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"jean-jacques.greffet @ institutoptique.fr

Abstract: Compact sources in the mid-wave infrared (MWIR) are needed for several applications
ranging from spectroscopy to free-space communication. Ultra-thin incandescent metasurfaces
are promising candidates, offering the possibility of tuning the emission spectrum, directivity
and modulation speed. However, control over polarization remains a challenge, especially when
it comes to emission of circularly polarized light. Here, emission of polarized MWIR radiation
by a 700 nm thick incandescent chiral metasurface is reported. The degree of polarization is
above 0.5 with degree of circular polarization of 0.38 at 5 pm. The metasurface is heated by
Joule effect and its emission can be modulated beyond 10 MHz. This paves the way to detection
techniques using polarization as an additional degree of freedom.

© 2022 Optica Publishing Group

1. Introduction

Circularly polarized light (CPL) is uncommon in a natural environment. It was only recently
discovered that few animal species are sensitive to visible CPL [1,2] and use it to send messages
to other individuals of the same species. Such signals cannot be detected by predators which are
usually insensitive to polarization, similarly to commercial IR detectors. Covert communication
channels in the MWIR relying on circularly polarized (CP) signals can therefore be a direct
application for security or military purposes. CPL in the IR is also useful for techniques such as
vibrational circular dichroism spectroscopy [3] to determine the absolute configuration of small
molecules. For all these applications, sources of CPL are needed. The generation of CPL is
commonly done by using a source of unpolarized light followed by a linear polarizer and a quarter
wave plate optimized for the desired wavelength. However such circular polarizers can hardly be
integrated in a compact system. Linear polarizers in the MWIR can be made out of thin metallic
wires, namely wire grid polarizers. They can also be directly integrated with a MWIR source
offering the advantage of built-in polarization selective emission, hence improved energetic
efficiency. For example, it has been demonstrated that incandescent subwavelength gratings of
metallic wires can emit nearly 100% linearly polarized light [4]. In contrast, the retardation
element generally relies on birefringent materials, liquid crystals or total internal reflection
such as in Fresnel thombs and is therefore bulky. To obtain a retardance ¢ with a birefringent
waveplate at wavelength A between the slow and fast axes, a precise thickness d = A¢/ (27 An),
An being the difference between the ordinary and extraordinary refractive indices, is needed. This
bulkiness cannot be avoided unless a different paradigm is used. This is the goal of flat optics
or metasurfaces, a field that has recently gained considerable interest for the miniaturization of
optical elements. Many devices with differentiated CP responses based on subwavelength unit
cells with structural chirality have been explored. Recent reviews [5—7] provide an overview of
the state-of-the-art in terms of metamaterials and metasurfaces for polarization control.

Initial interest grew in CP selective filters. Using concepts developed in the framework of
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nanophotonics, 3D chiral photonic crystals have been considered as efficient CP sensitive filters
as they can have a photonic polarization-dependent stop-band. Noticeable circular dichroism
(CD) was theoretically predicted in arrays of helices standing in a dielectric background [8].
Experimental evidence was shown in transmission for dielectric [9] helices in the NIR or
for metallic helices in the mid infrared [10], achieving up to 0.95 CD, and in reflection
in the visible [11] with 0.64 peak CD. As fabrication procedures to build such continuous
twisted structures are complex, a discretized alternative consisting of layers of dielectric
woodpiles regularly twisted with respect to each other was proposed [12] and demonstrated
experimentally [13] in the NIR. Stacks of arrays of twisted split ring resonators [14] has been
demonstrated in the MWIR. Experiments in the visible [15] with twisted photonic crystals using a
number of layers on the order of 10 have also been reported. However, for enhanced compactness
and minimal fabrication steps, chiral planar metasurfaces are highly desirable.

Such metasurfaces were first reported in [16] where linear-to-circular polarization conversion
in reflection occurs on 2D metallic array of gammadions with an opposite ellipticity of light
depending on the orientation of the gammadions. Polarization converters were also proposed [17],
using a meanderline metallic metasurface as a broadband polarization converter in reflection in
the LWIR to obtain CP light from a linearly polarized impinging beam. Dielectric metasurfaces
have also been used for polarization conversion in transmission [18].

