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Abstract: We conceptualized three-array scalable bifunctional metasurfaces comprising only
three thin strip grids and numerically determined their characteristics in the mid-infrared
spectral regime for switchable operation scenarios involving polarization manipulation and
related diodelike asymmetric transmission (AT) as one of two functionalities. A few or all
of the grids were taken to be made of VO,, a bifunctionality-enabling phase-change material;
there are no layers and/or meta-atoms comprising simultaneously both metal and VO,. For
each proposed metasurface, two effective structures and, therefore, two different functionalities
exist, corresponding to the metallic and insulating phases of VO,. The achieved scenarios of
functionality switching significantly depend on the way in which VO, is incorporated into the
metasurface. Switchable bands of polarization manipulation are up to 40 THz wide. The AT band
can be modulated when Fabry—Perot (anti-) resonances come into play. Besides, transmission
regimes with the cross-polarized component insensitive to VO, phase change are possible, as
well as the ones with all co- and cross-polarized components having the same magnitude for both
linear polarizations of the incident wave.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Polarization manipulation and related asymmetric transmission (AT) achievable via quasiplanar
metamaterials constitute a topic of considerable attention from the mid-2000’s. Most researchers
were initially focused on few-layer metasurfaces comprising coupled periodic arrays of (comple-
mentary) subwavelength resonators [1-5]. Later, structures with a central resonator/meta-atom
array and two outer grids, which are capable of wideband AT, were proposed [6—8]. Moreover,
geometric-phase gradient metasurfaces having high potential for polarization control should be
mentioned [9,10]. Besides, metasurfaces and heterostructures enabling efficient manipulation
by orbital angular momentum have been suggested [11]. Notably, a single-array structure can
deliver polarization manipulation/conversion with AT for incident circularly polarized (CP) plane
waves, but at least two coupled arrays are needed for AT when the incident plane wave is linearly
polarized (LP).

Mid-infrared (MIR) and near-infrared applications need rather simple (e.g., resonator-free)
design solutions suitable for avoiding absorption enhancement, assuring AT capability as well as
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facile fabrication, for instance, by using lithography to create topographic substrates [12—14] over
which dielectric materials and/or metals are deposited using standard physical and/or chemical
vapor deposition techniques [15,16]. In particular, polarization-converting, few-layer, anisotropic
structures comprising grids and related components (but not resonators and meta-atoms) have
been fabricated and experimentally studied for different parts of electromagnetic spectrum
including the near-infrared and visible spectral regimes [17-19]. Such structures are often
considered to be dispersionless and, therefore, promising for applications.

The research landscape for polarization control changed dramatically when tunable materi-
als were introduced to metasurfaces and metamaterials, thereby enabling reconfigurable and
multifunctional devices [20-23]. Magnetically, electrically, thermally, and optically tunable
materials such as graphene, InAs, InSb, GeTe, CdTe, VO;, and ITO are often considered, in
this context. Transition from an insulator (i) phase to a metallic (m) phase, and/or vice versa,
mediated by a control parameter may occur for many natural materials [24]. In particular, VO, is
a thermally tunable phase-change material useful from the terahertz (THz) to the visible spectral
regimes [25-28]. It displays a hysteretic insulator-metal-insulator double transition [29,30].
This transition is due to the change of crystallographic phase from monoclinic to tetragonal
that occurs as temperature 7T is raised from a value slightly lower than 58 °C to a value slightly
above 72 °C [31], and this transition is reversible on cooling. As a result, VO, behaves as a
dissipative insulator (i-VO;) when monoclinic and metallic (m-VO,) when tetragonal, provided
the free-space wavelength A 2> 1100 nm [32].

