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Our recent efforts in manipulating electromagnetic (EM) waves using metamaterials (MTMs) are reviewed with em-
phasis on 1) manipulating wave polarization and transporting properties using homogeneous MTMs, 2) manipulating
surface-wave properties using plasmonic MTMs, and 3) bridging propagating and surface waves using inhomogeneous
meta-surfaces. For all these topics, we first illustrate the physical concepts and then present several typical practical real-

izations and applications in the microwave regime.
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1. Introduction

Metamaterials (MTMs) are artificial electromagnetic
(EM) materials comprising a functional subwavelength mi-
crostructure (usually called “meta-atoms”) arranged in some
specific macroscopic order, which can in principle exhibit ar-
bitrary values and even distributions of effective permittivity
and effective permeability.[’"*) Compared to ordinary, natu-
rally existing media, MTMs exhibit a much-expanded para-
metric freedom, which opens new ways to control light and
EM waves in a desired manner and leads to many fascinating
phenomena.>~?! Historically, the development of the MTM
research is along two lines, namely, the meta-atom and the
macroscopic orders. Earlier studies mainly focused on the
meta-atom part, by simply assuming the MTMs to possess pe-
riodic or homogeneous orders. Even with MTMs with simple
orders, lots of fascinating effects were discovered via design-
ing meta-atoms with appropriate EM properties, such as nega-

1341 superlensing,>%! and optical magnetism. "]

tive refraction,
On the other hand, people gradually realized the importance
of order in expanding the light-manipulation ability of an
MTM, due to the establishment of transformation optics (TO)
theory!®° and related phenomena that were discovered, ']
such as invisibility cloaking,!'''?! illusion optics,[!*!* and
TO-based functional devices.!'>~7 Very recently, researchers
began to work on inhomogeneous MTMs with more fas-

cinating macroscopic orders, particularly a class of planar
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meta-surfaces (ultra-thin MTM layers) with tailored EM re-
sponses, which exhibit even stronger abilities to control light
propagations. Via utilizing abrupt local phase changes for
EM waves passing through or reflected by the meta-surfaces,
more fascinating light—-manipulation effects were discovered,
such as anomalous light reflection/reflection, 18,191 conversion
of a propagating wave to a surface wave with very high
efﬁciency,[20‘24] flat lenses to focus EM waves, 25201 EM-

t,128] and so

wave helicity control,?’! optical spin hall effec
on.

In this paper, we briefly review our recent work on EM
manipulation with MTMs along the lines of meta-atoms and
macroscopic orders. We follow the logical line of model—-
realization—application to introduce our work, focusing on
both the physical concept behind the discovered phenomena
and the practical realizations in the microwave regime. This
review will cover three main topics. In Section 2, we describe
our recent efforts on manipulating the propagating properties
of EM waves using homogenous MTMs, such as polarization
control (Subsection 2.1) and transparency manipulation (Sub-
section 2.2). Section 3 contains our efforts of using plasmonic
microwave MTMs to control surface plasmon polariton (SPP)
behavior and several related applications. In Section 4, we
summarize our recent work on controlling wave-fonts with in-
homogeneous meta-surfaces, especially on linking the propa-
gating waves and surface waves by using carefully designed
gradient meta-surfaces. Finally, we conclude this review in
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Section 5.

2. Manipulating propagating properties of EM
waves using homogenous MTMs

2.1. Polarization control

Polarization is an important characteristic of EM waves
and its efficient control is highly desired in the views of both
science and applications. Conventional methods to manipulate
light polarization, such as using optical gratings, birefringent
crystals, dichroic crystals, and wire-grid polarizers, inevitably
suffer the problems of energy loss and/or size issues for low
frequency applications.

MTMs with extraordinary EM properties offer us a new
possibility to realize the highly efficient polarization control.
Starting from 2007, our group has undertaken a series of ef-
forts to resolve the two main problems faced by the conven-
tional approaches, namely, how to control EM wave polariza-
tions using ultra-thin MTMs with 100% efficiency. The key
idea is to fully utilize the much-expanded parametric freedoms
in MTMs to create large transmission/reflection phase differ-
ences for EM waves polarized along two principle axes. In
what follows, we will introduce two typical examples working
in reflection and transmission geometries, respectively.

2.1.1. Reflection geometry

In 2007, we proposed an anisotropic metamaterials
plate to manipulate the polarization states of EM waves
in reflection geometry, and we showed that all possible
polarization-conversions are realizable via adjusting the ma-
terial parameters.?” In particular, both experiments and sim-
ulations demonstrated that a linearly polarized beam can be
completely converted to a cross-polarized one when reflected
by the anisotropic MTMs under certain conditions.

As shown in Fig. 1(a), the model system consists of
an anisotropic homogeneous MTM layer with a disper-
sive relative permeability tensor p, (with diagonal elements
Mexs My, Mzz) and a relative permittivity & on the top of
a perfect metal substrate (with & — —oo, Uz = 1). We
performed the numerical calculations based on the transfer-
matrix method (TMM),% assuming that & = 1, u,, = I,
d=13mm, p, = 1+70/(12.712 — 2), and p,, = 1+
22/(6.80% — f2), where f denotes the frequency measured in
units of GHz. Supposing the incident wave is s-polarized,
E, = égi) el(=kim+01) the reflected wave can then be writ-
ten as E, = (rsségr) +rspéé,r)) ei(-krr+on)  where égi), éﬁ”,

and él(f)

are the unit £ vectors for an incident s-polarized
wave, a reflected s-polarized wave, and a reflected p-polarized
wave, respectively. We define a polarization conversion ra-
; 2 (2 42 ;

tio (PCR), Rpc = r5,/(rgs + rgp), which measures the energy
portion transformed from the original s mode to the p one af-

ter the reflection. Without absorption and diffractions, we get

res+rep = 1, due to energy conservation, and thus Rpc = rg,.
The calculated results of Rpc are shown as solid lines in
Fig. 2(a) for a normal incidence case with ¢ = 45°, and in
Fig. 2(b) for 8 = ¢ = 45°. We find the PCR to be strongly
enhanced around two frequencies, ~ 12.7 GHz, ~ 6.8 GHz,
corresponding precisely to the two resonances at which L., or
Uyy tends to infinity. In particular, for the normal incidence
case studied in Fig. 2(a), the theoretical 100% the PCRs at the
two resonance frequencies indicate that a linearly polarized

light converts its polarization completely after the reflection.

