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Abstract: We introduce thermal metallo-dielectric metasurfaces as mid IR sources. The emitter
is a lossy metal. The spectral and angular emission is controlled using a periodic array of high
refractive dielectric resonators. We introduce a design that allows to control independently the
emission bandwidth and the angular aperture while ensuring a large emissivity. To validate the
concept, we fabricated and characterized a metasurface, showing a good agreement with the
theory.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

One of the simplest ways to produce light is to heat an absorbing material and use its incandescence.
An important drawback of incandescence as a source of visible light is the relatively low wall-plug
efficiency as most of the heating energy is lost as heat. While this is a major concern for
light bulbs, infrared sources can operate in vacuum at temperatures well below the sublimation
temperature so that emitters can operate in vacuum and convection losses can be suppressed. As
a result, the efficiency can be dominated by radiation losses [1]. The thermal emission produced
by homogeneous materials is usually poorly directive and spectrally broad. If a narrow beam and
a narrow spectral bandwidth are needed, it is possible to filter spectrally and spatially the emitted
signal. This results in a low efficiency source. Tailoring thermal emission so that radiation is
emitted only for useful frequencies and directions may result in an efficiency increased by orders
of magnitude.

While it has been taken for granted for a long time that incandescent sources were deemed
to produce broadband light (temporally incoherent), and poorly directional light (spatially
incoherent), it is now understood that it is possible to engineer the spectral and directional
emissivity of a source. The purpose of this paper is to introduce a metallodielectric metasurface
that provides several degrees of freedom enabling to design a source emitting with emissivity
close to 1 at normal incidence with a controlled angular aperture, at a specified wavelength with
a controlled spectral bandwidth.
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The control of directivity of transmitted and reflected beams by metasurfaces consisting in an
array of resonant scatterers is based on interferences of the incident spatially coherent beam by
the scatterers. Using metasurfaces for thermal emission is very different as there is no incident
coherent beam. Instead, radiation is produced by thermally induced and spatially uncorrelated
random currents in the material. However, spatial coherence may emerge from the excitation by
the thermal currents of spatially extended modes propagating along the interface. The induced
currents associated with these extended modes are then able to produce directional emission
patterns. This has been demonstrated using surface phonon polaritons propagating along a SiC
surface [2]. Other modes can be used to control directivity such as surface plasmons [3,4]. It
has been proposed recently to use delocalized modes in an array of high index resonators [5].
An alternative approach explored theoretically [6] and experimentally [7] is to deposit angle
selective multilayers on the emitter to tailor the transmission factor as a function of the emission
angle. Beaming has been reported using bull’s eyes [8] and two-dimensional scatterers arrays
with aperture angles as small as 1° [9] or as large as 30° [10]. More recently, focused emission
has been reported [11–13].

The control of the emission spectrum can be achieved using surface waves and operating at
the frequency where the dispersion relation has a flat asymptote [14] or using Tamm Plasmon
modes [15]. Other possibilities rely in taking advantage of the absorption spectrum of a specific
material embedded in a transparent material [16–19]. A more flexible approach is to use an array
of resonators controlling the absorption in a lossy material. Many demonstrations were reported
using metal-insulator-metal (MIM) resonators [20–23] or resonant cavities [24]. The emission
spectrum can also be controlled using dielectric coatings [25,26] or photonic crystals [27–31].

Reviews of early work can be found in [32,33]. Recent reviews [34] also cover important
recent topics which are beyond the scope of this paper such as the design of emitters for
thermo-photovoltaics applications [18], the design of sources emitting circular polarization or
light with orbital angular momentum, and the development of non-reciprocal emitters.

In order to design a thermal emitter with controlled emission spectrum and angular pattern,
we need a model of the emission by a structure. According to Kirchhoff’s law, engineering the
emissivity amounts to engineer the absorptivity. While the original derivation of Kirchhoff used
ray optics and was based on the hypothesis that energy reflection factors obey reciprocity, it has
been proven in the frame work of wave fields that this assumption is valid for any reciprocal
medium [35–37]. We can thus use the tools of coherent nanophotonics to optimize the absorption
of an absorbing structure.

