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Abstract: The ability to fully control the polarization of light using chiral metadevices has drawn
considerable attention in various applications of integrated photonics, communication systems,
and life sciences. In this work, we propose a comprehensive approach for the design of metasurfaces
with desired polarization properties for reflected and transmitted waves based on the proper spatial
arrangement of chiral inclusions in the unit cell. Polarization conversion is achieved by engineering
induced electric and magnetic dipole moments of the metasurface inclusions. We show that under
a proper arrangement, the same inclusion can be used as a building block of metasurfaces with
drastically different wave-transformation functionalities. The horizontally and vertically oriented
metallic helices were used as simplest chiral inclusions, which can be manufactured by the established
3D fabrication techniques from THz up to the visible spectral range. The proposed metadevices
provide a deep understanding of the light–matter interaction for polarization conversions with
helix-based structures and opens the way to new possibilities of electromagnetic polarization control
with advanced chiral metadevices in communication and imaging systems.
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1. Introduction

The polarization of electromagnetic waves (EM) is one of the fundamental properties of optical
radiation. Manipulation of the polarization is usually achieved via polarizers. Typical examples
of polarizers are right-handed crystals, nematic liquid crystals, anisotropic media, chiral media,
optical gratings, and materials possessing the Brewster and Faraday effects [1–4]. Despite a fairly
large selection, there is considerable demand in the industry for the improvement of existing
polarizers or the development of new types of polarization converters for the use in modern complex
devices. Such polarizers can be chiral metasurfaces which are electrically thin, compact, flexible
structures with properties of controlling the polarization of light. Typical chiral metasurfaces consist of
chiral subwavelength inclusions arranged into a lattice that can convert the polarization of incident
light in transmission or reflection regimes from linear to circular and vice versa [5–7] or linear to
linear (transverse electric polarized light is converted into transverse magnetic polarized light and
vice versa) [8–10].

Metasurfaces based on Huygens’ principle have a special place in the wave manipulations due to
their high efficiency and simplicity [11]. The Huygens principle is based on the fact that each point of
the wavefront acts as a secondary source (electric or magnetic) for the emitting waves. This principle
gives a qualitative relation between the radiating field and its source in dipole consideration. Huygens’
metasurface based on chiral inclusions provides more opportunities in the controlling of the light
polarization due to the well-defined and tailoring of the induced electric and magnetic dipole moments
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of chiral polarizable inclusions [12–14]. As a result, the orthogonal polarizations of linear polarized
waves are manipulated independently in Huygens’ chiral metasurface that leads to the near-perfect
polarization conversion with the unit transmittance or reflectance, nonsplitting of the resonance,
and broad transparency outside of the resonant band [15–20].

In most studies, when designing polarizers based on Huygens’ metasurfaces, the main focus
is made on the properties of the metasurface constituents. On the other hand, only a few works
demonstrate an analysis of the mutual orientation of the inclusions that affect the metasurface
functionality [21–23]. Due to the fact that the size of the unit cell of metasurfaces is smaller than
the operating wavelength, there is typically a strong interaction between its neighboring inclusions.
Due to this interaction, the output functionalities of metasurfaces can be changed substantially in
comparison with the individual properties of their inclusions [24,25]. This case is in analogy to
solid-state physics, where the electronic properties of solids can be dramatically different from those
of individual atoms [26]. Some works have paid attention to the problem of the arrangement of
the inclusions in the metasurface using fundamental principles of dipole–dipole interactions [27–29].
In some cases, the coupling effects between inclusions in metasurfaces play a dominant role in
achieving the desired properties, in particular, polarization conversion. The understanding of the
fundamental coupling mechanisms between chiral inclusions as well as their arrangement in the unit
cell can provide significant insight into designing metasurfaces for polarization conversion of the
incident light [30].

In this study, we design Huygens’ metasurfaces based on chiral inclusions for the manipulation
of polarization state in reflection and transmission regimes for midinfrared (mid-IR) spectral range.
By exploiting a comprehensive approach for EM dipole interactions, we analyze how the arrangement
of chiral inclusions in a metasurface affects its polarization properties. As chiral inclusions of
metasurfaces, we consider smooth metallic helices with axes oriented parallel (horizontally-oriented)
and orthogonal (vertically-oriented) relative to the plane of the metasurface. Structural parameters
of helices were tailored to achieve balanced excitation of electric and magnetic dipole moments
(EM balance) in the metasurface. That leads to the balanced EM response for the excitation by linearly
polarized plane waves and polarization insensitivity of the helix-based metasurfaces. In addition,
the usage of helices with optimized parameters to the EM balance provides a highly efficient
polarization conversion with a broadband low-reflection in the entire spectrum. We determined
all components of electric and magnetic dipole moments inducing in horizontally-oriented and
vertically-oriented helices to show how the orientation of dipole moments affects the polarization state
of reflected and transmitted waves. In accordance with this, we determined the mutual arrangement
of helices in the unit cell of metasurfaces for the desired polarization conversion.