Fig. 1. (a) Geometry of the model system studied. (b) Image of part
of the experimental sample. (c) A schematic picture of the experiment
setup. Starting from the laboratory coordinate system {£o, $o, 20}, we
first rotate the sample for an angle of 6 with respect to the $y (= §)
axis, then for an angle of ¢ with respect to the Z; (= £) axis, and finally
arrive at the local coordinate system {£, §, £} attached to the sample.[?!
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0.04
1.0;

0.5;
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6 9 12 15
Frequency/GHz
Fig. 2. PCR as the functions of frequency, obtained by TMM cal-
culations on the model system (solid lines), FDTD simulations on
the realistic structures (solid stars), and experimental measurements
(open circles). The incident direction is (a) 8 = 0°,¢ = 45° and (b)
0 = ¢ = 45°.1291
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The physics underlying these unusual phenomena can be
understood by a simple argument. Consider the normal in-
cidence case for simplicity. Supposing the incident wave is
given by E' = (E,& + E,§) e! (-7t then after reflection
by an ordinary material, the reflected wave is usually written as
E" = r(E,& + Ey§) e'(?%/<+9) with r being the reflection co-
efficient. However, in the present case with anisotropy (U, #
Hyy), the reflection coefficients r, and r, are different for inci-
dent waves polarized along two directions. Thus, in general,
the reflected wave should be E' = Eq (r,& + ryg) el(@/¢to0)
and the polarization state can be manipulated through vary-
ing ry and ry. For the configuration studied in Fig. 2(a)
with E, = E), if we tune the material parameters to yield
re/ ry = —1, the polarization direction of the reflected wave
would be —& + ¢, which is perpendicular to that of the orig-
inal wave. A complete polarization conversion (CPC) is thus
realized. The key issue is then how to control ry and ry. With
a metal plate on the back, our structure is always totally re-
flecting, i.e., |r| = |ry| = 1. However, the phase Ay of the
reflection coefficient, defined as ry(,) = e 1AV, strongly de-
pends on the metamaterial parameters. We find that in most
cases where L, (Hyy) is not large, we have Ay, ~ £180°,
since the metamaterial layer is transparent and light can di-
rectly “see” the metal plate, which is reflecting out of phase.
However, at the resonances where [y (fyy) — oo, we ob-
tain Ayy,) = 0 since light is reflected directly by the opaque
metamaterial which possesses an infinite impedance. In gen-
eral, we can obtain any value of Ay, through adjusting the
value of L, (Nyy) and d. In a word, near each resonance, one
of U, and U, becomes very large while another is close to 1,
and thus there must be a frequency where Ay, — Ay, = £180°
and thus ry/ry = —1.

We employed experiments and FDTD simulations®!'! to
demonstrate these predictions. To realize the proposed model
system shown in Fig. 1(a), we designed and fabricated a
sample based on a frequency-selective structure as shown in
Fig. 1(b), which consists of a periodic array of planar H-
shaped metallic patterns (lattice constant a = 7 mm, thick-
ness d = 0.1 mm), printed on a 1.2 mm thick PCB slab (with
& = 3.6) with a metal sheet as substrate. Other structural pa-
rameters are fixed as b =5 mm, w = 1.0 mm. As a result,
the entire structure exhibits magnetic responses with well-
defined resonance frequencies, but its electric polarization is
strongly diminished since the two currents effectively can-
cel each other. The composite material is then perfectly de-
scribed by the double-layer model shown in Fig. 1(a), with
d =1.3 mm being the thickness of the H-pattern (0.1 mm) plus
the inner dielectric layer (1.2 mm). As schematically shown
in Fig. 1(c), the measurements were carried out in an anechoic
chamber using a network analyzer (Agilent 8722 ES) and two
linearly polarized horn antennas, with the sample rotated and

tilted appropriately to achieve a desired incidence angle (6,
®). As shown in Figs. 2(a) and 2(b), quantitative agreements
are found among the results obtained by TMM, FDTD simu-
lations, and experiments. In particular, both experiments and
simulations verified the CPC effects predicted by the model
analysis. We also found a good agreement between the FDTD
simulations and the model TMM results on the relative phase
(A@sp(f)), which indicates that we can obtain any EM wave
polarization desired. We finally employed experiments and
simulations to study the angle dependencies of the polariza-
tion conversion effects, and satisfactory agreements with the
model TMM results were noted.

In 2009, we further pushed this idea to the optical regime
with an experimental demonstration, measuring 96% polariza-
tion conversion efficiency from s- to p-polarization after reflec-
tion, at the working wavelength of 685 nm.3?! Our simulations
and analytical results, which are in reasonable agreement with
the experimental results, reveal that the underlying physics are
governed by the particular electric and magnetic resonances in
the optical metamaterial. Based on a similar idea, a broadband
plasmonic half-wave plate in reflection has been realized in the

near-infrared regime. 33341

2.1.2. Transmission geometry

While reflection-type devices have enabled highly effi-
cient polarization control based on ultra-thin systems, they
have also suffered the interference issues which are typical
We solved this issue in 2011.
posed a transparent anisotropic ultrathin MTM to control the

for such devices. We pro-
polarization efficiently, including polarization conversion and
rotation. >3] Compared to other proposed MTM polarization-

36,371 gur device

control devices in transmission geometry,!
does not suffer the energy loss issues.

