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Robust polarization twist by pairs of multilayers with tilted optical axes
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Polarization of photonic beams makes a continuous information carrier and thus modifying it dramatically
within a short distance is desirable for numerous optical devices. The easiest way to emulate anisotropy,
which is a prerequisite for any polarization conversion, is utilizing thin slices of plasmonic multilayers, whose
performance is limited by the inevitable losses. Such a difficulty gets overcome by using pairs of these slices
in a bilayer configuration and optimizing the direction of their optical axes. In this sense, the losses are
balanced by the interplay between fields in each slice and the overall interference scheme yields closer-to-desired
transmissions. Several realistic designs giving effective polarization twists of substantial immunity to fabrication
defects or misalignment in oscillation frequency and incidence angle, are obtained. These structures are both
efficient and minimalistic; thus can be useful in many photonic systems requiring robust polarization engineering
and compact packaging.
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I. INTRODUCTION

Since electromagnetic waves are comprised of two si-
multaneously varying field vectors in space and time, the
polarization which defines the direction of these vectors is a
crucial feature that can work as continuous information con-
tainer, encoder, and encryptor [1]. Therefore, combining this
characteristic of the flowing fields with directionally biased
configurations is important in producing novel designs for a
large set of photonic devices and has inevitably attracted sub-
stantial attention [2]. In particular, numerous optical systems
depend their functionality on the input polarization such as
structures achieving symmetry breaking through meta-atoms
for circular [3] or noncircular [4] polarized light. Furthermore,
the sensitivity of matter when interacting with differently
polarized waves has given rise to fascinating nanodesigns
supporting tunable coupling of surface plasmon polaritons [5]
or controllable filtering properties [6].

Converting such a significant feature as the polarization
of the traveling fields within a thin volume without reflection
or other power losses is a challenging objective and thus has
been a topic of many impactful theoretical and experimental
investigations. The most common approach is employing
anisotropic metasurfaces made of particles with suitable po-
larizabilities to combine the components of the propagated
wave in terms of magnitude and phase, while achieving almost
perfect matching [7]. The role of such particles that emulate
anisotropy can be played by twisted complementary split-ring
resonators sitting on chiral slabs [8] or high-contrast dielectric
elliptical nanoposts with spatially modulated eccentricities
[9]. Polarization conversion is also achieved with the use
of rod resonators arrays which additionally enable anoma-
lous refraction [10] or miniaturized printed metallic elements
whose profile is dictated by implementing genetic algorithms
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[11]. Moreover, satisfying results are obtained when employ-
ing simpler structures like sequential tailored sheets [12] or
just stacked nanorod arrays with rotated principal axes [13].
Finally, anisotropy creating efficient polarization twists can
occur in homogeneous media either via proper bias like in
graphene monolayers [14] or as a built-in property like in
two-dimensional black phosphorus [15].

In this work, we emulate the essential anisotropy by stack-
ing periodically two different media and show that perfect
polarization twist for normal incidence is feasible even when
employing just a single crosscut from this stack. In partic-
ular, the condition for such a flawless outcome is the huge
asymmetry between the developed modes occurring when
effective permittivity along one direction becomes singular.
This demand is, in turn, fulfilled only if one of the two used
media is plasmonic and the other dielectric (without nec-
essarily emulating hyperbolic dispersion), but both of them
lossless. Indeed, the insertion of any moderate losses, which
is inherent to all plasmonic materials, harms significantly the
output of the device. For this reason, we consider a pair of
these slabs in a bilayer, which is the simplest planar configu-
ration that can support resonances giving various interesting
effects (asymmetric forces [16], wide-angle absorption [17],
unidirectional tunneling [18]). The two paired pieces of that
effectively anisotropic medium are taken identical, while the
tilts of their optical axis are optimized for a variety of metallic
materials in the visible and at the THz regime. Surprisingly,
bilayers incorporating graphene, which is well known for its
plasmonic response in THz frequencies, fail to deliver effi-
cient twists in this design due to the two-dimensional nature of
the monolayers. In this way, we obtain designs utilizing actual
media that demonstrate highly efficient polarization conver-
sion which is, additionally, extremely robust with respect
to configuration imperfections, axes misalignment, and inci-
dence obliqueness. The reported bilayers are characterized by
structural simplicity revealing the physical mechanisms that
provide the polarization twist, while there are several physical
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FIG. 1. (a) A pair of thin slabs with thicknesses (h1, h2) made
of the same layered media with different optical axis (OA) tilts
(ϕ1, ϕ2) serving as a perfect polarization converter for a normally
incident plane wave. (b) Transverse view of the one of the slabs with
optical axis tilted by angle ϕ: it comprises homogenized multilayers
of plasmonic films (of permittivity ε) with airgaps in-between.

[19], chemical [20], and lithographic [21] deposition methods
or even self-assembling approaches [22] to construct them.
Therefore, we believe that our realistic structures may inspire
the design of novel components processing the polarization
of beams that demand substantial immunity to fabrication
defects.