2. Electromagnetic Balance of Metallic Helices

In this work, we are aiming to design highly efficient metasurfaces for the conversion of
linearly polarized incident light into co- and cross-polarization states for transmitted and reflected
waves. The efficient polarization conversions can be attained using polarizable inclusions possessing
chirality [31,32]. The chirality directly affects the polarization rotation of transmitted or reflected waves.
The maximum chirality of the chiral inclusion can be achieved under the condition of EM balance
|p| = 1

c |m|, where p and m are its electric and magnetic dipole moments (note that the magnetic
moment is written in notations as m = µ0 IS, where I is the current of a loop with area S creating the
magnetic moment) of the chiral inclusion [33,34]. In this study we use three-dimensional (3D) smooth
helices which support electric and magnetic dipole moments simultaneously. EM balance in helices
can be achieved by tuning the induced electric and magnetic dipoles to form the so-called Huygens’
pair [35–37]. Let us consider a plane wave incident onto the metasurface comprised of subwavelength
helices arranged into the square lattice with the unit cell of the area S. The plane wave induces in each
unit cell electric (p̂) and magnetic dipole (m̂) moments (the unit-cell moments are in general different
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from the individual moments of helices since unit cell may comprise several helices). By assuming
infinite metasurface, the reflected (Er) and transmitted (Et) fields can be expressed as follows [38]:

Er = −
jωη0

2S

(
p̂− 1

c
n× m̂

)
, (1)

Et = Einc −
jωη0

2S

(
p̂ +

1
c

n× m̂
)

, (2)

where ω is the angular frequency, η0 =
√

µ0/ε0 is the free-space wave impedance, Einc is the incident
electric field, c is the speed of light, n = −z0 is the normal vector. The metasurface is illuminated by
the linearly polarized incident plane wave propagating along the −z0 direction with the following
polarization state:

Einc = E0x0, Hinc = −
E0

η0
y0 (3)

By taking into account the polarization of incident light (3), components of reflected (Ex,y
r ) and

transmitted (Ex,y
t ) fields can be found from Equations (1) and (2) as follows:

Ex
r = − jωη0

2S

(
p̂x −

1
c

m̂y

)
, Ex

t = E0 −
jωη0

2S

(
p̂x +

1
c

m̂y

)
,

Ey
r = − jωη0

2S

(
p̂y +

1
c

m̂x

)
, Ey

t = − jωη0

2S

(
p̂y −

1
c

m̂x

)
.

(4)

In accordance with Equation (4), the metasurface based on chiral inclusions can be fully
transparent at a given wavelength only if its constituents possess balanced EM response | p̂x,y| = 1

c |m̂y,x|
at this wavelength. A single helix as a chiral inclusion has only axial dominant individual electric and
magnetic dipole moments which can be balanced as | p̂x| = 1

c |m̂x| [18–20,33]. Therefore, it requires at
least two helices in the unit cell in order to achieve desired polarization conversions and simultaneous
perfect impedance matching of the metasurface (zero reflection). We calculate electric and dipole
moments by using multipole expansion method [39] to achieve the EM balance of single helix.
We employ metallic single-turn helix as one of the simple chiral inclusions that supports electric
and magnetic dipole moments.

Figure 1a,b show the horizontally-oriented and vertically-oriented single-turn helices excited
by a linearly polarized incident plane wave with oscillating electric field along x-axis. We choose
silver with refractive index measured in [40] as the material of the helices, since it has low ohmic
losses in the mid-IR spectral range. To avoid fast oxidation of silver, one can additionally deposit
an ultrathin layer of SiO2 or another polymer. It will serve as a protective layer and will not affect the
optical properties of the metasurfaces. The dominant electric and magnetic dipole moments oscillate
along the x-axis for both types of helices. The manipulation of excited dipole moments in helices
can be attained by changing their structural parameters. For example, analytical expressions of the
chirality in helical inclusions versus their radius and pitch were derived in work [33]. However,
these expressions are valid only for the case of perfectly conducting helices and cannot be applied
for silver helices in MIR. Similarly, varying pitch (Hh) in the horizontally-oriented helix (Figure 1a)
influences to the larger extent the magnitude of the excited electric moment while, varying radius
(Rh) predominantly leads to manipulation of the magnetic moment magnitude. Meanwhile, changing
the same structural parameters (Hv, Rv) works in the opposite way for the vertically-oriented helix
(Figure 1b). The wavelength dependence of electric and magnetic dipole moments under the parametric
scan of the pitch for horizontally-oriented and vertically-oriented helices are depicted in Figure 1c,d.
It is seen that the electric moment in the horizontally-oriented helix increases with respect to the
magnetic moment when helix pitch (Hh) increases from 0.2 to 0.5 µm. The balance of electric and
magnetic moments is reached for the helix pitch of Hh = 0.3 µm at the wavelength of 4.5 µm.
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The opposite behavior can be observed for the vertically oriented helix. With the increase of the helix
pitch (Hv), the magnetic moment increases with respect to the electric moment. For the vertical helix,
the EM balance is achieved for pitch Hv = 1.6 µm. In contrast to the horizontal helix, electric and
magnetic moments have different resonant frequencies. We expect that due to this fact, metasurfaces
based on vertically-oriented helix will have a smaller bandwidth and higher parasitic reflections than
metasurfaces based on horizontally-oriented helices.

Figure 1. (a,b) Illustration of horizontally-oriented and vertically-oriented single-turn helices with
the following structural parameters: Rh = 0.27 µm, Hh = 0.3 µm, Rv = 0.15 µm, Hv = 1.6 µm,
d0 = 0.16 µm. (c,d) Wavelength dependence of electric and magnetic dipole moments under the
parametric scan of the helix pitch.