The tuning and switching capabilities acquired by metasurfaces due to phase-change materials
are often considered in the context of multifunctional operation [33]. Indeed, changing the
material phase may lead not only to on-off switching of a certain functionality, but also may
enable two or more functionalities for either a fixed frequency or closely spaced frequencies. The
simplest form in which VO, has been used in photonic heterostructures and metasurfaces is as
thin homogeneous layers [34—37], but the variety of functionality-switching scenarios then is
limited. VO, pads/inserts have been incorporated in metallic subwavelength resonators for THz
applications, especially for switchable polarization manipulation and AT [38—41]. In this case,
both a metal and VO, are present in one meta-atom. Also, a metal and VO, have been jointly
used in a functional array-based single layer [42] or bilayer [43]. However, the feasibility of
such meta-atoms and other hybrid components for MIR applications is not obvious. Meta-atoms
comprising only VO, or another thermally tunable material have also been proposed to exploit
resonances in m-VO, and/or i-VO, phase [44—49]. Patterned thin films of a phase-change material
have been utilized either to directly enable tunability or indirectly tune a functionality enabled by
other components [50-55]. Switchable devices based on phase-change materials are preferred
because the constitutive contrast in the two phases is large and fabrication is straightforward,
even though they typically consume more energy and the switching speed is low in comparison
to all-optical devices exploiting the optical Kerr effect or generation of free carriers [56,57].

In this paper, we conceptualize and numerically justify the potential of three-array metasurfaces
comprising only VO, grids and Ag grids, which are capable of temperature-dependent bifunc-
tional operation in the MIR regime that includes thermally switchable wideband polarization
manipulation and related diodelike AT for LP plane waves. The motivation for this study includes
avoidance of subwavelength resonators (made of either a metal or a phase-change material, or
both) to prevent possible resonance enhancement of absorption. Our specific aims within this
study are to: (a) demonstrate the role of VO, grids as enablers of specific functionality-switching
scenarios involving polarization conversion and AT for one of VO, phases; (b) clarify how the
manner of using VO, in the grids determines which of the bifunctional operating scenarios
are achievable, by comparing three different schemes for incorporating VO;; (c) demonstrate
scalability of the proposed designs in the MIR regime for wider applicability; (d) show that
conduction in m-VO; is sufficiently large and dissipation is sufficiently small to replace a metal
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in either some or all grids, and conserve high capability of polarization manipulation; and (e)
clarify the emergence and role of Fabry—Perot resonances in the resulting functionality and
scalability. Geometrically, the studied structures may remind of those proposed by others in
Refs. [17] and [19], in contrast to which a phase-change tunable material is used by us as the
bifunctionality-enabling material. One of three schemes used here is geometrically similar to the
one proposed in Ref. [55] but for another frequency range (far-infrared) while using graphene,
an electrically tunable material. Since the required thickness of VO, strips ranges only from 40
to 180 nm and m-VO; is not such a good conductor as either copper or silver, the capability of
the structures comprising VO, grids for polarization manipulation is not evident at first glance
and needs to be established soundly. The studied metasurfaces are feasible and require standard
fabrication techniques. For demonstration purposes, consideration of such a geometrically classic
configuration is sufficient. Maximization of AT contrast and/or ON—OFF switching contrast
is beyond the scope of this paper, as well as comparison with metsaurfaces containing other
thermally, electrically or magnetically tunable materials.

We note that pure VO, can be challenging to deposit because of the commonplace formation
of non-stochiometric vanadium oxide (i.e., VO,, where ¢ is not the ratio of two small integers)
[58,59] whose thermal-tunability characteristics can differ very significantly from those of
stochiometric forms (such as VO,, V5,03, V5,05, V407, etc.). However, the metal-insulator and
insulator-metal transitions still persist [60] and our design considerations will still hold.

2. Results and discussion

Metasurfaces of three types are considered, differing in the way in which VO, is used. Every
metasurface was assumed to be illuminated by a normally incident LP plane wave. CST Studio
Suite [61] was used to calculate the complex-valued transmission coefficients 7, and 7/,,, where
the subscripts m € {x,y} and n € {x, y}, respectively, identify the direction of the electric field
of the incident LP plane wave and the direction of the transmitted electric field in the far zone.
Front-face and back-face illuminations correspond to the propagation of the incident plane wave

along the —z and +z directions, respectively. These cases are identified by the superscripts —

and «. The considered structure is Lorentz reciprocal [62], so |7,'| = |75 ], (7] = |75 |
ITo | = Iy |, and 73| = |75 |. Asymmetry in transmission may be desirably strong when either

