing capabilities. These metasurfaces are real-
ized with 2D arrays of subwavelength structures that provide both electric and mag-
netic polarization currents to tune the impedances shown in the generalized Fresnel’s
equations.

In the microwave regime, pure metallic subwavelength structures commonly used in
metamaterials are sufficient to tune the electric and magnetic resonances. This kind of
Huygens’ metasurface was demonstrated by a beam deflector with transmission effi-
ciency of 86%, where copper lines provide the electric polarization currents while
split-ring resonators provide the magnetic polarization currents [128], as illustrated
in Fig. 19. By using stacked unit cells comprising aluminum-doped zinc oxide
(AZO) and silicon and applying the optical nanocircuit concepts to metasurfaces,
surfaces supporting both electric and magnetic polarization currents were also de-
signed in the mid-infrared band [149].

Although Huygens’ surfaces have been successfully demonstrated in the microwave
and mid-IR spectral ranges, transferring it to near-IR and visible wavelengths re-
mains challenging owing to the weak magnetic responses and considerable dissipation
losses of plasmonic structures at optical frequencies. Recently, this concept was
extended to the near-infrared band by using stacked gold structures to efficiently re-
fract normally incident light at a wavelength of 1.5 pm [129]. Alternatively, dielectric
resonators with Mie-type resonances have also been investigated owing to their
smaller loss [150,151].
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Besides Huygens’ metasurfaces mentioned above, multilayered transmitarrays
[152,153] and reflectarrays [154,155] composed of metallic subwavelength structures
in transmission or reflection mode have been utilized to enhance the efficiency of the
metasurface. In principle, the optical properties of these structures could be modeled
by combining the generalized Fresnel’s equations and the transfer matrix. Since the
distance between each layer is large enough, the magnetic response could be ignored.
Taking a three-layered reflective configuration, i.e., the generalized GTI, as an
example (Fig. 20), the reflection coefficient is obtained using transfer matrix [53]:
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Figure 20

Schematic of the generalized GTI composed of a metasurface, a dielectric spacer, and
reflective ground plane.
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(Yo=Y, —Y)exp(—inkod) + (Yo — Y, + Y ) exp(inkod)r,,

= , 10
Yo+ Y+ Y exp(—inkod) + (Yo + Y, — Y) exp(inkod)r,, (10)

where r,, is the reflection coefficient of the background plane; Y, Y, and Y are the
admittance of free space, the dielectric spacer, and the metasurface; and # is the re-
fractive index of the dielectric spacer. By controlling Y via geometric parameters, the
reflection amplitude and phase could be tuned. More specifically, if the dielectric
spacer is lossless and Y is pure imaginary, the reflection amplitude would be unity,
leading to pure phase modulation. For an intuitive understanding, we shall consider
the phase shift between the first and second reflection:

AD = D, — D, — 2nkyd cos 6, — 20, (11)

where ®,; and ®,, represent the reflection phase shift at the first and second inter-
faces, @, is the transmission phase shift of the first interface, and 6, is the refraction
angle. Since both ®,; and @, are tunable via the subwavelength surface structures, the
phase-matching condition may be readily controlled.

For many metallic subwavelength structures, the impedance could be understood by
equivalent circuit models comprising equivalent inductors, capacitors, and resistors
[53,156]. The inductance L is related to the current distribution in metallic structures,
and the capacitance C results from the electric fields in the gaps between metallic elements.

3.3c. Geometric Phase

Geometric phase is a novel phase shift not usually exploited in classical optics.
Although there are only renewed interests in recent years [45,157], investigations
of geometric phase actually date back to as early as 1947 [158], when a birefringent
waveguide was used as a microwave phase shifter. In another work [159], it was also
shown that the phase of the output voltage of a circularly polarized antenna was pro-
portional to the angle of rotation of the antenna along its longitudinal axis. With regard
to optics, Pancharatnam proved that the geometric phase is involved with the inter-
ference of polarized light in 1956 [160]. In the famous work of Berry [161], it was
shown that an adiabatic change of the quantum state can introduce a geometric phase
shift, and this phenomenon is related to the Aharonov—Bohm effect. In memory of the
scientific contributions of Pancharatnam and Berry, the geometric phase is also known
as the Pancharatnam-Berry phase [162,163].

As far as we know, the first functional optical components based geometric phase, or
the so-called topological phase, was proposed in 1997 [164], although similar devices
working at the microwave frequency were demonstrated earlier [154,159]. As plotted
in Fig. 21, a geometric phase lens can be constructed by sandwiching a spatial-variant
half waveplate (HWP) between two quarter waveplates (QWPs). The HWP is divided
into annular rings so that the principal axis in a given annular ring at a radial distance r
from the center is rotated through a certain calculated angle. When a 45° linearly
polarized light passes through these cascaded devices, it is first converted to circular
polarization and then transformed into its cross-polarization with designed phase pro-
file, and finally converted back to linear polarization.

The geometric phase can be understood by applying the transfer matrix to two
orthogonal directions in the local coordinates aligned with the main axes of the HWP.
Under circular polarization incidence with the Jones matrix of [1,is]”, the output
fields passing through the HWP are [41]
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where ¢, and 7, are the transmission coefficients along the two main axes, and 0 = £1
denotes the LCP and RCP, respectively. Clearly, the output fields are composed of two
circular polarizations with opposite handedness. The additional phase of the counter-
rotating polarization 2¢¢ is purely geometrical and independent of the working fre-
quency. Note that Eq. (12) is equally suitable for a reflective device when ¢, and ¢, are
replaced by the reflection coefficients 7, and r,.

Although very compact and efficient, the geometric lens is difficult to realize with
traditional optical fabrication methods. As a simplification of this design, a polarizing
grating that deflects differently polarized light into opposite directions was proposed
[165]. Following this concept, a computer-generated optical subwavelength grating
was designed and experimentally characterized for polarization-dependent beam
deflection and focusing in the infrared band [166,167]. With the development of
advanced micro/nano-fabrication technology in recent years, similar structures were
extended to the visible band [168,169].

Since geometric phase relies on the anisotropic transmission, the thickness of
anisotropic dielectric structures must be comparable to the wavelength to induce a
significant effect. In contrast, metallic subwavelength structures could induce strong
anisotropy with a nanometer thickness and broadband response. In an ideal condition,
such geometric phase is only proportional to the orientation angle of nanoantennas;
thus it is easy to obtain a phase variation covering the full 0-2z range without an extra
look-up table. By arranging dipole antennas in an array with a constant phase gradient
along an interface, broadband anomalous refraction was observed at visible to near-
infrared wavelengths [170,171]. By combining the focusing phase and binary phase
modulation, an ultra-broadband superoscillatory flat lens was further proposed and
realized [125]. As demonstrative examples, sub-diffraction focal patterns for ultra-
broadband wavelengths spanning visible and near-infrared were realized in experi-
ments. In addition, the out-of-plane focusing metalens (the focal spot is not located
on the plane of incidence) with three wavelengths in a multiplex unit cell was designed
for a CMOS image sensor [172].

Although geometric phase is nearly achromatic, the effective bandwidth is often nar-
row since the spectrum of polarization conversion often shows a resonant line. In a
recent work shown in Fig. 22, quasi-continuous metasurfaces for high-efficiency and
broadband beam deflection were demonstrated based on the unique properties of cat-
enary structures [41,173]. The geometric phase could be calculated using the local
orientation angle, which is found to follow a perfect linear function. Far-field exper-
imental results of both single and arrayed catenaries indicate that the incident beam

%

Figure 21

Cross sections normal to the beam of the three elements constituting a geometric phase
lens. The first and the third elements are QWPs, and the middle element is a HWP
whose principal axis is oriented at an angle that is a function of the radial distance
from the center. Adapted with permission from Phys. Rep. 281, Bhandari,
“Polarization of light and topological phases,” 1-64. Copyright 1997 [164].
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deviates from the normal direction after transmitting through the nanoapertures
[41,78,174]. Owing to the elimination of circuit resonance in discrete structures,
the efficiency of this design approximates to the theoretical limit (25%) of the single-
layer metasurface in a broad frequency range, which was also demonstrated in the
microwave frequency [Figs. 22(c) and 22(d)] [173]. Note that a catenary-shaped chain
of nanohole arrays with anisotropic coupling could also realize a similar effect but
with less bandwidth and efficiency [175].

To achieve complete polarization conversion and high-purity geometric phase, the
thickness of the resonators must be increased to realize both amplitude and phase
modulation. As indicated by Eq. (12), the maximal efficiency is obtained when each
unit cell behaves as a transmissive or reflective HWP. As shown in Fig. 23, there are

Figure 22
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Geometric phase in catenary metasurfaces. (a), (b) A single catenary aperture and its
geometric phase along the x direction. The phase functions for parabola and crescent
shapes are also shown for comparison. Adapted with permission from [41] under
the terms of the Creative Commons Attribution NonCommercial License. (c),
(d) Photograph and measured results for a linear array to realize broadband beam
deflection in the microwave frequency. Adapted with permission from [173] under
the terms of the Creative Commons Attribution 4.0 License.
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Four fundamental anisotropic structures for efficient geometric phase generation.
(a), (b) Transmissive elements based on (a) high-index dielectric grating and (b) nano-
rods. (c) Transmissive element based on metal—dielectric multilayers. (d) Anisotropic
reflective element.
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generally two kinds of resonators: the first is dielectric, and the second is metallic.
Obviously, the mechanism for efficiency enhancement is just the multiple interference
of the reflection/transmission at each interface. As a result, when the subwavelength
interference condition is met, the thickness of the overall structure is minimized. The
early type geometric metasurface is based on form-birefringence in high-index dielec-
tric material [Fig. 23(a)] [167,168], which has finally evolved into an anisotropic
nanopillar array [Fig. 23(b)] [44,169]. The metallic resonators are built on previous
studies on the polarization converters, either transmissive [Fig. 23(c)] [176,177] or
reflective [Fig. 23(d)] [83,85,178,179].

Combining the surface resonance and geometric phase, it is also possible to change
the phase in the process of polarization conversion from linear to its cross-polarized
state [40,86,180]. As illustrated in Fig. 24, the anisotropic resonant properties of the
V-shaped antennas allow one to design the amplitude, phase, and polarization state of

Figure 24
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Phase modulation based on V-shaped antennas. (a) Instantaneous electric field distri-
bution for eight V-shaped nanoantennas. (b) Symmetric and asymmetric resonant
modes. From Yu et al., Science 334, 333-337 (2011) [40]. Adapted with permission
from AAAS.
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(a) Transmissive anomalous refraction based on linear polarization conversion. A nor-
mally incident x-polarized wave is converted to a y-polarized beam, which bends to an
angle 8, with respect to the z axis. (b) Calculated phase shifts and transmittance for the
eight resonators. From Grady ef al., Science 340, 1304-1307 (2013) [86]. Adapted
with permission from AAAS.
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the scattered light. By exploiting eight dedicatedly designed nanoantennas with phases
in 7/4 increment and nearly equal amplitude, anomalous reflection and refraction
phenomena were experimentally demonstrated in the mid-infrared spectral range [40].
The tunability of such structures is associated with the symmetric and anti-symmetric
resonant modes shown in Fig. 24(b). Meanwhile, geometric phase also exists in such
structures, since a 90° rotation of elements 1—4 is used to generate an additional phase
shift of 180° in elements 5-8 [38]. By simply scaling the geometric size, near-infrared
demonstration and three-dimensional (3D) extension of the generalized laws with
non-coplanar refraction and reflection were realized subsequently [181,182].

According to Babinet’s principle, V-shaped apertures perforated in a metallic screen
have a similar optical response to their complementary structures and have been used
to create flat lenses to focus visible light [183]. Owing to the capability of simulta-
neous amplitude and phase modulation, they have also been utilized for high-fidelity
computer-generated holography (CGH) with thickness down to 30 nm [184]. Besides,
by designing a metasurface with a rapid gradient of phase discontinuity along the
interface in the x direction, one can introduce a strong spin-orbit coupling and pho-
tonic spin Hall effect when light is refracted off the interface [185].