II. STRUCTURE AND TEXTURE

A. Effective permittivities

Consider the structure depicted in Fig. 1 where the used
Cartesian coordinate system (x, y, z) is defined. Two thin
planar slabs of thicknesses h1 and h2 are positioned back-to-
back to form a bilayer being excited by a normally incident
plane wave [Fig. 1(a)]. The texture of both slabs is identical
and shown in Fig. 1(b): free-standing stack of films from
the same (usually plasmonic) medium of relative complex
permittivity ε with the same filling factor r and a spatial
period d . However, the two slices are characterized by two
different effective permittivity tensors [ε1] and [ε2] since the
configurations are in-plane rotated (around the z axis) by
different angles ϕ1 and ϕ2, respectively [defined like angle ϕ

of Fig. 1(b)].
Let us denote as (X,Y, z) the local Cartesian coordinate

system whose X axis is normal to the plasmonic/air interfaces
in the multilayers constituting each slab. Under the assump-
tion that d is optically small (k0d � 1, where k0 = 2π/λ0

is the free-space wave number and λ0 is the operational
wavelength into vacuum), the layered structure of Fig. 1(b)
can be replaced by an effectively homogeneous uniaxial ma-
terial with three permittivities (εX , εY , εz) along its major axes
given by

εX = ε

(1 − r)ε + r
, εY = rε + (1 − r) = εz. (1)

The expressions are obtained with the use of the static (ho-
mogenization, effective-medium) averaging approach [23].
Alternatively, one can use two-dimensional (2D) media in-
stead of bulk plasmonic materials as shown in Fig. 1(b),
which are characterized by complex surface conductivity σ

(measured in Siemens) [24]. In such a case, the major effective

permittivities of the multiple films are written as [25]

εX = 1, εY = 1 − i
ση0

k0d
= εz, (2)

for suppressed harmonic time dependence e+iωt , where ω =
k0c is the oscillating frequency, c is the speed of light, and η0

is the wave impedance into free space.
When one expresses these permittivities in the global

Cartesian coordinate system (x, y, z), the tensors [ε1], [ε2]
take forms similar to

[ε] =
⎡
⎣ε̄ + 	ε cos(2ϕ) 	ε sin(2ϕ) 0

	ε sin(2ϕ) ε̄ − 	ε cos(2ϕ) 0
0 0 εz

⎤
⎦, (3)

for ϕ = ϕ1, ϕ2, respectively, and ε̄ = εX +εY
2 (average value),

while 	ε = εX −εY
2 (difference value).

B. Solutions and input/output parameters

The electric field vector of the incident field is selected
to be parallel to x axis, namely it is written as Einc =
x̂e−ik0z (with unitary amplitude 1 Volt/meter). Due to the
anisotropy of the structure of Fig. 1, the reflected and the
transmitted waves will have a nonzero y component and thus
possess the expressions Eref = (x̂Rx + ŷRy)eik0z and Etran =
(x̂Tx + ŷTy)e−ik0z, respectively. Our aim is to determine the
conditions for the simple system of Fig. 1(a) to convert maxi-
mally the input field into a transmitted wave with polarization
orthogonal to the former one (ideally |Ty| = 1 without reflec-
tions, for passive structures). Therefore, our metric measuring
the success of this conversion would be the power carried
by the y (cross-polarized) component of the electric field
Pcross = |Ty|2.

The propagation constants ±kI,II of the waves developed
longitudinally into a medium described by (3), characterized
by the triplet of parameters (εX , εY , ϕ), are written as

kI,II = k0

√
(εX + εY ) ±

√
(εX − εY )2

2
, (4)

being independent from the tilt angle ϕ [and accordingly
εX , εY are referring to the local Cartesian coordinate system
(X,Y, z) given by (1) or (2)]. By imposing the necessary
boundary conditions at z = −h1, 0, h2 one can readily find the
reflection and transmission coefficients (Rx, Ry, Tx, Ty), whose
explicit expressions are not shown for brevity. The following
results have been validated by verifying the continuity of
the tangential electric and magnetic components across the
separating boundaries for every single of the investigated
setups and designs.

III. NUMERICAL RESULTS

A. Ideal lossless media

Perfect polarization conversion can be achieved even for
a single slice [like the one of the two of Fig. 1(a)] having
the layered transverse structure of Fig. 1(b), as long as the
utilized media are lossless. It is straightforward to find (from
the analytic formulas of Rx and Ry) that the perfect matching
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FIG. 2. (a) The squared ratio of the two supported modes
(kI/kII )2 from (4), expressing the contrast between the two waves,
as function of the (bounded) effective permittivity ratio εY /εX for
positive (green) and negative (red) εX . The desired regime is shown
in blue color (unbounded contrast). (b) The signs of the effective
dielectric constants (εX , εY ) from (2), on the plane of duty cycle r
and plasmonic permittivity ε. The blue line corresponds to the blue
region of Fig. 2(a) giving εX → +∞ and unbounded mode contrast;
thus perfect polarization twist is achieved.

condition (Rx = Ry = 0) for a slab of thickness h reads

sin(kIh) = sin(kIIh) = 0. (5)