(@) |7yl > |7 | and |77 > |7/], or (b) |7/ < |7 | and |7 | < || For the purposes
of numerical study, the complex relative permittivity of VO, in the [34.5, 80] THz frequency
range was calculated from experimental data [Ref. [63], Fig. 2(c)] and then extrapolated down to
30 THz frequency. The Drude model of the complex relative permittivity of Ag was used, i.e.,

2
afg (w)y=1- (wﬁg ) /[w(w + iy)], where w = 2xf is the angular frequency and f is the linear

frequency, the angular plasma frequency wﬁg = 1.37 x 10" rad s, and the collision frequency
isy =2.73 x 10'3 rad s7! [64].

2.1. Case of the central grid made of VO,

First, we consider the metasurfaces 1A—1F, each with a VO, grid separated from two Ag grids
by dielectric spacers with the central grid oriented at 45° in the transverse plane with respect
to the other two grids, as shown in Fig. 1(a). Thus, each metasurface has two conducting grids
for i-VO, and effectively three conducting grids for m-VO,. The central grid works like a phase
screen for i-VO,, as we have recently shown [54]. The different electromagnetic properties of this
grid pre-determine the possibility of bifunctional operation which includes here (i) transmission
with the dominant cross-polarized components and AT for m-VO, and (ii) reflection for i-VO,.
Graphs of the transmission-coefficient magnitudes vs. f are presented for all six metasurfaces in

Figs. 1(b)—(g).
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The quantities ¢ and £ indicate, respectively, the strength of polarization conversion in transmission
and metal-phase-to-insulator-phase transmittance contrast. Switchable AT appears, for instance,
at f = 64 THz in Fig. 1(b) for metasurface 1A, where = 87 and { = 8.2, and at f = 37 THz
in Fig. 1(e) for metasurface 1D, where = 147 and { = 10. Similar transmission features are
observed in Figs. 1(b)—(d) for metasurfaces 1A—-1C as in Figs. 1(e)—(g) for metasurfaces 1D-1F,
the spacers in the first three metasurfaces being two-thirds in thickness compared to those in the
last three metasurfaces.

The transmission features are scalable, albeit approximately, when the scaling coefficient, s, is
varied, as occurs for metasurfaces 1A, 1B, and 1C, as well as for metasurfaces 1D, 1E, and 1F.
They are downshifted and compressed in the f-domain when s is increased. This scaling can be
quantified by comparing the spectral locations of the typical minimums and maximums. For
instance, the minimum of IT%—>| occurs at 65 THz for 1D [Fig. 1(e)], 53 THz for 1E [Fig. 1(f)],
and 38 THz for 1F [Fig. 1(g)], in inverse proportion to the value of s.

In contrast with conventional Fabry—Perot anti-resonances which appear for a homogeneous
dielectric slab, the minimums of |T%_’| in Figs. 1(b)—(g) correspond to the condition

2ey) 7kt ~ Cx, 3)

where g, is the relative permittivity of the spacer, k = 27/ is the free-space wavenumber, and
€ € {2,4}. These minimums, identified by FP in the graphs, have nearly the same spectral
locations as a part of the maximums in the case of a homogeneous dielectric slab of thickness 2¢.
Similarly, Fabry-Perot anti-resonances are spectrally shifted when only spacer thickness, 2¢, is
varied, as observed from the comparison of metasurfaces 1A and 1D, 1B and 1E, and 1C and 1F.
Notably, most of the energy of the incident plane wave is reflected at the minimums of IT%_> ,
while reflections are weak at the maximums of IT%_’I. By adjusting the spacer thickness, we can
obtain on-off switchable, diodelike AT with a desired bandwidth.

