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Modifying the wavefront of electromagnetic fields is one of the most significant operations in a variety of
photonic components from spatial wave modulators and optical deflectors to focusing lenses and reflectarray
nanoantennas. Metamirrors comprising dielectric and plasmonic layers back-to-back are found to serve well
such a purpose of wavefront transformation for reflected waves with use of tiny scatterers placed at positions of
enhanced field and by exploiting the absorbing mechanism of these bilayers. Even though the efficiency of the
configurations is not high due to the presence of losses, the tailoring of the reflective wave pattern is successful
given the simplicity of the considered setups. In particular, numerous optimal designs that anomalously reflect
the incoming plane waves or convert them into cylindrical ones have been determined by trying and testing every
combination from a large set of available media. Thus, extra degrees of freedom are provided in modeling such
modules that are vital for several wavefront engineering applications.
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I. INTRODUCTION

Controlling the amplitude and phase of electromagnetic
waves as they propagate in space is a generic and critical
function behind a myriad of microwave and photonic devices.
Such a process has become easier and more feasible with the
advent of metasurfaces, where subwavelength nanoparticles
modify locally the reflection and transmission coefficients
from a flat boundary and “rewrite” at will the laws of diffrac-
tion [1]. The planarly distributed inclusions that create this
effective boundary condition vary from elliptical dielectric
nanoposts, offering complete control of refractive polariza-
tion [2], to resonant nanocubes accomplishing extreme light
bending and focusing [3,4] and printed patches on unit cells
for arbitrary tailoring of transmissive wavefronts [5]. Similar
wavefront engineering aims are greatly served by the devel-
opment of general synthesis formulations that provide the
correct susceptibility tensors for the desired transformation
[6] and give rise to intelligent metasurfaces with continuously
tunable surface features for multiple reconfigurable opera-
tions [7,8]. Nonlinear elements have been, also, employed to
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further enhance the local power concentration and refractive
resolution [9] or achieve asymmetric light transport allowing
for the implementation of one-way photonic devices such as
unrivaled optical valves and diodes [10].

In most of the aforementioned approaches, the control
of the wavefront concerns the transmissive signal; how-
ever, the fabrication of free-standing ultrathin structures is
not always convenient. Indeed, the surface is commonly
patterned on an impenetrable base helping the integration
into larger optical systems and securing low interference
with neighboring components. Therefore, the old concept of
millimeter-wave reflectarrays [11] has been carried over to op-
tical wavelengths making ultraefficient metamirrors achieving
total control of reflectivity flow [12]. Explicitly, retroreflecting
utilities are identified via cascaded metasurfaces [13], while
arrays of small bianisotropic inclusions can fully reflect elec-
tromagnetic waves with any desired phase distribution [14].
Metamirrors can also comprise electronically tunable meta-
atoms with voltage-controlled varactor diodes for wavefront
control [15] in microwave antenna setups [16] and anisotropic
cells for broadband achromatic polarization engineering [17].

In this work, we examine the possibility of reflective wave-
front manipulation through optimized bilayers that are found
to absorb very effectively the visible light regardless of the

©2021 American Physical Society
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incidence angle [18]. Such setups are composed of a lossless
dielectric layer backed by a thin metallic strip; the wave phase
changes as it travels into the first piece and matches with
the second one where the absorption occurs. This absorbing
mechanism creates a large signal enhancement at specific po-
sitions inside the dielectric slab and, if additional appliances
are placed at them, a metasurface admitting the engineering of
reflections is formed. A long list of insulating and plasmonic
media is considered and for every single combination of them
the design is optimized for dimensions, making it suitable to
work as an efficient metamirror. Such an exhaustive, trial-and-
error approach is routinely employed for a variety of different
layouts from layered crystals [19] and core-shell nanoparti-
cles [20] to semiconducting heterojunctions [21] and radiating
wires [22].

Two cases of wavefront engineering are examined, the first
of which is a transformer of the incoming planar wavefront
into a curved one by means of a single rod located at the max-
imum signal position. Since the bilayer effectively absorbs
all the incoming rays, the reflection will be mainly created
by the optically small cylinder and will have almost circular
isophase contours, regardless of the incidence angle; in other
words, any plane wave input is converted into a small-signal
“dimplelike” reflection. This utility can be crucial in setups
requiring optical focus without holographic operation [23]
but, most importantly, in devices calling for sharp frequency
sensing [24] or beam forming [25]. The second investigated
case concerns the effect of anomalous reflection achieved via
a periodic pattern of multiple pins along the line of enhanced
field. This channeling of the incoming power along several
directions permits the device to be operated as a photonic mul-
tiport network of controllable scattering matrix [26] or used in
retroreflectors [27] and wave steering setups [28]. In addition,
similar structures have been extensively used for switching
the absorbed power [29], achieving spatial mode multiplexing
[30] and creating directive radiation in visible-light communi-
cations [31]. Hence we provide multiple optimal metamirrors
performing wavefront manipulations, vital in several photonic
engineering applications.

