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An infrared energy harvester
based on radar cross-section
reduction of chiral metasurfaces
through phase cancellation
approach

Muhammad Amin?, Omar Siddiqui* & Thamer S. Almoneef?**

Conventional metasurface absorbers rely on high dissipation losses by incorporating lossy materials.
In this paper, we propose a novel mechanism of absorption based on phase cancellation of polarization
states of scattered fields emerging from adjacent L-shaped chiral meta-atoms (unit cells). A linearly
polarized wave forms helicoidal currents in each meta-atom leading to diagonally polarized radiated
waves. When phase cancellation is employed by reorienting four such meta-atoms in a supercell
configuration, contra-directed chiral currents flow in adjacent cells to cancel all the radiated fields in
far-field region leading to a minimal broadside radar cross-section. From the reciprocity, the currents
that are induced in the meta-atoms produce a null towards the incident direction which can be utilized
for infrared energy harvesting. Full wave electromagnetic simulation indicates near perfect resonant
absorption around 52.2 THz frequency. Enhanced bandwidth is shown by adding smaller resonators
inside the supercell in nested form leading to dual band absorption at 45.2 THz and 53.15 THz.

The constant depletion of the fossil fuels and the associated environmental effects have been driving the intense
efforts to harness alternate renewable and clean sources for energy consumption'~. Many regulatory bodies and
organizations all over the world have already devised plans for 100% transition to alternate energy sources by
the year 2050%. One of the most abundantly available resource is the solar energy which has always been utilized
by the mankind to satisfy their thermal needs. The discovery of the photovoltaic effect by Edmond Becquerel in
1839 laid the basis of solar to electrical energy conversion. With the development of silicon-based photovoltaic
(PV) cell at Bell Labs in 1954, the efficient electrical usage of the solar energy and its large scale distribution
became a strong possibility>°. Sun emits its energy as blackbody radiation whose spectrum covers a wide range of
frequencies ranging from ultraviolet to infrared>”®. Although the solar irradiance peaks in the visible spectrum,
the infrared radiation amounts to almost 50% of the total radiated power. Earth has its own infrared spectrum
which peaks at 10 pm*°. Unfortunately, this immense amount of power have not been largely utilized due to
the complexity in direct conversion to electrical energy in the infrared region®'°. Since photovoltaic effect is a
quantum phenomenon, only photons that have specific energy levels can be effectively absorbed. Hence the con-
ventional silicon-based p-n junctions do not support infrared radiations and as a result have limited efficiencies.
Materials such as the narrow gap inorganic semiconductors and compounds and inorganic quantum wells can
be employed but their applications have not been fully explored yet'’. The efficiency of the PV cells can further
increased by reducing the spurious reflection of the incident light which requires a very intricate design involving
control of feedback reflection path and dissipation of light energy at nanoscale. A 2-bit coding metasurface is
proposed to achieve RCS reduction at THz frequencies!!. Similarly, double split ring resonator metasurface design
is proposed for RCS reduction at THz frequencies'. Thin film antireflection coatings (ARC) are proposed to
suppress the reflection components and increase absorption inside solar cells. However, the performance of ARC
is often limited to certain frequencies and cannot support broadband operation'*-'°. More recently, increased
absorption has been achieved by periodically embedding metal nanoparticles in the semiconductor to achieve
light trapping. By doing so, the optical path increases which leads to enhanced electron hole pair generation'.
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While the photovoltaic cells are based on the particle nature of light, the optical antennas exploit its wave
nature for the reception of the solar energy. The antenna along with the rectifying circuitry is termed as rect-
enna'”""°. Though the theoretical efficiency limit of an optical antenna may reach 100%, the associated nanoscale
fabrication have impeded its practical development®. With the recent advancement in nanotechnology, the
optical rectennas are being considered as strong candidates for future solar energy harvesting, particularly in
the infrared spectrum!®-2!. Single resonator elements such as dipole, bow-tie and spiral antennas have been
suggested for energy harvesting in the visible and infrared spectra'®?»*. An infrared harvesting bow-tie rect-
enna that employs MIM diodes have experimentally demonstrated®. Spiral antennas are considered frequency-
independent and have been designed for wideband infrared energy harvesting?’. To increase the receiving gain
which can be needed to drive the rectifier, the antennas are often arranged in the form of an array. The larger array
aperture also helps to capture more solar energy. But issues may arise due to the losses in the power combining
stage. Infrared arrays have been successfully implemented for energy harvesting and imaging?**>2¢.