In this paper we introduce a method to design a thermal metasurface with an emissivity on the
order of one in the normal direction and at a given frequency in the mid infrared. Importantly,
we aim at controlling the angular aperture and the spectral bandwidth while using materials that
can sustain high temperatures over long periods. We consider a metallo-dielectric system. It will
be shown that this strategy allows for the control of the spectral (section 2) and spatial (section 3)
coherence of the source independently. An experimental implementation will be presented in
section 4.

2. Versatile spectrally selective/coherent thermal emitters

2.1. Metallo-dielectric metasurface

The thermal metasurface consists in a metallic plate made of platinum and a high index dielectric
metasurface located in the near-field of the substrate (see Fig. 1).

To optimize the emissivity ε of the source in a given direction (θ0) and at a given wavelength
(λ0), we couple a resonant structure to a lossy metallic plate with low emissivity. The absorptivity
is mostly due to losses in the metal which can be adjusted by tuning the thickness HSiO2. The
emissivity of the device at (λ0, q0) will be maximum (ε=1) if the lifetime of photons into the
resonator is equally determined by the absorption of the metal (associated with a lifetime τabs)
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Fig. 1. 3D and top view of the metasurface, defining its geometrical parameters as well as
the incident (θ) and azimuthal (ϕ) angles.

and by the scattering of photons in the direction θ0 (lifetime τopt). This is the so-called critical
coupling condition: τabs= τopt. In that situation, an incident plane wave at wavelength λ0,
impinging on the device in the direction θ0, is fully absorbed. According to Kirchhoff’law, the
emissivity is equal to one. Generally speaking, the resonance bandwidth, inversely proportional
to the photon lifetime, is given by:

∆λ =
λ0

2

2πc
(1/τabs + 1/τopt)

This expression can be written in terms of quality factors:

Qtotal
−1 =

∆λ

λ0
= Qabs

−1 + Qopt
−1 (1)

Using the coupled modes theory, the emissivity can also be cast in the form [5]:

ε =
4QabsQopt

(Qabs + Qopt)
2 (2)

which is indeed equal to one if Qabs = Qopt. In summary, satisfying the critical coupling condition
ensures a maximum emissivity.

2.2. Spectral control

In this work the resonance is provided by the periodic metasurface which is a 2D Photonic Crystal
membrane (2D PCM). The device consists in a square lattice of high index dielectric (silicon)
micro-pillars deposited onto a metallic plate, separated by a low index spacer (silica). This
periodic structure supports guided mode resonances [38] whose optical properties are governed
by its geometrical parameters. The losses take place in the metal so that they depend on the
permittivity of the metal. More importantly, the absorption depends on the thickness separating
the metal from the resonant dielectric structures so that the structure provides a design parameter
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to control Qabs. In order to satisfy the critical coupling condition, we need a parameter to control
the radiative losses Qopt. As shown on Fig. 1, the elementary cell of the 2D PCM is composed
of pillars with two different radii. If R1=R2, the period is Λ/2 and is chosen smaller than half the
wavelength so that the electromagnetic field of the Bloch mode contains only evanescent waves.
In other words, the mode lies below the light line and cannot interact with free space modes so
that τopt =∞. If however, we introduce a difference between the radii, the period becomesΛ. This
leads to a folding in Brillouin zone of this mode above the light line (e.g. at Γ point), allowing
the off-plane emission [39]. This periodic modulation of the radii can be seen as a perturbative
grating which couples the Bloch mode with free space. This way of controlling the interaction
between the resonant and propagating modes is based on breaking a translational invariance. It is
very similar to the use of Quasi Bound states In the Continuum (QBIC) introduced in [5].

As a first illustration, a PCM is designed in order to produce thermal emission in the vertical
direction at a wavelength around 4.35µm. To get the spectral emissivity, the absorption is
calculated using RCWA (Rigorous Coupling Wave Analysis) simulations [41], for a plane wave
at normal incidence. The refractive index of silicon (3.45) and silica (1.4) can be assumed
constant in this wavelength range, the optical properties of Platinum are given by Palik’s data.
To exemplified the concept of critical coupling, the simulated optical properties of the structure
(for Λ=4.4µm, HSi=0.5µm, HSiO2=0.2µm) are presented on Fig. 2 for different values of the
radii R1 and R2. Two geometrical parameters can be defined which are particularly relevant for
controlling the emission properties:

- The global silicon filling factor:

FF =
2π
Λ2 (R1

2 + R2
2)

- The silicon filling factor deviation which is used to control τopt :

δFF =
2π
Λ2 (R2

2 − R1
2)

The spectral emissivity has been calculated for increasing values of δFF. As shown on Fig. 2(a),
keeping Λ, FF, HSi and HSiO2 constant produces a resonant wavelength close to 4.35µm. When
δFF=0 (R2=R1), the actual period of the structure is Λ/2 and the resonant mode lies below the
light line (at the first edge of the Brillouin zone), resulting in the absence of out coupling of the
resonant mode. From this point, increasing δFF leads to a larger coupling and the absorption
peak is broader and broader (see Fig. 2(a)). A nearly full absorption is observed (Fig. 2(b)) when
R1=0.6 µm and R2=0.7 µm (δFF∼ 0.042), indicating that the structure is close to the critical
coupling condition. On Fig. 2(c), the total quality factor is obtained through the width of the
peaks at half maximum when Qabs and Qopt are calculated using Eqs. (1) and (2). It can be
pointed out that, when the critical coupling occurs (ε=1), Qtotal is approximately half the one for
R2=R1, which confirms that, at this point, τabs= τopt. Moreover it can be observed that Qabs is
nearly constant with δFF. To summarize, with this first design, an efficient (ε=1) and partially
temporally coherent thermal emission could be obtained at 4.35µm with a bandwidth (at half
maximum) of 140nm.

At critical coupling, the bandwidth, which is only determined by the absorption rate (1/τabs),
will be strongly affected by the thickness (HSiO2) of the spacer which governs the interaction
between the PCM mode and the absorbing metallic plate. In Fig. 3, we show that a bandwidth
varying from 55 to 190nm is obtained when varying HSiO2 from 100 to 500nm. The other
parameters are slightly adjusted to maintain the critical coupling condition at the same λ (see
table 1).

We note that a related design was proposed in Ref. [5] assuming the metal to be a perfect
electric conducting ground plane and controlling the absorption by tuning the silicon doping.
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Fig. 2. effect of the filling factor deviation δFF on the spectral properties of the thermal
source (the filling factor FF=0.275 is kept constant).

Fig. 3. Effect of the spacer thickness on the spectral bandwidth of the source.

Table 1. geometrical parameters used in Fig. 3 (HSi is kept constant at 500nm)

HSiO2 (nm) Λ (µm) R1 (µm) R2 (µm) λ (µm) ∆λ (nm)

100 4.2 0.59 0.68 4.35 190

200 4.4 0.6 0.7 4.35 140

300 4.38 0.605 0.705 4.35 100

400 4.43 0.595 0.7 4.35 85

500 4.39 0.59 0.705 4.35 55
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Here, we account for the absorption of a real metal and use the resonator-metal distance as a
design parameter so that there is no need to control silicon doping.

We now show that it is possible to control the emission frequency by tuning the period of the
array. On Fig. 4, the absorption spectra for increasing period (Λ) are presented. For all curves,
the stack is identical (same HSi and HSiO2) and the radii R1 and R2 are adjusted to keep FF (∼
0.275) and δFF (∼ 0.04) constants. It is observed that the critical coupling condition is preserved
for a large range of wavelength peaks. This result gives a simple way to design, on the same stack,
a multispectral coherent thermal sources. As an example, the peak wavelength of the orange and
black curves on Fig. 4 correspond to the footprints of CO2 and NO2 at, respectively, 4.25 and
6.23µm, indicating that such a source can be used for gas detection of several gas in parallel.

Fig. 4. Effect of the period on the central wavelength of the source (HSi, HSiO2, FF and
δFF constant).

To conclude this section, the association of a metallic plate with a dielectric resonant
metasurface offers the possibility to achieve total absorption at normal incidence while controlling
independently not only the emission wavelength but also the bandwidth of the source. The ability
to control the bandwidth is an advantage as compared to MIM resonators where τabs depends
almost solely on the choice of the metal [20–23].