Interest also emerged for chiral metasurfaces to build CP-sensitive detectors. [19] proposed
an Archimedean spiral composed of thermocouples as a CP sensitive detector in the LWIR.
Local absorption occurs at different locations, resulting in temperature differences that induce
a different voltage. Plasmonic zigzag-shaped metamaterials can also behave as CP selective
absorbers [20-22]. [20] and [22] obtain similar levels of dichroism with a 0.7 peak contrast in
absorption in the NIR.

As for CP emission, seldom solutions have been proposed up to now. It has been suggested [23]
that spontaneous emission could not produce circularly polarized light due to the fact that random
thermal current densities along two axis are uncorrelated according to fluctuation-dissipation
theorem for an isotropic medium. As a consequence, they could not generate polarized fields.
While this is the case for emission in a homogeneous and isotropic medium, when emission is
mediated by a resonator or cavity the emission process is different. Fluctuating current densities
excite the resonator or cavity modes generating induced current densities which then radiate.
These induced current densities can radiate circularly polarized fields. A well-known example
illustrating the difference between fluctuating currents and induced currents is thermal emission by
a grating supporting surface phonon polaritons [24]. The induced currents generate a directional
emission. Similarly, polarized emission may occur when designing surfaces sustaining modes
with appropriate correlations of the induced current densities components.

These ideas have been implemented a few times in the visible and NIR range. Quantum
dots embedded in the middle of a chiral 3D photonic crystal [25,26] show a degree of circular
polarization (DOCP) up to 0.5. A variant with quantum dots lying beneath arrays of planar
gammadions [27] show a DOCP of 0.2 at best.

The field of incandescent sources of circularly polarized radiation is still in its infancy.
A procedure to design thermal metasurfaces with a large degree of polarization has been
proposed [28] but not yet implemented experimentally. To the best of our knowledge, circular
emission was first reported using metasurfaces based on geometric phase engineering allowing
spin-orbit interaction [29]. This proof of principle did not report quantitative characterization. A
qualitative result was also reported in ref. [30] using an array of tripodes. Generation of circular
polarization was reported by shaping unpolarized emission by a blackbody emitter using wire
grid polarizers to generate linearly polarized LWIR radiation followed by a linear-to-circular
polarization converter [23,30]. The device achieves a 0.28 DOCP with a total degree of
polarization of 0.84. Although these sources are less than 1.5 pm thick, they still need an



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

intermediate step for polarization conversion which leads to a reduced device efficiency. A recent
preprint reports a thermal metasurface producing a DOCP of 0.4 [31]. In summary, while there
are many reports demonstrating thermal metasurfaces controlling the emission direction, the
emission spectrum, emitting linearly polarized light, the emission of pure circularly polarized
thermal radiation by a metasurface is still a challenge.

In this paper, we introduce an incandescent metasurface optimized for the MWIR that emits
circularly polarized light with a degree of polarization (DOP) larger than 0.5 on a large spectral
range from 5 to 7 pm. A large circular dichroism (CD) of 0.38 is reached at 5 pm. To analyze
theoretically the origin of the CD, we study the quasinormal modes of the structure and find a
large difference in their coupling to each helicity of circular polarization. In contrast with sources
that have been reported in the literature for CP emission, we use a compact metasurface (25 nm
thick) which can be heated electrically and modulated up to 10 MHz. To our knowledge, no
equivalent thin metasurface with controlled polarization state has been published up to now.

2. Results
2.1. Design of the device

We envision a metallic metasurface spectrally optimized to emit in the MWIR with a large
degree of polarization where CD is dominant. Control over the spectral range of emission can
be done by engineering the emissivity spectrum of the metasurface. To do this, we rely on
Kirchhoff’s law establishing the equality between emissivity and absorptivity [32]. To control the
absorptivity spectrum, we use a Salisbury screen configuration, where an absorbing thin metallic
film is deposited above a mirror at a well-chosen distance. Constructive interference between
incoming and reflected wave result in a stationary wave in the medium. We can thus reach a
100% absorption level at the desired wavelength by placing the metallic film at an antinode of
this stationary wave [33]. Local Kirchhoff’s law [34] guarantees that when heated, the same
metallic film will achieve an emissivity peak close to 1. This configuration enables us to easily
tune the emission peak wavelength.