Incidentally, |7;;| can be insensitive to the crystallographic phase of VO, as occurs in the
vicinity of 80 THz in Fig. 1(d) for metasurface 1C. On the other hand, different maximums of
|T%H| show different sensitivity to the crystallographic phase of VO,. For instance, in Fig. 1(g)
for metasurface 1F, ¢ = 10 at 47 THz but { ~ 2 at 62 THz. Notably, metasurfaces 1A-1F are
geometrically similar to the electrically tunable metasurface with two metallic and one graphene
grid proposed in Ref. [55] for the far-infrared spectral regime.

2.2. Case of the outer grids made of VO,

Next, let us swap Ag and VO, in metasurfaces 1 A—1F to form metasurfaces 2A-2F, each with an
Ag grid separated from two VO, grids by dielectric spacers, as shown in Fig. 2(a). In this case,
each metasurface has one conducting grid for i-VO, and effectively three conducting grids for
m-VO,. The front-face and the back-face grids work like a phase screen for i-VO, [54]. Hence,
the type of bifunctionality is pre-determined here by the switchable electromagnetic properties of
the outer grids, so it includes (i) transmission with the dominant cross-polarized components and
AT for m-VO, and (ii) modification of the polarization type for the transmitted wave for i-VO,.
For m-VOa,, the cross-polarized component of the transmitted plane wave is dominant compared
to the co-polarized one, i.e., ¥>10. In particular, ¢ = 11.7 at 50 THz in Fig. 2(b) for 2A, 19.7
at 30 THz in Fig. 2(c) for 2B, and 28.4 at 62 THz in Fig. 2(g) for 2F. For i-VO,, none of the
transmission components is suppressed, i.e., they all are of the same order of magnitude. Thus,
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Fig. 1. Geometry and transmission vs frequency for six metasurfaces labeled 1A —1F. (a)
From left to right: side cross-section view, front view, mid cross-section view, and back
view; each metasurface comprises a VO, grid (shown in dark blue) separated from two outer
silver grids (yellow) by dielectric spacers (light blue); the central grid is oriented at 45°
with respect to the other two grids in the xy plane. Spectrums of transmission-coefficient
magnitudes for spacer thickness (b, ¢, d) t = 1000s nm and (e, f, g) # = 1500s nm, & = 50s
nm, and p = 600s nm with scaling coefficient (b,e) s = 1, (¢,f) s = 1.25, and (d,g) s = 1.75;
w=p/2,q= \/fp, u = 2h, v = w; relative permittivity of spacer eg = 2.1. Solid blue lines:
|T%_’|; solid green lines: |TXA}{_>|; solid red lines: |t| = |T}% |; dashed blue lines: |Ty1x_’ 5
dashed green lines: IT){},—’|; dashed red lines: |T){X| = |Ty1y|. Grey rectangles indicate the
frequency ranges which can be used for ON-OFF switching of AT. Bluish ellipse indicates
the case when |Ty1x_’| ~ |T%"|>O.4.
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transmission mode is conserved when the crystallographic phase of VO, is thermally altered in
2A-2F, this characteristic being absent in Fig. 1 for lA—1F. Moreover, spectral regimes exist in
which co- and cross-polarized transmission channels contain equal energy, regardless of whether
the front face or the back face is illuminated. That is evident, for instance, at f = 80 THz in
Fig. 2(c) for the metasurface 2B and at f = 55 THz in Fig. 2(f) for the metasurface 2E.
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Fig. 2. Same as Fig. 1 but for metasurfaces labeled 2A-2F, each comprising an Ag grid
(shown in yellow) separated from VO, grids (dark blue) by dielectric spacers (light blue).
Scaling coefficient (b,e) s = 0.75, (c,f) s = 1.25, and (d,g) s = 1.75. Light green rectangles
in each plot indicate the f-ranges which may be suitable f;)r AT when m-VO; is used.

Yellowish circles indicate spectral regimes with |‘ry17 | ~ |ty | = |‘r){7 | = |T){y$ . Rosy
ellipse indicates the regime of |T)]K,]*)| ~ |T)€x|.