The thickness of the design should be kept electrically small
(k0h � 1) as imposed by almost any practical, metasurface-
type configuration; however, if both the arguments of sines
in (5) are vanishing, we obtain just an infinitesimally thin
(h = 0) and thus perfectly transparent (Tx = 1 and Ty = 0)
film. On the contrary, 100% polarization conversion requires
a dramatic change in transmission coefficients Tx, Ty which
happens only when the sign of the corresponding cosines are
different: cos (kI,IIh) = ∓1. Under the small-h assumption,
this becomes feasible, in turn, only when the propagation
constants kI,II differ considerably in magnitude, namely if
kI � |kII|. Indeed, for a moderate (real or imaginary) kII, we
always obtain sin (kIIh) → 0 when h → 0 and for a giant
positive kI, we can always find a small h at which kIh = π .
Such a demand reminds us clearly of the operation of the
Fabry-Perot resonator; the polarization conversion effect is at-
tributed to similar wave interference which guarantees perfect
matching. However, conditions (5) should be combined with
the aforementioned substantial modal contrast (kI � |kII|)
which couples the two in-plane directions (ϕ = 45◦) leading
to a perfect angular momentum twist.

To illustrate better the previous comments, in Fig 2(a), we
show the (inevitably real) quantity (kI/kII )2 which indicates
the contrast of modes as function of the ratio εY /εX of the
effective permittivities along the major axes. One curve for
εX > 0 (green) and another for εX < 0 (red) are sketched
which, due to the form of (4), correspond also to the reverse
contrast (kII/kI )2 for the opposite selection of εX sign. The
negative values of the green curve are owed to an evanescent
mode of imaginary kII, while the red curve sits below the
horizontal axis when the wave with constant kI is evanescent.
Note also that, owing to the expression of (1), the ratio
εY /εX can take a zero value (either εY = 0 or singular εX

for zero denominator) but never infinite values (εY cannot be
singular). Even approaching large magnitudes for εY demands
extremely dense dielectrics (with positive ε � 1), which are
not easily found neither in visible nor at THz frequencies
[26]. Therefore, despite that kI/kII → ∞ for εY /εX → ±∞

as appears in Fig. 2(a), we cannot reach such points and
thus the corresponding regions are labeled as of “bounded
contrast” (since εY /εX is a bounded quantity). This is not
the case when εY /εX → 0, which is the optimal regime and
accordingly labeled as “unbounded contrast” region. For all
the other values of εY /εX , the contrast is low and the designs
are of no interest.

Given the fact that εY = 0 (ENZ behavior) usually leads
to a balanced response between reflection and transmission
[27], a single slab can work impeccably as angular momentum
converter (εY /εX → 0) only for a large positive εX � |εY | �=
0 (and ϕ = 45◦). That outcome seems ruling out the use of 2D
media in the described configuration for perfect polarization
twist since, based on (2), εX is nonsingular and fixed; such
a case will be further examined in the next subsection. Note
finally that to make permittivity εX blow up (take singular
values), one should work with ε ∼= − r

1−r , which corresponds
to a plasmonic and lossless material. Stacks with similar
characteristics are well known for supporting alternative in-
teresting effects like negative refraction [28].

As far as the characterization of the effective medium
with macroscopic permittivities (εX , εY ) is concerned, we can
notice by inspection of Fig. 2(a) that huge asymmetry of
modes, securing conditions (5), occurs only for εX > 0 but
for both signs of εY . In other words, the used medium can
be either epsilon-positive (εX > 0 and εY > 0) or hyperbolic
(εX > 0 and εY < 0), leading to a perfect angular momentum
transformation for both cases. Therefore, the reported flawless
result is not necessarily attributed to the hyperbolic dispersion
relation but to the singular εX (regardless of the sign of εY ).
In Fig. 2(b), we identify the dispersion of the homogenized
material on the plane of duty cycle r and metallic permittivity
ε; in this way, four domains are formulated: two describing
common dielectric (εX > 0 and εY > 0) and fully plasmonic
(εX < 0 and εY < 0) behavior and two indicating hyperbolic
macroscopic response (εX > 0 and εY < 0 or, alternatively,
εX < 0 and εY > 0). The parameter combinations (r, ε), mak-
ing εX increase unboundedly, lie along the blue line ε =
− r

1−r coinciding with the borders between two pairs of the
aforementioned regions. More specifically, for r < 1/2, the
desired regime exists between hyperbolic (with εX < 0) and
dielectric (εX , εY > 0) parametric domain and for r > 1/2 is
found at the common points of the other hyperbolic (with
εY < 0) and the plasmonic (εX , εY < 0) region. However, as
implied in Fig. 2(a), the behavior of the system is not the
same regardless of the parametric side we achieve singular
εX ; indeed, εX should possess huge positive values (and thus ε

should be slightly smaller than the limiting value ε = − r
1−r ).

That is because a vastly plasmonic εX → −∞ will create
evanescent waves unable to match with free space [sin(kIh) �=
0]. Once again, we notice that the perfect polarization twist
is not an effect observed exclusively in hyperbolic media; it
may also occur in dielectrics for εY > 0 and εX → +∞ [Fig.
2(a)], namely for r < 1/2 and ε infinitesimally less than that
indicated by the blue bound in Fig. 2(b).