II. MOTIVATION AND STRATEGY

A planar bilayer configuration, as depicted in Fig. 1, is the
minimal Cartesian structure supporting resonances which, in
turn, lead to various optimal operations. A characteristic case
of highly performing thin bilayers concerns wide-angle ab-
sorption of visible light (at free-space wavelength Ay) and has
been recently elaborated [18]. In this context, the incoming
illumination first meets a dielectric slab (of relative permit-
tivity &1) which corrects its phase to get properly matched
with the second metallic slab (of relative permittivity &;). At
the optimally absorbing regime, the reflections are negligible,
while the field decays and gets absorbed into the plasmonic
layer, yielding negligible transmission. On the contrary, the
signal oscillates into the intermediate dielectric layer with pe-
riod equal to the local wave number 1| = Aq/+/Rele], giving
enhanced values at specific points for most of the incidence
angles 6. An illustration of the spatial distribution of the field
is given in Fig. 1, where the used Cartesian coordinate system
(x, v, z) is defined as well as the thickness of the dielectric

maximum
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i
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FIG. 1. Sketch of the considered setup. A bilayer comprising a
lossless dielectric and a metallic substrate exhibits signal enhance-
ment somewhere into the first region. We examine the case of one
or infinite magnetically conducting (PMC) cylinders positioned at
the maximization position while the structure is obliquely excited by
plane wave of visible light.

hy, the size of the metallic slab /,, and the position of the
maximal signal z = —g. Note that due to the permittivity dis-
continuity (Re[e;]Re[e;] < 0) at z = 0, while both materials
are magnetically inert, such a field enhancement occurs only
when the magnetic field H is parallel to the y axis.

Given their small optical thickness, the regarded structures
(invariant along the y axis) can certainly operate as planar
metasurfaces able to strongly interact with the excitation, if
properly loaded along the maximum signal plane z = —g. To
serve this aim, we consider, again, most of the designs of our
related prequel work [18] and find the positions g at which the
field |H|> = |H§|*> = |H|? is maximized. The obtained results
are presented in Table I, where the oscillation frequency f, the
geometrical characteristics (A, hy), and the maximal signal
locations g are shown for each combination of dielectrics
(rows) and metals (columns). The color of each box indicates
the visible light illumination, while a blank gray box cor-
responds to poor performance. Following the well-described
optimization process [18], but solely for the H/¥y polariza-
tion, we conclude to bilayers that exhibit tiny wide-angle
reflections, averaged by the J{x} = ]0”/ ?wcosf do operator
(which considers only the energy exchange along the normal-
to-interfaces z axis) combined with a large field enhancement
H(z = —g)I*.

By inspection of Table I, one directly infers that all the
colors of the visible spectrum are well represented, whereas
the preference of certain materials for specific frequencies
f may be, also, recorded. In particular, the bilayers using
germanium are working only under red color illumination,
where Re[e;] takes substantial values, while GaP-based de-
signs absorb blue and violet light. On the other hand, other
materials like GaAs or crystalline silicon operate optimally
at different wavelengths in proportion to what is the metallic
surface on which they are grown. Our key objective is to
utilize the wide-angle absorbing bilayers of Table I, combined
with simple nanostructures located at maximal signal position
7 = —g, to manipulate the overall reflection.

It should be stressed that there is a price to be paid for using
as base design a maximally absorbing structure and that is
nothing more than the high losses yielding a weak reflectivity
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TABLE I. Frequencies (indicated also by the corresponding color of the visible spectrum), optimal material thicknesses (h;, h,), and
position (g) of the scatterers for each combination of the available materials for the proposed setup of Fig. 1. Every bilayer design is correlated
with different optimal thickness selection of the two layers and rod locations, while blank (shaded) boxes correspond to poor reflecting

performance.

Indium 400 THz 490 THz

Aluminum Copper Gold Platinum Silver Titanium
(AD (Cu) (Au) (Pt) (Ag) (Ti)
Aluminium 560 THz 550 THz 560 THz 520 THz 570 THz 500 THz
Antimonide | h; = 82nm h1 = 76 nm h1 = 72nm h1 = 89 nm h1 = 72nm h1 = 93nm
(AISb) ho = 31 nm ho = 77nm ho = 91 nm ho = 60nm ho = 67nm ho = 76 nm
g =51nm g =43nm g =41lnm g = 54nm g =42nm g = 55nm
Gallium 510 THz 520 THz 530 THz 400 THz 540 THz
Arsenide h1 =101nm | h; = 88 nm h1 = 84nm WARSERFE h; = 84nm
(GaAs) ho = 28 nm ho = 75nm ho = 84nm ha = 52nm ho = 65nm
g = 63nm g =51lnm g = 48nm g = 84nm g = 50nm
Gallium 750 THz 680 THz 660 THz 670 THz 780 THz 630 THz
Phosphide h1 = 61nm h1 = 67nm h1 = 68 nm h1 = 72nm h1 = 50nm hp = 78 nm
(GaP) ho = 34nm ho = 67nm ho = 91 nm ha = 52nm ha = 89 nm ha = 71nm
g =37nm g =39nm g =39nm g =43nm g =27nm | g =46nm
Germanium 400 THz 400 THz 400 THz
(Ge) h1 = 98 nm h1 = 97nm h1 = 98 nm
hg = 75nm hg = 70nm hga = 75nm
g = 58nm g = 57nm g = 58nm