The features observed in Figs. 2(e)—(g) are similar to the ones in Figs. 2(b)—(d); so that a desired
modulation of the transmission spectrum can be obtained by varying ¢ to affect Fabry—Perot
resonances and anti-resonances, as well as a desired location of the AT band for m-VO, and the
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equal-energy regime for i-VO,. These bands may coincide or not coincide, depending on which
functionality-switching scenario is needed. Scaling manifests itself in Fig. 2, similarly to Fig. 1,
in the redshift of transmission features with increase of the scaling coefficient s. In addition,
transmission spectrum becomes more compressed when a thicker spacer is used.

Despite the structures and functional capabilities of the metasurfaces 2A—2F being different
from those of the metasurfaces 1A—1F, the insensitivity of the latter to the crystallographic phase
of VO, is also exhibited by the former for specific spectral regimes and field components. This
is exemplified by |7,/ e.g., at f = 62 THz in Fig. 2(c) for 2B and 43 THz as well as 63 THz
in Fig. 2(f) for 2E. The number of the related spectral regimes, in which the insensitivity is
observed within the considered f-range, increases with ¢, since the transmission spectrum thereby
becomes more compressed as the spacer thickens. Among the switching regimes achievable
with 2A-2F, the one observed in Fig. 2(g) for f € [45, 60] THz should be mentioned. Here, the
strongest transmission component has nearly the same magnitude, but represents either the co- or
the cross-polarized component for the same incident plane wave, depending on whether i-VO, or
m-VO, is used.

For i-VO,, the metasurfaces 2A-2F can efficiently transmit an incident LP plane wave as
a plane wave whose polarization state is close to being circular. We have adopted the usual
optics convention: an LCP (left-handed CP) wave satisfies the condition V x E= kE, whereas
an RCP (right-handed CP) wave satisfies the condition V X E = —kE. Figure 3 presents
transmission results for metasurfaces 2C and 2F, but the transmission is quantified now for CP
outgoing waves. As observed in Fig. 3, both |7.”|/|7,’|>1 and |TR_;|/|TL_;|>1 for both selected
metasurfaces. Moreover, spectral regimes exist in which |7.7|/|7//[>5 and/or ITR_y’ |/|T]3 |>5,
so that linear-to-(nearly-)circular polarization conversion (LCPC) takes place. The selective
coupling of the incident LP waves to the outgoing CP waves allows the AT ranges for m-VO,
and LCPC ranges for i-VO, to overlap when s and ¢ are properly adjusted. In this case, a
change of crystallographic phase of VO, results in bifunctional operation at fixed f. Otherwise,
bifunctionality is obtained while using different f-ranges for the two crystallographic phases of
VO,. To compare, the metasurfaces 2A—2F for i-VO, work similarly to the ones proposed in
Ref. [42] for the far-infrared spectral regime. However, in our case the functionality-switching
scenario is different, because the capability of transmission is conserved for both m-VO, and
i-VO; due to the design specifics. Notably, the metasurfaces 1A—1F do not show a capability for
linear-to-(nearly-)circular polarization conversion.
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2.3. Case of a metal-free structure

Finally, we consider the case of metal-free metasurfaces, i.e., when all three grids are made of
VO,. As aresult, every metasurface in Fig. 4 has effectively three conducting grids for m-VO,
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but comprises only insulators for i-VO,. Now, we intend to obtain the co-polarized, weakly
attenuated and weakly sensitive to variations in f transmission for one of the VO, phases and
keep the capability of polarization manipulation and related AT for the other. This is why we
want to abandon metals here. This scenario of functionality switching is totally different as
compared to the ones in Figs. 1 and 2. The results are presented in Figs. 4(b)—(e) for the same
geometric parameters as for Figs. 1(b), (c), (d), and (g).
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Fig. 4. Spectrums of transmission-coefficient magnitudes calculated for four metasurfaces,
labeled 3A-3D, each comprising three VO, grids (shown in dark blue) separated by dielectric
spacers (light blue). (a) From left to right: side cross-section view, front view, mid
cross-section view, and back view, respectively. (b)—(e) Transmission spectrums for spacer
thickness (b, ¢, d) = 1000s nm and (e) ¢ = 1500s nm. Scaling coefficient (b) s = 0.75, (c)
s =1.25and (d,e) s = 1.75. See Fig. 1 for other details.

