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Abstract: We present a short overview on the research works related to two hot topics in metamaterials: transparent
metals and inhomogeneous meta-surfaces. For the first topic, we first introduce a scattering-cancellation mechanism
for making continuous metals optically transparent, and then propose a realistic design in optical domain, and finally
experimentally prove the idea in both microwave and terahertz frequency domains. For the second topic, we show
that light reflection/refraction at a carefully designed gradient-index meta-surface follows a generalized Snell’s law,
and then demonstrate that such a system can perfectly convert a propagating electromagnetic wave to a surface wave
under certain conditions, and finally introduce several interesting applications of this type of systems.
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1. Introduction

Metamaterials (MTMs) are artificial electromagnetic (EM) materials composed by functional
EM microstructures (usually called “meta-atom”) arranged in a specific macroscopic order. Via
changing their constitutional meta-atoms or macroscopic orders, MTMs can exhibit extraordinary
EM properties which do not exist in nature. The most remarkable properties of MTMs are that
they can be designed to manipulate EM wave propagation properties as desired, leading to many
interesting phenomena already demonstrated, such as negative refraction [1, 2], super imaging
[3, 4], invisibility cloaking [5, 6] and polarization control [7, 8].

Recently, much attention was paid to two sub-fields in MTM research. On the one hand,
people were fascinated to seek for new routes to make transparent conducting metals (TCMs)
based on MTMs, particularly those schemes that can make continuous metals optically
transparent so as to keep the highest possible conductivity of a target metal. Meanwhile, people
gradually realized the importance of macroscopic “order” of a MTM to control the wave-front of
light, and found that a class of inhomogeneous meta-surfaces (i.e., ultra-thin MTMs) possesses
extraordinary abilities to control light propagations. In this paper, we attempt to make a brief
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review on the latest developments in these two hot topics, mainly focusing on the research works
done in our own group. This paper is by no means a complete overview on the whole
developments of these two fields, but rather represents our own perspectives and serves as a
guidance to help readers enter these two sub-fields.

This paper is organized in the following way. Section 2 is devoted to reviewing the TCM part.
We first give a brief introduction on the background and motivation of the given problem in Sec.
2.1, and then introduce in Sec. 2.2 our concept of scattering cancellation mechanism to achieve
TCM. We next describe our efforts to experimentally prove this concept in both microwave and
terahertz (THz) frequency domains in Secs. 2.3 and 2.4, respectively. Section 3 is devoted to
reviewing the meta-surface part, in which we summarize the key idea of the generalized Snell’s
law, the implementations of this idea in different frequency domains and the applications of such
devices. Finally, we conclude this review in Sec. 4.

2. Transparent conducting metals based on MTMs
2. 1 Backgrounds and motivations

Making a high-conducting metal transparent has drawn lots of attention recently. The problem
is of great scientific curiosity since a bare metal itself is opaque for light. On the application side,
TCMs with both high DC conductivity (op.) and high light transmission are desired in

optoelectronic devices, varying from solar cells to electronic paper, touch screens, and displays.

However, since op. =N.e°r/m of a metal is correlated with its plasmon frequency
a)i =ne’/gm through the free-electron density n,, a high-conducting metal (with a high n,) is
typically opaque for light since its permittivity & is usually very negative caused by its high @, .

Typical approaches to fabricate TCMs are to decrease the n, directly (e.g., using

Indium-Tin-Oxide (ITO) [9] or doped silicon [10]) or effectively (e.g., making nano-meshes [11]
or nano-wires [12]). However, the (effective) DC conductivity (o) of such TCMs are much

smaller than that of a continuous metal film [13]. Meanwhile, ITO is very brittle thus making
devices like electronic paper or flexible screens difficult to achieve [14], not mentioning the
scarcity and continuous increase in the price of indium. On the other hand, transparency of a
metal film can also be achieved with help of certain resonances such as surface plasmon
polaritons (SPP) [15] or Fabry-Perot (FP) resonances [16]. However, in such 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 comparable to wavelength,
both of which are undesired in practical applications. Therefore, it is highly desirable to find a
new mechanism to make a continuous plasmonic metal optically transparent.
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2.2 The scattering cancellation mechanism

In 2005, we proposed the concept of SCM [17], which is different from previous SPP-aided
[15] or FP ones [16], to make a continuous and flat metal transparent. Our idea is motivated by
effective medium theory (EMT) [18]. Let us consider a homogeneous layer B of thickness d,

with &, <0, which represents a continuous plasmonic metal and by itself is optically opaque.

