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ABSTRACT
Over the last decade, photonics in the mid-infrared (mid-IR) frequency range had major advances in both generation and detection of light.
However, efficient manipulation of the mid-IR light still faces many challenges. Spatially inhomogeneous control over the wavefront and
polarization of mid-IR radiation is particularly difficult. Many standard techniques used for visible and near-infrared frequencies, such as
liquid crystal-based spatial light modulation, are not applicable in the mid-IR due to unfavorable material properties in that spectral range.
Here, we demonstrate spatially inhomogeneous polarization control of the mid-infrared light using custom-designed vortex retarders. Vortex
retarders, while being widely used in the near-infrared and visible spectral ranges for generation of cylindrical vector beams, have been
missing in the mid-infrared spectral range. Our implementation of mid-infrared vortex retarders is based on the concept of metasurfaces.
We demonstrate metasurface-based vortex retarders at the wavelengths of 2.9 and 3.5 μm. We compare the performance of all-dielectric
metasurface vortex retarders with the elements arranged in square and hexagonal lattices [Arbabi et al., Nat. Nanotechnol. 10, 937–943
(2015) and Arbabi et al., Nat. Commun. 6, 7069 (2015)]. Our work could accelerate the adoption of metasurfaces for the development of
novel classes of mid-infrared optical components.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0061825

I. INTRODUCTION

The mid-infrared (mid-IR) band from 2.5 to 10 μm has strate-
gic significance in photonics because it hosts absorption bands
of biochemicals, as well as two atmospheric windows of trans-
parency. The mid-IR optics and photonics find their applications
in spectroscopy,3,4 chemical and biological sensing5,6 and imag-
ing,7 and free-space communications8 among others. Although
photonics’ success in the mid-IR was envisioned some time ago,9
mid-IR technology struggles to catch up with its counterparts in the
visible and near-infrared (near-IR) spectral ranges.10–12

The development of photonic devices in the mid-IR spectral
range is often met with significant challenges associated with the
need for unconventional materials and the limited choice of optical
components. Traditional manufacturing of visible and near-infrared
optical components is often not transferable to the mid-IR spec-
tral region as many common optical materials, such as silicate glass,
optical polymers, and liquid crystals, become opaque. A class of
components widely used in the visible and near-IR spectral ranges,

but largely missing in the mid-IR, is associated with spatially inho-
mogeneous control of polarization of light. Complex polarization
patterns, often termed “vector beams,” as well as polarization singu-
larities find numerous applications in contemporary photonics.13–17

Such beams are of particular practical importance in various techno-
logical advances including optical trapping,18,19 biosensing,20,21 and
nonlinear optics.22,23 Vector beams are solutions of Maxwell’s equa-
tions, and cylindrical vector beams can be decomposed into radial
and azimuthal polarized modes, as a superposition of orthogonally
polarized Hermite–Gauss HG01 and HG10 modes.24 The electric
field at the focus of a cylindrical vector beam has unique polar-
ization properties due to this symmetry. For example, the longi-
tudinal component of the field in the focus of such a cylindrical
beam can be much stronger than the transverse component, and the
size of the longitudinal focus is much smaller than the transverse
one.

Creation of complex polarization patterns, such as cylindrical
vector beams in the visible and near-IR spectral ranges, conven-
tionally relies on spatial light modulators and other liquid crystal-
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based technologies that are not applicable to wavelengths past 3
μm. Other methods for the generation of cylindrical vector beams
include Brewster angle reflectors,25 mirror devices,26 and Sagnac
interferometer.27 These are often termed “active methods” as they
involve amplifying media and therefore they are not immediately
applicable in the mid-IR range. Radial analyzers28 and spiral phase
elements29 are examples of passive methods. However, all the above
approaches have conventionally been used in the visible and near-IR
spectral ranges.

A viable alternative pathway toward complex manipulations of
mid-IR comes from the area of dielectric metasurfaces. Metasurfaces
have attracted enormous attention as their optical properties can be
designed on demand.1,2,30–33 Extension of the concept of metasur-
faces into the mid-IR spectral band provides a powerful platform for
future optical devices with enhanced performance. Originally, many
applications have been proposed based on metasurfaces made of
metals. However, low efficiency caused by Ohmic losses has limited
the practicality of metal-based metasurfaces.34 In recent years, high
refractive index dielectric metasurfaces have emerged as an efficient
alternative.