3. Optimal Arrangement of Helices According to Polarization Conversion Functionality

Next, we are aiming to determine the optimal arrangement of helices in the unit cell of the
metasurface for efficient polarization conversion for linearly polarized incident light. In what follows,
we focus on four basic scenarios: copolarized (same polarization) full reflectance and full transmittance
and cross-polarized (polarization rotation by 90◦ degree) full reflectance and full transmittance.
The optimal arrangement of helices for a specified polarization conversion can be found if we know the
required orientation of the electric and magnetic dipole moments in the unit cell. In order to achieve
copolarized full reflectance (|Rxx|2 = |Ex

r /E0|2 = 1), the components of reflected and transmitted
fields must be equal to:

Ex
r = E0ejφco

r , Ey
r = 0, Ex

t = 0, Ey
t = 0. (5)
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By substituting Equation (5) into (4), the conditions for copolarized reflectance based on induced
dipole moments in the unit cell of the metasurface can be expressed as follows:

p̂x = −j
SE0

ωη0
(1− ejφco

r ),
1
c

m̂x = p̂y = 0,
1
c

m̂y = −j
SE0

ωη0
(1 + ejφco

r ). (6)

As can be seen, copolarized reflectance requires only the presence of the x-component of the
electric dipole moments (px) or the y-component of magnetic moments (my) in the unit cell when the
phase (φco

r ) of copolarized reflected waves is equal to π or 0, respectively. It should be mentioned
that the copolarized reflectance is not so interesting itself but it very useful for the realization of
reflectarrays, meta-mirrors, and meta-lens due to the phase control of reflected waves [41,42].

Similarly, the components of the reflected and transmitted fields for total cross-polarized
reflectance (|Ryx|2 =

∣∣Ey
r /E0

∣∣2 = 1) can be written in the following form:

Ex
r = 0, Ey

r = E0ejφcr
r , Ex

t = 0, Ey
t = 0. (7)

By substituting (7) into (4), the dipole-based conditions for cross-polarized reflectance can be
written as follows:

p̂x =
1
c

m̂y = −j
SE0

ωη0
, p̂y =

1
c

m̂x = j
SE0

ωη0
ejφcr

r . (8)

The condition (8) shows that the x-component of the electric moment should be equal to the
y-component of the magnetic moment and vice versa. That means that the unit cell should have
balanced orthogonal electric and magnetic dipole moments.

To achieve a copolarized transmittance with unitary amplitude (Txx = |Ex
t /E0|2 = 1) of

metasurface, the reflected fields should be equal 0, while transmitted fields have the following form:

Ex
r = 0, Ey

r = 0, Ex
t = E0ejφco

t , Ey
t = 0. (9)

Therefore, the components of the dipole moments of the unit cell for copolarized transmission
scenario should be equal:

p̂x =
1
c

m̂y = −j
SE0

ωη0
(1− ejφco

t ), p̂y =
1
c

m̂x = 0. (10)

In accordance with condition (10), the unit cell should have x- and y-component of the electric
and magnetic moments, respectively, while the remaining moments must be suppressed. It should be
noted that metasurface with copolarized transmittance does not convert the polarization of transmitted
waves since the polarization state remains the same as the polarization of incident light. However,
such metasurface with the copolarized transmittance can control the phase of the transmitted waves.
In particular, the presence of electric and magnetic moments in the unit cell makes it possible to
control the phase in the range from 0 to 2π, which provides possibilities for anomalous refraction,
focusing, and light bending [43–45].

Next, the reflected and transmitted E-fields for total cross-polarized transmittance
(|Tyx|2 =

∣∣Ey
t /E0

∣∣2 = 1) can be written as follows:

Ex
r = 0, Ey

r = 0, Ex
t = 0, Ey

t = E0ejφcr
t . (11)

Similarly, by substituting conditions (11) into (4), we obtain conditions for dipole moments for the
cross-polarized conversion by metasurface:

p̂x =
1
c

m̂y = −j
SE0

ωη0
, p̂y = −1

c
m̂x = j

SE0

ωη0
ejφcr

t . (12)
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In this case, the x-component of the electric moment should be equal to the y-component of the
magnetic moment while the remaining components should be different in sign. This orientation of
dipole moments should lead to the polarization rotation of transmitted waves by 90◦ with a unit
transmission coefficient.

The obtained conditions (6), (8), (10) and (12) showing the necessary orientation and components
of electric and magnetic dipole moments can be applied to any metasurfaces with subwavelength
polarized inclusions for achieving required co- and cross-polarized reflectance and transmittance,
respectively. Similar conditions based on the determination of individual polarizabilities of polarizable
inclusions were obtained in previous works [19,46,47]. The present work has a different approach
for the design of metasurfaces. In [19,46,47] the emphasis was put on the required polarizabilities of
the metasurface inclusions, while their mutual arrangement was considered as an additional minor
factor. Therefore, inclusions of each metasurface were different. In the present work, we employ just
one type of inclusions and demonstrate that solely through their proper mutual arrangement one can
design various metasurfaces with the wide range of electomagnetic properties: From fully reflective
to fully transparent and from polarization conserving to completely polarization transforming.
Our approach can be very useful for the optical society where mostly dipolar interactions are
considered. In accordance with our conditions, the unit cell of metasurfaces for linear polarization
conversion must have x- and y-components of electric and magnetic dipole moments. It means that
helices should have different orientations in the plane of the metasurface or have various handedness
of left-handed (LH) and right-handed (RH). Next, we find the dipole moments of differently oriented
RH and LH helical inclusions. Using this information, we will be able to construct helical metasurfaces
with an arbitrary functionality.