It should be, therefore, remarked that the mechanism for
the reported perfect polarization conversion is not the same
to those creating an identical outcome in hyperbolic media.
There are numerous proposed configurations such as silver
nanowires in a MgF2 matrix [29], grounded golden nanorods
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FIG. 3. (a) Maximum cross-polarization power output Pcross as a
function of the portion of lossless plasmonic medium r and relative
permittivity ε. (b) Same as Fig. 3(a) but the plasmonic medium
is lossy with negative unitary imaginary part of permittivity. (c)
Squared magnitudes of the two electric components |Ex|2, |Ey|2 as
functions of the electrical distance z/λ0 for the optimal lossless
design of Fig. 3(a) with ε ∼= −0.92. (d) Same as Fig. 3(c) for an
optimal lossy design (with Im[ε] = −1) of Fig. 3(b) with the same
Re[ε] ∼= −0.92. Vertical dashed lines denote the boundaries of the
slabs.

[30], metal-backed multilayers [31], graphene strips or disks
[32], and metamaterial waveguides [33] which manipulate the
polarization of the incoming light based on their hyperbolic
macroscopic properties. However, our approach differs since
the essential condition of the asymmetry of modes is achieved
through a resonant permittivity εX → +∞, without neces-
sarily a negative εY < 0 that makes a hyperbolic dispersion
relation.

In Fig. 3(a), we represent the maximum trans-
mitted power along the cross-polarization direction
max{0<ϕ<360◦, 0<h<0.25λ0} Pcross by considering all possible
optical axis rotations ϕ and a continuous range for electrical
thicknesses less than a quarter of free-space wavelength:
0 < h/λ0 < 0.25. The quantity is represented in contour
plot with respect to filling ratio r and the permittivity ε

of the layered medium. We realize that 100% polarization
conversion in the considered lossless design happens along
(and slightly below) the line ε = − r

1−r which makes an
unbounded εX from (1), as mentioned above. It is noted
again, as indicated by Fig. 2(b), that an ideal twist can be
achieved either for a dielectric (r < 1/2) or for a hyperbolic
(r > 1/2) homogenized medium. However, it is well-known
that plasmonic response is always accompanied by inevitable
losses (Im[ε] �= 0). If one considers a moderate imaginary
part for ε (Im[ε] = −1) and repeats the optimization of
Fig. 3(a) on the (r, Re[ε]) map this time, one obtains Fig. 3(b).
It is obvious that the maximal power for polarization twist
does not surpass 30% and thus we have a clear indication that
in the presence of realistic losses the effect gets substantially
harmed, as commonly reported [34].

In Fig. 3(c), we show the spatial distribution of the two
(squared magnitudes of) electric components |Ex|2, |Ey|2 as
a function of z/λ0 when a highly efficient polarization con-
version is achieved according to the map of Fig. 3(a), namely
for ε ∼= −0.92 and r ∼= ε

ε−1 = 0.48 (ordinary epsilon-negative
uniaxial dielectric in the absence of losses). We notice that
for such a layered medium and ϕ ∼= 45◦, we educe almost
perfect result within an ultrashort distance (h < 0.06λ0). The
two components vary abruptly and linearly into the slab and
negligible reflections are occurred; furthermore, the transmit-
ted |Ex|2 retaining the direction of the incident field is smaller
than 0.2% of its power. On the contrary, in Fig. 3(d), where the
best lossy scenario (with the same real part of permittivity) is
considered, we remark significant reflections and a very poor
polarization conversion; |Ex|2 is almost triple the |Ey|2 in the
transmission region.

B. Actual lossy plasmonics

As shown in Figs. 3(b) and 3(d), losses constitute a bot-
tleneck for the efficient polarization shift via a single slab
and thus we cannot ignore them in our realistic examples.
For this reason, we are considering the bilayer of Fig. 1(a)
where the initial slab is split in two pieces that get in-plane
rotated. Such a slight structural modification will not change
the used media or their configuration at all, but will create a
new pair of waves in each slab which will interfere each other
to give a transmission with higher polarization conversion
degree. To put it alternatively, we are using exactly the same
lossy material and the same thin size in an identical multilayer
setup; however, the result is expected to be much better due
to the fields interplay emerging simply by rearranging the
structure.

Given the fact that metals in the visible part of fre-
quency spectrum exhibit plasmonic properties with relatively
suppressed Ohmic effects, we are considering some of the
most common and least lossy of them (aluminum, gold,
silver). Their permittivity profiles ε(λ0) are obtained from
the well-established material database [35] containing reliable
experimental data from highly cited references [36]. In the
following, we also assume that the dielectric permittivity ε

of the materials remains the same at a specific wavelength λ0,
regardless of the sample thickness or their spatial neighbor-
hood.