Single-layered metasurfaces based on either V-shaped or C-shaped [180] antennas
operate in the cross-polarization conversion mode and thus suffer from limited polari-
zation conversion efficiency. In principle, the efficiency could be raised at the cost of
larger thickness. This was proved by constructing a bilayer plasmonic metasurface
operating at visible frequencies by coupling a nanoantenna-based metasurface with
its complementary Babinet-inverted copy [186]. Such a coupled bilayer metasurface
experimentally yields conversion efficiency significantly larger than that of single-
layer designs, as well as an extinction ratio larger than O dB, which means that anoma-
lous refraction dominates the transmission response. In another design illustrated in
Fig. 25, eight anisotropic resonators with various geometries and dimensions in a super-
unit-cell are used to create a linear phase variation of the cross-polarized transmission.
Two additional orthogonal gratings are used to boost the conversion efficiency.

Coherent illumination is also a promising way to overcome the above theoretical limit
on efficiency. Inspired by the coherent perfect absorption [187,188], it was demon-
strated that coherent control could be used to dramatically enhance the polarization
conversion and phase modulation efficiency of metasurfaces [189-191]. Normal and
anomalous beams following the generalized Snell’s law can be strongly modulated
and separately switched on/off by changing the phase difference between two counter-
propagating coherent control and signal beams. In principle, anomalous deflection
efficiency can increase up to 100% when the signal and control beams are in-phase,
while the anomalous beams vanish when the phase difference is equal to 180° [191].

4. APPLICATIONS OF LAYERED STRUCTURES

The interference of light in layered structures has been well studied in classical optics
and photonic crystals with applications including filters, anti-reflection films, and all-
dielectric reflectors [192,193]. However, owing to the limited refractive index con-
sidered in traditional devices, the full potential of multilayered structures has only
been exploited in recent years. In this section, the subwavelength interference in three
kinds of layered structures is reviewed, with particular emphasis on their applications
in optical imaging, nanolithography, and absorbing materials.

4.1. Superlens and Plasmonic Surface Lenses
In classical optics, metallic films are typically used as reflectors in mirrors. When the
thickness of the film is larger than the skin depth, the transmission coefficient is
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negligible. The early study of a translucent metal film dates back to the late 19th
century, when Faraday found that gold leaf could transmit green light and reflect
the yellow part of incident light [194]. In the middle of the 20th century, it was dis-
covered that a thin metal film may support a collective excitation of free electrons, i.e.,
the SPP at metal surfaces. In principle, SPP can be excited using either an optical or an
electronic approach [195-197]. Besides metallic film, metallic nanoparticles also sup-
port SPP, where light is localized and enhanced in a region much smaller than the
wavelength [198].

In the early 2000s, the importance of SPP was brought back by interest in the EOT
phenomenon [21], negative index material (NIM) [20], and the EYT effect [17]. In an
EOT experiment, anomalous transmission peaks are observed when light is transmit-
ted through nanoholes perforated in a metallic film. Compared with standard aperture
theory, the overall transmission is enhanced by nearly 100 times. From a microscopic
view [23], this was explained using the interplay of SPP propagating on surfaces. In an
independent work to revisit the planar lens made of NIM proposed by Veselago half a
century ago [Figs. 26(a) and 26(b)] [200], Pendry showed that SPP in a thin metallic
film could increase the near-field resolution by amplifying the evanescent wave
[Fig. 26(c)] [20,199]. As a quasi-static NIM, this metallic film is called a superlens.

In addition to continuous metal film, the optical properties of discontinuous film have
also been investigated by many groups. By replacing typical chromium with silver in a
photomask, Luo and Ishihara obtained an interference pattern much smaller than the
traditional case at the metal surface (the center-to-center distance of the interference
fringes is about 50 nm at a wavelength of 436 nm) [17], which is attributed to the
excitation of SPP with greatly reduced effective wavelength. Resulting from the con-
structive interference at the front surface, light transmission through the photomask is
boosted to be much higher than that predicted by standard aperture theory, as
described in detail in another experiment [19].

In the rudimentary experiment of super-resolution surface plasmon lithography [17],
the silver mask simultaneously acts as the object and the lens. In many other cases, the
two roles are separated and the object—image relation is described using OTF curves.

. / NIM
o A
NIM \

Figure 26

Perfect lens based on NIM. (a) NIM convex lens divergent incident collimated beam.
(b) NIM flat slab acting as a lens. (c) Evanescent wave amplification. Adapted with
permission from Macmillan Publishers Ltd.: Zhang and Liu, Nat. Mater. 7, 435-441
(2008) [199]. Copyright 2008.
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As outlined in Subsection 3.1, the imaging process can be treated as the interference of
all the diffraction orders. In a continuous metallic film, the plasmonic resonances act
as amplifiers for these rapidly decaying waves. Using a lithographic process similar to
the previous configuration, other groups directly validated the superlens proposed by
Pendry [201,202]. Besides 1D interference imaging, 2D patterns with a minimal line-
width of 89 nm have been obtained using a light source operating at 365 nm. Figure 27
describes the sketch map and OTF of a 35-nm-thick silver film for TE and TM polar-
izations. Clearly, the silver film has led to a high transmission peak located in the high-
spatial-frequency region for TM polarization, owing to the excitation of SPP. Note that
SPP in a continuous film can only be excited by near-field sources, such as the grating,
prism, and photomask. This is why this phenomenon cannot be observed in the tradi-
tional far-field imaging process.

There are several methods to increase the resolution and imaging contrast of the super-
lens. First, high-quality silver film is pursued because the roughness of the silver film
will enhance the random scattering of high spatial frequency [17,203]. Second, the
loss of materials should be carefully designed to make a compromise of the resolution
and fidelity, since low loss is not always wanted in the imaging process [204]. Third,
multilayered structures could be employed to excite high-order SPP modes and realize
higher resolution [117,205]. It has been demonstrated that a MIM cavity is a near-ideal
candidate for super-resolution imaging. In such a system, the first metal layer acts as a
superlens, and the second metal layer is used as a reflector to control the vectorial
properties of light fields and to enhance the image quality. The combination of super-
lens and reflective layer is similar to the traditional catadioptric system, where both
transmission and reflection are used to realize high-performance imaging [118]. The
forward- and backward-propagating evanescent fields sum within the photoresist to
produce a waveguide mode with an ideally symmetric catenary intensity profile,
which is beneficial to increase the focal depth [18,33,89].

Figure 28 shows a plasmonic cavity lens operating at a wavelength of 365 nm, and the
bottom shows the electric field distribution for the symmetric eigenmode (defined by
the symmetry of £,). Note that the anti-symmetric mode often used for interference
lithography [31,117] is not shown. Owing to the resolution enhancing capability of
such lenses, the air gap between the mask and substrate has been increased by about
10 nm compared with the classical superlens. As a result, damage to the mask in the

Figure 27

(@)

—~
(=5

=
»
(=]

—TM
—TE
— — —TM, control

-

~
[T, )|

5

200 experiment

Cr

Quartz

tttttttt —

8
-1
365 nm Illumination k /2m (pm )

Spectrum Weight
Factor
S
(=1

12 16

Super-resolution imaging with a single silver film. (a) Configuration of the experi-
ment. (b) Theoretical and experimental transmittance spectrum. From Fang et al.,
Science 308, 534-537 (2005) [202]. Adapted with permission from AAAS.
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photolithographic process would be minimized, thus ensuring batch fabrication of
functional devices [69]. For example, meta-hologram devices composed of nanoaper-
tures with unit size of about 95 nm x 175 nm and a period of 300 nm have been
successfully fabricated by the plasmonic cavity lithography and multilayer etching
transfer technologies [91].

For interference lithography, the anti-symmetric (odd) modes possess much higher
transversal wavevector and greater inhibition of tangential electric field components,
facilitating surface plasmon interference fringes with superior resolution and contrast
in terms of electric field intensity [90]. An inverse design procedure employing a
genetic algorithm (GA) was utilized to optimize the results at a wavelength of
193 nm [33]. Interference patterns with a half-pitch of 5.05 nm (~1/40) corresponding
to an effective NA of 20 have been numerically demonstrated.

Although electromagnetic fields of SPPs decay exponentially normal to the metal—
dielectric interface, their transverse propagation lengths may reach tens to thousands
of micrometers for noble metals, allowing the realization of 2D plasmonic compo-
nents and even integrated photonic circuits. With appropriately designed subwave-
length structures, SPPs may interfere constructively and focus into a highly confined
spot with a size beyond the diffraction limit, as demonstrated by using circular slits
[206] or nanometric holes arranged on a quarter circle [207]. Owing to the symmetry
mismatch between the linearly incident polarization and circular structures, the longi-
tudinal fields always have a minimum at the geometric focus due to destructive
interference between counter-propagating SPPs; thus the overall intensity could
not reach the maximum. To realize constructive interference at the focus, structures
with broken symmetry have been adopted [208]. By generating an extra phase shift
between counter-propagating SPPs via a radius mismatch of A,,/2, one can regulate
the total phase of the electric field at the center, as shown in Figs. 29(a) and 29(b).

Based on the holography principle, complex surface structures beyond simple circles
or spirals were designed to realize many functionalities, including controlling surface
waves traveling on metal surfaces [210,211], detecting optical vortex beams with

Figure 28
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Top: schematic of the cavity lens and the SEM image of resist pattern with 22 nm half-
pitch. Bottom: electric field and charge distribution for the symmetric mode. Although
it has a relatively smaller horizontal wavenumber than the anti-symmetric mode, the
symmetric mode can greatly increase the imaging contrast and working distance.
Adapted with permission from Gao et al., Appl. Phys. Lett. 106, 093110 (2015) [32].
Copyright 2015 AIP Publishing LLC.
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specific OAM [212], and exchanging information between surface waves and propa-
gating waves [30,213,214]. In particular, by locating an array of metallic slits in a way
that it matches the desired complex field distribution, an integrated device for
2D plasmonic Airy beam generation was obtained [215]. As shown in Fig. 29(c),
a double-lined nanoslit array configuration could be employed for the generation
of plasmonic complex fields [209], where each nanoslit has its own tilted angle.
The amplitude of the SPP can be tuned via the angular difference between two nano-
slits, whereas the phase is controlled by the offset rotation angle. Similarly, by creating
a running wave of polarization along a list of subwavelength spaced rotated apertures
that propagate faster than the SPP phase velocity, a 2D analogue of Cherenkov radi-
ation was generated [216]. In addition, surface waves may be efficiently manipulated
by referring to the transformation optics [217,218]. As a proof-of-concept example, a
plasmonic Luneburg lens and an Eaton lens were demonstrated by solely modifying
the thickness of a dielectric material on top of a metal [219]. The phase front appears
flat when launched at the grating and starts to bend inside the lens, leading to focus on
the perimeter.

4.2. Hyperbolic Lenses

SPPs are generally strongly confined to the near field of metallic film. However, when
an additional film of noble metal is introduced, they tend to couple together to form
complex waveforms, which may have a much smaller effective wavelength than
common SPPs at a single interface. On the deep-subwavelength scale, these films
can be homogenized as an effective material with unusual dispersion diagram (see
Subsection 3.1), such as that dubbed hyperbolic dispersion [108,220]. In the last
decade, multilayers with hyperbolic dispersion have been widely used to tailor the
spatial frequency and form deep-subwavelength interference patterns.