Consider first a double layer structure combining this layer with another homogeneous layer A
with & >0 and thickness d,. Within the effective medium framework, the AB structure will

become transparent when ¢ =(g,d, +¢,d,)/(d, +d,)=1. For a circular frequency @ and fixed
parallel k component k , we obtain a 2x2 transfer matrix Q(@,k ), by which both the
transmission coefficient t=Q,,—Q,,Q,,/Q,, and reflection coefficient r=-Q,,/Q,, can be
calculated [19]. If there is no absorption, perfect transmission (T =[t|*=1) appears when Q,, =0.
For this AB structure, the criterion of perfect transmission at normal incidence (k, =0) is:

Kk

) tangid)) - (%2459 tanh(ed, )+ iU+ 22) tan(k d, Y tanh(ad,) =0 (1)
k, k Kk, a o, k

where k, =./¢, — and Kk, =ia,. Since the first two terms are real while the third term is
C

imaginary, Eq. (1) can never be satisfied, indicating that perfect transmission cannot be realized
in the AB structure. The reason is that the waves scattered by layers A and B cannot completely
cancel each other, since the two layers are in different phase planes. This problem can be
remedied when another identical A layer is added to form an ABA sandwich structure. For this
structure, we found the following rigorous criterion for perfect transmission:

(‘;_1_%)2tan(kld])—(%+ﬁ)tanh(azdz)—( + K0 an (kd) tanh(d,) =0, (2)
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k/

The third term in the above equation is also real so that Eq. (2) can be satisfied with
appropriate parameter values. This perfect transmission is not induced by SPP’s, since the latter
correspond to the condition Q,(w,k)=0 [20], while the present criterion is Q, (w,k)=0.

The present transparency is also not induced by FP interference, since no propagating wave is
allowed inside our B layer.

The first two terms in Eq. (2) are single scattering contributions of individual A and B layers,
while the third term is a multiple scattering contribution. In the long wavelength limit (k.d. — 0),

the third term can be dropped and Eq. (2) is reduced to the EMT solution:
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£ =2¢gd, +¢&,d,)/(2d,+d,)=1. However, when kd, and «,d, are not small, Eq. (2) still has
solutions. Figure 1(a) shows the solved values of & as a function of d, for an example with
&, =—2000. To avoid the confusion of too many parameters, we set d, =d, =d. We find the

existence of two solutions up to a critical thickness at which the solutions merge together and
disappear abruptly. The first solution recovers the EMT value in the limit of k,d — 0, but at the

critical thickness, we have kd~1.3,a,d 2.7, far away from the long-wavelength limit

requirement. The first solution deviates from the EMT value with increasing d, although it is
derived from the EMT. A ¢,: d phase diagram is shown in Fig. 1(b) for this EMT-derived

solution ¢, scaled by its corresponding EMT value. A phase boundary is found to separate the

lower-left region which supports the T =1 solutions from the upper-right one which does not.
The solution is closer to the EMT value in regions closer to the lower-left corner where EMT is
better applicable. However, T =1 solutions survive when EMT is apparently no longer valid.

Fig. 1 (color online) (a) ¢ satisfying Eq. (2) as functions of d . Magenta line denotes the EMT solution
oy =3/2—6,/2.(b) &, : d phase diagram depicting the value of ¢, /&, for the EMT-derived perfect

transmission solution. Reproduced from Ref. [17].

Figures 2(a)-(b) shows the field patterns for the two T =1 solutions. In both cases, we find
exponentially growing evanescent waves inside the B layer to completely compensate the usual
exponentially decaying wave, resulting in perfect transmissions. We find the magnetic fields to be
strongly enhanced around the A/B interfaces, which is a characteristic 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 (not shown here), we find the magnetic field pattern to exhibit odd
symmetry with respect to the center plane of layer B for the EMT-derived solution, and even
symmetry for the second solution. A phase diagram is given in Fig. 2(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 shown in Fig. 1(b). This indicates that the high
magnetic field is not a natural consequence of EMT.
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Fig. 2 (color online) |H/H,| (a) and |E/E;| (b) as the functions of position for the EMT-derived solution
(Solid) and the other solution (dashed). Here &, =-2000,k,d =0.02. (c) Maximum magnetic field

enhancement obtained in the EMT-derived perfect transmission state with respect to &, and d . Reproduced