Such a structure emits unpolarized light. To design a source that emits CPL in the normal
direction, we design a metasurface with a preferential coupling to one helicity in the far-field.
We texture the thin film and shape arrays of Z-shaped or half-gammadion resonators to form a
chiral unit cell (see Fig. 1). We designed the device to obtain large CD in the MWIR at 4.7 pm.

\b) |

a) Connection pads
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Fig. 1. a) Schematic view of the device. £x = 688 nm, £y, = 2.737 um, w = 300 nm,
A =2.063 pm, hspacer = 651 nm, ip = 25 nm. Dotted lines on the platinum structure
serve as visual guides to mark out the Z-shaped pattern, they have no physical existence.
The metasurface is Ly X Ly = 100 x 100 pm2 large. b) SEM picture of the fabricated
device. Scale bar, 1 pm.

In a Salisbury configuration, the emission is due to thermally induced current density
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fluctuations in the metallic wires. Hence, it is sufficient to heat the metasurface while leaving the
substrate cold. Since the system is not isothermal, Kirchhoff’s law cannot be directly used. To
design the source, we make use of the local Kirchhoft’s law [34] which can be used for objects
with arbitrary shape and temperature field, provided that local thermodynamic equilibrium is
reached. To ensure local heating, we connect the individual Z-shaped resonators to their neighbors
forming nanowires as seen in Fig. 1. We deposit electrical contacts on both ends of the structure.
This connected architecture can be heated locally through Joule effect by applying a voltage.
Besides, as discussed in [4], this configuration enables modulation of the emitted light beyond
10 MHz, five orders of magnitude faster than commercially available incandescent sources. As
the structure consists of successive constrictions, the temperature increase is expected to be
inhomogeneous with maxima around the constrictions. Platinum is chosen for the nanowires as
it can sustain high temperatures and has a good adhesion on silicon nitride (SiNy) [35]. We use
SiNy as the transparent spacer in the MWIR and an optically thick layer of molybdenum as the
mirror, which is compatible with SiNy. The sample was fabricated using electronic lithography
as detailed in the supplemental document.

RCWA calculations yielding the total absorption spectrum and absorption occurring exclusively
inside the platinum metasurface are shown in Fig. 2a. It is seen that absorption essentially takes
place in the platinum, as expected for a Salisbury architecture.

a) i b) Stokes vector S(A) 5 emitted spectra

—— LCP, total of emitted radiation
0.9 A — RCP, total

s\ e LCP, platinum only

RCP, platinum only

€ atwn = W
Pi(A). j=1..5

08t FTIR (step scan mode) Signal extraction [ @2weiec

0.7r LIA
0.6
Reference signal

050" Welec

Signal generator

0.4

03} ™

Simulated absorptivity

0.2r

0.1F

0

4 45 5 55 6 65 7 75 8 85
Wavelength (pm)

Fig. 2. a) Simulated absorption spectrum under a circularly polarized plane wave under
normal incidence. Thick lines represent total absorption and dotted lines stand for
absorption in the platinum structure only. b) Stokes vector characterization setup. The
device is positioned in the focal plane of a collection mirror to produce a collimated
beam entering the polarization state analyzer (PSA). The intensity is focused into the
input slit of a FTIR. The intensity is then collected by a MCT detector. The spectrum at
frequency wyy, is extracted with a lock-in amplifier. The operation is repeated for each
of the 5 polarization projection states of the PSA.