In photonic crystals, the relation p(w) ~ k> presents the possibility of controlling the
photonic density of states via tuning the dispersion relation [221]. By probing the

Figure 29
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Surface plasmon focusing and beam shaping. (a), (b) SEM of the asymmetric structure
and measured intensity distribution under linearly polarized incidence. Adapted with
permission from Fang et al., Nano Lett. 11, 893-897 (2011) [208]. Copyright 2011
American Chemical Society. (¢) Schematic and measured Airy beam produced by
double-lined nanoslits array. Song et al., Laser Photon. Rev. 10, 299-306 (2016)
[209]. Copyright Wiley-VCH Verlag.
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available local density of states in the near field of the metamaterial using spontaneous
emission of dyes, it was shown that the hyperbolic material has led to a strong de-
crease in the lifetime of emitters. Based on a similar mechanism, the near-field thermal
radiation could be greatly enhanced to realize super-Planckian thermal emission [115].
According to the definition of group velocity v, = Vay, the direction of the energy
flow is restricted to be perpendicular to the tangent of the dispersion curve [108],
which was experimentally demonstrated by using an Ag/SiO, multilayer [222].
As illustrated in Fig. 30, the direction of group velocity is perpendicular to the
equi-frequency lines. The approximate propagation angle is calculated by
tan € = \/—Re(e,)/e.. When |e,| < |e.|, the dispersion curve is flattened and all spa-
tial components will constructively interfere and propagate in a nearly straight line
without diffraction; thus the ray optics could be scaled to a dimension smaller than
the wavelength [109,110].

The directional propagation effect was also observed in a hyperbolic metasurface
composed of a single-crystalline silver grating at visible frequency [223]. When
SPPs are excited by the incoupling structure, they split into two separate (left- and
right-ward) beams along symmetric directions and are detected at the outcoupling
structure. More interestingly, surface plasmons in the surface grating bear circular
polarization, and this directional propagation is also termed one kind of photonic spin
Hall effect, which has potential applications ranging from imaging and sensing to
quantum optics and quantum information science.

Hyperbolic lenses can be used to realize demagnifying interference lithography.
Figure 31 shows dense lines with 45 nm half-pitch resolution (~1/8) obtained by
adding a multilayer on the plasmonic cavity lens [117]. As the layer number increases,
the spatial spectrum becomes more pure, and the intensity distribution is more uniform.

The evanascent wave filtering property has many other applications, including
asymmitric transmission [205], near-field Bessel beam generation [92], and surface
microscopy [224,225]. As illustrated in Fig. 32, by changing the mask from a common
grating to a concentric grating, such multilayers can be utilized to realize 2D spectral
filtering and to generate near-field Bessel beams [92]. The experimental results proved
that a focusing spot with diameter ~65 nm could be achieved at the distance of 0, 40,
and 80 nm for an illumination wavelength of 365 nm. In another experiment, a deep-
subwavelength bulk plasmon polariton mode was launched in metal/dielectric multi-
layers to realize surface microscopy with ultra-short illumination depth and uniform

Figure 30
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Directional propagation of light in hyperbolic multilayers. (a) Schematic of two hyper-
bolic dispersion curves. (b) Calculated intensity distribution corresponding to the blue
dispersion curve shown in (a). Adapted with permission from Wang et al., Appl. Phys.
Lett. 103, 031911 (2013) [222]. Copyright 2013 AIP Publishing LLC.
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illumination field [224,225]. An illumination depth as short as 25 nm in air was
achieved. Moreover, by simply changing the incidence angle of the excitation beam,
the transverse wavevector of the launched single bulk plasmon polariton mode could
be tuned.

Based on the directional propagation of SPPs in hyperbolic materials, Salandrino and
Engheta theoretically proposed far-field optical microscopy with a sub-diffraction res-
olution, also termed as a magnifying superlens [226]. They exploited the metamaterial

Figure 31

Au i02 SiO: FA SiO: MAIF SiO: BAIF™ SiO: MAIF™ PR

Planar multilayer for spectral filtering and demagnifying lithography. Top: light in-
tensity distribution inside multilayers. Bottom: spatial-frequency spectra normalized
to their maximum value. Liang et al., Adv. Opt. Mater. 3, 1248-1256 (2015) [117].
Copyright Wiley-VCH Verlag.
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Schematic of the hyperbolic lens for the evanescent Bessel beam generation under
circular polarization illumination. Top right shows the calculated real (black curve)
and imaginary (red curve) parts of longitudinal wavevector k. for variant tangential
wavevector k, at a wavelength of 365 nm. Bottom shows the 2D OTF versus the tan-
gential wavevector. Adapted with permission from Liu ef al., Mater. Horiz. 4, 290-
296 (2017) [92]. Copyright 2017 Royal Society of Chemistry.
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crystal that is obliquely cut at its output plane, or has a curved output surface to map
the input field distribution onto the crystal’s output surface with a compressed angular
spectrum, resulting in a “magnified” image. Based on a similar operation scheme, the
concept of “hyperlens” was proposed in the same year [227]. Owing to the conser-
vation of angular momentum, a magnified image carried by low wavevectors will
ultimately be formed at the outer boundary of the hyperlens before propagating into
the far field. The magnification at the output surface is given simply by the ratio of the
radii at the two boundaries. Then conventional microscopy can be utilized to capture
the output fields to achieve far-field super-resolution imaging. As shown in Fig. 33,
a cylindrical optical hyperlens in ultraviolet frequencies was constructed by exploiting
the Ag-Al,O; multilayer [111], through which a sub-diffraction-limited object (with a
130 nm center-to-center distance) was observed by a conventional lens in the far field.
Similarly, a spherical hyperlens with 2D super-resolution capability was experimen-
tally demonstrated in the visible spectral region [228].

According to the reciprocity theorem, by simply reversing the operation direction
of the hyperlens [229,230], a mask with diffraction-limited dimensions can be de-
magnified into a sub-diffraction-limited one in plasmonic nanolithography [112].
Figure 34(a) shows the hyperlens composed of multiple Ag/SiO, films, which
has a sub-diffraction resolution of about 55 nm linewidth and a demagnification factor
of 1.8 at 365 nm wavelength. Using a laser source operating at 405 nm, a similar
experiment with a resolution of 170 nm linewidth was also demonstrated [113].

It should be mentioned that the curved geometry of a (de)magnifying hyperlens causes
difficulty in the practical implementation and applications. A simple method for a
planar imaging profile is to cut and polish the hyperlens on one or both sides
[229]. But this operation seems challenging for fabrication and usually results in
the deformation of images. As an alternative, a hybrid lens combining a hyperlens
with a planar superlens was proposed [Fig. 34(b)] [109,231,232], but the demagni-
fication ratio is often not uniform on the entire object/imaging plane. To solve this

Figure 33

Ag/ALO, l
multilayers

Object
plane
d

Hyperlens
image plane

Quartz

Optical j
microscope
P//

Far-field
image plane

Magnifying hyperlens used for imaging of sub-diffraction-limited objects. From Liu
et al., Science 315, 1686—1686 (2007) [111]. Adapted with permission from AAAS.
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problem, a conformal transformation approach involving a Hermite interpolating
polynomial was recently proposed to design planar input and output surfaces with
uniform demagnification [233]. By using cascaded multilayers for further demag-
nification, imaging results with about 1/23 (16 nm) half-pitch resolution were
demonstrated.

Since the diffraction limit is universal for all kinds of wave phenomena, the resolution
of conventional acoustic imaging is also limited by the wavelength of the sound wave.
Acoustic metamaterials [234,235], superlenses [236], and hyperlenses [237] aimed to
improve the spatial resolution have been introduced by many research groups.
Analogous to the SPPs excited at the metal—dielectric interface, there are also acoustic
surface states at the interface between two semi-infinite media with mass densities of
opposite signs. The dispersion curve of the surface state asymptotically reaches infin-
ity at the mass density match point, implying a super-resolution imaging ability.

Note that not all metal-dielectric multilayers can be approximated to be hyperbolic or
elliptic dispersion. The effective dispersion diagram will be much stranger if more
than two different layers are used as a unit cell of the multilayer stack. For example,
Xu et al. used five-layer films as a unit cell, and demonstrated an omnidirectional left-
handed response for TM polarization [238]. By engineering the structure to have a
refractive index close to —1 over a broad angular range, they achieved flat lensing of
arbitrarily shaped 2D objects beyond the near field. Interestingly, the hat-like
dispersion curve for the multilayer is neither hyperbolic nor elliptic. In a follow-
up work, it was shown that such a dispersion is a consequence of the interference
of complex Bloch modes [239]. As a result, besides the mode showing negative
refraction, there are other modes that behave in a right-handed manner.

4.3. Thin-Film Absorbers

In traditional thin-film interference theory, materials are often lossless, and the refrac-
tive indices are real numbers. In this subsection, we show that the large imaginary part
of the metallic thin film may lead to many unusual interference effects. Since the

Figure 34
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(a) Top: schematic and SEM of the demagnifying hyperlens. Bottom: SEM images
of the mask and photoresist patterns with a demagnifying ratio of 2:1. Adapted
with permission from Liu et al, RSC Adv. 6, 95973-95978 (2016) [112].
Copyright 2016 Royal Society of Chemistry. (b) Schematic of the hybrid-super-
hyperlens. Adapted with permission from [231]. Copyright 2013 Optical Society
of America.
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imaginary part is associated with the absorption of light, we will focus on their
applications in electromagnetic absorbers.

Without loss of generality, the reflection and transmission coefficients of light nor-
mally incident upon a dielectric slab in air can be calculated using the transfer matrix
or the Fresnel-Airy formulae [188]. As early as 1934, it was discovered that a thin film
of metal with proper thickness can absorb up to 50% of the incident light [240].
Meanwhile, the transmission and reflection intensities are equal to 25%. Inspired
by the anti-lasing concept [187], it was recently demonstrated that the interference
of two oppositely propagating coherent beams in a heavily doped silicon film could
lead to broadband perfect absorption with absorbance larger than 99.99% [188],
which is called a thin-film coherent perfect absorber (CPA). On the basis of transfer
matrix theory, the perfect absorption condition for the thin-film CPA is obtained as

n—1
inkod) = £+ . 13
explinkyd) =+ (13)
For d < 4 and |nkyd| <« 1, Eq. (13) is reduced to
1 c
'R ==/ 14
TR Jked N wd (14)

where n’ and »n" are the real and imaginary parts of the refractive index, kg is the
vacuum wavevector, @ is the angular frequency, and c is the velocity of light.
Since the required complex refractive index is frequency dependent, material with
specific dispersion characteristics should be used to obtain a broadband CPA.
Fortunately, it has been shown that metal and metal-like material such as doped semi-
conductors are natural candidates for such applications. Figure 35 illustrates the
absorption curves of doped silicon film for two characteristic thicknesses, named
the Woltersdorff thickness (150 nm) and the plasmon thickness (450 nm). While
the first thickness corresponds to broadband absorption in the low frequency, the
second is associated with plasmon resonance. The concept of thin-film CPA was ex-
perimentally demonstrated in the microwave range with both a resistive sheet and a
graphene layer [241,242]. As realized more recently, a thin layer of resistive sheet was
used as a near-perfect absorber in the radio frequency [243], where the thickness-
wavelength ratio is as small as 8 x 107>, implying that the broadband CPA may
bypass the Planck—Rozanov limit [244,245].
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(a) Schematic of the thin-film CPA. (b) Refractive index and absorption spectrum for
boron-doped silicon film with a doping concentration of 4 x 10" cm™3. Adapted with

permission from [188]. Copyright 2012 Optical Society of America.
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For a thin film with simultaneous electric and magnetic responses, the general CPA
condition is [246]

1-Z
exp(inkyd) = :|:1+—Z, (15)

where Z is the effective impedance, and = signs are corresponding to the symmetrical
and anti-symmetric inputs, respectively. Such a mechanism can be realized by utiliz-
ing coherent plasmon hybridization in a metamaterial film composed of MIM struc-
ture. CPA can also be employed in a solar thermophotovoltaic system to realize
frequency-selective broadband absorption [247], or be extended into other areas such
as all-optical logical operations [248], coherent polarization conversion [189,190],
coherent abnormal deflection and spin Hall effect [191], subwavelength focusing
[249], and lasing and anti-lasing in a single cavity [250].