3. Controlling the spatial coherence to design directional emitters

In this section we address the issue of controlling the angular aperture of the emission around
the normal incidence. Since the emission is mediated by the modes of the system, the angular
aperture of the emission depends on the structure of the dispersion relation close to k=0. More
specifically, given a spectral width of the mode corresponding to its coherence time τ = λQtotal

2πc , the
corresponding width ∆k can be derived. This interval is inversely proportional to the coherence
length Lc. In other words Lc, is the in-plane propagation length of photons during their lifetime
in the resonant mode. By assuming a parabolic dispersion relation with curvature b, it was shown
[5,40] that the coherence length Lc is given by:

Lc ∼
√

bτ (3)

It should be noted that Eq. (3) was derived assuming that the lifetime τ does not depend on the
parallel wave vector (or associated incident angle) or, in other words, that all the modes along a
branch of the dispersion relation have the same decay rate. This is not generally the case so that
the simplified coupled mode theory has to be replaced by an exact numerical simulation.
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Let us focus on a nominal structure defined by the parameters indicated in red in table 1. On
Fig. 5, the calculated emissivity as a function of wavelength and incident angle is presented
for different polarization and azimuthal angle (see Fig. 1 for definitions). As reminded in the
previous section, a large emissivity requires a balance between absorption and radiative losses.
When increasing the incident angle, the coupling of the mode with free-space is modified and
the critical coupling condition is no longer fulfilled so that the emissivity drops. This provides
a means to control the angular aperture of the emitter. It turns out that the modification of the
coupling of the mode to free space can occur through two different mechanisms as explained in
the following:

- On Fig. 5(a) (p polarization, 0° azimuthal angle), a progressive decreasing of the peak
emissivity with the incident angle is observed. It is due to a decreasing coupling to free
space, 1

τopt
, as a function of the angle. It has to be noticed that this coupling occurs only

with the zero-order diffractive free-space mode.

- The situation is drastically different in Fig. 5(b) (s polarization, 45° azimuthal angle). Indeed,
for an incident angle of about 25°, the mode crosses the limit for first-order diffraction
(dashed black line). It means that, beyond this point, it can couple to an additional radiative
loss channel so that the critical coupling condition is no longer fulfilled. As a consequence,
there is an abrupt drop of the emissivity in the zero-order diffractive mode. The angle
where this modification occurs can be tuned by controlling the periodicity of the surface.
This behavior has been also used to tune the angular aperture of metasurfaces made with
metallic MIM resonators [10].

Fig. 5. emissivity maps a) for p polarization and 0° azimuthal angle and b) for s polarization
and 45° azimuthal angle. Below the dashed black line the first order diffraction order appears.

The total emissivity of the structure will be obtained by an averaging over all polarizations
and azimuthal angles. Therefore, both processes described above will participate to the angular
selectivity (or spatial coherence) of the thermal source.

4. Experimental demonstration

A dielectric metasurface has been fabricated (Fig. 6) which is composed of an array of silicon
pillars separated from a platinum plate by a silica layer. The metasurface was realized using UV
laser direct lithography, followed by a combined CHF3-based reactive ion etching (RIE) and
Cl2-based inductive coupled plasma (ICP) transfer. In order to obtain the material stack, 400 nm
of Pt were deposited by e-beam on a Si (001) undoped substrate. Then 240 nm of SiO2 spacer
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layer, 490 nm of amorphous silicon and 120 nm of Silica hard mask layer were successively
deposited by plasma enhanced chemical vapor deposition (PECVD) at 13,56 MHz. The UV
lithography process used a double period-based plots pattern arranged in 5× 5 cm2 total surface.

Fig. 6. SEM micrographs of the fabricated metasurface.

As can be seen on the SEM images shown in Fig. 6, the PCM structures obtained by direct laser
writing have well-defined features arranged in the desired double period with alternating radius.
The geometrical parameters have been measured using a Tescan FEG-SEM. The fabricated
pillar arrays show a good homogeneity with a variation of dimensions as low as 2% over their
5× 5 mm2 surface. The average parameters of the experimental PCM have been deduced from
statistical analysis of the SEM observations and are 625 nm, 770 nm and 2.30 µm for the two
radii and the half-period, respectively.