2.2. Operating the source

In order to heat the metallic wires, we apply a sinusoidal voltage on the device with an amplitude
of 13 V peak-to-peak and oscillating at frequency welec/(27). The temperature of the platinum
evolves in time as T(r,7) = Ty + Tpc(r) + Tac(r, wy) cos(wmt) with wig = 2welec.  Since
the electrical resistance of platinum varies linearly with temperature, measuring the current
passing through the metasurface yields its electrical resistance and hence the spatially averaged
temperature. We find Tpc =~ 180°C and Tac =~ 118°C when using wejec/(27) = 10kHz.
Assuming that emission essentially comes from the platinum metasurface at z = 0, the power
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emitted at frequency wy, in a solid angle dQ in the normal direction e, can be cast in the following
form [4]:

L2 91
Pe(d0n. ;) = dQ—* al;B

[4, To+Toc(z = 0)] [ATP (2, —e) + ARP (4, —e.) | Tac (@),

ey
where Igp is the blackbody radiance, A(©)(4, e.) is the absorptivity under normal incidence for
a circular polarization £ = (LCP,RCP) and L; is the size of the square platinum metasurface.
T ac (w) is the oscillation amplitude of the temperature increase at frequency wy, in the platinum,
averaged over the overall platinum volume. More details on the derivation of this equation can
be found in the supplemental document. The emitted light passes through a polarization state
analyzer (PSA) and is measured by the spectrometer in the step scan mode. The measured output
is thus proportional to R(1)P(1)dIgs /AT [, To + Tpc(20) 1T ac(wm) where R(A) is the spectral
response of the detector and # (1) encompasses information on the polarization state selected by
the PSA.

2.3. High frequency modulation of the incandescent source

In this section we show that the amplitude of the emitted power can be modulated beyond 10
MHz. To characterize the source dynamic response, we modulate its temperature by applying an
oscillating voltage on the electrically connected chiral platinum nanowires. The experimental
setup is similar to the one described in [4]. We use a lock-in amplifier to extract the amplitude of
the emitted intensity. Results are shown in Fig. 3. Two regimes can be observed as a function of
the modulation frequency. In the low-frequency regime (blue shade) below 10° Hz, the signal
amplitude is almost constant. In the high-frequency regime (pink shade), the signal decays as
1/+/wm. These two regimes are dictated by the temperature dynamics of the system as discussed
in [4,36]. The signal falloff above 10 MHz is due to the detector frequency cutoff.

1

Normalized modulated emitted signal
—
o

Regime 1 Regime 2

1 1 it 1
10 10° 10° 107
Modulation frequency (Hz)

Fig. 3. Measured frequency response of the source normalized to the modulated
intensity emitted at 2 kHz. The modulation frequency is fi, = 2feec. Errorbars
represent 1-o- errorbars. The black dotted line indicates a 1/ \/E behavior fitted on the
experimental data. The pink shaded area corresponds to this frequency regime whereas
the blue shaded area corresponds to a constant frequency regime.

2.4. Polarimetric characterization

The polarization state of partially polarized light is best described by its Stokes vector
S(A) = [So(4), S1(2), S2(2), S3(1)] whose components are defined as So = (|E,|> + |Ey|2),
S1 = (JEx* - |Ey|2), Sy = 2Re((ExEY)), S3 = —2Im((E,E7)) where the brackets denote
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statistical average. E. and E, denote the projection of the electric field along the x and y
axes represented in Fig. 1. The Stokes parameters contain information on the correlation
between orthogonal components of the electric field and can be measured by performing intensity
measurements. In particular, Sy is proportional to the time averaged z-component of the Poynting
vector lioy = €9cSo/2. S1 = Ic — I, and S = I450 — [_45- are the difference of intensities
corresponding to fields polarized along the x and y directions, along two axes rotated by 45° and
—45° with respect to the x axis respectively and S3 = Ircp — I cp is the difference of intensity
between the RCP and LCP components. These measurements are easily done for one wavelength
with a polarizer and a quarter-wave plate. In practice, the retarder behaves as a quarter waveplate
only for a given wavelength. When working at other wavelengths, the retardance differs and
analysis of circular polarization states is no longer straightforward. Still, the Stokes vector can
be retrieved provided that the Mueller matrix of the waveplate is fully characterized and for
wavelengths such that the waveplate does not behave as a nr retarder. The general procedure
developed to extract the Stokes vector from a set of 5 independent measurements is briefly
described in the supplemental document.