In thin-film CPA, the absorption enhancement is provided by an additional incident
beam with opposite phase; thus the destructive interference condition may be achieved
with a film thickness several magnitudes smaller than the wavelength. Such interfer-
ence could also be constructed by the reflection of a reflective substrate. Nevertheless,
since there is a half wave loss in the reflection, the thickness of traditional absorbers
is close to one quarter of the wavelength. In order to reduce the thickness of the
absorber, higher refractive index material with large loss constant was investigated.
Interestingly, an unexpected absorption peak was found for a high-index material with
thickness much smaller than A/4n. Figure 36 shows the reflectivity and absorption of
an absorber composed of a very thin layer of germanium (Ge) deposited on gold (Au)
substrate [251]. The minimal thickness of Ge is only 7 nm, close to 1/50 at a wave-
length of 500 nm. Theoretical analysis shows that the reflection phase shift at the a—Ge
interface and Ge—Au interface plays an important role for phase matching. Based on
this principle, various functional devices such as tunable color filters and thermal
emitters were developed [252-255].

Recent results reveal that absorbers based on high-index dielectric spacers have
intrinsic angle-independent absorption [256]. According to Eq. (11), the destructive
interference condition for a typical Dallenbach absorber with a refractive index of »
and thickness of d is written as

nkody/ 1 —sin® §/n* = x/2. (16)
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When #n > 1, this condition is reduced to nkyd = n/2, which is independent of
the incident angle. Note that this effective high-index material can be realized using
metamaterial [53,257,258]. Figure 37 shows a drawing of the absorbance of a hypo-
thetic Dallenbach absorber (d = 1 mm) as a function of the frequency and inci-
dent angle.

High index contrast in optical multilayer is a necessary condition for engineering the
photonic bandgap and realizing independent control of light in different frequency
bands. For instance, Raman et al. introduced an integrated photonic solar reflector
and thermal emitter consisting of seven layers of HfO, (n =2 at 1 = 500 nm)
and SiO, that reflected 97% of incident sunlight while emitting strongly and selec-
tively in the infrared atmospheric transparency window (Fig. 38) [259]. When
exposed to direct sunlight exceeding 850 W per square meter on a rooftop, the

Figure 37
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photonic radiative cooler cooled to 4.9°C below ambient air temperature.
Modifications of the design have also been realized using optical transparent conduc-
tors and other novel materials [260,261]. Compared with other subwavelength
structures, the multilayers are easier to fabricate and use in practical conditions.

5. PERIODIC SURFACE STRUCTURES

Different from photonic crystals whose characteristic dimensions are comparable
to the wavelength, periodic structures with subwavelength periodicity are often
described by 2D or 3D effective materials termed metamaterials [6]. Such effective
materials have dramatically changed the interference phenomena in spectral filtering,
absorption, and polarization conversion.

5.1. Spectral Filtering

In traditional optical technologies, color filters are typically made of multilayered thin
films [193]. Using subwavelength interference effects, the size of traditional filters
may be reduced significantly. In general, subwavelength color filters include both
transmissive and reflective types. Figure 39 shows one transmissive filter based on
stacked metallic gratings [262]. Owing to the subwavelength interference in the
middle dielectric layer, wavelength-selective transmission was realized by tuning
the width of the metallic grating. As illustrated in Fig. 39(c), the filtered wavelength
is directly related to the stack period owing to the linear dispersion of the anti-
symmetric SPP mode, making the design of such filters much easier than like devices.
Besides the small dimensions, the polarization dependence of such plasmonic reso-
nators not only benefits the applications in LCD by eliminating the need for a separate
polarizer layer, but also can be used for extracting polarimetric information in spectral

Figure 39
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Plasmonic nanoresonators formed by stacked gratings. (a) Schematic diagram of the
proposed plasmonic nanoresonators. (b) Cross section of the time-averaged magnetic
field intensity and electric displacement distribution (red arrow) at a wavelength of
650 nm. (c) Plasmon dispersions in the stack array. Red, green, and blue dots cor-
respond to the case of filtering primary RGB colors. Red and blue curves correspond
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Adapted with permission from Macmillan Publishers Ltd.: Xu ef al, Nat.
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imaging. In another work, the guided mode resonance was adopted in order to realize
sharper transmission spectra [134]. However, since guided mode resonance requires a
large number of horizontal periods to sustain the propagating modes, it is difficult to
shrink the size of pixels.

In some cases, such as displays, reflective color filters are more useful than their trans-
missive counterparts. This application relates to the wavelength-dependent optical
absorbers, which will be discussed in detail in the next section. Here we note that
one goal of the spectral engineering is to filter color in a space close to the diffraction
limit, since industrial printing techniques could only print at resolutions below 10,000
dpi as a result of their micrometer-sized ink spots. To obtain such a goal, the horizontal
coupling of resonators must be decreased; thus interference between vertical multiple
reflected waves dominates the physical process [263].

Almost all recent designs of colors filters are based on the direct transmission or
reflection of a light wave. These configurations are presented as periodically arranged
nanopatches or nanorods atop the substrate. When the distance between adjacent
elements is close enough, the coupling between neighboring metallic elements results
in a significantly enhanced electric field. Therefore, a dense arrangement of elements
appears to be a necessary requirement to design color filters by introducing strong
near-field coupling. To avoid the use of costly and inefficient fabricating methods
such as electron beam lithography (EBL) and focused ion beam (FIB) milling, inter-
ference lithography was recently adopted to achieve an ultra-smooth silver shallow
grating with spectral filtering capability. Different from previous designs, the plas-
monic shallow grating produces colors by photon spin restoration, which reflects
a circularly polarized light to its co-polarized state at specific wavelengths [264].
A FWHM of ~16 nm with high efficiency (~75%) has been theoretically obtained
and experimentally demonstrated. Furthermore, by rotating the grating and resorting
to the geometric phase, simultaneous structural colors and holographic imaging could
be realized.

5.2. Broadband Absorption

In Subsection 4.3, it has been shown that a highly lossy film can induce intense
electromagnetic absorption. However, since the refractive index of naturally occurring
materials is limited by their atomic and molecular structures, the absorption is typ-
ically narrowband and not so high. Along with the development of metamaterials and
metasurfaces, subwavelength structured absorbing materials are demonstrated to have
superb absorption capability beyond the traditional ones [8,11,265]. This subsection
focuses on how to use the subwavelength interference effect to increase the absorption
bandwidth and efficiency, while simultaneously decreasing the thickness.

Research on perfect absorption of light by subwavelength structures can date back to
1902 with grating diffraction [135]. When light incidents on a metallic grating with
subwavelength pitch and thickness, the reflection intensity may be reduced to zero at
some particular conditions, and this effect is referred to as Wood’s anomaly, which
contributes to the discovery of surface plasmons [137]. Inspired by the critical cou-
pling principle shown in Subsection 3.2, surface plasmons in the MIM waveguide
were recently utilized to design a perfect optical absorber [136]. With the coupling
of two resonant modes, two absorption peaks were realized with a simple structure.
Compared with the traditional grating, this new type of flat absorber is much thinner,
more robust, and easier to design and fabricate. As another early attempt to reduce the
absorber’s thickness using subwavelength structures, Engheta theoretically proposed a
thin absorbing screen consisting of a resistive sheet and a metamaterial surface with
effective high impedance [50]. Since the reflection phase of the high-impedance
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surface is 180°, the distance between the resistive sheet and the impedance surface
may be reduced to zero; thus the overall thickness of the absorber is equal to that
of the impedance surface. It was later shown that thin mushroom-like structures could
be used as radar-absorbing structures whose performance nearly does not change with
the incidence angle for TM-polarized waves [266]. Based on simultaneous magnetic
and electric resonances, a “perfect metamaterial absorber” was subsequently proposed
with thickness of only 4/40 but absorption peaks high up to 96% [267]. With the
advantage of intrinsic impedance match to air, this approach opens a new avenue
to realizing electromagnetic absorbers for various applications.

The bandwidth of thin metamaterial is typically limited by the thickness, which can
be deduced from either the antenna theory or complex analysis [245]. Although not
favored by applications such as stealth and solar cell absorbers, this narrow bandwidth
enables such absorbers to be used as natural candidates of reflective color filters.
As depicted in Fig. 40, each color pixel consists of four nanodisks that support
particle resonances [263]. These disks are raised above equally sized holes on a back-
reflector, which functions as a mirror to increase the scattering intensity of the disks.
The geometric parameters are used to control the interference condition and color
generation (right panel). A key feature of such structures is their ease of fabrication
and throughput scale-up by means of nanoimprint lithography (NIL) or plasmonic
lithography [91,268].

Multiplexed optical recording also requires wavelength-dependent absorption. By
exploiting the unique properties of longitudinal surface plasmon resonance of quasi-
periodic gold nanorods, Zijlstra ef al. demonstrated true five-dimensional optical re-
cording for the first time [269]. The longitudinal SPR exhibits excellent wavelength
and polarization sensitivity, whereas the distinct energy threshold required for the
photothermal recording mechanism provides the spatial selectivity.

In order to increase the absorption bandwidth required for energy harvest or other
applications, two approaches have been extensively employed. On the one hand, unit
cells with different resonant frequencies can be incorporated into a supercell, as dem-
onstrated by using plasmon hybridization [270] and magnetic resonance coupling
[100,102]. On the other hand, multilayered magnetic resonances may be connected
to increase the bandwidth [271,272]. Compared with a traditional pyramidal absorber,
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(a) Schematic of the interaction of white light with two closely spaced pixels, each
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(g) of the nanodisks within each pixel, different wavelengths of light are preferentially
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the broadband absorber composed of metal-dielectric multilayered truncated pyra-
mids exhibits much smaller thickness and better frequency selectivity [273], which
ensures its superior performance in thermophotovoltaic applications. By combining
the concepts of supercell and multilayers, further increase of the bandwidth was also
demonstrated. Figure 41 shows the schematic and results for the hybrid absorber
[274]. Owing to the two distinct mechanisms for bandwidth enhancement, a strong
absorption larger than 0.9 was demonstrated in a wide frequency range of more
than 11 GHz.

In the original metamaterial absorber proposed in Ref. [267], the physical principle
was interpreted as the simultaneous control of electric and magnetic responses such
that the impedance is matched to free space. However, it is currently widely accepted
that such impedance match does not ensure the transmission and reflection to be
simultaneously reduced to zero. It is also ambiguous to define the y.; and &4 in such
complex structures, since the metamaterial perfect absorber cannot be strictly consid-
ered as a homogeneous bulk medium [275]. As a consequence, an alternative theory
for absorption in such structured materials should be formulated. In contrary to the
metamaterial concept, it was shown that the effective impedance was more physically
meaningful and beneficial in describing the electromagnetic properties of layered
subwavelength absorbers [53]. In general, such layered absorbers can be viewed
as a variation of the Gires—Tournois etalon, where the impedance surface acts as a
phase screen to realize destructive interference based on the generalized Fresnel’s
equations [38].

According to the requirements of Maxwell’s boundary conditions, the relationship
between equivalent impedance and the reflection coefficient of the absorber is derived
by exploiting the transfer matrix method [53]:

1—r exp(—inkyd) — r,, exp(inkyd)

Y =1/Zy =Y - ’
eff [ Zese T+, 1 exp(—inkyd) + r,, exp(inkyd)

(17)

where Y and Y| = nY are the intrinsic admittance of vacuum and dielectric spacer,
n is the refractive index of the dielectric spacer, r is the overall reflection coefficient,
and r,, is the reflection coefficient of the thick metal layer. By setting the reflection
coefficient to zero and mimicking the impedance of the perfect impedance matched
layer through frequency dispersion engineering of the metasurface, a broadband
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(a) 3D structure diagram (top) and a typical cross section along the xz plane (bottom)
for the unit of the metamaterial absorber labeled with sizes. The overall thickness # is
4.36 mm. (b) Simulated and experimental absorption spectra. The inset displays a
photograph of the fabricated sample. Adapted with permission from Macmillan
Publishers Ltd.: Long ef al., Sci. Rep. 6, 21431 (2016) [274].




Review Vol. 10, No. 4 / December 2018 / Advances in Optics and Photonics 799

infrared absorber was proposed [55]. With a thin layer of structured nichrome, a
polarization-independent absorber with absorption larger than 97% was numerically
demonstrated over a working band larger than one octave bandwidth (Fig. 42). Since
nichrome is a good refractory material, such a configuration ensures that the device
can operate at a very high temperature as high as 1000°C for both microwave and
infrared applications [38].