Metasurface absorber is a relatively new phenomenon that has become increasingly popular in the field of
solar energy harvesting”~*2. The metasurfaces resemble the antenna arrays in the sense that both are repeated
configurations of a unit element. But the two are based on different design principles. In case of an antenna
array, the unit element is also an efficient radiator and is separated from the neighbouring element by order of a
wavelength. Therefore, the radiation pattern of large arrays approach the array factor and is marked by distinct
power nulls****. On the other hand, the metasurface design is based on collective dispersive response of periodi-
cally placed resonators that do not necessarily radiate and are closely located. Consequently, the metasurface
reformulates the entire incident wavefront in a manner that is analogous to the wave propagation across a two-
medium interface. The metasurfaces in the infrared spectrum are designed by metallic nanoparticles that are
smaller than the wavelength and support the localized surface plasmons. The incident electric field excites the
electrons in the conduction band leading to the coherent localized plasmon oscillations with a resonant frequency
that depends on the geometrical configuration of the nanostructure and the composition of the surrounding
material?”?***. In the receiving mode, these trapped plasmon modes can be exploited by either dissipating the
incident energy in the form of metallic losses as in absorbers, cloaking and stealth applications®®*” or by harvest-
ing it for renewable energy®. Since the resonant response strongly depends on the host dielectric material, the
plasmonic metasurface have been considered in sensing®*° and photo-detection*"*2. The recently proposed
chiral metasurfaces**™* allow disproportionate absorption of orthogonal electric field components leading to
the observance of linear and circular dichroism at THz frequencies. The absorbed portion of the received power
can be potentially harvested after the rectification process.

The differential phase angle on an electromagnetic wavefront is an important parameter that defines its orien-
tation and propagation properties. The plane wave expansion methods allows us to express a wavefront in terms
of spherical wave coefficients*. Conversely, by manipulating the phase of each point on an incident plane wave,
the shape and direction of the resulting wavefront can be controlled. By adjusting the phases of adjacent unit
cells of a metasurface and by exploiting the plane wave expansion, the incident wavefront has been manipulated
in exciting novel applications such as Fresnel reflectors*”*%, beam steering*’ and carpet cloaking of objects®**!.
More recently, the phase control have been digitally encoded by employing switchable unit cells to efficiently
manipulate the wavefront of scattered electromagnetic waves®>>.

In this paper, we proposed an infrared absorbing metasurface which is designed by exploiting two phenom-
enon as discussed above, i.e. the partial suppression of orthogonal electric field vector associated with the chiral
metasurfaces*~** and the phase manipulation based on the plane wave expansion*®**! (see Fig. 1). In particular,
we tailor the phase response of a metasurface by arranging four chiral L-shaped elements in specific orienta-
tions to form a super unit-cell (more commonly termed as a supercell). This phase compensating arrangement
creates a null in the broadside direction of the metasurface leading to suppression of the radar cross-section
(RCS). Since the set-up is used in reflection mode, the reciprocity theorem forces the incident electromagnetic
wave to be completely absorbed in the metasurface. The proposed metasurface exploits chirality in conjunction
with phase manipulation and reciprocity. Therefore, the phase cancellation takes place on the unit cell basis
and without the requirement of an extra absorbing layer as in** which employs magnetic absorbing materials
inside a ultrathin metasurface. With our approach, contra-directional chiral currents flow in adjacent unit cells
that completely suppress the RCS with minimum dissipative losses. In another contemporary work>®, the RCS
reduction was accomplished by phase mixing from several two-layer super lattices with randomized arrange-
ment. Hence the phase cancellation is a result of superposition of radiations from supercells arrays of different
unit cell configurations sharing the same plane. These metasurfaces require more complex fabrication process
and have larger apertures.