Figure 2 shows the wavelength dependence of the real and imaginary parts of individual electric
and magnetic dipole moments of RH and LH horizontally-oriented and vertically-oriented helices
with various orientations in the unit cell. It should be mentioned that we do not take into account the
mz and pz dipole moments since we consider only normal incidence and these moments do not radiate
in the z-direction. The incident plane wave is fixed and the same in all scenarios, namely, the electric
field oscillates along x-axis and magnetic field along y-axis, respectively. Therefore, the helices are
excited by electric and magnetic incident fields simultaneously. The structural parameters of helices
are the same as depicted in Figure 1a,b. As is seen from Figure 2a,b, the RH and LH helices induce
only axial dipole moments (px, mx) with the different sign of the magnetic moment at the resonance
wavelength of 4.5 µm which corresponds to the different handedness of the helix, as mentioned
before. A similar trend occurs for vertically-oriented helices at the resonance wavelength of 4.7 µm.
However, it has different signs of the magnetic moment between RH horizontally-oriented and RH
vertically-oriented helices (Figure 2a,e). In addition, all vertically-oriented helices have the unwanted
real part of the electric dipole moment (<(px)) which will lead to the performance degradation for
polarization conversion by metasurfaces.

Taking into account all induced dipole moments for differently oriented RH and LH single-turn
helices, it is possible to determine their optimal combination and arrangement in the unit cell to satisfy
the conditions for linear polarization conversions. Figure 3 shows collective electric and magnetic
dipole moments of all basic combinations of RH and LH horizontally-oriented and vertically-oriented
helices (basically, unit-cell moments) which satisfy the conditions for co- and cross-polarization
conversions (6), (8), (10), and (12). As seen in Figure 3a, horizontally-oriented RHx and LHx helices
along x-axis suppress the magnetic moment (m̂x) and enhance electric dipole (p̂x) that fully satisfies
the condition for copolarized reflectance (6) when choosing proper unit-cell area S. The combination of
x-axis oriented RHx and y-axis oriented LHy helices (Figure 3b) leads to the fulfillment of the condition
for cross-polarized reflectance (8) at the resonance wavelength and for specific area S. To achieve the
copolarized transmittance, in accordance with condition (10), it is necessary to use two RHx,y and two
LHx,y helices orthogonal to each other, as is shown in Figure 3c. The condition for cross-polarized
transmittance (12) can be satisfied by using only two orthogonal helices with the same handedness
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(Figure 3d). The same arrangement of vertically-oriented helices in the unit cell (Figure 3e–h) should
be used to meet the conditions (6), (8), (10) and (12) for desired polarization conversions.

Figure 2. The wavelength dependence of the real and imaginary parts of individual electric and
magnetic dipole moments under the different orientation of RH and LH (a–d) horizontally oriented
helices and (e–h) vertically oriented helices. The helices are illuminated by the linearly polarized
incident plane wave propagating along the −z-direction with the polarization state (3). The orientation
of helices with main induced dipole moments are shown in the inset of each plot. The designations
RHx,y and LHx,y mean that the helix with RH or LH handednesses is oriented along the x, y-axes
relative to the plane of the metasurface.

Figure 3. The real and imaginary parts of electric and magnetic dipole moments of the required
combination and arrangement of RH and LH helices for polarization conversion in accordance with
conditions (6), (8), (10) and (12) for (a–d) horizontally oriented and (e–h) vertically oriented helices,
respectively.

4. Helix-Based Metasurfaces for Polarization Conversions

Metasurfaces based on helical inclusions are widely used for light manipulation in the
various wavelength ranges [34,35]. In particular, metasurfaces based on vertically-oriented helices
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are often used to achieve wide-band linear-to-circular polarization conversion in transmission
case [48–50]; however, they are rarely used to convert polarization from the linear to linear state.
Horizontally-oriented helices are also rarely considered to convert polarization of EM waves with
the exception of a few works [20,30,51]. Mainly this is due to the fact that it was challenging to
fabricate in the optical range any kind of 3D helix-based metasurfaces. However, in recent years
more and more attention has been paid to the fabrication of three-dimensional (3D) structures using
such technologies as direct laser writing (DLW), direct ink writing, electrohydrodynamic printing,
laser-assisted electrophoretic deposition, laser-induced forward transfer, local electroplating methods,
laser-induced photoreduction, and electron-beam-induced deposition (EBID) [52]. Nowadays, all these
methods make it possible to produce 3D helices from the THz range to the visible wavelengths.

In this section, we design helix-based metasurfaces for linear to linear polarization conversion
in the reflection and transmission regimes in the mid-IR spectral range. All metasurfaces considered
below consist of designed and optimized to reach the EM balance horizontally-oriented and
vertically-oriented silver single-turn helices with the same structural parameters as indicted in Figure 1.
Helices are distributed in the periodic lattice with the required arrangement in accordance with
conditions (6), (8), (10), and (12). The metasurfaces are located on a transparent CaF2 substrate with the
refractive index reported in [53]. Here, we model the electromagnetic response of the proposed
metasurfaces using COMSOL Multiphysics 5.4 (Wave Optics Module). The simulated unit cell
represents a box with two semi-infinite media: air and CaF2 substrate on which the helices are located.
The unit cell was modeled with the Floquet boundary conditions on the side faces. We set as a source
of excitation two input ports (for x- and y-polarized incident light) for the top face (+z-side) and two
output ports (receiving x- and y-polarized light) for the bottom face (−z-side). The incoming linearly
polarized plane wave propagates along the −z direction. The wavelength-dependent transmittance,
reflectance, and absorbance were calculated using the S-parameters. This standard model in the
simulations is carried out to investigate the polarization conversion by helix-based metasurfaces.
The S-parameters characterizes the efficiency of the polarization conversion are the copolarized
reflection (Rxx)/transmission (Txx) and cross-polarized reflection (Ryx)/transmission (Tyx) coefficients.
It is also worth considering a polarization rotation angle (θr,t) and an ellipticity (εr,t) of the reflected and
transmitted waves for quantitative characteristics of the polarization conversion. These parameters
can be expressed as follows:

θr =
1
2
[
arg(Rxx + jRyx)− arg(Rxx − jRyx)

]
, (13)

εr =
1
2

arcsin

(
|Rxx + jRyx|2 − |Rxx − jRyx|2

|Rxx + jRyx|2 + |Rxx − jRyx|2

)
, (14)

θt =
1
2
[
arg(Txx + jTyx)− arg(Txx − jTyx)

]
, (15)

εt =
1
2

arcsin

(
|Txx + jTyx|2 − |Txx − jTyx|2

|Txx + jTyx|2 + |Txx − jTyx|2

)
. (16)

The polarization rotation angle (rotation) represents the angle between the polarization plane of
the incident and that of the reflected or transmitted waves, while the ellipticity denotes the polarization
state of the reflected or transmitted waves. The rotation and ellipticity are equal to zero in the case
of the perfect copolarized reflection or transmission coefficients. The transformation of the linearly
polarized incident wave to the cross-polarized state corresponds to the case when an ellipticity is equal
to zero (εr,t = 0◦) while the polarization plane has a rotation angle of θr,t = 90◦. If the ellipticity is
equal to ±45◦ then reflected or transmitted waves have circular polarization. Thus, we characterize
the designed helix-based metasurfaces by these parameters as well as by the reflectance, transmittance,
and absorbance.
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4.1. Copolarized Reflection Case

Here, we design helix-based metasurfaces to achieve the copolarized reflectance in the mid-IR
range. The copolarized reflection case implies that the polarization plane of fully reflected waves does
not rotate with respect to the linear polarized state of incident waves. Generally, the phase φco

r and
other phases can be arbitrarily. However, since we are using helices, we should choose specific values
for phases. We can see that with combination shown in Figure 3a, we can satisfy requirements (6) if
φco

r = π. The perfect copolarized reflectance is desired for applications of polarizers, wavefront shaping
in reflection, and anomalous reflection and usually achieved using metasurfaces based on omega-type
inclusions, crossed H-shaped metallic pattern, double-slotted metallic split-rings, and others [54–56].
Most of these works use three-layer metasurfaces with the metallic plane, which leads to opacity out
of the resonance band. Our helix-based metasurfaces are fully transparent away from the resonance
band which can be useful property for the realization of cascade multifrequency metamaterials [19,57].

Figure 4a shows the unit cell of the metasurface with the optimal arrangement of horizontally-
oriented helices for copolarized reflectance. The unit cell consists of two RH and two LH helices with
an arrangement in accordance with condition (6). We use four helices instead of two, as is shown in
Figure 3a, to achieve perfect uniaxial EM response for any incident linear polarization states. In other
words, the properties of such a helix-based metasurface do not depend on the polarization of the
incident light. The unit cell has a period of 1.8 µm with the interelement distance between helices
equal to the half of the period. In what follows, the interelement distance is always equal to half of the
period. Figure 4b demonstrates simulated reflectance, transmittance, and absorbance spectra in the
wavelength range of 3–6 µm. The copolarized reflectance (|Rxx|2) peak reaches a value of 0.8 at the
resonance of 4.54 µm, while the copolarized transmittance (|Txx|2) drops to zero. The cross-polarized
reflectance and transmittance are equal to zero in the whole spectral range. A decrease in the efficiency
of the developed metasurface is due to the presence of ohmic losses in silver helices that leads to the
absorbance (|Ax|2 = 1− |Rxx|2 − |Ryx|2 − |Txx|2 − |Tyx|2) peak of 0.18 at the resonance. As expected,
the helix-based metasurface is fully transparent away from the resonance where the wave propagation
reaches nearly unity at lower and higher wavelengths. Figure 4c shows the polarization rotation
angle θr and ellipticity εr wavelength dependence for the reflected wave. The rotation and ellipticity
reach values of θr = 0.007◦ and εr = 0.01◦ at the resonant wavelength of 4.54 µm, respectively.
Optical isolation between co- and cross-polarized reflected waves (i.e., the optical isolation between
two polarizations at the input and output waves) is around 99.99% at the resonance. This represents
a high degree of spectral purity for the copolarized reflection coefficient.

Figure 4d shows the unit cell of the metasurface based on vertically-oriented helices to achieve
the copolarized reflectance. Similar to the previous case, the uniaxial unit cell consists of two RH and
two LH optimally arrangement helices in accordance with condition (6). The period of the metasurface
is equal of 1.2 µm. Simulated reflectance, transmittance, and absorbance spectra of the metasurface
are shown in Figure 4e. The copolarized reflectance peak reaches a value of 0.91 at the resonance
of 4.85 µm, while the copolarized transmittance drops to zero. The absorption peak is about 0.08 at
the resonance. It is interesting that vertically-oriented helix-based metasurface demonstrates better
efficiency than metasurface based on horizontally-oriented helices. Due to the lower absorption this can
be explained by the lower EM excitation of the vertically-oriented helices (lower amplitude of surface
current density) and the broader resonance band. The rotation and ellipticity wavelength dependence
of the reflected waves are given in Figure 4f. The rotation and ellipticity reach of θr = 0.014◦ and
εr = 0.07◦ at the resonant wavelength, respectively. This represents nearly perfect conversion of the
incident linearly polarized plane wave into the copolarized wave in the reflection regime.