With this method, the Stokes vector can be recovered over a spectral range spanning from 3.5
pm to 8 um. Fig. 4 shows the measured Stokes vector of the emitted light normalized by the
total intensity as a function of wavelength. The corresponding DOP is plotted in Fig. 5.

a) b)

— S1/S0
0.6+
— 53/So
0.4+

Normalized Stokes components
Normalized Stokes components

-0.6

Wavelength (pm) Wavelength (um)

Fig. 4. Calculated (left) and experimentally measured (right) normalized Stokes
parameters of the metasurface emission. The S3 component is reversed in the simulation
to allow comparison with the experimental results. Discontinuity around 4.2 pm in the
experimental plot accounts for the CO, absorption line. Shaded areas represent 1-0
errorbars.

The experimental observations can be compared to simulations. Absorption of a plane wave
under normal incidence with linear and circular polarizations is computed to obtain So = Ax +A,,
S1=Ax— Ay, Sy = Ayse — A_450 and S3 = —(Agrcp — ALcp) Where A, is the absorption of a
v-polarized plane wave under normal incidence. Note the minus sign affecting the S3 component
due to the inversion of helicity of light which depends on the direction of propagation and is
therefore reversed between emission and absorption.

Experimental results are in fair agreement with the simulations. As seen in Fig. 4a, the
surface was designed to present a peak in Sz at 4.7 pm. We indeed observe a peak in S3
of -0.4 at 5 nm. From the knowledge of the Stokes vector, we can extract the degree of

polarization DOP = /S% + S% + S%/ So of the source as well as its degree of circular polarization

DOCP = |S3/S0], as shown in Fig. 5. We have therefore characterized the incandescent source
as emitting above 40% of polarized radiation with an elliptic polarization on a spectral range
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Fig. 5. a) Simulated and b) measured degree of polarization (DOP) and degree of
circular polarization (DOCP). Shaded areas represent one-sigma errorbars.

extending from 4.6 pm to 7.2 nm, with a maximum reaching 60%. Although the polarized part
of the emission is predicted to be close to purely circular at 4.7 jum, experimental characterization
shows an additional linear dichroism in the 4.5-5.5 pm range. All these results are analysed in
the next section.

3. Discussion
3.1.  Absorption mapping depending on polarization

To investigate the origin of the large degree of circular polarization around 5 pm, we start by
comparing the mapping of the local absorption in the platinum structure when it is illuminated
by a left or right circular polarization. Fig. 6a shows a map of the local absorption inside
the platinum for each polarization at 1o = 4.7 pm. Absorption is much larger for left circular
polarization and occurs mainly in the constrictions. From the local Kirchhoft’s law, it follows
that LCP radiation is emitted mostly by the constrictions confirming that the z-shaped structure
plays an important role.

3.2. Modal description

To have a better understanding of the origin of the absorption contrast depending on the
polarization of the incident plane wave, we investigate the modes of the chiral metasurface. An
appropriate theoretical tool for such open and lossy systems is the quasi-normal mode (QNM)
formalism. Most generally, the electromagnetic fields can be written as

Y (r,w) = ¥ 9 (r,0) + ¥ (r,w) )

where (£) stands for the polarization, ¥ = [E, H] is the total field, ¥, = [Ey, Hyp] is the
background field satisfying source-free Maxwell equations in the absence of the perturbation, i.e.
the permittivity at the location of the resonators is replaced by the permittivity in the medium
surrounding the perturbation &, (w). ¥y = [Es, Hg] is the field scattered by the perturbation that
has a permittivity Ae(w). The scattered electromagnetic fields can be expanded as [37]