We measured the emissivity by heating the sample at 500°C (773K) on a holder which is fixed
on a motorized rotating goniometer. The emitted thermal radiation is collected with a mirror
system and sent into a Bruker FTIR spectrometer. We normalize the data by replacing the sample
by a calibrated blackbody (SR 200 ECI system) in order to get the emissivity. The setup provides
a direct measurement of the emissivity with an angular resolution of 0.5°. More information on
the experimental setup can be found in [42].

The measured emissivity is depicted on Fig. 7 as a function of angle and wavelength for both
polarizations (s and p) and for the 2 main azimuthal angles (0° and 45°). The resulting maps
(center column of Fig. 7) are compared with calculations (left column of Fig. 7). The agreement is
qualitatively good, showing maximum signal for wavelength around 4.5 µm and predominantly for
incident angles between 0 and 20°. The observed discrepancies can be attributed to uncertainties
about the refractive index of the materials. We have not characterized the refractive index in
situ but used values for crystalline silicon from Palik at ambiant temperature. On one hand, the
refractive index of deposited materials may depend on the deposition conditions. On the other
hand, it depends on the temperature, particularly for the losses of amorphous silicon. The a priori
knowledge of these parameters is therefore not within our reach. The optical parameters of the
silicon have then been adjusted to better reproduce the measurements (right column in Fig. 7).
The comparison is clearly better in terms of resonance wavelength and background absorption.
The resulting refractive index of silicon is:

n̂ = n0 + iκ = 3.53 + 0.03i

These values are consistent with the literature as (i) n0 = 3.53 is obtained using the temperature-
dependent model given in [43], and (ii) κ = 0.03 is of the same order of magnitude as those
reported in [44] where such a large absorption is attributed to vibrational modes in amorphous
silicon. It is interesting to note that the use of other materials and deposition processes (e.g.
crystalline silicon) could allow a strong reduction of this background absorption, which would be
necessary for the design of thermal sources with a narrower spectral bandwidth.
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Fig. 7. experimental (center) and simulated (left and right) emissivity maps for different
polarization and azimuthal angles (the dashed black line the first order diffraction limit).

The emissivity of the fabricated thermal emitter averaged over the 2 azimuthal angles (0° and
45°) and over the 2 polarizations (p and s) is plotted on Fig. 8. Additional simulations show
that this mapping is very close to that obtained by integrating over all azimuthal angles. The
following figures can then be calculated considering a useful signal in the 4.4-4.65 µm window
and for an angular aperture of 10°:

- The mean emissivity is 80%

- The useful emitted power is 18 times that of a simple platinum plate for the same temperature
(500°C).

To conclude this section, these experimental results confirm that a metallo-dielectric metasur-
face can be used to optimize the thermal emission in a controlled spectral bandwidth and angular
aperture around the normal.
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Fig. 8. Experimental averaged emissivity maps. The left map is a zoom on the useful
window.

5. Summary

In summary, we have introduced a metallo-dielectric metasurface for thermal emission at normal
incidence. The structure takes advantage of the physics of the modes of metasurfaces to provide
independent parameters to control the central emission frequency (the period of the metasurface),
the spectral bandwidth (the spacing between the metallic substrate and the dielectric resonators),
the emissivity (in order to fulfill the critical coupling condition, radiative losses are finely tuned
by breaking the translational invariance of the system) and the angular aperture (mainly the
period of the metasurface). The design reported in this article is simpler than previous theoretical
proposals [5]. It led to the fabrication of a robust sample made with silicon, silica and platinum
which can sustain high temperatures. The measurements demonstrate the possibility to control
the emissivity.

This method introduces a family of metasurfaces compatible with standard fabrication
techniques that can be used to design emitters in the mid IR and operate reliably at 800 K. As
compared with previous works where the emitting material (metal [10] or absorbing dielectric
[5]) is embedded in the metastructrure, the interaction between the absorbing metal and the
optical resonance (lying in the dielectric) can be finely adjusted. As a consequence, this family
of metallo-dielectric metasurfaces has the potential to design emitters with a full control of the
spectral lines (e.g. much narrower). This could be useful to increase the number of independent
emission lines for gas sensing. We note that the reduced signal associated with the smaller
linewidth can be compensated by increasing the emitting area size.
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