The bandwidth enhancement of the above dispersion-engineered absorber is related to
the transformation of the Drude model of free electron gas in the metal film to the
Lorentz oscillator model of a bound electron in the structured metasurface. The com-
parison of ideal and retrieved sheet impedance [Fig. 42(b)] implies that the dispersion
is actually a series of lumped circuits composed of a resistor, inductor, and capacitor.
The capacitance at the lower frequency induces a positive phase shift, while the
inductance at the higher frequency introduces a negative phase shift. This frequency-
dependent phase shift makes the destructive interference occur in a continuous band
and leads to broadband absorption. Intuitively, even larger bandwidth is possible
by stacking multilayers and optimizing their dispersion curves. Similar structures
have also been proposed to realize broadband absorption in the entire electromagnetic
spectrum [54,276].

From a more fundamental perspective, it is a known fact that the maximal absorption
bandwidth is limited by the optical thickness as indicated by the thickness-bandwidth
ratio [245]. For absorbers working at terahertz and higher frequencies, the physical
thickness is very small even for quite large optical thickness. Consequently, the thick-
ness may not cause a big problem for broadband absorption at these frequencies. In
contrary, the fabrication technique becomes a challenge since most broadband
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absorbers require multilayer thin films or complicated structures. Based on heavily
doped silicon structures, Pu et al. proposed one easy-to-fabricate and scalable broad-
band terahertz absorber, as shown in Fig. 43 [132]. Different from common subwave-
length absorbers, higher diffraction orders exist because the period is larger than the
effective wavelength in the substrate (still smaller than that in vacuum to avoid dif-
fraction in reflection). Through exciting both the zero- and first-order diffraction in the
doped silicon wafer and meeting the destructive interference condition for anti-
reflection, a relative absorption bandwidth larger than 100% was achieved. Owing
to the scalability of Maxwell’s equations and the permittivity of doped silicon, the
hybrid absorber can be easily extended to higher frequencies, as demonstrated by
subsequent experiments [277-279].

5.3. Polarization Manipulations

5.3a. Meta-Anisotropy

As one important aspect of electromagnetic waves, the polarization state has wide-
spread applications ranging from glare elimination to polarization imaging. In the
simplest case, polarization could be manipulated by waveplates composed of homog-
enous but anisotropic material [83,85,86,280]. Furthermore, space-variant anisotropic
metasurfaces could generate strong geometric phase; thus the design of high-
performance anisotropic polarizers is not only useful for polarization manipulation,
but also beneficial for phase-gradient devices [84,281].

One early anisotropic waveplate made of subwavelength structures is the multilayer
meander-lines [177], which possess inductive and capacitive impedances along two
orthogonal directions (Fig. 44). When the electric field is polarized perpendicularly to
the lines, the structure acts as a capacitor and introduces a positive phase retardation.
For the other polarization, the surface acts as an inductor and a negative phase shift is
induced. The transmittance for both the polarizations is guaranteed by the destructive
interference in reflection, as analyzed by Chu and Lee using a transfer matrix method
[282]. Owing to the large abrupt phase shift provided by the meander-lines, the overall
thickness of the QWP is only ~2.5 mm (~4/12). Although meander-lines are periodic
in each single layer, a unique unit cell cannot be defined since the periodicities of
adjacent layers are not the same. This indicates that the common design procedure
of multilayered subwavelength structures, like the unit cell boundary condition in
commercial software CST MWS, may be not applicable.

Figure 43
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In contrast to transmissive polarization transformers [177,283], the polarizing meta-
mirrors, which convert the polarization state in reflection mode, have much smaller
thickness due to the folded geometry as well as higher energy efficiency since no
complicated anti-reflection technique is needed [83,178]. Similar to previous thin
metamaterials, ultrathin anisotropic waveplates may be achieved using anisotropic
magnetic resonance, which was demonstrated in both the microwave and optical re-
gimes [284,285]. When electric fields are polarized along the inductive axis, the struc-
ture acts as a magnetic conductor and the reflective phase shift at resonance is near 0°.
For the orthogonal polarization, the phase shift can be either 90° or 180°; thus a quarter
or half waveplate may be realized.

Owing to the intrinsic resonance, magnetic metamirrors often operate in a narrow
frequency band. In order to overcome this problem, dispersion-engineered ultrathin
metamirrors were proposed. For a three-layer configuration composed of a metasur-
face, a dielectric spacer, and a ground plane, the reflected phase shift may be calcu-
lated directly from the well-established transfer matrix method [83]. Once the ideal
sheet impedance for arbitrary phase retardation A® = ®, — @, is calculated, it can be
approximated by precisely adjusting the LC resonance of the anisotropic metallic
elements.

As demonstrated with an I-shaped resonator array [Fig. 45(a)], near-perfect polariza-
tion conversion of circular polarization was realized in the frequency range between
5.5 and 16.5 GHz [83]. Based on a similar configuration, a terahertz polarization con-
verter was experimentally demonstrated [86]. The device is able to rotate the linear
polarization by 90°, with a conversion efficiency exceeding 50% from 0.52 to
1.82 THz, and the highest efficiency is about 80% at 1.04 THz. In the near-infrared
and visible band, broadband metasurface polarizers have also been demonstrated
with high-efficiency, angle-insensitive performance. Meanwhile, the fabrication of
a large-area (2 cm x 2 cm) polarization converter was demonstrated by virtue of
orthogonal interference lithography [87], which breaks the bottleneck of large-area
metasurface fabrication in the optical regime. In order to avoid strong ohmic loss,

Figure 44
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802 Vol. 10, No. 4 / December 2018 / Advances in Optics and Photonics =T

metallic resonators may be replaced by high-index silicon cut-wires [286], following
some early work on the form-birefringence [287].

The above dispersion-engineering technique is implemented only along one dimen-
sion, which results in an operation bandwidth typically no more than a two-octave
bandwidth. Figure 45(b) demonstrates a broadband polarization manipulator with
super-octave bandwidth [85]. Multiple resonances accompanied by the superimposi-
tions of Lorentz dispersions were employed to match the effective impedance to the
ideal impedance. Experimental results show that this metamirror worked well from
3.2 to 16.4 GHz with polarization conversion efficiency higher than 85%. This con-
verter was also superior to the aforementioned devices in the frequency-band selec-
tivity because the operation band approximates an ideal rectangle. The rectangular
coefficient, defined as the bandwidth ratio between high (>80%) and low (<20%)
conversion efficiency, is larger than 0.94. This performance is also much better than
other designs based on 2D dispersion engineering of L-shaped and cross-shaped
antennas [288,289].

As predicted in the discussion of metamirror polarizers [83] and demonstrated later
[290], one advantage of such devices over traditional components is that they can be
designed to be tunable by replacing some components with semiconductors. The
optical and electrical performance of semiconductors such as silicon is dynamically
tunable via electric bias or photoinduced carrier generation [291].

5.3b. Meta-Chirality

Besides anisotropy, the chirality arising from magneto-electric coupling plays an im-
portant role in the manipulation of circularly polarized light with applications ranging
from bio-chemical sensing to negative refraction [292-294]. Structured materials with
artificial chirality may be classified into two parts: one is a continuous 3D chiral struc-
ture, and the other is a multilayered 3D chiral structure. Inspired by the helix antenna
and chiral response of some insects, metallic helices have been proposed as broadband
chiral structures [295]. By selectively coupling one particular circular polarization into
the helix antenna, a large value of circular dichroism may be obtained. According to
classical antenna theory, the operation frequency band of circular dichroism is directly
related to the number of helix pitches, and an octave band in the infrared range could
be achieved using two pitches of the helix structure.

Figure 45
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Despite the broadband and efficient response, the metallic helix-shaped chiral meta-
materials have 3D structures that require complex fabrication techniques such as two-
photon lithography [296]. To reduce the fabrication difficulty, planar chiral structures
composed of twisted metallic rods were proposed (Fig. 46), which have broadband
chirality in the visible range and are robust to the misalignment in different layers
[297]. Once again, multiple interference between these layers is essential in the broad-
band chiral response, as illustrated using the transfer matrix formalism with a rotation
matrix added between each layer.

Ideally, the refractive index of chiral material is dependent only on the handedness of
the incident light, but not on the polarization direction of linear polarization. However,
as shown in Fig. 46, each layer of this composite material is actually anisotropic. To
utilize both the facts in design, multilayered twisted arc structures shown in Fig. 47
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Figure 47
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were proposed [298,299]. Similar to the connected helixes with opposite handedness
[300], the co-existence of anisotropy and chirality means that there are polarization
conversions for circular polarization incidence, although they are often very small.
Different from multilayered twisted metallic rods, the arc structures show sharp peaks
in the transmission spectra, which are beneficial in the enhancement of chirality.
In addition, the arc structures can be further optimized to obtain more resonant frequen-
cies [299]. Owing to the simplicity of fabrication and superior performance, these arc-
shaped chiral metamaterials were subsequently widely utilized to construct chiral optical
devices for applications such as nonlinear imaging and spectroscopy [301,302].

Besides metallic components, chirality and circular dichroism can also be achieved
using dielectric chiral structures such as dielectric spirals and photonic crystals
[303,304]. For deep-subwavelength chiral materials that could be homogenized,
dielectric chiral materials are more suitable for optical rotation since the difference
in the effective refractive index of different circular polarizations is smaller than that
of metallic structures [304]. For chiral photonic crystal that cannot be homogenized,
the polarization-dependent bandgap results in a larger difference between LCP and
RCP, although the bandwidth is often limited [303].

6. APERIODIC SURFACE STRUCTURES

Subwavelength interference in aperiodic structures has been intensively studied in
recent decades along with the interest in gradient metamaterials and metasurfaces,
which have diverse applications ranging from metalenses to wavefront shaping
and holography.

6.1. Metalenses

Lenses and mirrors are the most common components in optical systems, which are
governed by some age-old principles associated with reflection and refraction. In gen-
eral, the laws of reflection and refraction follow the Principle of Least Time proposed
by Pierre de Fermat in 1662. After the work made by James Clerk Maxwell, it was
found that the laws of reflection and refraction could be completely derived using the
boundary conditions regarding the electric and magnetic fields. Based on the gradient
phase shift on artificially structured surfaces, the generalized Snell’s law or the so-
called MLRR was proposed [38—40], which provides a promising approach to realize
flat metalenses and metamirrors [8,305].

6.7a. Achromatic Metalens

Metalenses are flat lenses composed of gradient subwavelength structures. In the last
decade, both metallic and dielectric metalenses have been demonstrated by various
research groups [7,127,306]. Since it is easy to realize a metalens for a single wave-
length, we focus our attention on the achromatic metalens, which utilizes intricate
dispersion-engineering methods to reduce the chromatic dispersion.

Chromatism is a quantity describing the performance change of the optical device
when the operating light wavelength changes. It exists not only in traditional flat
optical components such as zoneplates and photonsieves [142], but also in many
metasurface-based optical devices such as metalenses, deflectors, and holograms
[307]. The achromatic focusing requires the focal length to remain as a constant,
which implies that the phase shift should vary with the wavelength. According to
Fermat’s principle, the ideal phase profile for an achromatic lens could be written

as [140,307]
A¢(r,2):—27”(\/r2 + /2 —f), (18)
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where » and /" are the radius and focal length, respectively. Since the metalens would
behave the same with an arbitrary additive constant, the phase shift may be revised as

AD(r, 1) = —27” <\/r2 + 12 —f) + C(A). (19)

Since the ideal phase is inversely proportional to the wavelength, it is difficult to
achieve using common subwavelength structures. However, with an additional term
C(4) added in this equation and introducing strong oscillation in the dispersion curve
of each subwavelength structure, more degrees of freedom could be exploited to real-
ize near-achromatic focusing performance.