We show by full-wave simulations a significant reduction of RCS and hence electromagnetic energy absorp-
tion of all polarizations in the spectral range of 40 to 60 THz. Multiband absorbing modes can also be obtained
by either incorporating more resonant structures of different dimensions in the same supercell or by devising
larger supercell arrays. The proposed metasurface support absorption through destructive interference without
dissipative losses and can be potentially exploited in infrared energy harvesting applications.

Design and simuations

RCS suppression by phase cancellation: unit cell analysis. The RCS suppression is obtained by
applying phase cancellation to the metasurfaces that have been designed to be optically active in THz range***.
Consider once again the conceptual Fig. 1. The basic chiral unit cell (or meta-atom), given in Fig. 1a, consists of
a L-shape structure designed with 100 nm thick silver material. It should be noted that typically the fabrication
tolerances doesn’t allow sharp features for plasmonic nanostructures. Therefore, the right-angle edge of L-shape
structure is rounded by a fillet of specific arc radius. The default value for fillet radius is 200 nm unless otherwise
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Figure 1. Conceptual demonstration of the RCS reduction (a) L-shaped Unit cell (meta-atom) of the chiral
metasurface that resonates at 52.1 THz showing the dimensions and the x-polarized incident electromagnetic
field (b) The phase-compensated supercell obtained by four folded L-shaped meta-atoms. (c) Normalized
surface charge distribution on single-L unit cell at 52.1 THz. (d) Surface charge distribution on the phase-
compensated unit cell showing the oppositely charged dipoles for L elements diametrically opposite to each
other causing destructive interference in far-field. (e) The radiation pattern of the single-L unit cell at 52.1 THz
showing a large backscatter of incident fields. (f) The radiation pattern for the phase-compensated supercell
consisting of four L-shaped elements showing a dramatic reduction of the RCS in direction of incident fields
at resonance frequency of 52.1 THz. (g) Spectrum of the monostatic backscattering radar cross section (RCS)
of the two structures showing a null for phase-compensated geometry. Illustrations were created in Microsoft
Powerpoint 365 [https://www.microsoft.com/en-ww/microsoft-365/powerpoint].

stated. By embedding the unit cell in background silica material, its dimensions are optimized so that the unit
cell resonates at 54 THz. The phase-compensated version of the unit cell (i.e. the supercell) is obtained by flip-
ping the single element and copying it three times in a 2 x 2 four fold rotational symmetric structure shown in
Fig. 1b. To demonstrate the RCS reduction, we compare the scattering characteristics of the two unit cells by
illuminating them (numerically) with a y-polarized plane wave using full-wave electromagnetic simulation tool
COMSOL. The unit-cells are terminated in radiation boundary conditions. The resulting surface currents and
the far-field radiation patterns are then explained. Consider in Fig. 1¢,d the normalized surface charge densities
which are evaluated by applying the point form Gauss’s Law on the two unit cells. Note that for the single-L,
negative charges are accumulated around the center and positive charge are distributed around the corners.
By invoking the moments method, it can be well predicted that the two orthogonal dipole moments will emit
co- and cross polarized waves which may vectorially add to produce a diagonal or circular polarization in the
far-field (depending on the phase difference of the two orthogonal components). This will be further discussed
later in the paper. More interestingly, note that the dipole moments formed in the upper two elements of the
phase-compensated supercell are exactly out-of-phase with the ones produced in the lower two elements and
hence cancel the effect of each other. The phenomenon is more clearly observed in the backscattered radiation
patterns considered in Fig. le,f. The single L-shaped unit cell supports large backscattered fields which indi-
cates the large reflection coefficient. In comparison, the null in the radiation pattern of the phase-compensated
supercell towards the incident direction show the significant reduction in the RCS. A quantitative comparison
of the backscattering fields can be obtained by calculating the RCS of the two unit cell configurations from the
well-known equation®:

2 |Es?

o =47 R 5
|Ei|

(1)

where R is the distance of the far-field point from the target at which RCS is calculated, | E,| is the normalized
back scattered far field and | E;|is the normalized incident field. The monostatic RCS in Fig. 1g is found using back
scattered far field | E| fields for the four-fold and single L-shaped designs. As depicted in Fig. 1g, a minima at 52.1
in the RCS curve of the phase-compensated supercell corroborates the null observed in the radiation pattern.
Although, the supercell has almost four times physical cross section compared to the single-L configuration,
the corresponding monostatic RCS is suppressed to 0.13 um? which is about 50 times reduction from its value
of 6.3 um? for the single-L unit cell at the same frequency.
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Figure 2. Schematic illustration of plasmonic single-L chiral reflecting metasurface on dielectric substrate of
thickness d = 642 nm. Inset shows L-shaped silver nanostructure of thickness 100 nm. Here p =2 um, Ly = L,
=700 nm and w = 200 nm. Illustrations were created in Microsoft Powerpoint 365 [https://www.microsoft.com/
en-ww/microsoft-365/powerpoint].

The plasmonic metasurface: periodic analysis. In the previous section, unit cell analysis was used for
the conceptual demonstration of the RCS reduction by phase-compensation. In this section, we apply the Flo-
quet boundary conditions to show the phase-compensation phenomenon in infinitely-extended metasurfaces.
We employ the Jones Calculus which is a convenient method to analyze the polarization conversion in optically
active materials and chiral metasurfaces**>*”. Defining the (Ey;,E,;) and (Ex,Ey,) as the x- and y- directed inci-
dent and reflected electric field components, the Jones matrix equation can be written as:

Exr\ [ Rex Ry E,i 5
Er ) =\ Raxry )\ Ei ) 2)

where, Ryx and Ryy denote the co-polarized, and Ryy and Ryx represent the cross-polarized reflection coef-
ficients. If transmitted fields are prohibited by placing a perfect conducted towards the transmission direction,
the normalized absorption can be calculated by using reflection coefficients as follows:

A=1—|Rex* — [Ryx|%, (3)

The reflection properties for the single-L and phase-compensated metasurfaces are further discussed in the
following two sub-sections.

Thessingle-L chiral metasurface. Consider the infinitely extended single-L metasurface in Fig. 2, obtained
by periodically repeating the unit-cell with a period p equal to 2 um. Note that a larger period is selected and
unit cells are replicated in a checkerboard pattern to avoid the mutual coupling. Also evident in Fig. 2 is the silica
substrate of thickness d = 642 nm which serves as the background material that holds the metallic unit cell. The
substrate is backed up by perfectly reflecting ground reflector so that no transmission occurs and all the waves
are either absorbed or reflected. In the full-wave simulations implemented in COMSOL software, perfect electric
conductor (PEC) boundary is applied in z-direction to simulate the ground; and Bloch-Floquet conditions are
applied in x- and y-directions to obtain the infinitely extended metasurface. It is emphasized that the ground
plane can be constituted with copper substrate (i.e., finite conductance) that provides negligible variation in
overall absorption spectrum when compared to PEC boundary.