from Ref. [17].
2.3 Practical designs for TCMs in optical regime

In principle, the SCM established in Sec. 2.2 can be realized in any frequency domain if one
can find those slabs with appropriate permittivity. While required high-permittivity medium can
be achieved with MTMs in low-frequency regime (e.g., GHz) [17], a direct scaling of those
MTMs to optical regime is proven invalid because of the saturation effect of the LC-resonance
[21]. In optical frequency domain, it is thus very difficult to employ the conventional MTM
concept to obtain a desired high-permittivity slab to make the SCM work.
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To solve this problem, we proposed a modified SCM [22], which can work in the visible
regime, to make a continuous metal film perfectly transparent. Figure 3(a) schematically depicts
our proposed structure, in which the target continuous metal film C (with thickness h. and

relative permittivity &) is sandwiched by two identical composite layers (with thickness h,g)

consisting of alternate dielectric (A) and metallic (B) stripes. To avoid electric shorting, C layer is
separated from AB layers by small gaps (with thicknesses h,) filled with a medium with relative
permittivity ¢,. As a pure theoretical model, we set &. =—-110 and performed full-wave
simulations based on the finite-element-method (FEM) [23] to compute the transmittance (T) of
the whole structure under illuminations of an x-polarized normally incident light. We depicted in
Fig. 3(b) how T depends on two parameters &, and P =w, +W; (through varying w, only),
with other parameters fixed as ¢,=12, w;=0.11, h,;=h.=0.024, & =1, h, =0.011
where A is the incident wavelength. Although a standing-alone C layer is nearly opaque (with
T <2%), we note that such a sandwich structure can be perfectly transparent under certain
conditions. The upper high-T band at P~ A is very narrow, and is easily identified as the

SPP-aided extraordinary optical transmission (EOT) [15]. The lower high-T band is much
broader, with governing physics explained below.

Fig. 3 (color online) (a) Geometry of proposed TCM in the visible regime. (b) FEM calculated transmittance through
the structure as functions of &; and P/A. Solid lines represent the solutions of Eq. (1) and the dashed line

represents the maximum-transmission solutions obtained with the analytical model. Inset shows a zoomed
view of the rectangular region. Reproduced from Ref. [22].

We applied a mode-expansion theory [24, 25] to analytically solve the scattering problem of
the present system under two approximations. First, we retain only the zero-order diffraction
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modes in air regions, and only the fundamental Bloch modes inside the two periodic AB layers.
Second, we homogenize layer C plus two tiny gaps as an effective medium with a

volume-averaged Z. and a modified thickness h, =h. +2h,. The first approximation is well
justified for the lower high-T band since P << A, and the second is also reasonable since
h., h, << 4. With material loss neglected in the model, perfect transparency is equivalent to zero

reflection, leading to the following equation:

z k —
(—0 - ﬁj 2tan(kzh,g) - [a_c + —0] tanh(e:h,)
Zyg 2, Ky ¢

; 3)

a.Z,y kZ; . _
- + tan” (k:.h,.)tanh(a.h.) =0
( kozg aCZiB ( AB AB) ( C C)

where k,=w/c, Z, :\/,LTO/\/Q, Qe =4/l & [K,. Kag 1s obtained by solving the Bloch mode

equation of the AB structure (setting Bloch wavevectorK, =0),

2 cos(k:w, +kiw,) -[gBkQ +5A—k3- 2jsin(kf\WA)sin(k;WB) _2, (4)
aKe &5k,
in  which  both ky and ky are implicit  functions  of kg

kX =Jegke - (kig), ki =gk -(Kig)’ . Z,, is the effective impedance of the AB layer
which is given by

ZAB = ZokissE /(kOSH ), ®))

where
s, =P J‘OP HO(x)dx, S, =P [J'OWA el H§°)(x)dx+'f:B &' H;O)(X)dx} (6)

are two overlapping integrals between incident wave and the fundamental Bloch mode inside
the AB layer (with eigen wavefunction described by H{”(x)). We numerically solved Eq. (3) for
the present structure, and depicted the obtained perfect transparency solutions in Fig. 3(b) by two
solid lines. As &, <—60, Eq. (3) ceases to have perfect transparency solutions, but we can still
find the high-transmission solutions by minimizing the reflections from the entire system
(denoted by the dashed line in Fig. 3(b)). The analytical results well reproduced all salient