Figure 3(a) schematically depicts our proposed system,
which is a laterally anisotropic ABA tri-layer structure, in
which layer A is an electric metamaterial with periodically ar-
ranged resonant microstructures, while layer B is a metallic
mesh. This design is motivated by a previous study in which
a series of perfect transmission peaks were found in a later-
ally isotropic ABA system.[?®! The idea is to utilize the lateral
anisotropy to purposely realize perfect transmittance for both
incident polarizations at a common frequency but with differ-
ent transparency mechanisms. When the transmission phase
difference for two polarizations is significant, the polarization
control can be easily and efficiently realized.

We performed full-wave numerical calculations using a
finite-element method (FEM)[?°! on realistic structures and
TMM calculations on homogeneous slabs!*¥! to study the
transmission properties of the proposed system. Based on
the effective media theory, the individual A and B layers
can be considered as homogeneous dielectric slabs with &5 =
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20.2 + 1917/(5.472 —fz) and ep = 4.483 — 623.1/f2, with
f denoting the frequency measured in GHz. Figure 4(a) de-
picts the transmission spectrum of the system based on FEM
simulations for the x-polarization case. By careful analysis,
we found that the first two peaks are induced by the perfect
EM wave tunneling effect in ABA systems with a mechanism
described in Ref. [38] (called “EMT peaks™). For the third
peak, we found that it is governed by the extraordinary optical
transmission (EOT) mechanism.*?! Since &g is negative, the
B layer supports surface plasmon polaritons (SPP). However,
such modes cannot be directly excited by propagating waves,
due to the wavevector mismatch. Fortunately, the A layer can
provide a reciprocal vector to compensate for the wave-vector
mismatch so that the SPP modes can be “seen” by the incident
plane waves, leading to the EOT phenomenon.

Fig. 3. (a) Unit cell structure of our design: a = 12, b =10, g = 21.3,
e=9,p=11,1=1, h=0.6, and the metal thickness is 0.018, with all
lengths measured in units of mm. All substrates have € = 3.5, and for
the B layer, the metallic mesh is sandwiched by two identical substrates.
Pictures of fabricated (b) A layer and (c) B layer. 135]

Understanding the physical mechanisms can help us ma-
nipulate these transmission peaks freely and independently.
The two EMT peaks are dictated by the micro-structure of
layer A but are insensitive to the periodicity, while the EOT
peak is essentially determined by the periodicity of layer A.
Simultaneously, three peaks also exist for a y-polarized inci-
dent wave but at different frequencies. Therefore, we pur-
posely adjusted the structure (microstructure, periodicity, d,
etc.) to make the EOT peak for x-polarization coincide with
the second peak for y-polarization. The transmission spectra
(including amplitudes and phases) through the optimized sys-
tem are shown in Fig. 4 as solid lines for both incident polar-
izations. We note that the system is perfectly transparent for
both polarizations at ~ 5.1 GHz. Meanwhile, the transmission
phase changes are ¢, ~ 0° and ¢, ~ 90° for the two polar-
izations. The physics underlying such a big difference is that
the transparencies are dictated by different principles. For x-
polarization, the transparency is the EOT type and thus ¢, is
nearly 0, since the role of the A layer is to provide a recipro-
cal vector, and it does not need to have a large permittivity. In
contrast, the transparency for y-polarization is the EMT type
(see Fig. 4(b)), so ¢, must be large, since a large permittivity

is required for the A layer to compensate for the negative per-
mittivity of the B layer based on the EMT.[3 Such a big A@
is remarkable, recalling that our system is only A /20 thick. In
contrast, the ordinary polarization-modulation materials need
to be much thicker than the wavelength to achieve such a phase

difference.
1.0 180
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i
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Fig. 4. For the optimized structure (the same as Fig. 1 and with mm),
simulated (lines) and measured (circles) spectra of transmission ampli-
tudes and phases for two incident polarizations.!3!

Microwave experiments were performed to verify the the-
oretical predictions. We fabricated metamaterial samples in
sizes 48 cmx48 cm based on the designs (see pictures for A
and B layers in Figs. 3(b) and 3(c)) and measured the trans-
mission spectra of the ABA structure using a vector network
analyzer (Agilent E8362C PNA). The measured |S2;| and A
are plotted as open circles in Fig. 4 for two incident polariza-
tions. Excellent agreement is found between experiment and
simulation results. In particular, experiments confirmed that
the transmittance is maximized for both polarizations around
5.1 GHz but with a phase difference ~ 90°. However, the max-
imum transmissions cannot reach 100% as predicted by the
theory, probably due to imperfections in the sample and the
loss in the substrate. We also demonstrated experimentally
three typical polarization control effects: linear-to-circular
conversion, linear-to-elliptical conversion, and polarization di-
rection rotation.

Note that all the approaches introduced here can be ex-
tended to other frequency domains such as the THz, infra-red,
and optical regimes,*>3341] although the fabrications are far
more challenging and the loss issues should be carefully con-
sidered.