Crystals 2020, 10, 726 10 of 19

Figure 4. (a) The unit cell of a metasurface designed for the copolarized reflection regime. The unit
cell consists of horizontally-oriented helices with the lattice period of ph = 1.8 µm. (b) Simulated
reflectance, transmittance, and absorbance spectra with corresponding polarization states. The top
view of the unit cell is depicted in the inset. (c) The rotation θr and ellipticity εt wavelength dependence
of the corresponding metasurface. (d) The unit cell of a metasurface consists of vertically oriented
helices with a lattice period of pv = 1.2 µm for copolarized reflectance. (e) Co- and cross-polarized
reflectance, transmittance, and absorbance spectra with the top view of the unit cell in the inset. (f) The
rotation and ellipticity wavelength dependence of the vertically oriented helix-based metasurface.

4.2. Cross-Polarized Reflection Case

Next, we are aiming to design helix-based metasurfaces for unitary cross-polarized reflectance
in the mid-IR range. Such metasurfaces rotate the polarization plane of the reflected waves by 90◦

with respect to illuminated linearly polarized plane waves while exhibiting zero transmittance at
the resonance. Typical metasurfaces for cross-polarized reflectance represent three-layer architecture
consisting of some patterns and nontransparent metallic plane separated by the dielectric layer [58–61].

Figure 5a shows the designed unit cell of the horizontally-oriented helix-based metasurface.
The unit cell is comprised of two RH and two LH single-turn helices orthogonal to each other in
accordance with the condition for cross-polarized reflectance (8) corresponding to Figure 3b with
phase φcr

r = π/2. Using numerical simulations, the period of the metasurface is optimized and equal
to ph = 1.8 µm. Figure 5b shows the simulated results of reflectance, transmittance, and absorbance
spectra at normal incidence. A peak of the cross-polarized reflectance reaches a value of 0.8 at the
resonant wavelength of 4.66 µm. The copolarized transmittance drops to zero at the resonance while
the copolarized reflectance and cross-polarized transmittance do not exceed 0.05 in the entire spectral
range. The relative high absorption peak is about 0.18 at the resonance due to the strong excitation of
horizontally-oriented helices. Figure 5c demonstrates the polarization rotation angle and ellipticity
for reflected waves from the metasurface. At the resonance wavelength of 4.66 µm, the polarization
parameters are equal to θr = 91.6◦ and εr = −0.8◦, respectively. In accordance with obtained results,
metasurface based on horizontally-oriented helices represents near-perfect polarization conversion of
reflected waves to the cross-polarized state.

Figure 5d–f depict the same results for the metasurface with vertically oriented helices (the period
is 1.2 µm). The cross-polarized reflectance peak reaches a value of 0.86 at the resonance wavelength
of 5.05 µm, while the absorption peak reaches a value of 0.1. The metasurface is transparent enough
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and away from the resonance with the transmittance of over 85%. Similar to the case for metasurfaces
with copolarized reflectance, vertically-oriented helices also exhibit lower absorption properties due to
the lower excitation of helices at the resonance. The rotation and ellipticity parameters reach values
of θr = 84.7◦ and εr = 6.8◦ at the resonance, respectively. In that respect, the vertically-oriented
helix-based metasurface demonstrates a little worse purity of the polarization conversion due to the
presence of noticeable ellipticity under the polarization rotation close to 90◦.

The designed metasurfaces with optimal arrangement of helices for cross-polarization conversion
in the reflection regime demonstrate a high performance with over 80% efficiency in accordance with
the numerically simulated results. Metasurfaces are tailored for future experimental realization in the
mid-IR spectral range.

Figure 5. (a) The designed unit cell of a metasurface consists of horizontally-oriented helices with
the lattice period of ph = 1.8 µm for cross-polarized reflection regime. (b) Reflectance, transmittance,
and absorbance spectra with the top view of the unit cell in the inset. (c) The rotation and ellipticity
wavelength dependence of the metasurface. (d) The unit cell of a metasurface consists of vertically
oriented helices with a lattice period of pv = 1.2 µm. (e) Co- and cross-polarized reflectance,
transmittance, and absorbance spectra with the top view of the unit cell in the inset. (f) The rotation
and ellipticity wavelength dependence of the corresponding metasurface.

4.3. Copolarized Transmission Case

Next, we propose helix-based metasurfaces for achieving copolarized transmittance in the
mid-IR wavelengths. The metasurface with copolarized transmittance allows full transmission of
linearly polarized incident plane waves, while maintaining the same polarization state and amplitude.
As a result, the metasurface is totally transparent, while the phase of the transmitted wave varies in the
range from 0 to 2π when the frequency of incident wave changes. Alternatively, by scaling down or up
helices in individual unit cells, one can fully control the phase of transmitted wave. This functionality
opens up opportunities for the realization of anomalous refraction, wavefront shaping, cloaking,
and others [62–64].

First, we attempt to design the copolarized transmitting metasurface using the same single-turn
helical inclusions, as in the previous sections. Figure 6a shows the designed unit cell of metasurface
comprising horizontally-oriented single-turn helices for achieving copolarized transmittance. The unit
cell consists of two RH and two LH helices with an arrangement in accordance with the condition (10)
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for unitary copolarized transmittance as it was previously shown in the Figure 3c. The period of
the metasurface is equal to ph = 3.3 µm. Figure 6b shows the simulated reflectance, transmittance,
and absorbance spectra at normal incidence. As is seen, the copolarized transmittance |Txx|2 drops to
value of 0.03 at the resonant wavelength of 4.53 µm. This undesired low copolarized transmittance
is predominantly due to the very high absorbance of |Ax|2 = 0.76 at the resonance. We assume
that this behavior is caused not only by high excitation of the helices but also by the EM interaction
between them in the lattice. This arrangement of helices leads to a very strong collective response
from the metasurface. However, this result is not surprising since the obtained arrangement of helices
(corresponding to the condition (10)) is also fully satisfied with the condition for total absorbance [65].
We will show below how it is possible to improve the obtained result using double-turn helices.
Figure 6c shows the wavelength dependence of the polarization rotation angle and ellipticity for
transmitted waves. At the resonance of 4.53 µm, the rotation and ellipticity are equal to θt = 175.8◦ and
εt = 26.7◦, respectively. As seen, the metasurface based on horizontally-oriented single-turn helices
has a large ellipticity in addition to the near zero transparency at the resonance.