By assuming x-polarized electromagnetic wave illuminating the metasurface, the resulting co- and cross
polarized reflection coefficients are calculated and are displayed in Fig. 3, along with the absorption coefficient
A. Tt is interesting to note that the x-polarized incident field can be partially transformed into the y-directed
reflected fields by the localized surface plasmon resonance current. This is possible due to the Fabry Perot reso-
nances that arise due to interference originating from multiple reflections between metasurface and ground
plane. As a result anti-clockwise rotational currents are excited in the silver L-shape nanoparticle (see the inset
of Fig. 3) at the designed resonance of 54.2 THz. The resonant orthogonal reflected field components have equal
magnitude and are perfectly in-phase i.e., ZRyy = /Ry, = —7. Consequently, the in phase localized surface plas-
mon currents lead to linearly polarized reflected fields along diagonal axis along 135°, also shown in the inset
of Figure 3. Looking at the absorption curve, it can be observed that the orthogonal polarization conversion
leads to almost 25% absorption of the incident power which may be attributed to the non-radiative losses inside
silver nanostructure. It should be noted that since the metasurface is diagonally symmetric, identical reflection
response for the y-polarized incident waves should be expected i.e., R,x = Ryy and R,x = Ryy. The L-shaped
periodic elements can be reoriented to suppress overall scattered fields components from the metasurface as
shown in the following section.
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Figure 3. Magnitude and phase of the co-polarized (Ryy) and cross-polarized (R,y) reflection coefficients

and the absorption coefficient for the single-L chiral metasurface shown in Fig. 2 when it is illuminated with

a x-polarized normally incident electromagnetic wave. The absorption coefficient A is calculated from Eq. 3.
The inset shows the magnitude and direction of the surface current density at resonant frequencies of 54.2 THz
and the associated polarization ellipse for the reflected fields. The chiral current distribution is provided in
instantaneous time varying form in supplementary materials.
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Figure 4. Schematic illustration of phase-compensated metasurface absorber which is formed by periodic
arrangement of the folded four-element supercells. Inset shows the supercell structure and the explanation of
the phase cancellation phenomenon. Illustrations were created in Microsoft Powerpoint 365 [https://www.micro
soft.com/en-ww/microsoft-365/powerpoint].
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Figure 5. The co- and cross- polarized reflection coeflicients of the absorbing phase-compensated metasurface
(Fig. 4) along with the absorption spectrum. The inset shows the current density vectors on the supercell at the
52.2 resonance illustrating the vectorial cancellation of diametrically opposite L-elements. The chiral current
distribution is provided in instantaneous time varying form in supplementary materials.

Phase-compensated metasurface absorber. Next we consider the infinitely-extended phase-compen-
sated metasurface shown in Fig. 4, which is obtained by repeating the supercell of Fig. 1b in x and y directions
with a periodicity of p = 2 um. The phase cancelling is qualitatively explained in Fig. 4 by observing the oppo-
site orientation of currents in the diametrically opposite L-elements. Hence by applying the method of moments
a complete cancellation of the radiated fields from these surface currents and hence the RCS reduction of Fig. 1
can be expected. To demonstrate the phenomenon, the metasurface is numerically irradiated with a x-polarized
electric field and the resulting reflection responses are calculated and are shown in Figure 5. As expected, the
co-polarized (|[Ryx[) and cross-polarized ( |Ryx|) reflection coefficients are highly suppressed and therefore, the
metasurface exhibits near perfect absorption of the infrared light at around 52.2 THz. A slight shift of resonance
from the single-L case (Fig. 4) can be seen which may be attributed to factors like mutual coupling and change
in the current distribution. From the inset of Fig. 5, it is clear that the current distribution exhibits mirror sym-
metry in all the four L-shape nanostructure units that lead to the radiated fields that have complementary phase
angles that compensate each other. A comparison of the absorption curves of the single-L and phase-compen-
sated metasurfaces (Figs. 3 and 5), further reveal that the increased absorption is the direct consequence of the
destructive interference of these phase-compensated orthogonal electromagnetic fields. The notion of energy
harvesting follows from the reciprocity theorem* which dictates the flow of plasmonic surface current (though
their vector contribution is zero) to produce the radiation null towards the incident direction. The energy from
the current flow in the nanostructures can be tapped through rectification process and harvested. Since the pro-
posed structure based on its symmetrical properties supports absorption for both x- and y- polarized fields, any
arbitrarily polarized wave can be demodulated.