All-dielectric metasurfaces supporting both strong electric and
magnetic Mie-type resonances are capable of controlling virtually
every parameter of electromagnetic waves. This is achieved via
judicious engineering of the size, geometric shape, and spatial

orientation of their constituent elements. Metasurfaces made of
high-index nanopillars placed on low-index substrates were proven
to work as functional components in the visible and near-infrared
spectral ranges1,2,35 often outperforming more conventional opti-
cal components while offering a nanoscale form factor. Individual
pillars within the metasurface can be optimized for high forward
scattering, keeping backward scattering and absorption low, so that
an array of such pillars is transparent for the incident radiation. This
is achieved via the generalized Huygens principle.35 High efficiency
of both phase and polarization control has been demonstrated with
such metasurfaces.

Here, we employ the all-dielectric metasurfaces for mid-
infrared phonics applications. We design metasurface vortex
retarders based on a combination of materials with favorable prop-
erties in the mid-infrared spectral range. We report on fabrication
protocols and on optical diagnostics results for the retarders oper-
ating at two wavelengths of interest, i.e., at 2.9 and 3.5 μm. Our
metasurfaces are made of arrays of silicon subwavelength pillars on
a sapphire substrate. Both silicon and sapphire feature low material
absorption in the mid-infrared spectral range. This pair of materi-
als further has a high contrast of their refractive indices desirable
for the metasurface design. Each individual pillar acts as a half-wave
plate locally rotating the incident polarization, with the polariza-
tion rotation angle being controlled by the pillar’s orientation.35 The

FIG. 1. Conceptual image of the vector beam transformation with the help of mid-IR metasurface-based vortex retarders (also known as q-plates) allowing us to generate
either (a) azimuthally polarized vector beam or (b) radially polarized vector beam. Black arrows in (a) indicate the fast axis orientation.

FIG. 2. (a) Schematic of a single pillar with the following dimensions: minor diameter a is 0.47 μm, major diameter b is 0.755 μm, height c is 1.9 μm, period D is 1.729 μm,
and unit cell angle α is 60○ (in the case of a hexagonal lattice). (b) Scanning electron microscope image of the fabricated metasurface. (c) Optical microscope image of the
fabricated metasurface.
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overall layout of the pillars features a topological charge factor of 0.5
shaping a linearly polarized Gaussian beam into azimuthally or radi-
ally polarized beams with Bessel–Gaussian amplitude distribution
(Fig. 1).

II. DESIGN APPROACH
We design the metasurfaces using commercially available soft-

ware CST Studio Suite 2020 and COMSOL Multiphysics version
5.5. Figure 2(a) provides the details of the resulting set of the
design parameters for the constituent subwavelength pillar element
optimized for 2.9 μm wavelength. To simplify the model, we numer-
ically simulate half-wave plates, where all modeled pillars have the
same orientation. The calculated results are presented in Figs. 3(a)
and 4(a). In our design, the direction of the optical axis of the

element on the vortex retarder θ(x, y) can be expressed as

θ(x, y) = qφ, (1)

where q is the topological charge of the vortex retarder, representing
the number of rotations of the local optical axis around the center of
the plate, and φ is the angular coordinate in the cylindrical coor-
dinate system linked to Cartesian coordinates as φ = tan−1

(y/x).
Figure 1 visualizes polarization transformations performed by the
vortex retarder metasurface. The output light field can be expressed
as

E⃗out(x, y) = E⃗0(x, y)
⎡
⎢
⎢
⎢
⎢
⎢
⎣

cos(2qθ − θ0)

sin(2qθ − θ0)

⎤
⎥
⎥
⎥
⎥
⎥
⎦

. (2)

FIG. 3. Theoretical and experimental results for a metasurface of a hexagonal lattice. (a) Calculated transmission spectra of the metasurface of linearly polarized light. The
green and blue arrows indicate the polarization directions along the long and short axes of a pillar accordingly. (b) Measured transmission spectra of linearly polarized light
through the metasurface. Inset: scanning electron microscope image of the fabricated metasurface acting at 2.9 μm. (c) Calculated phase shift of two orthogonal components
of the electric field passing through the metasurface segment. (d) Retardance of the fabricated metasurface retrieved from the experimental data. (e) Experimental intensity
profile of the transmitted beam hosting a polarization singularity. (f) and (g) Light transmission through the vortex retarder metasurface positioned between a polarizer and
an analyzer at 2.9 μm. Orientations of the polarizer and the analyzer are shown as inset arrows.
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Thus, the output polarization state (radial, azimuthal, or inter-
mediate) is determined by the polarization angle of the incident
light. When the angle between the incident polarization direction
and the vortex retarder axis θ0 = 0, the output light is radially polar-
ized and when θ0 = π/2, the output light is azimuthally polarized.
Based on the above condition, the structure is designed in such a
way that the phase difference for two orthogonal linear polariza-
tions is 0.5π. The parameters that are achieved by this condition are
presented in Fig. 1(a).