2.2. Transparency control

Induced high transmittance of EM waves through opaque
media has always been fascinating. Such a phenomenon is
typically associated with the excitation of some kind of reso-
nance, such as SPPs enabled by the Bragg scattering of peri-

odical structure 4243

I or Fabry—Perot (FP) resonances. 4% In
2005, we demonstrated a novel transparency mechanism, 38

different from the SPP-aided*>%34¢1 and the FP[44+*] ones,
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to make an optically opaque medium (slab B with negative €,
as shown in Fig. 5) perfectly transparent by sandwiching this
opaque slab between two identical A slabs with high &, which
are also nearly opaque. For such an ABA structure, we found
the following rigorous criterion for perfect transmission:

ki ko o ko
%00, — (2 -2 tanh
(ko k1) tan(k;d;) (ko a2> tanh(aads)

ki >
— ((XZkO + k2> tan (k] d])tanh(ade) = 0,
with

k2 = iOtz.

(0]
kl:\/gl?7

Figures 5(a) and 5(b) show the field patterns for the two
T = 1 solutions. In both cases, we found exponentially grow-
ing evanescent waves inside the B layer to completely com-
pensate the usual exponentially decaying wave, resulting in
perfect transmissions. We found the magnetic fields to be
strongly enhanced around the A-B interfaces, which is a char-
acteristic feature of this phenomenon but not found in others.
On the other hand, the electric field is diminished inside the
B layer. After considering the phase, we found the magnetic
field pattern to exhibit odd symmetry with respect to the cen-
ter plane of layer B for the EMT-derived solution, and even
symmetry for the second solution. A phase diagram is given
in Fig. 5(c) to show the maximum enhancement of magnetic
field with respect to parameters & and d (= d; = d,) for the
EMT-derived transmission. The field enhancement is stronger
with larger & and appropriate d, in clear contrast to the EMT
applicable region. Microwave experiments based on MTMs
and FDTD simulation were performed to demonstrate such an
effect. The overall agreement among the experimental results,
the simulation results, and the theory is quite good. In particu-
lar, near the critical thickness, experiments do show near 100%
transmission at the frequency predicted by the theory. The
two properties associated with this transparency, high mag-
netic field and incident angle independence, were also verified
by the FDTD simulations. The present effect is also realiz-
able in infrared or optical regimes with appropriate designs.
Based on our idea, unitary transmission through tunnel barri-

z1*71 and optical regimes!*®! has been shown to

ers in Terahert:
be possible. However, direct scaling of such MTMs to the op-
tical regime is proven invalid, due to the saturation effect of an
LC resonator at high frequency. "]

In 2012, we extended our ABA approach to establish a
scattering-cancellation mechanism (SCM) to make continu-
ous plasmonic metal transparent.l>”] Such a scheme can in
principle be realized in the optical frequency domain, since
it does not involve LC resonators, which suffer the saturation
effect. In addition, such a scheme is totally different from the

transparency mechanisms with the help of certain resonances

such as SPPs[*}! or FP resonances.**! In both the SPP and FP
schemes, the targeted metals should be perforated with holes
or slits. Moreover, the SPP approach is sensitive to structural
order while the FP one requires samples with thicknesses com-
parable to wavelength, and both are inconvenient for practical
realizations. In contrast, our scheme has overcome these prob-
lems, since it retains the full electric and mechanical properties
of a natural metal (without making holes in the metal) and the
transparency is robust against structural disorder and incidence

angle.0!

|H/ Ho

|E/ Ey

62/103

0.02 0.04 006 0.08
kod

Fig. 5. The (a) |H/Hy| and (b) |[E/Ey| as the functions of position for
the EMT-derived solution (solid line) and the other solution (dashed
line). Here & = —2000, kod = 0.02. (c) Maximum magnetic field en-
hancement obtained in the EMT-derived perfect transmission state with
respect to & and d.13%

Figure 6(a) schematically depicts our proposed structure
of the transparent conducting metals (TCMs), in which the
target continuous metal film C (with thickness hc and rela-
tive permittivity &c) is sandwiched by two identical composite
layers (with thickness hap) consisting of alternating dielectric
(A) and metallic (B) stripes. To avoid electric shorting, the
C layer is separated from the A and B layers by small gaps
(with thickness h,) filled with a medium with relative per-
mittivity €. As a pure theoretical model, we set e¢ = —110
and performed full-wave simulations based on the FEM ! to
compute the transmittance (7') of the whole structure under
illuminations of an x-polarized normally incident light. We
depict in Fig. 6(b) how T depends on two parameters €g and
P =wa +wp (through varying wa only), with other parame-
ters fixed as €y = 12, wg = 0.14, hag = hc = 0.024, &, =1,
hy = 0.01A4, where A is the incident wavelength. Although a
stand-alone C layer is nearly opaque (with 7' < 2%), we note
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that such a sandwich structure can be perfectly transparent un-
der certain conditions. The upper high-T band at P ~ A is very
narrow, and is easily identified as the EOT band.*"! The lower
high-T band is much broader, with governing physics ex-
plained by the SCM theory. We applied a mode-expansion the-
ory to analytically solve the scattering problem of the present
system.>!"2] The analytical model shows that if the reflection
from the AB layer is strong enough to cancel the reflection
from the C layer, which is always highly reflective, the whole
system can still be perfectly transparent. Since €4 and €g have
opposite signs, by adjusting the AB structure one can tune
the effective impedance Zapg very efficiently, and in turn, tune
the scatterings from two AB layers, so that the perfect trans-
parency condition can be exactly satisfied. Obviously, such a
scattering cancellation mechanism needs no structuring of the
metal C, so full DC conductivity of metal C can be retained.

We designed realistic TCMs based on Fig. 6(a) in which
both C and B are assumed to be Ag, material A is air and the
interlayer materials are Al,O3. We found the transmittance to
be as high as 90% and 75% for an hc = 25 nm and hc = 40 nm
design, at 776 nm and 700 nm, respectively. Note that the
transmittance through a bare Ag layer of 25 nm thickness is
less than 3%.