In Fig. 4(a), we perform a maximization of Pcross by
keeping the thickness h of the slab fixed each time and
additionally varying internally the duty cycle 0 < r < 1 in
a system that the role of plasmonic medium is played by
aluminum for 400 nm < λ0 < 700 nm. Contrary to Fig. 3(b),
where for every single point of the map we optimized (h, ϕ),
in Fig. 4(a) we sweep the parametric ranges of (r, ϕ). Again,
the final outcome is similar: the losses make the performance
Pcross of our device not to surpass 30%. However, if one
uses the bilayer structure of Fig. 1(a) instead of a single
slab with the same overall thickness h = h1 + h2 and, most
importantly, the same plasmonic characteristics (ε, r), the re-
sult gets substantially improved with no additional equipment
(such as utilization of active media [37] or heavy doping
processes [38]). Indeed, in Fig. 4(b), where we perform max-
imization with respect to three parameters: (h1, ϕ1, ϕ2) with
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FIG. 4. Maximum cross-polarization power output Pcross as a
function of the operational wavelength λ0 (visible) and the electrical
thickness of the structure h/λ0 = (h1 + h2)/λ0 for (a) aluminum-air
slab, (b) aluminum-air bilayer, (c) gold-air bilayer, (d) silver-air
bilayer.

h2 = h − h1 for every single point of the plane (λ0, h/λ0),
the total performance is increased more than two times. We
note that the results in Figs. 4(a) and 4(b) are directly compar-
able to each other since the structure of Fig. 4(b) comes from
the corresponding one of Fig. 4(a) by properly cutting the
slab in two parts and suitably rotating their optical axes on
xy plane. It is additionally clear that, unlike the single slice,
the highest conversion does not happen for the thickest sample
(h1 + h2 = 0.25λ0) but at a smaller h. As far as the operational
frequency is concerned, in both designs (slab and bilayer), the
aluminum-loaded configuration prefers the violet color.

In Fig. 4(c), we consider free-standing golden multilayers
and repeat the same process as in Fig. 4(b) for the bilayer
of Fig. 1(a). One notices that gold gives the best result for
red color illumination (where |Im[ε]| drops abruptly) and in
that case the polarization conversion becomes as high as 80%.
The findings are even more interesting in Fig. 4(d), where the
utilized metal is silver (Ag): its deeply plasmonic response
combined with inherent low losses, give performances Pcross

up to 90% for λ0 > 550 nm covering part of the green color
spectrum and the entire ones for yellow, orange, and red.
Notice that the occurred thickness resonances admit almost
perfect conversion for very thin surfaces (h = h1 + h2 <

0.1λ0). It should be also emphasized that the optimization
with respect to the tilts (ϕ1, ϕ2) as in Figs. 4(b), 4(c) and 4(d)
is more effective than optimizing the bilayer for different duty
cycles but the preselected arbitrary rotation of optical axes.
Indeed, the parameters (ϕ1, ϕ2) offer more redundant degrees
of freedom to system design without requiring modification
of the structure. One should finally stress that the conditions
for perfect polarization twist in the single lossless slab do
not necessarily carry over to the examined lossy bilayer; the
interplay between the developed waves can give high scores
without demanding the use of plasmonic media.
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FIG. 5. Maximum cross-polarization power output Pcross as a
function of the operational wavelength λ0 (THz) and the electrical
thickness of the structure h/λ0 = (h1 + h2)/λ0 for (a) graphene-air
bilayer, (b) silicon carbide-air bilayer.

A famous material that exhibits negative effective permit-
tivity combined with tiny Ohmic effects is two-dimensional
graphene when working in the THz regime, which also pos-
sesses a number of other advantages (such as durability).
Graphene conductivity σ is a sum of two terms: one corre-
sponding to the transition of electrons within the same energy
level (intraband transitions, low-energy plasmons, σintra) and
another describing the hop of charges to neighboring energy
levels (interband transitions, high-energy plasmons, σinter).
The related formulas are extracted with use of the Kubo
model [39] and give Im[σ ] < 0 (plasmonic behavior) with
suitable doping for the entire THz band. In Fig. 5(a), we
perform maximization of Pcross for the structure of bilayer
when each of the layers is comprised of periodic (with spatial
period d) graphene nanoribbons [40]. The electron doping
(chemical potential bias) and relaxation time (rate of energy
conversion to Ohmic form) are selected with typical values
and the graphene stack is quite densely populated to enhance
the plasmonic response. The polarization transformation ratio
is very low (below 50%) even though the bilayer configuration
is utilized; such a finding, has been also obtained in the case
of the single slab. That is because, according to (2), εX = 1
(equal to the host material, namely vacuum), since the 2D
media cannot interact with electric fields normal to their sur-
face. Therefore, the condition for unbounded εX (or εY ), which
gives significant polarization tilt as previously discussed, can-
not be fulfilled despite the plasmonic character of graphene.
Indeed, only patches of graphene deposited normally to the
direction propagation, on dielectric bases, have been reported
to achieve cross-polarization transformation [40,41].