One straightforward method to optimize C(4) and eliminate the chromatism of the
focusing lens is to utilize high-order resonant modes. For instance, a multiwavelength
achromatic metasurface was demonstrated based on multiple metallic nano-groove
gratings [308]. To achieve achromatic diffraction, the ratio between the resonant
wavelength and the period of each elementary grating was fixed. Incident light at those
multiple resonance wavelengths can be efficiently diffracted into the same direction
with near-complete suppression of the specular reflection. Based on a similar ap-
proach, a wide-angle off-axis achromatic flat lens was realized for concentrating light
of different wavelengths into the same position.

With an aperiodic arrangement of coupled dielectric resonators, Capasso’s group pro-
posed an achromatic metalens working at three different wavelengths of 1300, 1550,
and 1800 nm [307,309]. The essence of this lens, however, is achromatic at multi-
wavelengths rather than in a continuously broad band. Subsequently, a novel method
to design a broadband achromatic plasmonic component was proposed based on a
metallic nanoslit lens (Fig. 48). By compensating the dispersion of silver material
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and SPP mode in MIM waveguides, achromatic beam deflection and focusing were
demonstrated in the wavelength range of 1000-2000 nm [140]. A similar tactic was
later demonstrated in an all-dielectric flat focusing lens, which was composed of a
subwavelength silicon—air slits waveguide array with varied widths [148]. Such lenses
can realize achromatic focusing in a wide spectral range from 8 to 12 pm by engineer-
ing the width of the silicon slits.

Compared with the infrared spectrum, an achromatic flat lens operating at the visible
range is more appealing. Figure 49 shows an achromatic metalens operating over a
continuous bandwidth in the visible from 4 =490 to 550 nm, accomplished via
dispersion engineering of TiO, nanopillars tiled on a dielectric spacer layer above
a metallic mirror [310]. Following a particle swarm optimization (PSO) process to
optimize C(4), a metalens with reverse chromatic dispersion was also designed, where
the focal length increases as the wavelength, in contrary to conventional diffractive
lenses.

Geometric phase provides another promising way to realize achromatic performance.
For instance, an integrated-resonant unit element of combined geometric phase and
resonant phase shift was employed to design broadband achromatic flat optical com-
ponents [311]. An achromatic converging metalens and beam deflector were demon-
strated within a broad infrared band from wavelength of 1200 to 1680 nm [311] and a
broad visible band from 400 to 660 nm [312]. As a result of the limited phase-shift
coverage, the achromatic lens shown in Fig. 50 has a small numerical aperture of

Figure 49
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Achromatic metalens in reflection mode. The building block consists of a titanium
dioxide (TiO,) nanopillar with height H = 600 nm on a substrate. The bottom shows
the reflection phase shift as a function of the nanopillar width at two different wave-
lengths of 500 and 550 nm. Adapted with permission from Khorasaninejad et al.,
Nano Lett. 17, 1819-1824 (2017) [310]. Copyright 2017 American Chemical Society.
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0.268. For all the measured wavelengths, the focused light has a strong intensity
at z = 100 pm.

The above two achromatic lenses are both reflective, and are of less priority for optical
systems with middle-sized apertures. To surpass this problem, transmissive devices
have been designed based on dielectric resonators [46,313]. As illustrated in
Fig. 51, the achromatic metalens is constructed by varying both the sizes and orien-
tation angles of two complementary structures (holes and pillars) [46]. With a diam-
eter of 50 pm and NA of 0.106, the metalens is able to form achromatic images as
shown in Figs. 51(c)-51(e). In order to increase the aperture size, while simultane-
ously maintaining the achromatic performance, larger phase shift and stronger
dispersion correcting ability should be provided.

6.1b. Wide-Angle Metalens

Besides serious chromatic dispersion, most planar lenses suffer from off-axis aberra-
tion [314] because the ideal phase profile is dependent on the incidence angle [315]. In
contrast, the gradient-index Luneburg lens is free from such aberration owing to its
rotational symmetry [316]. The gradient-index requirement can be addressed by use of
metamaterial-homogenization techniques [317-320]. For example, by etching sub-
wavelength holes into silicon on insulator, a flattened all-dielectric Luneburg lens
at telecommunication wavelengths was realized [321], which exhibits beam forming
from a planar focal surface over a wide field of view (FOV) of 67°. Meanwhile, a 3D
transformation-optics lens was proposed in the microwave frequency band [318],
which was fabricated by multilayered dielectric plates with inhomogeneous holes.
By shifting a planar array of feeding sources on the flattened focal plane, the radiation
beam scanned in a range of 50°. Similarly, a 3D version of the Luneburg lens at optical
frequencies has been fabricated by using the ultrafine femtosecond laser direct writing
technique [319].

Figure 50
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(a) Zoom-in SEM image of fabricated metalens. (b) Experimental intensity profiles
along axial planes at various incident wavelengths. Adapted with permission from
Macmillan Publishers Ltd.: Wang et al., Nat. Commun. 8, 187 (2017) [311].
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In imaging applications, although the Luneburg lens bears a rather large FOV, the
rotational symmetry of these near-optimal lenses makes them not compatible with
flat optics as well as the current planar fabrication technologies. Fortunately, recent
results show that multilayered or curved metasurfaces could be promising alternatives
to traditional Luneburg lenses [314]. As an example, a flat wide-angle lens with a
monolithic metasurface doublet could correct the monochromatic aberrations
[322]. The doublet lens consists of a hexagonal array of 600-nm-tall amorphous
Si nanoposts with spatially varying diameters on the top and bottom surfaces of a
1-mm-thick transparent fused silica substrate, which has a small f-number of 0.9
and a FOV larger than 60° x 60°, and operates at 850 nm wavelength with 70%
focusing efficiency. Based on the principle of the Chevalier Landscape lens, a similar
doublet was demonstrated at a wavelength of 532 nm using the geometric phase in
TiO, nanofins [323]. By combining the aperture metalens and the focusing metalens,
large FOV up to 50° was demonstrated, as shown in Fig. 52. Compared with the multi-
microlens objective fabricated by two-photon laser direct writing [324], the metasur-
face doublet is more compact and easier to scale up.

Since the off-axis aberration of the planar lens is associated with the symmetry break-
ing of light—matter interaction, it is interesting to see whether the symmetry could be
controlled with subwavelength structures. Following this route, a strategy that is able
to control such symmetry in a 2D flat lens with rapid phase gradient has been pro-
posed, which enables perfect conversion from rotational symmetry to translational
symmetry and results in near-perfect wide-angle lensing performance. The phase
of the proposed super-symmetric lens follows a quadratic form. Therefore, the lens
is termed a “quadratic lens”:

O(r) = kg (20)

r
2f°
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(a) Optical image of broadband achromatic metalens. (b) Zoom-in SEM images at the
boundary of nanopillars and Babinet GaN-based structures. (c)—(e) Colorfully cap-
tured images from achromatic metalens. Adapted with permission from Macmillan
Publishers Ltd.: Wang et al., Nat. Nanotechnol. 13, 227-232 (2018) [46].
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where 7 € [0, 27] is the radial distance to the lens center. Interestingly, Eq. (20) is just
the phase for a normal thin lens in the paraxial regime. Assuming that the incident
collimated light beam lies in the xz plane with an arbitrary angle of @ to the normal axis
of the lens, the phase carried by the outgoing light should be

72

2f

[fkgsin? 0

d() =
() = ko >

+ kox sin 0 = I;—;((x + f sin )% +1?) — (21)

where kx sin 0 is the gradient phase induced by oblique incidence. Since the last term
on the right-hand side does not depend on 7, there is only a transversal shift of /* sin &
in the x direction with respect to normal incidence. Consequently, the rotational shift
of oblique incidence is converted to the translational movement of the focusing beam
[Fig. 53(a)], which can be used in Fourier transform and wide-angle imaging.

The quadratic lens could be realized using either discrete nanoantennas or semi-
continuous catenary structures [Fig. 53(b)] [325]. To increase the energy efficiency
of single-layered metasurface, Liu et al. proposed a 1D Fourier metalens made of an
array of dielectric waveguide resonators [326], which shows focusing efficiency as
high as ~50% for incidence angles of 0°~60° and a broad bandwidth ranging from
1100 to 1700 nm [Fig. 53(c)].
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Principle of aberration correction in metasurface doublet. (a) Left: ray diagram of a
metalens with hyperbolic phase profile showing large aberrations at oblique incidence.
An aperture is added before the focus lens. Middle: ray diagram of the focusing metal-
ens, where a polynomial is added onto the hyperbolic phase profile to correct aberra-
tions. Right: ray diagram obtained by adding the aperture metalens resulting in
diffraction-limited focusing along the focal plane. Insets show the magnified plots
near their focal planes. (b) Theoretical and measured FWHM along the x direction.
(c) Measured modulation transfer function (MTF) curves at different incidence angles.
The horizontal axis is in units of line pair per millimeter. A diffraction-limit MTF
curve (blue dashed line) is provided as a reference. Adapted with permission from
Groever et al., Nano Lett. 17, 4902-4907 (2017) [323]. Copyright 2017 American
Chemical Society.
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Analogous to the Luneburg lens, the quadratic flat lens can be easily integrated in lens
antennas owing to the translational symmetry. The radiation direction and side lobe
are made tunable by adjusting the horizontal position and the distance between the
source and the flat lens. As demonstrated recently [327], a high-efficiency (>80%
even when the incidence angle is titled by 60°) and ultrathin (0.1271) metalens
was realized by Guo et al. using bilayer geometric metasurfaces. Wide-angle beam
steering ability beyond +60° was experimentally demonstrated in 16-19 GHz.
Compared with previous beam steering techniques such as the Luneburg lens and
rotational prisms, this approach provides great advantages such as low profile, easy
implementation, and dramatically reduced side lobe level.

6.2. Structured Light Generation

Flat metalenses and metamirrors are only one specific application of gradient sub-
wavelength structures. With localized phase shift, the wavefront of arbitrary beams
could be directly modulated, which enables many novel applications such as holog-
raphy and OAM generation.

6.2a. Holography and Beyond

CGH is one of the most important applications of aperiodic subwavelength structures.
Depending on the modulation methods, CGH can be divided into two categories, one
amplitude-type and the other phase-type (also known as Kinoform [328]). Like the
Fresnel zoneplate, the diffraction efficiency of amplitude-type CGH is typically very
low, and the reconstructed images are accompanied by ghost images. To separate the
ghost images from the designed patterns, off-axis and detoured phase holograms are
often adopted [329]. A recent paper based on the nanoslit array can illustrate this
concept well [330], although the original polarization-independent holography was
extended to be polarization-dependent by using the nanoslits as phase elements.

Figure 53
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Wide-angle Fourier lens based on symmetry transformation. (a) Schematic of the op-
erational principle. The bottom shows the intensity distribution with different incident
angles. Adapted with permission from [325]. Copyright 2017 Optical Society of
America. (b) SEM image of the catenary Fourier lens. Adapted with permission from
[78] under the terms of the Creative Commons Attribution NonCommercial-NoDerivs
4.0 License. (c) Dielectric Fourier lens based on gradient silicon grating. Liu ef al.,
Adv. Mater. 30, 1706368 (2018) [326]. Copyright 2018 Wiley-VCH Verlag. Adapted
with permission.
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As shown in Fig. 54, for a given off-axis direction ¢ under normal incidence, the
optical path difference of light between two slits separated by D could be expressed
as D sin 0. As a result, one can control the phase difference by adjusting the distance
D. Using this approach, polarization-dependent holography was designed for many
different functions such as optical vortex and Airy beam generation. Notably, this
experiment can be seen as a 2D extension of Young’s double slits interference.