The phase compensated metasurface absorber can offer resonance tunability due to variation of its geometri-
cal parameters. Typically, the fabrication tolerances doesn’t allow sharp features for plasmonic nanostructures.
Therefore, the right-angle edge of L-shape structure is rounded by a fillet of specific arc radius (R). The radius of
fillet arc (R) can affect the spectral absorption as shown in Fig. 6a. The L-shape structure with sharp edge i.e., R
= 0 supports resonant absorption around 50.7 THz. Due to addition of fillet arc around the edge offers blueshift
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Figure 6. (a) The absorption spectrum due to variation in fillet radius around the right-angle edge of L-shaped
structure. (b) The absorption spectrum due to variation in length of L-shaped arms. The graphical description
about length of length shaped arms is already provided in Fig. 2.
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Figure 7. The dual-band phase-compensated metasurface is designed by incorporating two types of resonator
structures in the supercell so that there are a total number of eight L-shaped structures. The length of the smaller
arms (L) is 512 nm, w = 112 nm and Aw = 75 nm. The dimensions of the larger L elements are similar to the
ones given in the caption of Fig. 2. Illustrations were created in Microsoft Powerpoint 365 [https://www.micro
soft.com/en-ww/microsoft-365/powerpoint].

in the resonance frequency. Therefore, the fillet radii of R = 100 nm and R = 200 nm offers resonant frequency
at 51.4 THz and 52.1 THz respectively.

Similarly, the arm length of L-shaped structure affect the resonant absorption frequency. The effect on spectral
absorption characteristics is determined due to variation in arm length (Ly = L,) between 650 nm to 750 nm.
It is clear from Fig. 6b that increasing the length arm leads to red shift in the resonance absorption frequency.

Multi-band phase-compensated metasurface absorber. The infrared blackbody radiation spectra
of sun and the cooler earth cover a large bandwidth extending from wavelengths ranging from 0.7 um to about
40 pm which correspond to frequencies between 8 and 430 THz>”%. The absorption bandwidth of the phase-
compensated metasurface can be further increased by inserting more resonators in the supercell so that multiple
infrared bands can be absorbed. To accomplish the detuned resonator design, we insert four smaller L-shaped
nanostructures in the supercell in nested configuration, as shown in Fig. 7. The supercell is optimized to radiate
at 45.2 and 53.15 THz for smaller arms’ lengths (L) equal to 512 nm which are displaced from the longer L arms
by Aw = 75nm.

With the x-polarized normal incidence, the spectral responses of the reflection coefficients for the nested
supercell metasurface are given in Figure 8. It is clear metasurface supports two absorption modes at the designed
infrared frequencies and therefore the absorption efficiency of the metasurface considerable increases. The
resonance and the phase compensation mechanism are illustrated in the inset of Fig. 8 with the help of surface
current plots. At 45.2 THz, strong localized surface plasmon currents originate on the larger L-shape elements
which are oppositely oriented for the diametrically opposite arms. Similarly, the smaller L-shape resonators
support intensive localized surface plasmon (counter-directed) currents in the second narrow band absorption
mode at 53.15 THz. Following a similar approach, more absorption bands can be added by either nesting more
resonators in the same cell or by designing larger multi-resonant supercells. Finally, the shift in the resonant
frequency of the lower frequency mode from 52 THz in the original supercell to 45 THz in the nested configu-
ration can be attributed to the larger number of metallic inclusions in the same overall space that may affect
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Figure 8. The reflectance and the absorption spectra of the phase-compensated dual band absorber
metasurface. The insets show the surface current density vectors at the resonant frequencies of 53.15 THz and
45.2 THz corresponding to the resonances of the larger and smaller L-shaped structures, respectively. The chiral
current distribution is provided in instantaneous time varying form in supplementary materials.

the dielectric properties of the background material. It may also be caused by the mutual coupling which can
effectively increase the size of the resonators pushing the frequencies towards the red light.