On the contrary, if one uses another bulk medium with
similar features at the same frequencies, like silicon car-
bide (SiC), the results are much better. Across this wave-
length range (10 μm < λ0 < 15 μm), its permittivity follows
a Lorentz dispersion model, according to which [42] ε(λ0) ∼=
6.5(1 + λ2

0

2.07λ2
0+i0.09λ0−326

), where λ0 is measured in μm. These
very low losses make the maximal Pcross to have the variation
of Fig. 5(b) on (λ0, h/λ0) map for the case of two free-
standing SiC multilayers. One directly notices that almost
perfect polarization conversion is feasible for specific con-
figurations operated at λ0 > 12.5 μm, while large scores are
also recorded for λ0 < 12.5 μm. When λ0

∼= 12.5 μm, Re[ε]
of silicon carbide vanishes and we obtain a Pcross

∼= 50%
regardless of the selection of the rest of parameters, indicating
the balanced response from ENZ media [27].
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FIG. 6. (a,b) Squared magnitudes of the two electric components
|Ex|2, |Ey|2 as functions of the electrical distance z/λ0 for the optimal
bilayers of (a) Fig. 4(d) with silver-air multilayers at λ0 = 700
nm (ϕ1

∼= 12◦, ϕ2
∼= 76◦, h1 = h2

∼= 0.058λ0, ε ∼= −23.7 − 0.534i,
r ∼= 0.87) and (b) Fig. 5(b) with silicon carbide-air multilayers at
λ0 = 14.1 μm (ϕ1

∼= 36◦, ϕ2
∼= 55◦, h1 = h2

∼= 0.12λ0, ε ∼= 21.6 −
0.224i, r ∼= 0.83). (c,d) Patterns sketched by the tips of the electric
field vectors of incident, transmitted, and reflected waves for (c) the
case of Fig. 6(a) referring to the optimal of Fig. 4(d) and (d) the case
of Fig. 6(b) referring to the optimal of Fig. 5(b).

Note that, as indicated by Figs. 4(b), 4(c) 4(d), and 5(b),
there are numerous alternative designs which are working effi-
ciently for various frequencies of the considered bands. These
optimized setups, due to the careful and thorough sweeping of
the parametric space, give performances that constitute limits
for such a simplistic structure at the corresponding operational
wavelength λ0, as long as materials with realistic losses are
employed. In other words, we show results which are not
just the outcome of a tedious maximization of an objective
function; in fact, they set bounds which cannot be surpassed
without smarter structures (patterns of complex boundaries)
or textures (artificial media and metasurfaces).

To demonstrate the efficient polarization conversion in
realistic designs, we pick two of the most successful bilayers
to observe the spatial distribution of the signals in Figs. 6.
The first one [Ag-air multilayers, Fig. 6(a)] is operated at the
visible red light λ0 = 700 nm and the other [SiC-air multi-
layers, Fig. 6(b)] is working at λ0 = 14.1 μm. In the former
case, we observe a linear variation of the signals |Ex|2 and
|Ey|2 into the structure [similar to that of Fig. 3(c)], while very
mild reflections are occurred, especially for the first quantity;
furthermore, the wave with electric field parallel to the x
axis that passes from the other side is of small power. The
corresponding magnetic fields get maximized at the interface
between the two media (z = 0) which is common in bilayer
configurations [18]. In the latter case, the polarization con-
version is very high, while the signals get locally maximized
and minimized into the bilayer following opposite trends.
The reflection for |Ey|2 and the transmission for |Ex|2 are

practically absent, while only a weak reflecting oscillation is
present for |Ex|2.

In Figs. 6(c) and 6(d), with the observer located at a
fixed xy intersecting plane being normal to the z direction of
propagation, we show the shape described by the tip of the
electric field vectors: incident (green), transmitted (blue), and
reflected (red), as the time goes by. In Fig. 6(c), where the de-
sign of silver-air multilayers of Fig. 6(a) is considered, we no-
tice that the ellipse of the transmitted wave is quite elongated
and almost parallel to y axis; on the contrary, the magnitude of
the reflected wave is much smaller and exactly oriented along
y axis. In Fig. 6(d), where the design with silicon carbide-air
multilayers of Fig. 6(b) is considered, we observe an almost
perfect outcome with an extremely elongated polarization
ellipse, practically on the y axis, for the transmitted wave and
a negligible reflected field. By inspection of Figs. 6(c) and
6(d), one directly concludes that similar bilayer structures and
the same optimization technique can be used for transforming
the linear polarization of the incoming waves into circular
or elliptical with certain eccentricity [15,41]. When it comes
to our assumption for free-standing multilayers (background
vacuum), which is adopted in all the presented numerical ex-
amples, it does not constitute a significant limitation; indeed,
we have run the optimizations by considering a dispersion-
less dielectric instead of vacuum (teflon) and found similar
results. In other words, the maximum polarization conversion
is equally high (for a different optimal design) regardless of
the transparent medium used to deposit metallic surfaces; such
an outcome makes an advantage towards fabrication of the
prototypes. It should be finally mentioned that, despite the
elliptic polarization of the transmitted field produced by a
linear plane wave, the overall angular momentum is conserved
since the reflected ray bridges the difference.

Due to the reciprocity of the bilayer, the specific designs of
Fig. 6 work almost perfectly for a y-polarized field traveling
along the negative z axis from z → +∞. However, the device
fails when one permutes the two layers even though their
thicknesses are equal (h1 = h2) in both structures; in this way,
the unilateral operation of the proposed structures is demon-
strated. Furthermore, as an alternative to the configurations
of Fig. 1(a), tested in Fig. 6, one can use metallic mirrors as
substrates and check the cross-polarization response solely in
reflection [11,41] given the fact that it is harder to achieve
polarization conversion in transmission.