Since the detoured phase has intrinsic low efficiency and is accompanied by twinborn
images, many other alternatives have been proposed to realize high-efficiency phase
modulation, such as plasmonic and dielectric retardation, and impedance-induced and
geometric phase. By replacing metallic slits with high-aspect dielectric pillars, the
efficiency could be increased to be about 75% [331]. In principle, all these phase
modulation schemes are suitable for both lensing and holography applications, except
that the phase distribution for holography is much more random and lacking in sym-
metry. One other different requirement is on the dispersion characteristic of the phase
shift. For lensing and imaging applications, a phase modulation reversely proportional
to the wavelength is typically required for broadband applications. However, the phase
needs to be independently controlled at separate frequencies to realize multicolor
holography. Figure 55 shows the setup of a color hologram under y-polarized white
light illumination (consisting of 405, 532, and 658 nm laser beams) that reconstructs
images “R” in red, “G” in green, and “B” in blue, respectively [332]. The aluminum
nanorod array is patterned on a 30-nm-thick SiO, spacer layer sputtered on top of a
130-nm-thick aluminum mirror; thus the phase modulation mechanism is actually the
same as the magnetic or gap-plasmon resonators [53,333]. With spatial-variant design
of the structures, resonances with narrow bandwidth are realized to allow each color to
be controlled separately by the three kinds of nanorods.

To reduce the pixel size as well as the crosstalk between different channels, a high-
performance multicolor 3D meta-hologram was realized based on a single type of
plasmonic pixel under off-axis illumination (Fig. 56) [43]. Both a full-color flower
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image and a 3D spiral helix pattern composed of multiple light spots with varying
colors were realized. Owing to the angle-dispersion, the crosstalk between different
colors existing in traditional space-division designs was avoided [332,334]. The
signal-to-noise ratio (SNR) is five times better than that of the previous meta-
hologram design. Switching among different images is achieved by tuning the
incident angle of the illumination light.

Besides linear holography, increasing attention has been focused on the nonlinear op-
tical properties of subwavelength materials, particularly in the context of second- and
third-harmonic generation. Owing to the greatly increased local fields, the nonlinear

Figure 55
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[lustration of the designed multicolor meta-hologram under linearly polarized illu-
mination. The sizes and locations of the three images R, G, and B relative to the
zeroth-order spot located at the upper right corner of the image screen are designed
to make the reconstructed images fall into the correct spatial order with the appearance
of equal size. Adapted with permission from Huang et al., Nano Lett. 15, 3122-3127
(2015) [332]. Copyright 2015 American Chemical Society.

Incident
Light
Meta-
. Y

Figure 56

surface
Imaging 7=
Area * 4

Imaging
Plane

Schematic diagram of the off-axis illumination method for full-color meta-
hologram. The image on the top right shows the experimental results of a colorful
flower image based on plasmonic nanoslit antennas. Adapted with permission
from [43] under the terms of the Creative Commons Attribution NonCommercial
License.
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effect may be boosted dramatically at the subwavelength scale [62]. However, due to
the somewhat limited phase and amplitude control over the nonlinearities of the indi-
vidual element, the fundamental issue of phase matching across metasurfaces has not
yet been thoroughly addressed. Recently, Almeida ef al. demonstrated full control over
the nonlinear phase on the subwavelength scale in phase-gradient metasurfaces [335].
As in the linear regime, phase control over the nonlinear nanoantennas leads to a
modified manifestation of the laws governing nonlinear phenomena, such as nonlinear
scattering, nonlinear refraction, and frequency conversion. Four wave mixing (FWM)
from such metasurfaces revealed a new feature: the scattering from a phase-gradient
unit cell enables an anomalous phase-matching condition for FWM from such
metasurfaces.

Li et al. have experimentally demonstrated nonlinear metasurfaces with homogeneous
linear optical properties but spatially varying effective nonlinear polarizability with
continuously controllable phase [336]. The continuous phase control over the local
nonlinearity has been demonstrated for second- and third-harmonic generation by us-
ing nonlinear metasurfaces consisting of nanoantennas of C3 and C4 rotational sym-
metries, respectively. The continuous phase engineering of the effective nonlinear
polarizability enables complete control over the propagation of harmonic generation
signals. Therefore, this method seamlessly combines the generation and manipulation
of harmonic waves, paving the way for highly compact nonlinear nanophotonic de-
vices. More recently, Ye et al. reported a spin and wavelength multiplexed nonlinear
metasurface holography [337], which allows the construction of multiple target holo-
graphic images carried independently by the fundamental and harmonic generation
waves of different spins (Fig. 57). Such nonlinear holograms provide independent
and crosstalk-free post-selective channels for holographic multiplexing and multidi-
mensional optical data storage, anti-counterfeiting, and optical encryption.

Figure 57
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Nonlinear holographic metasurfaces. (a) Linear holography for reconstruction of
the letter “X™ at infrared wavelengths and nonlinear holographic images for the
reconstruction of the letters encoded in the different circular polarization states.
(b) Linear holographic image at various wavelengths is recorded when incident
and measured polarizations are perpendicular. (c) Two-channel holographic images
at second-harmonic wavelengths. Adapted with permission from [337] under terms
of the Creative Commons Attribution NonCommercial-NoDerivs 4.0 License.
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As a quantum mechanical description of photons, the optical angular momentum is
crucial for various classical and quantum applications [338]. In 1936, Beth first dem-
onstrated that circularly polarized light possesses spin angular momentum (SAM) of
£ per photon [339]. In 1992, Allen et al. [340] recognized that a helically phased
beam with @ = /¢ possesses quantized OAM of /A, where / is known as topological
charge. Featuring a helix phase front and zero intensity distribution at the beam center,
beams carrying OAM are also called optical vortices and have drawn increasing at-
tention from many realms, including super-resolution imaging [341], optical micro-
manipulation [342], optical communications [343], and detection of rotating objects
[344]. Recent progress in the modal basis that carries OAM facilitates space-division
multiplexing due to the inherent orthogonality of the different OAM modes [345].
However, traditional technologies to generate and manipulate vortex beams suffer
from bulky size and thus cannot be integrated in nanophotonic systems. By utilizing
the geometric phase in space-variant anisotropic structures, it is quite straightforward
to obtain a lens for vortex beam generation under circular polarization illumination
[41]. Plasmonic phase modulation in metallic holes can also be utilized for such ap-
plications for both linear polarization and circular polarization. In order to relax the
fabrication requirement in the visible band, high refractive index materials were filled
into the metallic slits to obtain stronger local phase engineering ability; thus a radius
change of approximately 56 nm results in a 2z phase change [93]. According to the
geometric phase theory, a vortex plate composed of rotated metallic rods could gen-
erate helical geometric phase under circularly polarized illumination. In order to pro-
duce a focusing optical vortex, a spherical wavefront along the radial direction and a
spiral wavefront along the azimuth direction are both needed [41]. With similar
approaches, the twisted focusing optical vortex [346] and deflecting vortex [347]
have been demonstrated. Recently, Li et al. proposed a physical methodology for
multiple OAMs multiplexing and demultiplexing by an off-axis designing principle
to integrate all the space-division multiplexing (SDM), wavelength-division multi-
plexing (WDM), and polarization-division multiplexing (PDM) into one single ultra-
thin metasurface [348]. With off-axis incidence of beams representing independent
information channels, the component can generate independent coaxial vortex beams
with different topological charges as a multiplexer. Furthermore, the conservations of
momentum make this off-axis diffractive component contain dispersion, which dem-
onstrates its great potential in a SDM-WDM system. To achieve integrated OAM
detection, Ren et al. proposed an angular momentum multiplexing method using a
nano-ring aperture with a chip-scale footprint as small as 4.2 pm x 4.2 pm, where
nano-ring slits exhibit a distinctive outcoupling efficiency on tightly confined plas-
monic modes [349]. The mode-sorting sensitivity and scalability of this approach
enable on-chip parallel multiplexing over a bandwidth of 150 nm in the visible wave-
length range. Note that angular-momentum-dependent plasmonic coupling can also
be understood in the framework of the spin Hall effect and the angular momentum
Hall effect [350-352].

As another interesting beam with structured phase, the Bessel beam represents an
exact solution of the Helmholtz equation [353]. An ideal Bessel beam requires the
horizontal dimensions as well as the power carried by the beam to be infinite, which
cannot be achieved in practical situations. Nevertheless, it was shown that even trun-
cated with a Gaussian function, the Bessel beam can still maintain its unique pro-
perties such as being diffraction-free and self-healing, which enable a variety of
important applications in super-resolution imaging [354], optical trapping, and nano-
fabrication [342]. Furthermore, by merging the spherical and conical wavefronts,
a “Bessel lens” with much higher imaging resolution than the traditional lens could
be produced [355].
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High-order Bessel beams (HOBBs), i.e., Bessel beams carrying optical vortices, are
a new research frontier of structured light. The hollow-core shape of the HOBBs and
its ability to retain over an extended propagation distance in a propagation-invariant
manner make it useful in optical manipulation. In principle, the HOBBs could be
generated via a similar method to that used for previous phase-type elements. By ex-
ploiting quasi-continuous catenary nanostructures that generate continuous phase
modulation between 0 and 2z as building blocks (Fig. 58), 2D arbitrary phase modu-
lation was obtained by locating and rotating the elements along a predefined trajec-
tory, which offers a great flexibility for the generation of HOBBs in a broad spectral
band [41,174].

In geometric phase theory, the magnitude of phase would reverse when the handed-
ness of incident circular polarization is switched, which means that light beams with
opposite spin states will acquire opposite horizontal momenta [78,175,356]. Recently,
it was demonstrated that this symmetry of geometric phase may be broken by merging
the geometric phase and propagation phase in metasurfaces [45,157,357-359].
Benefiting from the independent phase modulation for opposite spins, totally different
holographic images or vortex beams carrying arbitrary OAM have been achieved in
the far field for each separate circular polarization, in both the visible and
infrared bands.

Based on asymmetric spin-orbit coupling, giant and broadband circular asymmetric
transmission (AT) was experimentally realized, accompanied by wavefront manipula-
tion for transmitted and reflected circularly polarized light [44]. The circular AT is de-
fined as the difference in total transmittance of CP light between forward and backward
beams. The bottom panel of Fig. 59(a) illustrates the different transmission resulting
from constructive and destructive interference under circular polarization incidence
from the substrate. To demonstrate the wavefront manipulation capability, an asymmet-
ric deflector, vortex beam generator, and hologram are designed, which show anoma-
lous refraction and reflection that are different from traditional geometric metasurfaces.
This approach provides a promising new route to replacing bulky cascading optical

Figure 58

(a)
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HOBBs generation via catenary metasurface. (a) SEM image of the sample.
(b) Intensity distribution in the xz plane and the xy plane (inset). From Pu et al.,
Sci. Adv. 1, €1500396 (2015) [41]. Adapted with permission from AAAS.
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components such as beam splitters and prisms with only one ultrathin metasurface for
chiroptical spectroscopy, chiral imaging, optical communication, etc.

6.2b. Polarimetry and Spectropolarimetry

In addition to the spatial phase profile, the distribution of polarization is an important
factor for structured light. It was shown that properly designed gradient metasurfaces
based on geometric phase could efficiently control the polarization states. Figure 60
demonstrates an optically active metasurface of 1/50 thickness that rotates linearly
polarized light by 45° over a broadband wavelength range in the near-infrared region
[360]. The rotation of the polarization angle is related to the offset distance between
the neighboring supercells, which results in a relative phase shift between the outgoing
beams. Therefore, this method allows for greater tolerance against fabrication errors,
similar to another metasurface constructed by V-shaped antennas [361].

Figure 59

LCP incidence RCP incidence

Reflection
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s [ncidence

Device 1 Device 2 Device 3

(a) Asymmetric transmission in hybrid unit cells. The electric field distributions cor-
respond to the illumination of LCP and RCP light from the substrate side at the res-
onant wavelength of 9.9 pm. (b) Schematic illustration of the designed devices that
generate diffraction patterns in the transmission (reflection) field under the illumina-
tion of LCP (RCP). Zhang et al., Adv. Funct. Mater. 27, 1704295 (2017) [44].
Copyright 2017 Wiley-VCH Verlag. Adapted with permission.