M
¥ O (rw) = ) e (@)W (r) (3)
m=1

where ¥,,, = [E,,, H,,] is a normalized QNM corresponding to pole @, of the scattering matrix,
cy,(,f ) (w) is the polarized complex excitation coefficient weighting the contribution of the QNM
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Fig. 6. a) Local absorption rate 7/ Ag+/€y/ o Im [€(r, 19)] |E([) (r, /10)|2 of a LCP/RCP
plane wave under normal incidence at 1y = 4.7 pm. The colormap is identical for
both polarizations. b) Simulated absorption in platinum illuminated by an LCP/RCP
polarized plane wave as the field is truncated to 7 QNMs. c) Simulated absorption in
platinum illuminated by an LCP/RCP polarized plane wave as the field is truncated to
QNM1 only. Due to the truncation, i.e. the absence of interference between QNMs,
absorption may be larger than 1. d) Norm of the LCP/RCP excitation coefficients for
QNMI1.

labeled m and solely depends of the frequency and M is the minimum number of QNMs needed
to reach convergence.

To grasp the physics taking place around 5 pm leading to the circular dichroism, we look for
the dominant QNM in this spectral range and consider their weight in the scattered fields. The
excitation coefficient can be written as [38]:

a,(,f) (w) = # / Ae(r, w) ng) (r,w) - K, (r) dr 4
Wy —w Jy
where V is the geometric volume of the perturbation. Equation (4) is valid provided that the
so-called normalization condition is fulfilled. Normalization of the QNM is done here according
to the procedure proposed by [37]. Numerical simulations of our system were performed in
two main steps. First, the metasurface is reduced to a homogeneous platinum layer with same
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thickness of 25 nm, i.e. the unperturbed configuration is a simple Salisbury screen, and the
corresponding background field is computed. Then, the resonant structures are added as a
perturbation. In our case air holes drilled through the homogeneous platinum so as to recover the
metasurface in Fig. 1b). When excited by the background field, these perturbations give rise to a
scattered field ¥s. Volume V for the integration in Equation (4) is thus the volume of the air
holes in the metasurface. Further details on the normalization of the QNM and the derivation of
the excitation coeflicients can be found in the supplemental document.

A precise reconstruction of the absorption spectrum would require considering several QNMs
and static modes as well [39] to guarantee energy conservation. However, a good approximation
is obtained for 7 QNMs, as shown in Fig. 6b. Among the identified QNMs, the mode labelled
QNM1, (see Fig. S1 in the supplemental), is dominant and responsible for the CD around 4.7
pm. Fig. 6c represents the absorption spectrum in the metallic resonators when using this single
QNM. It is seen that the spectral dependence of the contribution of QNM1 accounts for most of
the circular polarization absorption. Hence, we attribute the generation of CD to the thermal
excitation of this particular QNM. In spite of absorption exceeding unity, it is informative to see
that this single QNM induces a large CD by itself. Fig. 6d shows the norm of the LCP and RCP
excitation coefficient of QNMI1. Around 4.7 pm, the RCP coupling amplitude is nearly 5 times
larger than the LCP coupling , which is at the origin of the CD. QNM 1 is therefore better coupled
to one circular polarization in the normal direction compared to the cross polarization.

A second QNM, labelled QNM2, has been identified. The corresponding pole lies close to
QNMI. In contrast with QNM1, QNM?2 shows a strong linear dichroism (see Supplemental for
further discussion). Deviation to theory in the [4.5 - 5.5] pm range, as seen in Fig. 4, is attributed
to a spectral shift of the poles caused by fabrication defects of the platinum structure.

4. Conclusion

In summary, we have built a submicrometer thick source based on a chiral metasurface. Upon
heating, it emits elliptically polarized light over a broad spectral range. The emission has a
high DOP reaching up to 0.54 at 5 pm, with a degree of circular polarization as high as 0.38.
The design of the source relies on chiral sub-units that have modes coupling efficiently to one
circular polarization and poorly to the other. Optimization of the source requires a control over
its polarized emissivity as well as over the distribution of temperature elevation throughout the
structure. Thanks to the source architecture, modulation up to 10 MHz of the emission can be
achieved through temperature modulation of the source, relying on heat conduction to a colder
underlying substrate. The device presented in this work enables to control the polarization and
spectrum of the emitted radiation indicating that incandescent metasurfaces offer a versatile
platform for MWIR emission.
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