(a) (b)1.

(a) ’ ”.‘\

0.5 :' S

[Sa1]?

’

0.
© 0850760 "800 900
A/nm

Fig. 6. (a) Geometry of the structure studied in this paper. (b) FEM
calculated transmittance through the structure as functions of g and
P/A. Inset shows a zoomed view of the rectangular region. (c) FEM
calculated transmission spectra of the designed TCMs (solid line for
hc = 25 nm and dashed line for Ac = 40 nm) with other parameters
ex = 1,& = 3.06, and h, = 10 nm. (d) Distributions of normalized H-
field (color-map) and energy flux (arrows) inside the Ac = 40 nm struc-
ture under the illumination of an x-polarized light at 2 = 726 nm.°]

We performed proof-of-concept experiments in the mi-
crowave regime to verify the proposed scheme. In mi-
crowaves, metals behave as perfect conductors and do not ex-
hibit finite negative €. However, metallic meshes with sub-
wavelength openings are shown to exhibit Drude-like € in the
microwave regime,!!! and therefore are chosen to mimic the
plasmonic metals B and C at optical frequencies. Figures 7(a)
and 7(b) show that the measured spectra are in excellent agree-
ment with FEM simulations for layer B and layer C with effec-
tive permittivity eg = 5 — 580/ f2 and ec = 5 —2300/ f? (f de-
noting the linear frequency measured in GHz). Figure 7(c) de-

picts the measured and simulated transmission spectra through
such an ABC structure, where a transparent band is identified
at ~4.4 GHz with peak transmittance ~100%! This is quite
counter-intuitive at first glance, since when bare, such a layer
Cis nearly opaque (with T < 5%). The experimental and sim-
ulated results shown in Figs. 7(d) and 7(e) demonstrate the
incidence angle-independence properties of the SCM trans-
parency, which are very useful for real applications. We also
found that our mechanism is quite robust against the structural
disorder.

C layer
— v EXPL. s =

Transmittance
=)
o

Frequency/GHz Frequency/GHz

Fig. 7. Measured (open circles) and simulated (solid lines) transmission
spectra of (a) layer B, (b) layer C, and (c) the designed ABC structure.
FEM-calculated transmittance as functions of incident angle and fre-
quency for (d) s- and (e) p-polarized incident waves, with open circles
representing the measured maximum-transmittance positions. >l

Again, such an idea can in principle be realized in high-
frequency domains. In fact, we have realized a transparent
electrode in the THz regime by extending the symmetrical
ABA structure to an asymmetrical configuration.>3l' A simi-
lar idea was also proposed to make anti-reflective coatings in

the THz regime. >4

3. Plasmonic MTMs for SPP control and their
applications

SPPs attracted considerable attention recently, [42:43:46:55]

The plasmon frequency ®, of a natural material is fixed by
its electron density, which limits the applications significantly.
In 2004, Pendry et al.
with periodic square holes can mimic a plasmonic material

demonstrated that a metallic plate

in terms of SPP properties, > with effective o, dictated by
the structure.®!1 However, to make the idea work, one has to
fill the holes with high-index materials, which is not easy to
realize in practice, particularly at higher frequencies.
Attracted by the multiband and subwavelength proper-
ties of fractals, several groups investigated the rich EM wave

(56571 Inspired by

characteristics of various fractal structures.
such prior work, we found that a metallic plate drilled with
fractal-shaped slits (see Fig. 8(a)) exhibits SPPs with @, dic-

tated by the fractal geometry.’®) Without using high-index
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insertions°!-32! and distinct from the narrow rectangular hole
case,?”! the system can be homogenized as a plasmonic meta-
material to support transverse-magnetic (TM) and transverse-
electric (TE) SPPs simultaneously, due to a subwavelength
property of the fractal pattern along all dimensions at reso-
nance. Most importantly, the effective plasmon frequency of
such a system can be changed via adjusting the fractal geom-
etry. Therefore, we can in principle design a plasmonic meta-
material at any desired frequency. These plasmonic MTMs
can support many interesting applications. In what follows,
we will introduce two typical applications of such structures,
including super and hyper imaging, and slow-wave meta-

surfaces to enhance light—matter interactions.

3.1. Super and hyper imaging

Now that such a system supports well-defined SPPs, it is
natural to expect that we can use it to focus light sources with
all subwavelength resolutions. We designed and fabricated
plasmonic MTMs in the microwave regime (see Fig. 8(b) for
the sample picture and the unit cell structure), and performed
microwave experiments to demonstrate the super imaging ef-
fects. Putting a small antenna on the front surface of a slab
of our MTM, we employed another, identical antenna to mea-
sure the field distribution on the exit surface of the lens. Both
measurements and FDTD results show that the images focused
by our lenses (with different thicknesses) are only ~ 8§ mm
wide, which are ~ A/15 since the working wavelength is
A ~ 119 mm. In contrast, images formed without lenses (solid
squares) do not show any subwavelength resolutions at all. In
addition, the field strength is enhanced when a lens is added.