III. FABRICATION METHODS
To fabricate the designed vortex retarder, first, a 2 μm amor-

phous silicon (α-Si) thin film is deposited on a sapphire wafer using
the plasma chemical vapor deposition system Temescal BJD-2000.
The thickness is measured using the ellipsometer JA Woollam M-
2000D. Then, a 200 nm e-beam resist CSAR 62 (AR-P 6200-09)
is deposited using a spinner. Since the sample is made of semi-
conductor and dielectric materials, a conductive layer Electra 92
(AR-PC 5090.02) is deposited at the top of the resist for the dis-
sipation of charges during electron beam exposure. The metasur-
face pattern on the sample is defined by exposing it in the elec-
tron beam lithography setup (Elionix ELS-F125), with the area dose
of the electron beam exposure of 360 μAs/cm2. Next, the mask
is formed by depositing 40 nm of aluminum using the electron
beam evaporation system AJA ATC-1800-E and subsequent lift-off
process at 80 ○C using NMP (1-methyl-2-pyrrolidone). The meta-
surface pattern is transferred onto the material using an induc-
tively coupled plasma reactive ion etching (Oxford ICP-RIE Plas-
malab 100) with C4F8 and SF6 gases. Finally, the aluminum mask
is removed with wet etching using orthophosphoric acid of 85%
concentration.

Electron microscope images of the resulting samples were
obtained using a field emission scanning electron microscope Verios
scanning electron microscope. The resulting two fabricated meta-
surfaces consist of silicon ellipses of 2.0 μm height, 0.72 μm large
diameter, and 0.42 μm small diameter, the period of 1.695 μm, and
the ellipse rotation of 0.5.

The imperfections of fabrication are the result from physical
defects of electron-beam exposure, such as dose error, and from

over-etching of silicon, where the sizes of ellipses would be a bit
smaller or larger than expected.

IV. RESULTS AND DISCUSSION
In the optical experiment, the linearly polarized light is con-

verted into spatially non-uniformly polarized light by a fabri-
cated vortex retarder with spatial polarization characteristics, where
the spatially variable polarization rotation and the spatially vari-
able retardation axis arrangement are used. Because the polariza-
tion direction is dependent on the spatial coordinates, the spa-
tial distribution of the vortex retarder’s optical axis is designed to
manipulate the polarization distribution. The designed structure is
characterized by the phase difference of 0.5π, so when the angle
between the incident polarization and the vortex retarder axis is
0.5π, the transmitted light through the vortex retarder is azimuthally
polarized.

The vortex retarder is illuminated by a light beam from a tun-
able mid-IR laser polarized linearly. The vortex retarder is placed on
a rotating mount that allows us to alter the polarization of the output
beam between radial and azimuthal. An analyzer is used to mea-
sure the spatially resolved Stokes parameters of the light field on the
CCD camera retrieving polarization states across the output cylin-
drical vector beams. With a pulse duration of 2 ps, it has an output
wavelength of 1030 nm and a repetition rate of 5 MHz. By passing it
through an optical parametric amplifier, signal and idler beams are
produced, which allows us to conduct mid-IR spectroscopy in the
range of 2.5–4.0 μm.

The experimental results for the fabricated vortex retarder act-
ing at 2.9 μm are shown in Figs. 3(b), 3(d), and 3(e)–3(g). The results
of the corresponding numerical calculations are shown in Figs. 3(a)
and 3(c). Figure 3(b) shows the resulting transmission of the fabri-
cated vortex retarder. The difference between theoretical [Fig. 3(a)]
and experimental [Fig. 3(b)] results occurs mostly because of the
fabrication imperfections, where the walls of pillars can be slightly
tapered, some geometrical parameters are offset, or the refractive
index is deviated. Figure 3(d) contains the retrieved retardance of
the metasurface. The retardance was extracted via polarimetry using
a standard method36 for which a small segment of the metasurface
acting as a half-wave plate was inspected. The entire metasurface