Regarding the actual construction of the aforementioned
multilayers, there are several ways of fabricating them starting
from the set of chemical techniques whose more representa-
tive member is the so-called atomic layer deposition (ALD).
It is a sequential approach where reactive media are sprayed
by other substances (precursors) enabling successive chemical
reactions each of which generates a new layer [43]. Photonic
multilayers of noble metals such as Ag is a common outcome
of ALD [20], while stacks of SiC films have been built by us-
ing similar approaches [44,45]. Another fabrication category
of planar multilayers consists the physical depositions and
especially molecular beam epitaxy (MBE), where a heated
substrate gets shot by guns of the successive media in gas
form, molecule-by-molecule [19]. Again, stacks of metals in
the visible and semi-conductors [46], like SiC, in the THz
regime can be produced by such a technique. Moreover,
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lithography may be employed successfully for manufacturing
of gradient metasurfaces with rectangular rods which con-
stitute the building block [Fig. 1(b)] of the reported designs
[21]. Finally, similar lamellar structures can be even self-
organized [22] by utilizing plasmonic eutectics in combina-
tion with suitable micropulling. In most of the aforementioned
approaches, the deposition of layers with thickness much
smaller than the oscillation wavelength λ0 is possible and thus
the homogenization assumption for d � λ0 [with reference to
Fig. 1(b)], yielding the approximate formulas (1), is realistic
and justified. Therefore, the simulation of the stacked tilted
layers forming each slab and examination of the Floquet-
Bloch modes [25] excited into each slab followed by matching
them across the boundaries z = −h1, 0, h2, is not necessary.

It should be mentioned that a rather challenging part in
fabricating the structure of Fig. 1, is to extract two very thin
multilayered structures [like that of Fig. 1(b)] and place them
back-to-back in free space. A possible remedy to such a weak
point is to grow the structure on a penetrable or transparent
substrate; by modifying the used metrics and following ex-
actly the same optimization scheme, the obtained result will
be similar as long as the losses of the dielectric substrate are
negligible and its thickness properly selected. However, even
if one insists to build such a setup in vacuum background,
there are lift-off techniques which have been implemented
successfully in similar free-standing metasurface structures
both in the visible spectrum [47] and especially at THz
frequencies [48,49].

C. Robustness of performance

It would be meaningful to check the performance of the
proposed bilayer designs when small changes in the structural
and excitation parameters are occurred. Since the presented
concept is based on the suitable rotation [50] of the optical
axes to maximize the polarization conversion, it makes sense
to start by examining the behavior of the device under im-
perfect tilts (ϕ1, ϕ2). In Fig. 7(a), we show the metric Pcross

on the (ϕ1, ϕ2) plane within a range of ±20◦ around the
central operation point (marked with black × sign), for the
design with Ag-air multilayers of Fig. 6(a). We notice that
the performance of the considered bilayer is insensitive to tilt
errors of at least 5◦ for both angles, while its tolerance gets
further increased in case the deviations of the two rotations are
combined. In Fig. 7(b), the cross-polarization power output
is represented on (ϕ1, ϕ2) map, similarly to Fig. 7(a), but for
the SiC-air multilayers of Fig. 6(b). It is also clear that Pcross

remains close to its maximal value even for more substantial
errors of tilts (around 10◦). Therefore, one can say that the
presented bilayers do no require very careful construction in
terms of rotation or, reversely thinking, that almost perfect
polarization conversion can be achieved for waves with a wide
range of electric-field directions (other than x) on the xy plane.

In Figs. 7(c) and 7(d), we represent again Pcross but with re-
spect to imperfections of size; in particular, changes in h1/λ0

and h2/λ0 around the optimal choice are considered. The
operational point is denoted again by a black × and the black
dashed line corresponds to the ideal fixed overall thickness
h1 + h2 = h. In Fig. 7(c), we examine the design of Ag-air
multilayers of Fig. 6(a) and find that the cross-polarized power

FIG. 7. Cross-polarization power output Pcross in a contour plot
with respect to (a, b) the optical axis tilt angles (ϕ1, ϕ2) and (c, d) the
electrical thicknesses of the two layers (h1/λ0, h2/λ0 ). Two designs
are examined (a, c) the Ag-air multilayers at λ0 = 700 nm of Fig. 6(a)
and (b, d) the SiC-air multilayers at λ0 = 14.1 μm of Fig. 6(b).

drops somehow abruptly with respect to both thicknesses.
However, the deterioration of the performance is higher when
both h1 and h2 are selected larger (than optimal) compared
to the case that thinner slices are employed, despite the fact
that we are referring to an already thin design. In Fig. 7(d),
where the SiC-air multilayers of Fig. 6(b) are considered, we
observed that imperfections in h1 and h2, play no role as long
as the total thickness remains the same. Such a feature is due
to the small difference between optimal angles as shown in
Fig. 7(b), which is not the case for the other design [Fig. 7(a)].
Furthermore, the minimum recorded performance is higher
than in the case of Ag-air multilayers for the same value
range of h1/λ0 and h2/λ0 around the operational point, since
SiC-air structure is optically thicker. Finally, and contrary to
Fig. 7(c), the decrease in Pcross occurs in both ways: either we
choose larger h1, h2 or smaller than the optimal. As a general
conclusion, one may infer that the proposed constructions are
retaining their polarization conversion capability, even when
the thicknesses of two pieces are not very carefully controlled.