The value of ¢ in Fig. 4 typically does not exceed 10. For instance, ¢ = 6.5 at 38 THz in
Fig. 4(b) for metasurface 3A, ¢ = 7 at 38 THz in Fig. 4(c) for 3B, and = 12 at 62 THz in
Fig. 4(e) for 3D. Along with the achievable magnitude of |T}% ~|, this result is quite good since
the metasurfaces do not contain any metal or cylindrical or other volume dielectric resonators (in
contrast, say, with Ref. [46]). Also for these metasurfaces we obtain scaling as the redshift of
the basic transmission features occurring with increase of s, as observed from a comparison of
Figs. 4(b), 4(c) and 4(d), in spite of VO, being dispersive. Notably, the shifts of the minimums
of |T}%_)| and the edges of the strong-transmission ranges occur due to change of either s or ¢, so
these parameters provide two degrees of freedom for designing the transmission spectrum. The
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various types of bifunctional operation scenarios that are achieved by changing VO, phase are
summarized in Table 1.

Table 1. Comparison of designed metasurfaces in terms of the basic functionalities of bifunctional
operation scenarios

Metasurface | Metallic phase of VO, Insulator phase of VO,

1A-1F high-efficiency linear-to-linear polarization conversion | reflection without polarization conversion
in transmission mode

2A-2F high-efficiency linear-to-linear polarization conversion | linear-to-(nearly-)circular polarization
in transmission mode conversion in transmission mode

3A-3D moderate-efficiency linear-to-linear polarization high-efficiency transmission without
conversion in transmission mode polarization conversion

A detailed investigation of the robustness of the performance characteristics of the few-array
metasurfaces presented in Figs. 14 is outside the scope of this paper. However, spot checks
revealed that the performances are not adversely affected, apart from slight spectral shifts and
slight changes in the magnitudes of co- and cross-polarized transmission coefficients, even when
geometric dimensions of the grids are altered by +10%.

3. Conclusion

To summarize, we studied transmission through few-array metasurfaces comprising only three
strip grids and exhibiting switchable polarization manipulation and related AT for LP incident
plane waves in the 30-80-THz frequency range. The proposed structures are approximately
scalable within this spectral regime. Subwavelength resonators, inserts, and pads are not needed,
thereby reducing fabrication complexities for MIR devices. Moreover, the absence of resonators
can prevent resonance absorption enhancement. Diverse bifunctional operating scenarios can
be achieved, depending on whether VO, is used as the material of only the two outer, only the
central, or all three grids. In all scenarios, well-pronounced AT connected with polarization
manipulation occurs for m-VO,. It is switched for another functionality when m-VO, is changed
for i-VO,. This is true also when all three grids are made of VO,, i.e., the metasurface is
metal-free. Fabry—Perot (anti-)resonances manifest themselves in a way different from the case
of a homogeneous dielectric slab of nearly the same thickness as two spacers in the studied
structures and enable efficient modulation of the polarization effects and transmission. The
observed capability for polarization manipulation and AT remains while adding a semi-infinite
dielectric substrate at the back side (results are not shown). The variety of the polarization
manipulation regimes includes also the ones with cross-polarized transmission insensitive to
the change of m-VO; to i-VO,, or vice versa. Moreover, all transmission components may have
the same magnitudes, regardless of whether it is co- or cross-polarized and which of two linear
polarizations is attributed to the incident LP wave. Besides the studied metasurfaces, those with
only the front-face grid made of VO, were examined (results are not shown). The transmission
efficiency can be further increased by using wider strips of the central grid than in the presented
examples. For instance, |T%_)| ~ (0.8 and 0.7 were obtained in the AT bands for the metasurfaces
similar to 1F and 3D, respectively. All discussed features are quite universal and can occur for
a rather wide range of spacer’s relative permittivity, although a lower relative permittivity can
often be preferred.
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