490 THz

Phosphide WABSNEREM /7 = 109nm | Ay = 97nm h1 = 131 nm
(InP) o= ho — 101nm | he = 70nm ho = 59nm
g =97nm g = 64nm g =57nm g =79nm

430 THz

Silicon 730 THz 640 THz 640 THz 580 THz 740 THz 570 THz
(Si) hp = 48 nm hp = 61nm h1 = 59nm hp = 77nm h1 = 42nm hp = 76 nm
ho = 43 nm ho = 75nm ho = 92nm ho = 54nm ho = 94nm ho = 77 nm
g =29nm g = 35nm g = 33nm g =46nm g =23nm g =44nm

compared to the power of the incoming waves. However,
this fact is not expected to lead in extremely low efficiencies
that will render the proposed designs useless, since we are
planning to place the extra equipment exactly at the location
of maximized field. Furthermore, selecting these highly ab-
sorbing bilayers to load, offers the advantage of increased
electromagnetic compatibility and low interference because
the structure is built on an impenetrable metallic film; that
would not be the case if a transmissive metasurface was used
instead. Importantly, if one employs a perfect reflector to back
the device without the absorption operation of our bilayers,
the primary reflection from this will be much stronger than
the scattering from the nanoparticles which will practically
nullify the efficiency of the design. Finally, our structure is
quite simple and uses scatterers located into a lossless dielec-
tric host instead of being free-standing, which will be more
challenging from the construction point of view. In this sense,
we propose a number of different metamirrors performing
disruptive wavefront transformations with elementary setups.

Regarding the actual fabrication of the proposed setups, it
is certainly not easy or straightforward; however, there are
available methods that can be followed. In particular, with
colloidal lithography fabrication [32] an array of spheres is
deposited on a penetrable base and the reactive ion etching
follows [33]. In this way, nanocylinders can be carved and the
empty space between them is filled with the lossless dielectric
of our choice. Apart from top-down lithographic techniques,
a plethora of bottom-up fabrication methodologies can be

implemented as well. For example, vapor-liquid-solid (VLS)
method is quite commonly used [34]; more specifically, the
nanowires are chemically grown from a substrate material
with the help of catalyst droplets which are subsequently
removed [35].

II1. SINGLE ROD TRANSFORMER
A. Mathematical formulation

Perhaps the simplest possible structural perturbation of the
obtained wide-angle absorbing designs is to place a small
two-dimensional (2D) obstacle at the maximal signal posi-
tions, indicated by Table 1. Since these devices operate when
the magnetic field is parallel to y axis, one can consider
a perfectly magnetically conducting (PMC) cylindrical rod
of radius a located along (z,x) = (—g, 0) axis. These PMC
rods have the property of nullifying the magnetic field across
their volume to keep the magnetic flux density finite since
the magnetic permeability is giant; that feature renders them
strong scatterers. The background field Hy,k (z, x) excites the
induced surface magnetic current M flowing along y axis at
the rod (measured in V/m) which, in turn, produces scattered
field Hya(z, x). In this context, the total magnetic field in
all the considered regions is written as a sum of the back-
ground (in the absence of the scatterer) and the scattered field:
H(z, x) = Hpack (2, X) + Hyear(z, x). It is well known that, for
suppressed time dependence e*?™/! the scattering term is
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given by the so-called scattering integral [36]:

k
Hyu(z,x) = —i— | M)G(z x,Z, X)dl, (1)

No J)

where (C) is the circumference of the PMC obstacle, kg =
2r f/c = 2m /1 the wave number, c¢ the speed of light, and
no the wave impedance, all into vacuum. Note that the magni-
tude of background field |Hpack RED independent from x. The
magnetic currents are actually materialized via electric cur-
rents of different direction; however, in this study we employ
the modified Maxwell laws and the corresponding boundary
conditions that incorporate magnetic current excitation [37].

The usage of PMC properties for the scatterers may sound
somehow uncommon; however, it is extensively used for
modeling purposes in order to fit better with the consid-
ered polarization of waves. By utilizing such a mathematical
model, the formulated boundary value problem becomes
much easier to solve and thus one can demonstrate in a
more direct way the proposed operational regime with use
of analytical tools. In particular, we expect that the drawn
conclusions are not substantially affected by the texture of
the nanorods as long as they can work as strong scatterers.
But, on the other hand, PMC are just materials with van-
ishing magnetic fields into their volume, as indicated above;
such a property can be mimicked well by media with large
magnetic permeabilities. For example, ferromagnetic shells
with huge permeability have been fabricated to play the role
of cloaks for magnetostatic fields [38], while nanotubes with
similar characteristics have been deposited to serve switching
operations [39]. Finally, the permeability of materials can be
substantially enhanced by controlling their inherent defects
in their crystalline structure [40], while even the concept of
perfect magnetic wall has been experimentally achieved in
planar geometries as an outcome of plasmonic resonances
[41].