The subwavelength resolution and enhanced field strength are
43,55]

two important characteristics of the SPP.!
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Fig. 8. (a) Geometry of the fractal plasmonic MTMs. Unit cell’s pa-
rameters measured in um: [y =lp = H =0.5, 3 =14 = 0.25, w = 0.06.
(b) Picture of a 63-mm-thick fractal plasmonic metamaterial and its unit
cell structure (all lengths are measured in mm). Here the periodicity is
18 mm (32 mm) in the x (y) direction. (c) and (d) Electric field distri-
butions along the line perpendicular to the antenna on the image plane
obtained by experiments (open circles) and FDTD simulations (solid
lines) for different lens thickness, referenced by the experimental re-
sults measured without any lens (solid squares). Here, the maximum
electric field is normalized to 1 in the presence of a lens. 8]

We further investigated the role of the aperture shape on
super imaging effect with such metallic plasmonic MTMs. [60]
Through analyzing the transmission properties of metallic
plates with different apertures, we found two conditions for
such structures to work as super lenses. First, the working
wavelength dictated by the aperture’s shape resonance should
be much larger than the array’s periodicity. Second, the cou-
pling strength |Sy| between the aperture’s fundamental waveg-
uide mode and external radiations should be as small as possi-
ble. These two conditions contradict each other for a square-
shaped aperture, so high index materials should be inserted
into the apertures, while a fractal-shaped aperture satisfies
these two conditions simultaneously without using high-index
insertions. Numerical simulations were performed to illustrate
the imaging properties of these plasmonic lenses.

Such an amazing super-imaging property of our plas-
monic MTM can be interpreted in a different way. We demon-
strated that our system can optically well mimic the optical-
null medium (ONM),[*!) which is a particular type of TO
medium representing an optically non-existant space. Accord-
ing to the TO theory, %% the ONM is obtained by expanding a
zero-thickness space to a finite-thickness slab and exhibits the

following EM parameters (in Cartesian coordinates):

g oo

00
e=u=|(0 0
00

Therefore, an ONM can transfer any wave from its front sur-
face to its exit surface perfectly without any phase accumula-
tions, as if the ONM does not exist at all. FEM P! simulations
clearly demonstrated this peculiar property of the ONM (see
Fig. 9).

We derived an effective-medium theory (EMT) based on
the rigorous mode expansion theory®!l to homogenize our
plasmonic MTM. At the working frequency, which is just the
waveguide cut-off of the aperture, we found the effective € and
1 of our system can be expressed by

00 0 ISo> 00
ct=€ |0 0 O |, per=fo| 0 [S* 0 |,

where |SO|2 is the coupling strength mentioned previously.
Therefore, if we can design a system exhibiting such a plas-
monic MTM (at the frequency) then it can well mimic an
ONM optically. Full-wave simulation results justified this ar-
gument based on a carefully designed plasmonic MTM. 6! Tt
is thus very natural to understand why such a system can work

as a super lens.
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Fig. 9. (a) FEM-computed transmission amplitudes |T'| for EM waves with
different incident angle and polarization passing through a 2A-thick slab of
ONM (solid circles), epsilon-near-zero medium (ENZ, green dash line, with
€ = 0.1) or zero-index-material (ZIM, red line), correspondingly. (b)—(d)
FEM simulated electric field (E,) distributions for TE-polarized EM waves
passing through a 2A-thick ONM slab with parallel wave vectors: (b) k; =0,
(c) ky = 0.5kg, and (d) k, = 1.2kg. Here, the wave vector is in a vacuum, and
the shadow areas represent the ONM. (611

Expt. FDTD
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Fig. 10. (a) Top-view and (b) side-view pictures of the experiment sample.
Inset shows the picture of the fabricated sample with parameters (in mm):
Ly =12, L, =13, L3 =6, P, =18, b, =31, w= 1. (c), (¢) Measured and
(d), (f) simulated |E/E,| distributions at the outer surface of the hyperlens
when two dipole antennas are placed on the inner surface of the hyperlens,
fed by in-phase ((c) and (d)) and out-of-phase ((e) and (f)) signals. Black
lines/symbols correspond to the case of replacing the sample by air. In both
measurements and simulations, the |E| value at the position liysg = 0 mm in
the in-phase case is taken as the reference |Epg|.[o!]

The ability to mimic an ONM opens up more applications
for our plasmonic MTMs. For example, after bending a slab of
ONM to a curved shape, the new system must work as a hyper
lens, which can not only focus a light source but also magnify
the image size. As shown in Fig. 10, we performed microwave
experiments at working frequency 2.63 GHz to demonstrate
the hyperlensing effect with a designed realistic sample. Put
two point sources separated by a deep-subwavelength distance
18 mm, we found that the two point sources can be clearly dis-
tinguished on the image plane, with measured half-maximum
width of each peak being roughly 20 mm ~ A /6. More impor-
tantly, now the separation of the two peaks is 23 mm, which
is enhanced by a factor of ~ 1.3 as compared to the original
value 18 mm, and the field at the image peak is enhanced sig-
nificantly better (more than 7 times) than that without the hy-
perlens. All these features are consistent with the theoretical

predictions based on an ONM. Two things are worth mention-

ing here. First, our experiments demonstrate that the hyper-
lensing effect is independent of 6¢ (see Figs. 10(c) and 10(e)),
which is the desired result, according to the “stretching” op-
eration. Such an interesting property offers the ONM more
freedom for future applications. Second, although the magni-
fication factor is only ~ 1.3 in the present demonstration, this
factor can be easily improved by increasing the curvature or

the thickness of our device.