Another parameter related to fabrication of the films stacks
of Fig. 1(b) is the duty cycle of the plasmonic material r

FIG. 8. Cross-polarization power output Pcross as a function of the
plasmonic portion r and the operational wavelength λ0 for (a) Ag-air
bilayer (visible) of Fig. 6(a) and (b) SiC-air bilayer (THz regime) of
Fig. 6(b).
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FIG. 9. Cross-polarization power output Pcross as function of the
obliqueness angle θ and the operational wavelength λ0 for (a) Ag-air
bilayer (visible) of Fig. 6(a) and (b) SiC-air bilayer (THz regime) of
Fig. 6(b). White dashed lines indicate the optimal wavelength.

and thus is necessary to examine the variation of Pcross under
imperfect selection of this parameter. In Fig. 8, we show our
metric in contour plot with respect to r and the working
wavelength λ0 (to investigate additionally the effect of the
material dispersion on the output). Again the two designs of
Fig. 6 are considered, while the operating point is denoted
with a white × sign. We note that the performance of the
first design [Fig. 8(a), Ag-air in the visible] drops abruptly
for larger r but retains its high values when duty cycle is
smaller. When it comes to its wideband features, Pcross exhibits
substantial immunity to changes in λ0, especially when it
deviates towards the infrared part of the spectrum. In Fig. 8(b),
where the THz-operated structure is considered, we remark
that the sensitivity of the device with respect to r defects is
similar regardless of the error sign (for less or more than the
central value). However, the frequency response of the bilayer
is sharper than that of Fig. 8(a), given the fact that the working
bands are always a fraction of the central wavelength.

In all the previous analysis and examples, we assume
normal incidence of the electromagnetic wave on the planar
surface of the bilayer. Therefore, it is important to under-
stand if the reported substantial polarization conversion is
present when this significant assumption is not fulfilled. We
solved the formulated boundary value problem for a wave
with x-polarized electric field Einc traveling along the direc-
tion forming an angle θ with the z axis and evaluated the
corresponding cross-polarized power along the transmission
direction: Pcross = |Ty|2 sec2 θ . Note that the obtained varia-
tions are similar when assuming oblique incidence by keeping
magnetic field Hinc parallel to y axis. The results are shown in
Fig. 9 where the conversion metric is represented as function
of the obliqueness angle θ and (again) the working wavelength
λ0; the ideal wavelength is indicated with a white dashed line.
in Fig. 9(a), where the optimal Ag-air multilayers are once
more examined, we realize that Pcross remains very high for a
large band around the central wavelength λ0 = 700 nm and
simultaneously exhibits remarkable robustness with respect
to angle θ : even for oblique incident rays of θ = 45◦, the
transformation rate retains its substantial magnitude (Pcross

∼=

80%). In Fig. 9(b) referring to SiC-air design, we have a
similar wide-angle response accompanied by a more rapid
drop of the performance if one deviates from the working
frequency [as also indicated in Fig. 8(b)]. In both cases, how-
ever, considerable insensitivity with respect to the direction of
incident beam is demonstrated, which permits the proposed
design to operate for an extended cone of rays around the
normal axis. Significant role towards the detection of such
robust and efficient structures has been played by the thorough
scanning of the parametric space and the careful optimization
with respect to angles (ϕ1, ϕ2), duty cycle r, and optical
thickness h/λ0, executed in Sec. III B.

IV. CONCLUSION

Flawless polarization conversion can happen into thin
slices of multilayers stacking periodically films of plasmonic
media on dielectric ones, as long as the occurred losses are
negligible. However, this condition cannot be fulfilled since
metallic properties are always accompanied by inevitable
Ohmic thermal conversion. As a remedy, one may use a pair
from these slices, instead of an isolated one, and suitably
rotate them resulting in significantly improved polarization
twists, even in the presence of losses. We examine several
plasmonic materials (including two-dimensional graphene)
under variable frequency illumination and propose optimized
efficient designs with increased immunity to structural imper-
fections, which additionally support wideband and wide-angle
operation.

The introduced components are both conceptually simple
since the bilayer is the minimal planar structure that can sup-
port a resonance, and realistic because various different fabri-
cation methods are applicable. Accordingly, our approach can
be utilized for multiple polarization-engineering objectives by
optimizing more than two metallodielectric stacks and thus
our designs can be used as building blocks of various novel
photonic devices in the visible and at THz regime.

Finally, the findings of this paper suggest that analogous
concepts can be carried over to quantum optics architec-
tures for twisting and converting the spin or orbital angular
momentum of light [51]. It is, therefore, expected that the
utilization of various states of angular momentum for optical
communications, working as different carriers for transmitting
parallel data streams [52], will offer unprecedented capacity
levels to the respective integrated systems.
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