The notation G(z,x,Z,X) in (1) is used for the scalar
Green’s function of the bilayer, providing the field at the
observation point (z,x) when a 2D line source is placed
along the axis (Z, X). Particularly, Green’s function, G, com-
prises a singular (primary) term, Gpyim, corresponding to
the response of the source if it radiates in an unbounded
medium and a smooth (secondary) one, Gs., expressing
the effect of the additional structural formations [42]. If
the source (Z, X) is posed into the semiconducting layer
—h; < Z < 0, the primary component of Green’s function is
written as Gpim = —ﬁHéz)(li(z —Z)? + (x — X)?), where
ki = ko/1 and H® is the vth order of second-type Hankel
function. Concerning the secondary component, it takes the
form

+o00 )
Gec(2,x, 2, X) = / dp o B=X)
—0o0
X R(ﬂv Z)eK()Z, 7z < _hl (2)
A(B, Z)e™ " + B(B, Z)e, —hi <z <0f’

where the B-dependent radiation functions o, x| are eval-

uated with positive real parts: ko = ko(B) = ,/B% — kg and

k1 =k1(B)=,/B%— kf. The explicit forms of quantities
R(B,Z), A(B,Z), B(B,Z), as well as the background mag-

netic field Hp,k(z, x) everywhere in the considered area
(z € R) under an oblique incidence excitation Hin(z,x) =
e~z cosb+xsind) “are not shown for brevity.

Under the assumption that the optical size of the rod is
very small (kpa < 1), it is sensible to assume that the mag-
netic current is invariant around the rod M (/) = M and, most
importantly, impose the boundary condition for null mag-
netic field only at the center of the cylinder: Hy(—g, 0) =
—Hpack (—g, 0). By adopting this thin-wire approximation [42]
and conducting the integration [43] of the singular Green’s
component in (1), one can obtain M along the PMC pin as
follows:

_ Hback(_g7 O)
i% (2w a)[—{Hy? (k10) + Gyee(—, 0, =g, 0)]

3

Once M is computed, the scattered magnetic field Hycy (2, x)
into free space (z < —hy) is directly evaluated via (1).
Through stationary phase approximation, the scattered power
in the far region (z — —o0) behaves as [44]

(koa)* =, : 2 2

Pscat(r, @) ~ v|M| |R(—ko singp, —g)|” cos™ ¢,  (4)
0

where (7, ¢, 7) is the equivalent cylindrical coordinate system

centralized at the axis of the PMC rod (z = —h; — r cos ¢ and

X = —rsing).

B. Numerical results

Based on the above aspects, the Hy field for z < —hy,
added to the reflected plane wave H,.¢ (with a spatial depen-
dence ¢~ tko(—z cost+x sinf)y of the rod-free structure, constitutes
the overall reaction of our metasurface. Given the fact that
most of the designs of Table I give negligible reflections, the
field distribution Hy, in the vicinity of air/dielectric interface
7z = —h; defines the transformed wavefront of the metamirror
when it is excited by a plane wave. Observe that, due to
its small size of the rod, its response will be of moderate
magnitude and thus it is meaningful to be compared with
the reflection amplitude. If the ratio |Hyey|?/|Hrer|? is large,
the single rod can transform the incoming planar wavefront
to almost a cylindrical one, owing to its tiny cross section
(kpa < 1). Evidently, such a conversion does not concern the
far region z — —oo, where the reflected power will always
be nonzero (no matter how small the reflective coefficient is)
contrary to pgu, Which vanishes (no matter how powerful
the magnetic current M is), according to (4). Therefore, the
proposed setups can act as wavefront transformers in the near
region only.

In this framework and by selecting the AlSb-Au bilayer at
f = 560 THz from Table I, Fig. 2(a) illustrates the ratio of the
|Heat (2, )c)|2 amplitude over the incident one |Hinc|2 with re-
spect to x, for various distances z into vacuum. Despite the fact
that the considered bilayers exhibit very high absorption, the
scattered power by an extremely small (¢ = 1 nm) cylinder
cannot be deemed negligible, compared to the incident field,
at least in the vicinity of the air/dielectric interface z = —h;.
Furthermore, as z increases, the field distribution diminishes
and gradually flattens, as smaller and smaller parts of the
scattered wavefront are depicted. For the sake of comparison,
Fig. 2(a) shows the |H|?/|Hic|? ratio, as well, which indi-
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FIG. 2. Scattered field produced by an a = 1 nm PMC rod and normalized by (a) the incident one, |Hyey|?/|Hinc|?, as a function of x/A
(for an optimal 6 = 47°) and (b) the reflected one, |Hyeae|? /| Heet)?, as a function of the incidence angle, 0, across different constant-z planes,
parallel to the air/dielectric interface (for x = 0). All results correspond to the AlSb-Au bilayer of Table 1.

cates that, even at a 1004 distance, the scattered component
is much larger than the reflected one.