Figure 6. (a) The unit cell of a metasurface based on horizontally-oriented helices with the
lattice period of ph = 3.3 µm for copolarized transmission regime. (b) Co- and cross-polarized
reflectance, transmittance, and absorbance spectra with the top view of the unit cell in the inset.
(c) The polarization rotation angle θt and ellipticity εt of transmitted waves. (d) The unit cell of
a metasurface consists of vertically oriented helices with a lattice period of pv = 2 µm for copolarized
transmittance. (e) Reflectance, transmittance, and absorbance spectra with the top view of the unit
cell in the inset. (f) The rotation and ellipticity wavelength dependence of the metasurface based on
vertically-oriented helices.

Following the same design approach, we tested the metasurface consisting of vertically-oriented
helices using numerical simulation. Figure 6d–f show the design of the unit cell with reflectance,
transmittance, and absorbance spectra as well as wavelength dependence of rotation and ellipticity
in the spectral range of 3–6 µm, respectively. As seen from Figure 6e, the copolarized transmittance
is close to zero while the absorption peak reaches a value of 0.53 at the resonance wavelength of
4.79 µm. Moreover, the co/cross-polarized reflectance and cross-polarized transmittance spectra
have a significant peak at the resonance and reach values close to 0.2. The obtained results are very
similar to the previous case for horizontally-oriented helix-based metasurface. Thus, the metasurface
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based on vertically-oriented helices also is not suitable for the efficient copolarized conversion in the
transmission regime.

To improve the transmission level, we propose to use double-turn helices instead of single-turn
ones [19,20]. Figure 7a,d show the unit cell designs of horizontally-oriented and vertically-oriented
double-turn helices with structural parameters of Rh = 0.09 µm, Hh = 0.07 µm, Rv = 0.17 µm,
Hv = 0.5 µm, d0 = 0.1 µm, ph = 1.8 µm, pv = 2 µm. All structural parameters of helices are
tailored to achieve EM balance of electric and magnetic dipole moments. The arrangement of helices is
the same as for single-turn helices and corresponds to the condition (10) for achieving copolarized
transmittance. Figure 7b,e show the simulated reflectance, transmittance, and absorbance spectra in
the range of 3–6 µm. As is seen from the figures, the copolarized transmittance of horizontally-oriented
helix-based metasurface increased compared to Figure 6b to the value of 0.75 at the resonance
wavelength of 4.64 µm, while the transmittance with copolarization of vertically-oriented helices
reaches 0.73 at the resonance of 4.35 µm. Both metasurfaces demonstrate reflectionless behavior in
the entire spectral range. Figure 7c,f show the wavelength dependence of the polarization rotation
angle and ellipticity of transmitted waves from corresponding metasurfaces. The horizontally-oriented
helix-based metasurface demonstrates near-perfect copolarization conversion in accordance with
obtained parameters of θt = 0.11◦ and εt = −0.05◦ at the resonance, respectively. The metasurface
comprising of vertically-oriented double-turn helices also shows a good performance of copolarization
conversion of transmitted waves with rotation and ellipticity parameters of −7.48◦ and 6.15◦ at the
resonance wavelength of 4.35 µm. The obtained results indicate a good efficiency of the metasurfaces
based on double-turn helices for the copolarized transmittance of incident waves.

Figure 7. (a) The unit cell with horizontally-oriented double-turn helices with the lattice period of
ph = 1.8 µm for copolarized transmission regime. (b) Reflectance, transmittance, and absorbance
spectra with the top view of the unit cell in the inset. (c) The polarization rotation angle and ellipticity
of transmitted waves. (d) The unit cell of a metasurface consists of vertically oriented helices with
a lattice period of pv = 2 µm. (e) Reflectance, transmittance, and absorbance with the top view of the
unit cell in the inset. (f) The rotation and ellipticity wavelength dependence of the metasurface based
on vertically-oriented helices.

Thus, proposed metasurfaces based on double-turn helices demonstrate high performance of
copolarized transmittance in comparison with single-turn helix-based metasurfaces. This behavior
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can be explained by the fact that double-turn helices have a more symmetrical current distribution,
which leads to a more consistent collective EM response. In other words, the different orientation and
arrangement of such helices in the lattice will be more balanced with respect to the EM response of
the entire metasurface. The current density of double-turn helices is higher than that in single-turn
ones which should lead to high absorption properties. However, this does not occur due to the
double-turn helices possess stronger localization of near fields, resulting in weaker interactions between
helices in the unit cell. However, it should be mentioned that the metasurfaces based on double-turn
helices are extremely difficult to realize experimentally for this wavelength range with the existing
fabrication technologies.