3.2. Slow-wave meta-surfaces to enhance light-matter in-
teractions

We can even construct a slow-wave meta-surface by
putting such a plasmonic MTM on top of a dielectric spacer
backed by a metallic sheet. The whole device is still
much thinner than wavelength, yet it can support slow wave
propagations along all directions and allow a perfect cou-
pling between inner slow-wave modes with external fast
waves.[©2] Such a slow-wave mechanism is very different
from available approaches, such as the Bragg mechanism in
photonic crystals,[®3] the electromagnetically induced trans-
parency (EIT) mechanism in atomic gases,/%*! photonic sys-
tems with negative-refraction MTM components, (%> and
Fano resonance-based MTMs, [67-68]

Our sandwich structure is schematically shown in
Fig. 11(a). We first experimentally measured the reflection
time delay (AT) of a microwave pulse incident from air onto
our system. The time that the pulse travels in air is deduced, so
that AT precisely measures the net time in which the pulse is
trapped inside the structure. The AT (w) spectrum deduced
from experimental data is depicted in Fig. 11(b), which is
in excellent agreement with simulation results based on the
FEM.[3®1 We noted that while AT = 0 at most frequencies,
AT significantly increases in a frequency window centered at
~ 5.5 GHz, indicating that our structure can trap the EM pulse
for a long time. With the FEM simulation at three typical fre-
quencies, shown in the inset of Fig. 11(b), the noted phenom-
ena can be easily understood: while EM waves are directly
reflected back by the upper surface at both 4 GHz and 7 GHz,
they could penetrate inside the apertures at 5.5 GHz and stay
there for a long time (~ 2 ns) before leaving the structure. The

effective wave speed inside our structure is
vg =2h/AT ~ ¢/100

at ~ 5.5 GHz. The slow-wave effect is robust against the po-
larization and the incident angle of the input beam, and similar
spectra were obtained for TE-polarization cases with different
incident angles. Figure 11(c) depicts how AT depends on two

parameters h; and hj, obtained by FEM simulations. In the
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left corner, where both iy and h, are large, AT depends lin-
early on h; and h,, suggesting the dominance of a bulk effect.
Intriguingly, as hy, hp — 0, AT does not decrease but rather
increases dramatically. The common linear dependencies ex-
hibited by the two curves in the region 4; > 10 mm suggest an

analytical formula for

AT =~ ATy +2h /v,.

We note that each aperture in the upper metallic plate forms
a waveguide as h; becomes large, and therefore, v, precisely
represents the group velocity for photons traveling inside such
a waveguide. On the other hand, the term AT, which does
not depend on h, must be a surface-related remaining con-
tribution. Our FEM simulations and microwave experiment

verified such anomalous behaviors of AT; in small-% regions.

»

Ll

[ Spacer _ BUSEEN
Metal $

5 6
Frequency (GHz)
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7 10 2 @
w,\©

h1 (In,") 0

Fig. 11. (a) Geometry of the designed meta-surface and picture of part of a fabricated sample with a =20, w =2, [1=10, [, =13 =
ly =5, hy=hy =2 (measured in mm). The metallic material used here is copper, and the spacer is just an air gap. (b) Measured (red
dot) and simulated (blue lines) delay time spectra for the fabricated meta-surface. Insets show the calculated electric-field distributions
under external radiations at different frequencies. (c) FEM-simulated delay time (calculated at frequency 5.5 GHz) as a function of /4
and hy with other geometrical parameters the same as those in panel (a).[%?]

We found the physics of such an anomalous effect arise
from the enhanced mode-hybridization effect. In our system,
the incoming EM wave first excites the spoof SPPs, which
propagate very slowly on the structural surface. It takes a
very long time (~ AT;) for the SPP wave to penetrate into
the waveguides since each aperture has a very small open-
ing. Wave propagation inside the waveguide is again very
slow since v, < c here, resulting in an additional delay time ~
hy/v. For the system with small 4 and Ay, AT is mainly con-
tributed by the surface term A7;. We found that the stronger
mode-hybridization in the smaller 4, case results in stronger
local field enhancement, with the longer surface delay time
AT;. This explains the singular dependence of the slow-wave
effect on s; and Ky, as observed in our structure. As a result,
our system has a larger Purcell factor (~ Q/V) than the FP
one, leading to better performance in enhancing the LMIs.

Such a slow-wave meta-surface can have many applica-
tions, especially in enhancing light—matter interactions (LMI).
We first took light-absorption as an example. Inserting low-
absorptive FR4-PCB powders (with € = 1.5+ 0.031) into the
apertures and replacing the air-gap by a 2-mm-thick low-
absorptive dielectric spacer (with € = 3.9 +0.0751), we per-
formed microwave experiments to measure the absorption
spectra of the entire system. As shown in Fig. 12, absorbance
is significantly enhanced in a frequency window centered at
~4 GHz with peak absorption ~100% for an input wave with
TE or TM polarizations at an incident angle 6 = 15°. Note
that the total thickness of our structure is only ~ A /20, and

can in principle be further reduced. Simulation results (lines)
are in excellent agreement with experiment, both showing that
the perfect absorption effect is robust against the polarization,
incident angle 0, and azimuthal angle ¢ of the in-plane E vec-
tor (see Fig. 12(b)). As another example, we show by full-
wave simulations that the third-harmonic nonlinear generation
can also be significantly enhanced by putting nonlinearly ac-
tive materials inside the apertures of our slow-wave structures.
Other interesting LMI enhancements can also be expected, and
we are looking forward to experimental verifications.

(a

-

)
Freq. (GHz)

Frequency/GHz

Fig. 12. (a) Measured (circles) and simulated (lines) EM wave absorp-
tion spectra under radiations with TM- or TE-polarizations and 6 = 15°,
¢ = 0°. (b) FEM-computed absorbance versus incidence angle and fre-
quency under radiations with TM- or TE-polarizations and ¢ = 0°; cir-
cles denote the absorption peak position measured experimentally. Inset
shows the measured (circles) and simulated ¢ dependences of the ab-
sorption peak (setting 8 = 15°).[6%]
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4. Inhomogeneous meta-surface for wave-front
control

In the above sections, we focused on those MTMs
constructed based on simple homogeneous or periodic or-
ders but with different and carefully designed meta-atoms.
Recently, inhomogeneous meta-surfaces (ultrathin MTMs)
constructed based on specific orders have attracted much
attention. [18-20241 Digtinct from the TO devices, which grad-
ually manipulate the propagation phase for light travel-
ling inside the medium, meta-surfaces can locally supply
abrupt transmission/reflection phase changes in the deep-
subwavelength scale and thus exhibit even stronger abilities to
manipulate light propagations. Since EM waves do not need to
propagate inside the meta-surfaces for a long time, the energy
dissipations are strongly reduced. On the other hand, such de-
vices are typically much thinner than the wavelength, which is
another attractive characteristic, compared to the conventional
bulky MTMs.