The preceding phenomenon is more clearly demon-
strated in Fig. 2(b), where the maximum (at x = 0) ratio
|Hyeat|>/|Hrer|? is plotted as a function of the incidence angle
0 for the same design and constant-z planes of Fig. 2(a). It
becomes apparent that the transformation is far more efficient
at a specific 6 range around an optimal one [herein, 6 = 47°,
which is also the case in Fig. 2(a)]; nonetheless, the pre-
sented ratio has nonzero values for the considered distances
or incident directions. Given the inherent trade-off between
maximum |Hyy|?/|Her|* and the wide-angle character of a
configuration, the specific setup leans on the former design
requirement, while other designs from Table I may exhibit
considerably higher angular insensitivity but smaller peaks in
similar scenarios. In other words, all the metamirrors, featured
in Table I, are suitable to operate as near-field transformers at
diverse angular ranges.

In Fig. 3(a), we show three characteristic designs with
different sharpness with respect to 8, optimally operated at
different visible frequencies (indicated by the color of the
curve) and various incidence angles. One may directly discern
that AISb-Pt pair exhibits substantial wide-angle behavior
since the power ratio does not fall below 10 for an angu-
lar extent up to 40°. On the contrary, the Si-Au pair gives

significant angular selectivity and lower reflections (high
|Hyear|? /| Hrer|?). Furthermore, in all the considered cases, the
values of the represented quantity close to normal incidence
are almost invariant since our wide-angle designs are opti-
mized according to a metric emphasizing the contribution
from 6 = 0°. Nevertheless, the power ratios decrease rapidly
for grazing angles, as the reflection increases significantly. To
substantiate these observations, Figs. 3(b) and 3(c) display
the frequency dependence of the |Hyey (2, X = 0)|%/|Hret|? en-
hancement ratio for certain designs from Table I, around the
operational frequency f. From the sharp variations, it can be
deduced that the proposed structures are suitable for sensing
and filtering applications, which opt for highly selective fre-
quency responses.

Probing further, the requisite of negligible transmission
through optical components is proven to be vital in chip
design, when low crosstalk levels and compact device pack-
aging are required; that is a key motive for investigating a
reflecting metasurface (metamirror) in this study. However,
the same goal of transforming the incident plane wave into
a cylindrical reflecting waveform can be served by a number
of alternative setups that enable the incoming field to fully
transmit. Therefore, it is meaningful to compare the scattered
power ratio of the featured designs with the corresponding
ones from existing setups, emphasizing that the zero trans-

AlSb-Pt —InP-Ag = AISb-Ti
. m—Si-Au . GaAs-Al “ 4 AlSb-Au
= InP-Cu | = 107 |—gi-Au =5 10 = GaP-Cu
= = =
o o =,
5 > s o
I I
. T 100
: : : : : : 102 \ 1072
0 10 20 30 40 50 60 70 400 450 500 550 600 650 700 450 500 550 600 650 700 750
f (deg) f (THz) f (THz)
(a) (b) (©

FIG. 3. Maximum |Hy.,(z, x = 0)|?/|Hy|* as a function of the (a) incidence angle, 6 (for the central frequency) and (b), (c) operational
frequency, f (for the optimal angles) for selected designs of Table I. The scattering is caused by a PMC rod of radius ¢ = 1 nm.
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of the power scattered by a PMC rod of radius @ = 1 nm, when using the proposed bilayers, P, and three setups

[i.e., a lossy (realistic) F-P resonator, a lossless (ideal) F-P resonator, and a single rod standing in free space], P.,,, as a function of the
(a) incidence angle 6 and (b) central operational frequency f. Thin lines correspond to a GaAs-Au bilayer at f = 520 THz and thick lines refer

to a Si-Cu bilayer at f = 640 THz.

mission constraint is not satisfied by the latter ones. To this
objective, Fig. 4(a) presents the Py, /P, ratio of the power
scattered by the same rod as a function of the incidence angle,
for two of the proposed designs (GaAs-Au and Si-Cu), Py,
and three alternative setups, P,,. Specifically for the latter,
we consider a Fabry-Pérot resonator comprising the lossless
version of the same semiconductor used in our bilayers, both
optimally matched for the same angle. Furthermore, we ex-
amine the same resonator in the presence of the actual losses
and finally the rod free-standing into the vacuum background.
By inspection of Fig. 4(a), it is clear that the represented
Pycar /Py 1atio does not possess negligible values for any an-
gle of incidence; consequently, the scattering power from our
device is comparable to other similar ones serving alternative
purposes. On the other hand, in Fig. 4(b), we depict the same
scattered-power ratio for the aforementioned arrangements as
a function of the central operational frequency f. Again, the
ratio receives nonzero values over the entire spectrum, which
are close to unity (or even larger) in the vicinity of f.

Our analysis focuses, also, on the critical issue of wide-
angle wavefront manipulation, namely the transformation of
arbitrarily incident plane waves to cylindrical ones. Hence it is
desirable that the proposed structures reflect in a similar way
the incident illumination regardless of its initial direction. In
Fig. 5, this feasibility is demonstrated by picking one of the
reported designs (AISb-Pt at f = 520 THz) and exciting it at
different angles (6 = 0°, 10°, 20°, 30°). The overall response
field Re[Hgc,t + Hret], which is the sum of the background
reflection Re[H,s] and the cylinder’s scattering Re[Hcy], is
normalized by the (unitary) magnitude of the incident field
|Hinc | and represented with the same color scale. As observed,
in all cases, the magnetic field distribution resembles strongly
a cylindrical wavefront, regardless of the incidence direction,
especially for angles close to the bilayer’s optimal ones
(6 =23°).