FIG. 4. Comparison of square and hexagonal lattices for a half-wave plate metasurface performance. (a) Calculated transmission spectra of a linearly polarized light of two
orthogonal polarizations passing through a metasurface with a square unit cell. The green and blue arrows indicate the polarization directions along the long and short axes
of a pillar accordingly. The results for two designs are shown: c = 1.61, a = 0.534, b = 0.842, D = 1.405 μm, α = 45○ (design 1, filled circles) and c = 1.94, a = 0.645,
b = 1.017, D = 1.692 μm, α = 45○ (design 2, gray circles). (b) and (c) Schematics of the rotation of pillar axes relative to (b) a square and (c) a hexagonal unit cell. (d)
Angular dependence of a phase shift on the orientation of a pillar and x–y axes in relation to a unit cell: hexagonal unit cell at 2.875 μm (dark gray) and at 2.9 μm (light
gray); square unit cell of the first design at 2.925 μm (red) and the second design at 3.525 μm (blue).
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FIG. 5. Experimental results for a metasurface of a square lattice. (a) Measured transmission spectra of linearly polarized light passed through a vortex retarder. The inset
shows a scanning electron microscopy image of the fabricated metasurface with the following parameters: a = 0.706, b = 1.051, c = 1.94, D = 1.692 μm, and α = 45○.
(b) Retardance retrieved from polarimetry measurements. (c)–(f) Polarimetry images: light transmission through the vortex retarder positioned between a polarizer and an
analyzer at 3.5 μm. The polarizer state is horizontal, states of the analyzer: (c) horizontal, (e) vertical, and (d) and (f) diagonal, correspondingly.

creates a cylindrical vector beam as shown in Figs. 3(e)–3(g). The
special arrangement of the pillars is shown in Fig. 2(b). Spatially
inhomogeneous distribution of optical axes of pillars creates the
polarization that depends on in-plane spatial coordinates, and the
resulting output beams have the shape of cylindrical vector beams.

We further compare vortex retarders with a hexagonal lattice
and retarders with a square lattice. We demonstrate that the higher
rotational symmetry of the hexagonal lattice leads to a more pre-
cise and smooth polarization control of the incident beam. We also
model a half-wave plate metasurface based on a square unit cell
working at around the wavelength of 3.5 μm. The high transmission
can be also realized in this case as depicted in Fig. 4(a), which is also
confirmed experimentally for the hexagonal lattice in Fig. 3(b) and
for the square lattice in Fig. 5. However, when the pillars are rotated
for generating spatially resolved phase shift distributions, the perfor-
mance of square unit cells degrades. In order to demonstrate this, we
perform calculations of the dependence of a phase shift on the angle
of a pillar orientation in a unit cell, see Fig. 4(d). In these simula-
tions, we always consider the electric field components as aligned to
minor and major axes of a unit cell ellipse.

Finally, we fabricate the second vortex retarder based on a
square-lattice metasurface with the working spectral range opti-
mized in the vicinity of 3.5 μm. Our experimental results are sum-
marized in Fig. 5, which shows the measured transmission spectra
of linearly polarized light passed through the vortex retarder, as well
as retardance retrieved from polarimetry measurements, together
with the polarimetry images. The images showing polarimetry mea-
surements in Figs. 5(e) and 5(f) have a bright halo. This can be an
inadvertent glare where light is passing outside of the metasurface
due to imperfections in our illumination scheme.

V. CONCLUSION
We have designed and fabricated metasurface-based mid-IR

vortex retarders for two on-demand wavelengths of 2.9 and 3.5
μm. Our all-dielectric metasurfaces are composed of elliptically
shaped subwavelength pillars with overall layout featuring a topo-
logical charge factor of 0.5 shaping a linearly polarized Gaussian
beam into azimuthally or radially polarized vector beams with the
Bessel–Gaussian amplitude distribution. We have achieved both
high transmission and high polarization conversion efficiencies by
engineering the shape and size of the subwavelength elements. We
have compared the metasurface layouts with square and hexagonal
lattices and demonstrated superior performance of the hexagonal
lattice due to its higher rotational symmetry. Our results enable a
flexible approach for the design and fabrication of larger classes
of metasurface-based optical components for spatially inhomoge-
neous control of polarization of light in the mid-infrared spec-
tral range. The work demonstrates the potential of all-dielectric
metasurfaces to provide cutting-edge optical devices for mid-IR
photonics.
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