In 2011, Capasso’s group proposed the first inhomoge-
neous meta-surface consisting of V-shaped optical antennas
with different sizes and geometries.!'®! Each V-shaped an-
tenna is carefully selected to provide an appropriate phase for
scattered waves, such that the whole system exhibits a lin-
early changing phase profile with a constant gradient d®/dx.
When the meta-surface was illuminated by incident light at the
working wavelength A = 8 um, the authors experimentally ob-
served anomalously reflected and refracted modes which sat-
isfy the generalized Snell’s law

. o do
s1n6tnt—sm 917’11 = Ea,
. . Ao dP

6, —sing = 2L
sin6; —sin = > ——,

derived from Fermat’s principle. Here, 6;, 6;, and 6, denote
the incident/reflection/refraction angles, respectively, and n;,
n; denote the refraction indices for two different media sand-
wiching the meta-surface. The idea was soon pushed into the
near-infrared regime (~ 2 um) by Shalaev’s group, who fur-
ther demonstrated experimentally that such an effect is quite a
broadband. !

However, such meta-surfaces suffer two shortcomings.
First, the polarization of the anomalous reflection/refraction
modes has been changed with respect to that of the incident
beam (Fig. 13(b)). Second, for such systems, normal reflec-
tion/refraction modes are also observed (Figs. 13(c) and 13(d))
so that the efficiency of anomalous reflection/refraction cannot
be high. In 2012, our group introduced a new class of meta-
surface to overcome these two shoﬁcomings.m] In addition,
we experimentally demonstrated that such a new type of meta-
surface can serve as a bridge to link propagating waves (PWs)
and surface waves (SWs).[2% The structure consists of vari-
ous H-shaped resonators and a metal sheet, separated by a thin

dielectric spacer. Obviously, our meta-surface works in reflec-
tion geometry and prohibits the channels for all transmission
modes. For different meta-atoms, the reflection amplitudes
are always 100% and the reflection phases are carefully de-
signed to satisfy a linear distribution with a constant gradient
£. We found that reflections by our meta-surface satisfy the
generalized Snell’s law k, = & + ko sin 6,, indicating that the
meta-surface provides an additional wave vector § = d®/dx
to the incident beam. In addition, both theoretical calculations
(including mode-expansion theory!'?! and FDTD simulations)
and experiments demonstrate that the normal (specular) mode
is totally suppressed and the incident PWs can be converted to
the anomalous reflection mode with nearly 100% efficiency.
As & is larger than kg or the incident angle is larger than a criti-
cal value (8. = sin~!(sin90° — € /ko)), the reflected beam will
become an SW since its parallel wave vector k, is larger than
ko. Our theoretical prediction for the PW—SW conversion has
been experimentally demonstrated by near field measurements
(see Fig. 14). Distinct from the conventional PW—-SW cou-
plers such as prism or grating couplers, here our meta-surface
works with a non-resonant coupling nature and thus supports
a highly efficient PW-SW conversion for a wide range of inci-

5.1201 Compared with the meta-surfaces introduced

dent angle
by Capasso’s group, our systems exhibit much-enhanced ef-
ficiency for polarity-conserved anomalous reflection and can
serve as the very bridge to link PW and SW. We soon realized
the idea in the optical regime, and the fabricated meta-surface
exhibits a ~ 80% efficiency for anomalous reflection within a

broad range of wavelengths (750 nm-900 nm). >4
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Fig. 13. (a) SEM image of one representative meta-surface to demon-
strate generalized Snell’s law. (b) Schematic experimental setup of ordi-
nary and anomalous reflections/refractions under y-polarized excitation.
(c) Measured far-field intensity profiles of the refracted beams for y-
and x-polarized excitations, respectively, with different unit cell lengths
.8l
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Fig. 14. (a) Schematic picture describing the near field scanning tech-
nique. The E; distributions (with phase information included) on part of
the & = 1.14ky meta-surface under illumination of a normally incident
x-polarized EM wave, obtained by (b) near-field scanning measurement
and (c) FDTD simulations. 2%

The development of meta-surfaces has opened up a new
sub-field in MTMs research. Many fascinating effects have
been demonstrated based on meta-surfaces, such as direc-
tional high-efficiency SPP couplers,?>23 flat lenses,[2>-26:%9]
the photonic spin Hall effect,[*®! meta-holograms,!”®! and
out-of-plane reflection/refractions.’!] We believe that meta-
surfaces can not only serve as an ideal platform for fundamen-

tal research, but also find real applications in the near future.

5. Conclusions

In conclusion, we have presented a short overview to
summarize our recent work on light manipulations using ho-
mogeneous MTMs and inhomogeneous meta-surfaces. We in-
troduced the basic concepts, key properties, experimental ver-
ifications, and potential applications of three types of light—
manipulation effects, including polarization and transparency
controls using the conventional MTMs, SPP controls using
plasmonic MTMs, and wave-front controls using inhomoge-
neous meta-surfaces. We look forward to more exciting new

ideas and new developments inspired by this review.
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