C. PEC rod treatment

In the aforementioned formulation, the cylinder that loads
the bilayer structure is considered to be PMC which facil-

itates the extraction of a straightforward solution, owing to
the polarization (H/¥) and the 2D nature of the configuration
(dependent only on x and z). However, similar results are
obtained when the rod is deemed perfectly electrically con-
ducting (PEC), with the difference that the dominant angular
momentum orders ¢’*? will not be the omnidirectional (v = 0)
but the dipolar ones (v = %1). In the following, we briefly de-
scribe the basic steps that permit solution to the corresponding
PEC-loaded bilayer, just to address the related boundary value
problem.

If the rod placed into the lossless dielectric requires a
vanishing electric field around its surface and its interior,
the analysis can be modified accordingly. In particular, let

-2

4 3 2 - ' 4 3 2 -

FIG. 5. Spatial distribution of the normalized magnetic field re-
sponse Re[Her + Hyearl/|Hine| of the wavefront transformer on zx
plane for various angles of incidence 6 (these specific distributions
correspond to AISb-Pt design of Table I working at f = 520 THz).
White arrows denote the direction of incident wave and scattering is
developed by a PMC rod of radius ¢ = 5 nm.
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us assume that the azimuthal surface current K(¢) can be
approximated by its omnidirectional and bipolar Fourier terms
since the size of the cylinder is optically small (kopa < 1):

K(p) =Ko+ Kpje™™ + K je7". ®)]

Express the Green’s function G in the polar coordinate system
centralized at the cylindrical rod, namely the observation point
is denoted by (r, ¢) while the source point by (p, ¢), and the
scattered magnetic field H, takes the form of [45]:

aG(r, ¢, p, P)

" de.  (6)

p=a

2
Hscat(r’ §0) = Cl/(; K(d’)

Accordingly, the surface current can be determined from
(6) by applying the boundary condition for vanishing tan-
gential (¢-directed) electric field around the cylinder r = a,
namely

2 1Hac |
/OK(¢)F(¢’¢)d¢:__M

PR— =W(p). D

r=a

where F(p, ¢) = mg;—?{;’;f“”hqq and Hp,x is the back-

ground (parallel to y axis) magnetic field in the ab-
sence of the cylinder expressed in the local coordinate
system (r, ¢). Furthermore, F can be accurately approx-
imated by the first two azimuthal orders; in particu-
lar, F (g, ¢) = Fy(¢) + Fyp1(9)e™™ + F_ (¢p)e . Similarly,
W(p) = Wy + W, e™™ + W_je~ and thus the complex co-
efficients {Ky, K1, K_1} from (5) are found by solving the
following 3 x 3 linear system:

2 Ky Wo
{/ F(¢)d¢}- Ky | = [ Wh |, (3)
0 K_4 W_,
where the matrix F(¢) is defined as:
Fo(¢)  Fo(@)et  Fy(dp)e ™
F(¢p) = | Fri(¢) Fu(@)et™  Fri(p)e ™
F_(¢) F_i(@)e™™ F_i(¢)e

The quantities {Wp, Wi, W_;} and the functions
{Fo(p), Fr1(p), F_1(¢p)} are obtained through analytical
Fourier integrations and also the integrations in (8) can be
carried out rigorously with use of identities as the following:

2w
/ e sin¢+ycos¢d¢ — 27_[10
0

2 .
/ e:l:i¢+x sin ¢p+y cos¢d¢ — +27i X F 1y Il»
0

2 .
/ " e:i:2i¢+x sin p+y cos¢d¢ — —Zﬂx + ly12 (9)
0 xxiy”

valid for arbitrary complex x, y € C, while I, is the vth order,
first-type modified Bessel function evaluated for argument
/x% + y2. Tt should be noted that the primary part of the
Green’s function Gy can be handled fully analytically with

use of its related Fourier expansion [43], while the secondary
term Gy in (2) gives finally rapidly convergent integrals of j.

IV. MULTIPLE RODS METASURFACE
A. Mathematical formulation

A substantially different system response with consider-
ably increased power can be achieved as follows. Instead of
a single small cylinder, which generates cylindrical waves,
we put an elementary planar metasurface, consisting of infi-
nite periodically distributed identical cylinders, at the same
maximal signal position z = —g. So, let us consider a set of
infinite cylindrical PMC rods of radius a placed on (z,,, X)) =
(—g, 2bm) with m € Z and 2b the distance between two con-
secutive rods. Due to the optically small cross section of the
rods (kpa < 1), constant axial surface magnetic currents M,
will be induced on them (following similar considerations to
those of Sec. III).