features of the lower high-T band, although quantitative deviations do exist due to neglecting the
higher-order contributions in our theory.
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The analytical model established a clear picture for the noted transparency. The first two terms
in Eq. (3) can be understood as the reflections from individual AB layers and C layer, while the
third term represents the multiple scattering effects. While the C layer is always highly reflective
[see the 2™ term in Eq. (3)], if the reflection from the AB layer [the 1¥ term in Eq. (3)] is strong
enough to cancel the reflection from the C layer, the whole structure can still be perfectly
transparent. For this to be true, we need a mechanism to tune the scatterings from the two AB
layers. Since &, and ¢; have opposite signs, Eq. (6) shows that the two terms in S. can

largely cancel each other so that S_. can be made very small. Therefore, via adjusting the AB
structure one can tune the effective impedance Z,, very efficiently, and in turn, to tune the

scatterings from two AB layers so that Eq. (3) can be exactly satisfied under certain conditions.
Obviously, such a SCM needs not structuring the metal C, so that full DC conductivity of metal C
can be retained. We note that the SCM band is very broad and becomes almost independent on P
in the region -90 < &, <-30, indicating that such a transparency is robust against structure

disorder, a character that many other transparency schemes do not possess.

We designed realistic TCMs based on Fig. 3(a) in which both C and B are assumed as Ag,
material A is set as air and the spacers between AB and C are assumed as Al,O,. Figure 4(a)

presents the FEM calculated transmission spectra for two of our designs, with silver described by
a Drude model &,, =5-./w(w+i)with @, =1.37x10"°Hzand T =2.73x10"Hzaccording
to Ref. [26]. For the h. =40 nm design, we found T ~75% at ~700 nm which is remarkable
since the T through a bare C layer is less than 3%. The T at 776 nm is enhanced to 90% with a
much larger bandwidth for the h. =25 nm design. There are other models in literature [27, 28]

to describe ¢,,, which adopted I" values 3-4 times larger than ours. We took those models to

re-perform the calculations, and found that the qualitative transparency behaviors did not change.

We emphasize that these designs are practically realizable with current technology, particularly
noting the recent exciting achievements in multilayer fabrications [29]. Via changing w; from
50 nm to 150 nm with w, = 50 nm fixed, we show in Fig. 4(b) that the transparency
wavelength changes from 700 nm to 1600 nm, demonstrating the flexibility of our design. We
plotted in Fig. 4(c) the distributions of H-field and the energy flux inside the h. =40 nm
structure studied in Fig. 4(a), right at 1 =726 nm. Clearly, the incident photons are squeezed into
material A and then coupled through layer C aided by strongly enhanced H fields localized in the
gaps between B and C. Figure 4(c) showed that the second AB layer played an important role to
make the SCM work. In fact, with only one AB layer attached to the C layer, the whole structure

is much less transparent but strongly absorb light instead, resembling recently realized optical
absorbers [30]. In addition, replacing the Ag stripes by Ag patches, we found an isotropic TCM

working for both E|[X and E||§ polarizations. Similar structures have also been proposed by
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Hao et al., but are operated based on another mechanism [31].

Fig. 4 (color online) (a) FEM calculated transmission spectra of the designed TCMs
(solid line for h.,=40nm and dashed line for h.=25nm ) with other parameters

ea=1,¢6,=3.06, w,=w,=50nm, h,;, =20nm, and h,=10nm . (b) Transmittance through
the h. =40 nm structure as functions of wavelength 1 and the width W of metallic stripe. (c)

Distributions of normalized H-field (color-map) and energy flux (arrows) inside the h, =40 nm structure

under the illumination of an x-polarized light at A =726 nm. Reproduced from Ref. [22].
2.4 Proof-of-principle experiments in microwave regime

Knowing the difficulties in fabricating the proposed optical TCMs, we performed
proof-of-concept experiments in microwave regime to verify the idea. In microwaves, metals
behave as perfect conductors and do not exhibit finite negative &. However, metallic meshes
with subwavelength openings are shown to exhibit Drude-like & in microwave regime [32], and
therefore, we designed mesh-based MTMs to mimic the plasmonic metals B and C at optical
frequencies. In our designs, the unit air-hole is a 2.5x15.5 mm’ rectangle in mesh B and is a
3.5x3.5mm* square in mesh C, and each metallic line is 0.5 mm-wide and 0.05 mm-thick. Mesh
B was put on a 0.6 mm-thick substrate with ¢, =5, and mesh C was sandwiched between two
such substrates. We fabricated realistic B and C samples [see insets to Figs. 5(a)-(b) for pictures],
and measured their transmission spectra. Figures 5(a)-(b) show that the measured spectra are in
excellent agreement with FEM simulations. From the calculated spectra, we derived the effective