Figure 60

(a) Metasurface structure that performs optical rotation. It includes two subarrays (in
blue and red) causing circular polarization splitting in two opposite diffraction direc-
tions. In each diffraction direction, LCP and RCP add up to form linear polarization.
The two subarrays are separated by an offset distance d, causing a phase shift between
the LCP and RCP. (b) SEM image of the fabricated sample. Adapted with permission
from Shaltout et al, Nano Lett. 14, 4426-4431 (2014) [360]. Copyright 2014
American Chemical Society.
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Since the polarization rotation angle only depends on the offset distance, multiple
different polarization states can be easily obtained in a broadband range, although
the efficiency may be limited by the unit cell design. Based on the offset phase modu-
lation and the spatial multiplexing, a reflective metasurface constructed by aluminum
plasmonic antennas was recently developed, which can generate six polarization states
simultaneously including four linear polarizations and two circular polarizations in the
entire visible spectrum, as shown in Fig. 61 [362].

Another important application of the gradient geometric metasurface is polarization
measurement, since different polarized light is scattered in different directions [165].
Balthasar Mueller et al. proposed a nondestructive polarization measurement method
based on a single 2D array of rod antennas, which relies on the detection of polari-
zation-selective directional scattering and can substantially outperform existing
polarimeters in terms of size, cost, and complexity [363]. More recently, chip-size
plasmonic spectropolarimeters consisting of three gap-plasmon phase-gradient meta-
surfaces were experimentally demonstrated for simultaneous polarization state and
wavelength determination [364]. The spectropolarimeters diffract normally incident
light to six predesigned directions, whose polar angles are proportional to the light
wavelength, while contrasts in the corresponding diffraction intensities provide a
direct measure of the incident polarization state through retrieval of the associated
Stokes parameters. The proof-of-concept 96-pm-diameter spectropolarimeter exhibits
expected polarization selectivity and high angular dispersion (0.0133°nm) in the
wavelength range of 750-950 nm.

6.2c. Electromagnetic Virtual Shaping

Reflective subwavelength surface structures are useful for radar/lidar cross-section
(RCS/LCS) reduction applications by employing the concept of virtual shaping
[84,365]. In a general sense, the spherical/cylindrical cloak, carpet cloak, and other
functional devices based on transformation optics [366,367] could be seen as one kind
of virtual shaping. For example, the spherical, cylindrical, and carpet cloaks are de-
fined to transform a given space to a point, line, and plane; thus the objects hidden in
the space are invisible to outer observers. Different from this 3D gradient metama-
terials approach, the recent trend of virtual shaping is to exploit the surface properties
to realize wavefront shaping via changing the electromagnetic boundary conditions
[38,368]. According to the Huygens’ principle [128], the manifestation of gradient
constitutive materials is equivalent to the gradient boundary approach in many cases.

Since traditional methods based on absorbing materials and/or shaping are often
limited by physical constraints such as aero- and hydro-dynamics of vehicles, it is

Figure 61
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Schematic of multiple polarization generation with aluminum plasmonic metasurfa-
ces. The right panels show six regions to generate the different polarization states.
Reprinted with permission from Wu et al., Nano Lett. 17, 445-452 (2017) [362].
Copyright 2017 American Chemical Society.
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a long-held dream to realize virtual shaping of the electromagnetic shapes seen by
detectors [369,370]. With phase-shift metasurfaces as covers, it is now possible to
decouple the physical shape and the electromagnetic characteristics in broadband
frequencies. For instance, a planar slab with linear phase distribution along the radial
direction will behave like a pyramid to radar; thus the RCS is significantly reduced
[84]. This proposal was validated by full-wave simulations in optical wavelengths
ranging from 600 to 2800 nm and experimental characterization in microwave
frequencies from 8 to 16 GHz with echo reflectance less than 10% in the whole range,
providing a conceptually new method for RCS/LCS reduction [88].

The principle of virtual shaping has also been extended to the optical band. As dem-
onstrated experimentally using subwavelength-scale gold nanoantennas, an ultrathin

Figure 62

Conformal optics with dielectric metasurfaces. Left: schematic of a dielectric metasur-
face conformed to the surface of a transparent object with arbitrary geometry. Middle:
side view of the arbitrarily shaped object showing how the object refracts light ac-
cording to its geometry. Right: the same object with a thin dielectric metasurface layer
conformed to its surface to change its optical response. Adapted with permission from
Macmillan Publishers Ltd.: Kamali et al., Nat. Commun. 7, 11618 (2016) [372].
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Figure 63
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(a) Measured reflectivity of the metasurface under oblique incidence for TE and TM
polarization. (b) Measured scattering pattern for the metasurface sample using a CO,
laser. (c) Thermal infrared image of a ceramic doll, a metallic plate, and the fabricated
sample. The inset is the SEM image of a part of the fabricated metasurface. From Xie
et al., Adv. Funct. Mater. 28, 1706673 (2018) [179]. Adapted with permission from
Wiley-VCH Verlag.
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invisibility skin cloak (only 80 nm thick) was wrapped over an object [371] to conceal
a 3D arbitrarily shaped object by complete restoration of the phase of the reflected
light at a wavelength of 730 nm. Although the phase modulation scheme has been
reported before [333], the fabrication recipe on curved structures provides a robust
route towards practical applications. To further get around the strong ohmic loss of
metallic structures, one may resort to the local phase modulation capability of the
subwavelength dielectric resonators. As depicted in Fig. 62 [372], flexible dielectric
metasurfaces are constructed by fabricating them on elastic substrates and then
covered on a glass cylinder, which makes the cylinder behave like an aspherical lens
focusing light to a point.

Virtual shaping is also a powerful means to realize infrared camouflage without in-
creasing the infrared laser characteristics. It is known that Gustav’s thermal radiation
law has set a fundamental contradiction between the infrared reflection and thermal
radiation. Based on virtual shaping, Xie et al. proposed an ultrathin plasmonic meta-
surface to simultaneously produce ultralow specular reflection and infrared emission
across a broad spectrum and wide incident angle range [179], by combining the low
emission nature of metal and the geometric phase in spatially inhomogeneous struc-
tures. A phase-gradient metasurface composed of subwavelength metal gratings was
designed and experimentally characterized in the infrared atmosphere window of
8—14 pm, demonstrating an ultralow specular reflectivity and infrared emissivity
below 0.1. Based on the local phase modulation, it was proved that an infrared illusion
could be generated by the metasurface, enabling not only invisibility for thermal and
laser detection, but also multi-functionalities for potential applications. The measured
reflectivities of the metasurface under TE- and TM-polarized illumination in 8—14 pm
are shown in Fig. 63(a), along with a same-sized gold plate without subwavelength
gratings.

To check the scattering pattern of the metasurface, a CO, laser beam is illuminated on
the sample with a small oblique angle of ~10°, and the reflection signal is collected
with an infrared color plate. Four spots are clearly observed on the color plate,
indicating four reflected beams [Fig. 63(b)]. The low infrared emission property is
characterized by comparing the thermal infrared image of the fabricated sample with
a ceramic doll and a metallic plate using a commercial thermal infrared imager.
Clearly, the apparent temperature of the ceramic doll is much higher than that of
the metallic plate and the metasurface sample, indicating that the metasurface has
a low infrared emission similar to that of metal [Fig. 63(c)].

7. CONCLUSIONS AND PERSPECTIVES

As one of the most fundamental behaviors of light, interference has received continu-
ous attention since it was observed by Thomas Young in 1801. Traditional interfer-
ence occurs at a length scale larger than the wavelength, thus limiting the characteristic
length (period, thickness, etc.) of functional devices. Subwavelength interference was
originally proposed in the mid-20th century to count the quantum or statistical proper-
ties of light [59]. Although it is possible to obtain subwavelength patterns by joint-
intensity measurement, it is not practical to realize using traditional experimental
conditions. Since the discovery of EYI on a metallic surface in this century [17-19,
29,373,374], it has been known that the classical light can induce deep-subwavelength
interference patterns on structured surfaces. Based on these novel physical processes,
various subwavelength devices have been realized for a wide range of optical appli-
cations, including sub-diffraction-limited imaging, nanolithography, flat lenses, beam
shaping, antennas, and absorbers. Figure 64 shows a schematic of the development of
some typical functional devices and systems enabled by EYI and M-wave. It should be
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noted that besides improving the performance of traditional optical elements, the complex
subwavelength structures also enable many functionalities that are not available for
traditional materials, including multispectral, multifunctional, and multiphysical
applications [179,375,376].

Based on active materials, tunable subwavelength devices have also been extensively
studied. For instance, nanoslits-based plasmonic lenses may become actively tunable
by filling the nanoslits with Kerr nonlinear media [377] and phase-change material
[378-380]. With mechanical and micro-electromechanical systems (MEMS), the geo-
metric parameters could be adjusted to realize tunable lens and color generation
[381-383]. By combining active diodes with metallic circuits, arbitrary beam scan-
ning and dynamic metamaterials have also been realized [51,384-386]. Nevertheless,
it is still challenging to realize all-electric tunable devices with subwavelength pixel
size in the optical regime.

Regarding the fundamental limitations of optical performance, there are two research
goals in the future: first, it is of paramount importance to reduce the characteristic
length, including the lithography resolution and device thickness, etc., by using the
deep-subwavelength interference effect. Second, broadband operation, either in tem-
poral frequency or in spatial frequency, is indispensable for many optical applications.
For instance, the perfect imaging system requires an OTF with infinite spatial-
frequency bandwidth, while an ideal blackbody absorber needs to absorb waves in
the entire electromagnetic spectrum.

Considering the great promises and existing challenges, more efforts must be devoted
in the future. Among the diverse research hotspots, we think the following two points
deserve special considerations. First, the mathematical-physical models and design
methodologies for subwavelength interference should be established and optimized
for typical combinations of optical materials and structures. Like the transformation
optics and effective materials parameter retrieval method, proper models will boost
both the understanding and control of subwavelength light-matter interaction.

Generalized laws of reflection and refraction

Sub-diffraction-limited imaging and ultrathin flat metalenses and metamirrors

Figure 64
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and nanolithography Broadband yet thin absorbers and radiators

EYI and M-wave

2004

lustration of the typical applications enabled by EYI and M-wave. The inset figures
are reprinted with permission. Left panel: reprinted with permission from Luo and
Ishihara, Appl. Phys. Lett. 84, 4780-4782 (2004) [17]. Copyright 2004 AIP
Publishing LLC. Middle panel: reprinted with permission from Luo, Natl. Sci.
Rev. 5, 137-138 (2018) [69]. Copyright 2018, the authors. Top right panel: repro-
duced from [41] under the terms of the Creative Commons Attribution
NonCommercial License. Bottom right panel: reprinted with permission from
Huang et al., Appl. Phys. Express 10, 112601 (2017) [260]. Copyright 2017 The
Japan Society of Applied Physics.
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In particular, dispersion engineering has been proposed as a powerful methodology to
control subwavelength interference, which greatly improves the performance of met-
alenses, metamirrors, polarization convertors, structural colors, and electromagnetic
absorbers [387,388]. On the other hand, artificial intelligence and big data technol-
ogies may be employed in next-generation subwavelength optics. Since subwave-
length optical devices and systems have a great deal of design freedom, design
methods based on trial-and-error may not get the optimal results for both periodic
and aperiodic structures. Although many optimization algorithms such as simulated
annealing (SA), GA, and PSO have been extensively investigated, they are only suit-
able for forward optimization; i.e., the geometric shapes are fixed. Recently, the emer-
gence of artificial intelligence has provided a promising method to realize inverse and
optimized design of subwavelength structures. For instance, a generative network has
been constructed to produce a candidate geometric pattern in order to match input
spectra at an average accuracy of about 0.9 [389].

In summary, we have outlined the recent global research interests in subwavelength
interference effects within subwavelength structured metal-dielectric composites.
The fundamental theories, design methodologies, fabrication recipes, and potential
engineering applications are reviewed. With the greatly reduced scale for light—matter
interaction, we believe that this topic will still be a hot topic in the foreseeable future,
and act as one core of Engineering Optics 2.0 [8]. Meanwhile, we shall witness a
transition of research from theoretical breakthroughs to technological revolutions
and industrial applications.
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