The uniform excitation and infinite planar background
lead to an equal phase difference ¢’?%? 5" between the un-
known currents of two consecutive cylinders; therefore, M,, =
M e~i2mkob sin6 degcribes the current of the mth cylinder, where
M is the current of the central (m = 0) rod. The total scattered
field is equal to the infinite sum of scattered fields generated
by equivalent bilayer structures where only the mth cylin-
der is present at its corresponding position (z,,, X,,). In this
way, the sole unknown current M is determined by imposing
the boundary condition of the vanishing magnetic field, only
once, at (z,x) = (—g, 0), where the central rod is situated
[46]. This current expression, respective to (3), reads

_ Hback(_g’ 0)
(i%) Cra) [~ 5HP (1) + Sprim + Sicc]

(10)
where

. too
Sorim = _% " cosmkob sinO)H 2kibm) (1)

m=1

and

T &2 Auy, —g)ek1 s
Seec = Z Z {+B(Hn, _i)e/q(u,,)g} (12)
n=—00
are the contributions of the primary (except for the n =0
term) and secondary parts of the Green’s function, respec-
tively, while u, = ko sin6 + nm /b.

The quantity Sprim, is evaluated via direct summation, as the
medium surrounding the rod is (even slightly) lossy (Im[e;] #
0), and hence the involved sums of Hankel functions converge
rapidly [47]. Moreover, the infinite sums of S, can be eas-
ily proven to converge exponentially. It should be stressed
that, in obtaining (12), we employed the well-known Poisson
summation formula [48], Y e?2bm(P—kosin6) — T 2.8(B — up),
to convert the spectral integrals with respect to 8 of (2) into
series with respect to n (§ is for Dirac delta function). Also, by
means of the same formula, we derive the scattered magnetic
field into vacuum (z < —h;):

k
Hyear = (_1_0> (27Ta)£M
1o b

—+00
x e—ikox sin 6 Z R(u,,, —g)eKO(u”)ze_inﬂx/b. (1 3)

n=—oo
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FIG. 6. Variation of the C_; coefficient on the map of the incidence angle 6 and the half-distance between two consecutive rods, normalized
by the corresponding wavelength b/, for (a) a Ge-Cu and (b) a Si-Ag bilayer. Black lines divide the plot into regions where only the n = 0
waves are nonevanescent (blank when C_; is not defined) and regions where other reflective orders are activated. Solid white lines designate
the activation of negative reflective orders (n > —1), while dashed white lines indicate the activation of positive reflective orders (n > 0).
(c) Variation of the C_; coefficient as a function of 6 for a Ge-Cu, an AlSb-Cu, and a Si-Ag metamirror design.

Likewise S, the expression of Hy., converges exponen-
tially, as it comprises terms of the Green’s function secondary
part. Furthermore, the nth reflected order of the electro-
magnetic field is propagating provided that the following
conditions are true [27,49]:

kob

kob . .
—— (1 +sinf) < n< — (1 —sinb).
T b4

(14)

B. Numerical results

Since the proposed bilayers exhibit remarkable absorb-
ing capabilities, we investigate below the operation of the
multiple-rod structure as a reflective metasurface or metamir-
ror. Explicitly, the direction and power of certain reflected
waves can be designed to be controllable and of practical
use in relevant applications. The amplitude, direction, and
phase of all propagating reflected waves depend on the char-
acteristics of the bilayer configuration, namely the angle of
incidence 6 and the distance 2b between two consecutive
rods. Initially, we first analyze the reflection directions of the
nth propagating order, which, by means of (13), is found to
be 6, = arcsin (sinf + %)’ where the angle 6, is measured
clockwise with respect to the x axis. Observe that, for n = 0,
Eq, (14) is always valid and the zeroth order angle is that dic-
tated by Snell’s law. Conversely, plane waves of certain orders
n < 0, for which 6,, < 0, correspond to reflected contributions
towards the same quarter-plane from which the illumination is
coming (anomalous diffraction).

To examine the power of those anomalously [50] reflected
waves, we introduce the steering power coefficient:

3n0Pref + Pn

—_— (15)
Prer + Zmep P

n =

where P, is the power of the mth reflected order, P is the
reflected power by the bilayer structure (without the rods),
‘P denotes the set of all propagating reflected orders, and §
is the Kronecker delta. It is stated that only the vertical to
the metasurface power components (given by the cos 6,/ cos 6
ratio) are considered, since they are solely responsible for
conveying power away from our setup. Evidently, C, would
get maximized for certain bilayer setups and reflective orders
n with reflective angles 6,. To this aim, we focus on coefficient
C_, as a function of the period 2b because n = —1 is the first
reflective order which corresponds to nonevanescent waves
for the smallest possible 2b and every 6.