permittivity of the two materials as &, =5-580/f” and &, =5-2300/f?, with f denoting
linear frequency measured in GHz. At f ~4.5 GHz, we have &, ~-109, &, 24 indicating

that our MTMs can indeed well mimic plasmonic metals in optical regime.
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With materials C and B both available, we choose the substrate as material A, cut A and B
layers to stripes with W, =1 mm and W, =3 mm, and then construct an ABC structure based

on the design shown in Fig. 3(a). Here we set h, =1mm after optimizations. Figure 5(c) depicts

the measured and simulated transmission spectra through such an ABC structure, where a
transparent band is identified at ~4.4 GHz with peak T ~100%! This is quite counter-intuitive at
first glance, since a bare layer C is nearly opaque here (with T < 5%). However, by adjusting the
AB configuration based on Egs. (3-4), we can make the scatterings from the two AB layers
strong enough to perfectly cancel the scattering by the C layer alone, leading to perfect
transparency of the whole structure.

Fig. 5 (color online) 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
frequency for (d) S- and (e) P-polarized incident waves, with open circles representing the measured
maximum-transmittance positions. Reproduced from Ref. [22].

The discovered transparency possesses several attractive properties. Shown in Figs. 5(d)-(e)
are the simulated T versus incidence angle @ and frequency f of the input EM waves with S-
(keeping E || R) or P-polarizations (keeping H || §). Experimental data of peak-T positions are
denoted as open circles in the same figures. Clearly, our transparency is rather stable against
varying 6. Meanwhile, our scheme is also insensitive to structural disorder. We purposely
re-designed and fabricated the AB layers to let w, randomly located within
1.0x(1+£10%) mm and measured the transmission spectrum through such a disordered ABC

structure. Figure 6(a) shows that the transparency is still there. As a comparison, we also
designed and fabricated microwave samples that can support EOT-like transparency (upper
high-T band in Fig. 3) at a similar frequency. Both experiments and simulations show that, while
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the peak T for a perfectly ordered sample can be as large as 80% (see Fig. 6(b)), such an EOT
transparency is almost killed when the same structural randomness is imposed, as shown in Fig.
6(c).

Fig. 6 (color online) Measured (open circles) and simulated (solid lines) transmission spectra of (a) a disordered
ABC structure supporting the SCM transparency and (b, ¢) two designed structures supporting EOT-like
transparencies. Here, the AB-stripes arrangement is perfectly ordered in (b) and is disordered in (a) and (c).
Reproduced from Ref. [22].

2.5 TCMs on substrates: concept and realization in THz regime

In previous subsections, our efforts have been devoted to making free-standing TCMs.
However, in many real applications such as solar cells, the TCMs should be deposited on a
substrate. In this case, the substrate itself having a high refractive index may induce substantial
reflections, which should be avoided in applications. Therefore, it is highly desired to consider
such a more realistic geometry in designing TCMs.

In 2012, we extended the SCM for free-standing geometry to this on-substrate geometry [33].
As illustrated in Fig. 7(a), our theoretical model comprises a layer of the targeted metal film

named layer C) with permittivity &~ on top of a semi-infinite substrate and another layer
y p Yy ¢c p y
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consisting of alternate A and B strips (named layer AB). The width of the strips A and B are
respectively denoted by W, and Wp, and the periodicity of layer AB is P=w, +w;.

Meanwhile, the thicknesses of layers AB and C are respectively d,; and d.

Suppose that the y-polarized light at a specified wavelength illuminates the structure at normal
incidence. Numerical simulations were performed based on FEM [23] to investigate the

dependence of T (through the interface between C and substrate) on &z and P/ A. The results
are depicted in Fig. 7(b) with all other parameters fixed as:
Epn=Egp =12, & =-40, w; =0.14,, d,;=d.=0.024,, where 4, is the incident
wavelength in free space. Since Wy is unchanged, varying W, means the corresponding

variation of P at a specified incident wavelength A, . According to the phase diagram, we find

that the entire system becomes nearly perfectly transparent when the geometrical and material
parameters satisfy certain conditions, although a standing-alone C layer on substrate only has a
transmittance ~20%.