4.4. Cross-Polarized Transmission Case

Here, we are aiming to achieve the cross-polarized transmittance using helix-based metasurfaces.
Cross-polarized transmission case means that the polarization of the transmitted waves through
metasurface rotates by 90◦ with respect to the linear polarization of incident waves. It is possible to
achieve the cross-polarized transmittance using conventional materials such as twisted nematic liquid
crystals or anisotropic media [1–3,66–68]. However, these structures have the thickness much bigger
than the operating wavelength, which is an important drawback for the state-of-the-art photonic
devices. This drawback can be overcome using chiral metasurfaces based on a three-layer architecture
that has an electrically thin thickness [7–9]. On another hand, the single-layer metasurface presents
greater interest for application due to fabrication simplicity and for achieving extremely small thickness.

Figure 8a shows the unit cell of metasurface comprising the balanced horizontally-oriented helices
for cross-polarized transmittance. The unit cell consists of four RH helices arranged in accordance
with the condition for cross-polarized reflectance (12). The optimized period of the unit cell is equal
to ph = 1.8 µm. Figure 8b shows simulated reflectance, transmittance, and absorbance spectra at
normal incidence. The helix-based metasurface demonstrates a cross-polarized transmittance peak
of |Tyx|2 = 0.76 at the resonant wavelength of 4.64 µm, while the co- and cross-reflectance do not
exceed 6% in the entire range. The absorption peak reaches a value of 0.19 at the resonance. Figure 8c
shows the polarization rotation angle and ellipticity of transmitted waves. The rotation and ellipticity
at the resonance wavelength are equal to θt = −92.5◦ and εt = −5.6◦, respectively. Therefore,
the metasurface based on horizontally-oriented helices demonstrates a clear polarization rotation by
90◦ for linear polarized transmitted waves at the resonance wavelength.

Figure 8d–f depict the same results for the metasurface with vertically oriented helices (the period
is 1.2 µm). The cross-polarized transmittance reaches a peak value of 0.89 at the resonance wavelength
of 5.05 µm while the absorption peak reaches a value of 0.1. The sum of co-and cross-polarized
reflectance of metasurface does not exceed a value of 5.5% in the whole spectral range. At the resonance
wavelength of 5.05 µm, the rotation and ellipticity reach values of 89.4◦ and 3.28◦, respectively.
As a result, the vertically-oriented helix-based metasurface has a good performance with the pure
cross-polarization transmittance in the mid-IR spectral range.

We have designed metasurfaces based on horizontally-oriented and vertically-oriented metallic
helices with balanced EM response and optimal arrangement of helices in the unit cell for efficient
co- and cross-polarization conversion of transmitted and reflected waves in the mid-IR spectral range.
All simulated data of proposed metasurfaces are summarized in Table 1.
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Figure 8. (a) The unit cell of a metasurface designed for the cross-polarized transmission regime.
The unit cell consists of horizontally-oriented helices with the lattice period of ph = 1.8 µm.
(b) Simulated polarized reflectance, transmittance, and absorbance spectra at normal incidence with
depicted top view of the unit cell in the inset. (c) The rotation and ellipticity wavelength dependence of
the metasurface. (d) The unit cell of a metasurface based on vertically-oriented helices with a lattice
period of pv = 1.2 µm for cross-polarized transmittance. (e) Co- and cross-polarized reflectance,
transmittance, and absorbance spectra with the top view of the unit cell in the inset. (f) The rotation
and ellipticity wavelength dependence of the metasurface.

Table 1. Numerically calculated characteristics of the metasurfaces.

Metasurfaces |Rxx|2 |Ryx|2 |Txx|2 |Tyx|2 |Ax|2 θr, deg. εr, deg. θt, deg. εt, deg. λr, µm

Figure 4a–c 0.8 0 0.02 0 0.18 0.007 0.01 – – 4.54
Figure 4d–f 0.91 0 0.01 0 0.08 0.014 0.07 – – 4.85
Figure 5a–c 0.01 0.8 0.01 0 0.18 91.6 −0.8 – – 4.66
Figure 5d–f 0.03 0.86 0.01 0 0.1 84.7 6.8 – – 5.05
Figure 7a–c 0.03 0 0.75 0 0.22 – – 0.11 −0.05 4.64
Figure 7d–f 0.01 0.01 0.73 0.01 0.24 – – −7.48 6.15 4.35
Figure 8a–c 0.03 0 0.02 0.76 0.19 – – −92.5 −5.6 4.64
Figure 8d–f 0 0 0.01 0.89 0.1 – – 89.4 3.28 5.05

5. Conclusions

In this study, we have proposed Huygens’ metasurfaces based on horizontally-oriented and
vertically-oriented RH and LH metallic helices for the manipulation of linearly polarization EM waves
in reflection and transmission regimes in the mid-IR range. Using numerical simulations, resonant
helices were tailored to produce balanced electric and magnetic dipole moments in accordance
with the conditions for impedance matching. Next, we have proposed the analytic approach for
the determination of the required orientation and excitation of dipole moments in the unit cell of
metasurface in accordance with conditions (6), (8), (10), and (12) for efficient co- and cross-polarization
conversion of transmitted and reflected waves. Based on this approach, we determined the optimal
arrangement of horizontally-oriented and vertically-oriented helices in the unit cell. As a result,
we have designed helix-based metasurfaces to achieve the near-perfect co-/cross-polarized reflectance
and transmittance at the resonance wavelength. Designed metasurfaces exhibit a good performance
over 75% and near-perfect polarization conversion of reflected and transmitted waves at the resonance.
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In addition, all metasurfaces are highly transparent outside of the resonance band and the total
reflectance does not exceed 5.5%. This feature provides an additional advantage for potential realization
of metasurfaces as parts of cascade multifrequency devices [19]. In the future, our helix-based
metasurfaces can be realized using various 3D fabrication technologies and may enable applications
for the polarization manipulation of EM waves in THz and IR spectral ranges.
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