In this framework, Figs 6(a) and 6(b) present the C_; varia-
tion for a Ge-Cu and a Si-Ag metamirror, respectively, versus
the half-period to wavelength ratio, /Ao, and angle 6. Black
lines divide the graphs into parts where only n = 0 waves
are nonevanescent (blank areas where C_; not defined) and
parts where other reflective orders are activated. Solid white
lines designate the activation of negative reflective orders
(n < —1), while dashed white lines that of positive reflective
orders (n > 0). It can be deduced that black and white lines
intersect only for the (6 = 0°, b = A¢/2) pair, as proved via
(14); furthermore, C_; receives substantial values only when

TABLE II. Three bilayer designs from Table I and their respective optimal characteristics (operational frequency f, angle of incidence 6,
and half-period b) to achieve maximal anomalous reflection C_; from (15) with simple metasurfaces comprising PMC pins. The frequencies

are indicated by the corresponding color of the visible spectrum.

f ) b C_1 0_1
Ge-Cu 00 0 ° ©

AISb-Cu 550 THz 43.72° 322 nm 74.81% —8.9°
Si-Ag 740 THz 36.72° 173 nm 99.37% —34.8°
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FIG. 7. Cy coefficients (thick lines) and C_; coefficients (thin
lines) versus the operating frequency f for three PMC reflective
metasurfaces: Ge-Cu (red lines), AlSb-Cu (green lines), and Si-Ag
(violet lines). The color of all lines correspond to the color of their
operating frequencies.

the n = 0 and n = —1 orders are present and declines notably
when other orders are developed. As detected, the maximum
C_, lies very close to the n = —2 line in Fig. 6(a) and almost
in the middle of the region between the n = —1 and n = —2
lines in Fig. 6(b). Similar plots, yet with smaller values, can be
obtained for the steering power coefficients of other (n # —1)
orders.

Based on our analysis, a plethora of metamirror designs
can be proposed in order to achieve high absorption and
adjustable reflection at different steering angles, while op-
erating at various angles of incidence 6 and frequencies f.
Next, we analyze the steering power coefficient C_; ’s de-
pendence on the incident angle 6 [Fig. 6(c)] and operating
frequency (Fig. 7). For this purpose three metasurface de-
signs are examined, all of which work optimally at three
distinct angles 6 and frequencies f. The characteristics of
these metasurfaces are included in Table II (each one work-
ing at a different color of the visible light) and are in
correspondence with the bilayer’s geometrical parameters
of Table I. As exhibited in Fig. 6(c), either smaller or
larger intervals of angle 6 can hold high values of the C_,
coefficient, which translates to both wide-angle and narrow-
angle performance of our metamirrors around their respective
optimal incident angle 0. It is worth noting that these op-
timal angles 6 and their respective reflecting angles 6_,
can vary substantially up to 40° among different configura-
tions. That characteristic allows us to pick the appropriate
metasurfaces relying upon the direction they are illumi-
nated or the direction we desire our metasurfaces to reflect
upon.

Interestingly, the metamirror optimal incidence angle 6 in
Table II may be slightly different from the corresponding
bilayer one in Table 1. This is due to the fact that 6 in Table I
is selected based on the optimal absorption of visible light
and, although high absorption generally implies low reflection
levels, the maximum percentage of power reflected toward the
6_, direction occurs for similar, yet somewhat different, 6.
Moreover, since the designs in the prior tables were optimized

via different criteria, there is an anticipated discrepancy be-
tween the operational frequencies of Table I and the optimal
frequencies of Table II.

This feature is also displayed in Fig. 7, where coefficients
Co and C_; are plotted as functions of the operational fre-
quency f for three PMC metasurfaces. As discerned, high
C_; values can be obtained for frequency ranges of up to
40 THz, which states that it is possible to attain wideband
steering of visible illumination at unusual angles. Actually,
this is the reason why—despite the fact that some of the
metamirror operational frequencies in Figs. 6(a) and 6(c) are
not set to their optimal values—the specific designs still at-
tain remarkable C_; values. Finally, as expected, coefficients
Cy in Fig. 7 decrease significantly, when the C_; ones be-
come maximum, since C_; is a part of the Cy denominator,
in (15), and the reflected power from the bilayer structure
(without the rods), Py, is meant to diminish in this frequency
region.

V. CONCLUSIONS

An elementary class of wide-angle absorbing bilayers com-
prising one dielectric and one plasmonic slab is used for
wavefront manipulation purposes by exploiting the local field
enhancement into the insulating film. Once an impenetrable
pin is placed at the maximal signal position, the response
of the structure to any incident plane wave is a cylindrical
omnidirectional reflection admitting it to work as an efficient
small-power wavefront converter. On the other hand, multiple
rods, properly placed across the strong-field region, can lead
to substantial anomalous diffraction that channels the reflec-
tive ray along various directions. Numerous media textures
are considered being operated under visible light illumination;
every single combination of them is optimized to give highly
performing designs. A major weak point of the proposed
structures is their substantially lossy background setups which
mitigate their overall response. However, they are the simplest
possible ones that can guarantee low profile and increased
electromagnetic compatibility with other photonic equipment
in their spatial vicinity.

These response transformations are proven very instructive
in photonic signal processing components, like communica-
tion channel ports and nanoreflectarray antennas. Therefore,
when combined with the plethora of provided optimal de-
signs, this study may offer increased flexibility in modeling
device layouts that control reflectivity, with great practical
significance in several wavefront engineering applications.
Importantly, the proposed ultrathin metamirror concept can
be modified to support arbitrary tailoring of the reflections by
suitable selection and spatial distribution of scatterers [51] or
by employing cascaded layers [52] of different materials.
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