The discovered phenomenon can be explained by the SCM in the same spirits as in
Ref. [17, 22]. Since P << 4,, the composite AB layer can be homogenized based on EMT [18]. In

the long wavelength limit, the effective permittivity of the AB layer, for the y-polarized wave,
can be obtained by:

LT W T W 7)

Exg € P & P

Then we employed transfer matrix method (TMM) [19] to analytically calculate the reflection
coefficient of the interface between C and substrate, I =—-Q,,/Q,, . Obviously, perfect

transparency in the ideal lossless system is obtained in the case of |Q2,| = 0. Therefore, analysis

of Q,, will give us the directions for realizing transparency. After some tedious calculations, we

got

1 1/
QZl:[(l_ )}rlxl )tanh( leclde / )
\/gc \/
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We note that all terms in Eq. (9) have clear physical interpretations. The first two terms
represent scatterings from the semi-infinite substrate and the C layer, respectively. The third term
is clearly contributed by the AB layer. Finally the forth term results from multiple scattering in all
layers. It is obvious from Eq. (9) that the presence of the AB layer can generate additional
scattering terms (the last two ones) to cancel those contributed by the C layer and the
semi-infinite substrate. From the view of mathematics, the minimized quantity |Q21 / Q22| is a

crucial point in Eq. (9) for transmission as high as possible. The solutions obtained by the
minimization procedure are depicted in Fig. 7(b) with the open circles. We find the FEM
simulated transparency bands match quite well with the minimization model results, indicating
that the present discovered transparency is indeed governed by the SCM.

Fig. 7 (color online) (a) Schematic illustration of the proposed structure. (b) Transmission (colorful scale) as the

function of &g and P/A with all other parameters fixed. Open circles are obtained by minimizing

|Q21 / Q22|. Reproduced from Ref. [32].

The discrepancies between full-wave simulations and model results are found mainly for the
upper branch and in the right part of the graph. It is easily understandable since in these regions
the structure cannot be considered deeply sub-wavelength, so that the effective medium
description of the AB layer is not accurate anymore. It is interesting to note that, while the
effective medium model considerations do not guarantee the existence of perfect transparency,
the full-wave simulations on realistic structures show that the maximized transmission in each
case can indeed be almost 100%.

In principle, our concept can be applicable to any EM frequency domain as long as the
required material parameters can be realized. Here we choose the THz domain to verify the
concept experimentally. Similar to the microwave realizations, we exploited sub-wavelength
metallic meshes [32] as plasmonic-like MTMs to achieve effectively negative permittivity in THz
regime. The unit cell of the C layer shown in bottom one of Fig. 8(a) is a 4 um line-width

metallic mesh with periodically arranged 46 ymx46 um air squares and a lattice constant of
50 um. The B metallic mesh is a 100 umx30 um rectangular. The vertical cross-section of the
sample is shown in Fig. 8(b). The semi-infinite substrate is assumed as Si with &g =11.7, the

12 ym-thick SiO, layer (with &g, =3.85[34]) is considered as a spacer between the two

metallic meshes and a 200 nm-thick SiO, layer is placed on the very top for protection.

137



Terahertz Science and Technology, ISSN 1941-7411 Vol.6, No.2, June 2013

Fig. 8 (color online) the unit cells as seen from the xy plane (a) and the proposed structure in xz plane (b). The AB
mesh is obtained by sectioning the B mesh and introducing a stripe of material, the A layer, in the cut. The
dotted line represents the demarcation between the C and the AB MTM. Not on scale. Reproduced from Ref.
[32].

In order to retrieve their effective permittivities, we first performed FEM simulations [23] to
get the transmission spectra. Then we fitted the simulation results with the Drude model. It
resulted that the permittivities of the MTMs B and C can be respectively described by

g5 =3.85—(3.06/ f)* and &, =3.85—(4.98/ f)*, with f denoting the frequency in THz. For
the f = 0.6 THz, these formulae give us ¢, ~—65 and &z ~—22, indicating that designed MTMs

can indeed mimic plasmonic metals with the negative values of permittivity being in the desired
range. The next step is to design the AB layer. The width of the A and B materials turns out to be
W, =10 um and W, =30 um. Through comparing the transmission spectra calculated with a
homogeneous effective-medium slab and full-wave simulations on the realistic AB structure, we
found that the effective permittivity of the AB layer can be given by
£pg =3.85+4.19/(0.74° — £?). The resonance behavior of ¢,; ensures that there must be a

frequency where ¢&,, exhibits the desired value to make the whole structure transparent. We

successfully fabricated the THz samples based on the design and characterized their
transmission/reflection properties. The measured results are in excellent agreement with
simulation ones, as shown in Fig. 9.