Conclusion

We propose a phase cancellation approach to reduce the radar cross section (RCS) of infrared chiral metasur-
faces so that they behave as highly absorbing energy harvesters. The absorber design is based on the L-shape
silver resonating nanostructure which supports localized surface plasmon current in lower infrared frequencies
of 40 to 60 THz range. With a single L-shape unit cell, the metasurface is optically active and converts a x- or
y-polarized incident wave to a diagonally polarized wave. The phase-compensated metasurface is designed by
arranging four L-shape elements in a four-fold rotational symmetry to form a supercell. The incident x-polarized
wave induces surface plasmon currents which form contra-directional rotational patterns cancelling the effect
of each other. Consequently, two reflected waves having diagonally opposite polarizations are radiated which
destructively interfere in the far field causing a significant RCS reduction leading to perfect absorption of incident
electromagnetic radiation around 52.2 THz frequency. The rotational currents formed on the plasmonic unit
cells can be rectified and utilize in energy harvesting. The absorption efficiency can be considerably improved
adding more resonators in the supercell. It is shown that by nesting eight resonators in a supercell, a dual band
metasurface absorber can be obtained which supports absorption bands at 45.2 THz and 53.15 THz frequen-
cies. The proposed metasurface is based on destructive far field interference and hence does not require lossy
materials to completely absorb the electromagnetic wave. Hence the phase compensation method offers efficient
infrared energy harvesting at low cost while supporting minimum energy loss. Since the propose metasurface is
optically active, it can demodulate several combinations of polarizations leading to higher efficiency compared
to singly polarized structures.

Methods

Full wave electromagnetic simulations. The metasurface response was investigated with Full wave
three dimensional simulations in COMSOL Multiphysics software. The supercell was simulated with periodic
boundary conditions to mimic the effect of infinitely periodic cells along x- and y- directions. The optical mate-
rial properties for silver nanostructure was obtained by Raki¢ model for thin metallic films®. The fully reflecting
ground plane was assumed as perfectly reflecting conductor material with sufficiently large thickness compared
to skin depth of metal. The full reflecting characteristics of ground plane provide the feedback path for resonant
reflection and enables zero transmission through the metasurface. The monostatic RCS response in Fig 1g is
calculated for normally incident and linearly polarized incident planewave with scattered field formulation.
Similarly, the three dimensional radiation pattern in Fig. le—f are calculated by integrating the radiated fields
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on a spherical surface enclosing the meta-atoms in the far-field region. The meta-atoms are embedded in silica
material. Surface charge distribution on the surface of meta-atoms is calculated by Gauss’ law in point form.

Locus of reflected electric field vector in space and time. Polarization ellipse and vector plots of
electric field vector orientation are provided in inset of e.g, Fig. 3 at resonance frequency of L-shaped nanostruc-
ture. Such plot shows the time domain perspective and ultimately provide better understanding of the polariza-
tion phase cancellation response. Here, we explain the method to plot the sketch of electric field in space and
time. Complex reflection coefficients Ry, and Ry are obtained from Full wave simulations. The total reflected
electric field phasor is given as follows:

ﬁ(z) = (Rexfx + Ryxay)e_ikz (4)

The corresponding instantaneous electric field is given as follows:
Rz, t) = Re [ﬁ(z)e*iwﬂ 5)

We are assuming the reflected port to be in the far field of the metasurface. The locus of reflected electric
field is plotted in time using small time steps. Contour plots are built upon the locus of electric field vector tip
for a complete time period (T).

Time varying surface current density. The magnitude and direction of surface current distribution
influences the overall reflection characteristics. Therefore, the phasor form of surface current density is another
important parameter that explains the polarization phase cancellation characteristics as shown in Figs. 3, 5 and
8. The phasor form of vector components of current density distribution on the supercell are obtained from Full
wave simulations. The phasor form of vector components of current density distribution can be transformed into
instantaneous form as follows:

() = Re[ (ot + Jyity) e "] ©

The instantaneous form of surface current density using Eq. 6 is obtained and provided in Figs. 3, 5 and 8.
Time varying surface current distribution for Figs. 3, 5 and 8 is provided in supplementary materials.
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