Fig. 9. (color online) Transmission and reflection data comparison. Full lines are the simulated results. The difference
between the transmission max amplitude is mainly due to the difficulty in finding the optimum cutting point
as well as neglecting the losses in the silica layer in simulations. Reproduced from Ref. [32].
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Since our mechanism does not require any openings on the opaque metallic plate, the proposed
structure retains the full electric and mechanical properties of a natural metal. This approach,
demonstrated here for the THz regime, can be easily extended to other important frequency
domains, e.g. the visible range, where demanding applications of transparent electrodes in
photovoltaic cells, touch screens and other display devices exist. Although the design proposed
here is only applicable to one particular in-plane E field polarization, it can be easily generalized
to exhibit in-plane isotropic properties. We note that in 2010 Chen et al. suggested an approach
for making anti-reflective coatings in THz regime [35], which can also be viewed as a
mechanism to realize TCMs on substrates. However, our mechanism is more general and does
not employ LC-resonant structures which suffer the saturation effect, and thus can be realized in
optical frequency domain.

3. Inhomogeneous meta-surfaces for wave-front control

Manipulating EM waves as desired is the key motivation in MTM research. Historically, the
designed/fabricated MTMs were either homogeneous or periodic. Recently, it was gradually
realized that the macroscopic “order” of an MTM is another important degree of freedom that can
be exploited to control EM waves. For example, based on recently developed transformation
optics (TO) theory, MTMs with gradually changing properties have been designed to realize
certain fascinating wave-manipulation phenomena, such as invisibility cloaking [5, 6] and optical
illusions [36, 37]

Very recently, a class of inhomogeneous ultra-thin MTMs (also called meta-surfaces) attracted
lots of attention [38-51]. These meta-surfaces were typically formed by planar meta-atoms with
different and carefully designed EM responses, and employed the abrupt phase changes for waves
passing through or reflected by the meta-surfaces to control the light wave-fronts. Compared to
those TO media [5, 6, 36, 37], such meta-surfaces [38-51] suffer much less on the loss issue since
EM waves do not propagate inside the medium for a long time.

In 2011, Capasso’s group fabricated the first meta-surface based on V-shaped optical antennas
working at 4 =8 um, and demonstrated several amazing light-manipulation effects [38]. The

most remarkable discovery is that light reflection/refraction at a meta-surface with local
transmission/reflection phase (denoted by @) linearly varying in space (i.e., ®(X)=®,+EX)

follows a general Snell’s law,
k"‘:§+kosin9i, (10)

in which the parallel wave-vector is not conserved for reflected/transmitted wave, but rather
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with an additional k vector compensated by the gradient & of the phase variation (& = V®(X)).
Here k"‘ is the parallel wave-vector of the reflected or transmitted light, k, the free-space

wavevector and 6, the incident angle. Such a generalized Snell’s law was independently derived

in a different context by our group [39]. As shown in Fig. 10, as a gradient meta-surface is
illuminated by a normal incident light, different parts of the system may response with different
phase delays so that the interference among waves radiated from the system leads to a reflected
beam with a parallel wave-vector &. Figure 10(a) shows an ideal realization of the meta-surface

with continuously varying material properties, but more frequently such a system is formed by
carefully selected meta-atoms (see Fig. 10(b)).

Fig. 10 (color online) (a) Effective-medium model of the gradient meta-surface system. Under illuminations of a
normally incident PW, schematic pictures showing the radiation processes for realistic gradient meta-surfaces
with (b) &<k, and(c) & >Kk,.Reproduced from Ref. [39].

Capasso’s group employed far-field measurements to experimentally verify the generalized
Snell’s law for different incident angles [38], based on their V-shaped meta-surfaces working
on8 um. Shortly after this work, Shalaev’s group pushed the idea to a shorter wavelength (~2 um)
by down scaling the antenna’s size, and demonstrated that the functionality of such a device is
rather broadband [40]. However, these meta-surfaces share one common drawback that the
efficiencies of anomalous reflection/transmission are very low (2%~5%) [38, 40]. This is
because these devices support not only anomalous reflection/transmission modes, but also normal
refraction/transmission modes. Another drawback is that the generated anomalous modes take
different polarization as the incident one, since these systems utilized the bi-anisotropic response
of the V-shaped antenna.

In 2012, our group proposed a new type of meta-surface and demonstrated that such
meta-surfaces can overcome the shortcomings of previous designs [39]. As shown in Fig. 11, the
building block of our meta-surface is a sandwich structure consisting of resonant metallic “H”
and a continuous metal sheet, separated by a dielectric spacer. Thanks to the metallic substrate on
the back, these meta-surfaces do not allow transmissions and suppress almost completely the
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normal (specular) mode, so that the efficiency for anomalous reflection is nearly 100%. Figures
11(d)-(f) depict the measured scattering patterns of meta-surfaces with different &, when
illuminated by normal incident microwaves. In addition to the apparent improvement in
efficiency problem (see Fig. 11), we pushed the concept of generalized Snell’s law significantly
forward by showing that the incident propagating wave (PW) can be converted to surface waves
(SW), when & >k, or the incident angle is larger than a critical value. The concept of PW-SW

conversion can be understood from Fig. 10(c). When the phase gradient & is larger than K, the

interferences among those waves radiated from different local parts of the meta-surface can not
form a PW leaving the surface, but rather form a SW bounded on the surface. As a result, the
far-field measurement failed to collect any signal for such a meta-surface (see Fig. 11(h)). We
employed near-field scanning experiment to characterize such a PW-SW conversion and found
that indeed a well-defined SW with k =¢ is formed on the meta-surface, which also explained

why the far-field measurement can not receive any radiation waves. We further demonstrated that
such SW can be guided out of the meta-surface to flow as SPP on another system supporting an
eigen SPP mode [39].

The idea we soon pushed to optical frequency [41], where conversion efficiency as high as
80% was demonstrated for anomalous reflections based on an optical meta-surface working
around ~850 nm. Employing similar ideas, many other interesting wave-manipulation effects
were explored based on modulating the reflection/transmission phase distribution, including
aberration free lenses and axicons [42], optical vortex plate [43], out-of-plane wave reflector [44],
broad-band wave plates [45], planar lenses [46], etc., realized in different frequency domains.

Fig. 11 (color online) (a) Geometry of a unit cell of the gradient meta-surface: a metallic H and a metal plate
separated by a dielectric spacer (&, =3.9). (b) Picture of part of fabricated & =1.14k, sample. (c), (d) and

(e) are reflection phase distributions, ®(X), and (f), (g), (h) are measured and simulated scattering patterns
for three meta-surfaces with &/k, =0.4,0.8,1.14. Reproduced from Ref. [39].
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Fig. 12 (color online) (a) Schematic picture of the near field scanning technique. (b) Experimentally measured and (c)
simulated E, distributions (with phase information included) on part of the & =1.14k, meta-surface

under illumination of a normally incident x-polarized EM wave. Reproduced from Ref. [39].

In all those meta-surfaces mentioned above, the ®(X) profiles were controlled by changing the

geometrical size of each building block. Recently, several groups experimentally demonstrated
that one could manipulate the reflection/transmission phase for circularly polarized (CP) waves
through rotating the orientation of identical building block forming the meta-surface [47]. Such a
phase is called Pancharatnam—Berry (PB) phase which has a profound geometrical origin [48, 49].
This idea opens a new route to manipulate the local phases, based on which many novel effects
for manipulating CP lights are presented, such as anomalous reflection/transmission [47], optical
vortex plate [47], ultra-thin flat lenses [50], and PW-SPP converter [51].

4. Conclusions

To summarize, we present a short overview on two hot topics in MTM field, focusing mainly
on those works done in our own group. We follow the logical line of concept - realization -
application to review the developments of these two sub-fields. Based on the concept of
scattering cancellation, we show that a continuous plasmonic metal, either standing alone or put
on a semi-infinite substrate, can be made optically transparent. The most attractive advantage of
this scheme is that the target metal is continuous and thus keeps its high conductivity. We
experimentally prove this concept in both microwave and THz frequency domains, based on
different geometries. We also summarize the key developments so far achieved in the booming
field of meta-surface. We show that Snell’s law can be generalized at a carefully designed
meta-surface with laterally modulated reflection/transmission phase profile, and such a system
can even perfectly convert an impinging propagating wave to a surface wave under certain
conditions. We have introduced the available efforts of realizing these amazing effects in
different frequency domains, and several interesting applications of such devices. After more
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than 10 years’ development, MTMs continue to give us surprises, in both matured fields such as
transparent metals or in the emerging fields such as meta-surfaces. We are looking forward to
more fascinating new ideas and new developments in these fields.
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