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Effective cross sections of nano-objects are fundamental properties that determine their ability to interact

with light. However, measuring them for individual resonators directly and quantitatively remains

challenging, particularly because of the very low signals involved. Here, we experimentally measure

the thermal emission cross section of metal-insulator-metal nanoresonators using a stealthy hyperuniform

distribution based on a hierarchical Poisson-disk algorithm. In such distributions, there are no long-range

interactions between antennas, and we show that the light emitted by such metasurfaces behaves as the sum

of cross sections of independent nanoantennas, enabling direct retrieval of the single resonator contribution.

The emission cross section at resonance is found to be on the order of /15 /3, a value that is nearly 3 times

larger than the theoretical maximal absorption cross section of a single particle, but remains smaller than

the maximal extinction cross section. This measurement technique can be generalized to any single

resonator cross section, and we also apply it to a lossy dielectric layer.
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Optical nanoantennas, often inspired by radio frequency
designs of classical antennas [1], have been used to tame
electromagnetic wave properties at optical wavelengths far
below the diffraction limit [2-6]. The interactions of single
nanoantennas with light can be of great interest to a
multitude of light applications [7-14], but they can also
be used as building blocks (meta-atoms) for larger meta-
surfaces [15,16]. Among the fundamental properties of
single objects are their effective absorption and scattering
cross sections, the sum of which is the extinction cross
section [17,18]. These quantities describe the single
object’s ability to interact with light at a given frequency,
but are often complex to quantify experimentally [19,20].

In practice, the direct measurement of the absorption cross
section has so far remained rather elusive [21]. As aresult, the
absorption cross section is typically obtained by taking the
difference between the extinction and scattering cross
sections. The emission cross section can also be introduced
based on the local polarized emissivity density that is linked
to absorptivity by Kirchhoff’s law [22]. Direct measurements
of either infrared absorption or infrared thermal emission of
single objects has been previously demonstrated, but the
signal is very low, particularly in comparison with the
emitting background [12,23-26]. Determining absorption
and emission cross sections of single objects is of the utmost
importance for applications such as thermoplasmonics [27],
energy conversion, [28,29] and metaemitters with tailored
emission (polarization, spectral) [30-34].
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In this Letter, we measure, both directly and quantita-
tively, the thermal emission cross section of nanoresonators
arranged as a correlated disorder distribution. The metasur-
face is built following a hierarchical Poisson-disk algorithm
with various densities that gives a stealthy hyperuniform
distribution. For low densities, we show that the thermal
emission is linearly dependent on the density of nano-
antennas, thus behaving as an independent combination. In
that case, we measure the sum of the individual antennas’
thermal emission cross sections. These measurements are
shown to be in good agreement with electromagnetic
computations on a single nanoantenna. Finally, we dem-
onstrate that our experimental protocol can be applied to a
lossy insulating material and demonstrate its robustness at
lower temperature.

The various electromagnetic cross sections of a single
nano-object on an opaque substrate are illustrated in
Figs. 1(a)-1(c). The scattering cross section o, and the
absorption cross section o, are shown for the case of a nor-
mally incident monochromatic plane wave. Their sum gives
the well-known extinction Cross Section 6., = O + Ogear- At
a temperature 7', the nano-object emits light due to thermal
fluctuations according to Planck’s law. Thus, we introduce
the emission cross section o, that describes its ability to emit
light for a given wavelength A, direction of emission i, and
polarization. The local form of Kirchhoff’s law equates the
absorption cross section to the emission cross section for
similar conditions, i.e., 6o (i, ) = ou(#, 4) [22].
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FIG. 1. [Illustration of the (a) scattering, (b) absorption, and
(c) emission cross sections for a nano-object. (d) Nonoverlapping
cross sections. (e) Overlapping cross sections.

An object’s emission cross section in a given direction i
at a wavelength A is defined by

Gun(iis 1) = / n(ii, 7, 1) d°F, (1)
1%

where 5(ii, 7, A) is the local spectral directional emissivity at
position 7 in the object. This is equal to the absorptivity of
the object and can be computed using the object’s local
permittivity [22].

Figures 1(d) and 1(e) extend this illustration to assem-
blies of nano-objects emitting light. In the first case, the

nano-objects are sufficiently far apart so that no interactions

. .. . tot) .
may arise. The total emission cross section ag,g) is then

given by the sum of the individual emission cross sections

> a(reg) In the second case [Fig. 1(e)], the resonators are
much closer to one another and can no longer be considered
independent. Therefore, the individual cross sections
become spatially overlapping, giving rise to near-field

interactions so that aeﬁt #Y 0e reg . In most situations,
the overlap of cross sections leads to a loss of efficiency,

. tt . g
1.€., o'er(r)1 < Zo- res) However, hybridized modes may
appear and generate constructive interferences, leading to

aé‘;;‘) > Zogﬁs). In any case, the total far-field emission
obviously remains below the fundamental limit set by the
fact that the emissivity of any object cannot be larger
than 1.

Periodic arrays of nanoresonators are commonly
employed to reach this theoretical limit, in which complete
absorption of incoming light is readily achieved by reach-
ing a critical coupling condition [35]. However, the array
period, along with diffraction effects, plays a major role in
the overall behavior of the sample, concealing the con-
tribution of the individual resonators [36]. The emission

cross section of a nanoantenna in an array of period d at

tot)
critical coupling can be written as of(:m = d” at resonance.

Consequently, the measurement of electromagnetic cross
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FIG. 2. (a) Scheme of the sample, with the overall distribution.
(b) Scheme of the single resonator geometry. (c) Scanning
electron microscope top view image of a single resonator
(w=1.6 pm). (d) Structure factor of a distribution where
N =40000 and L = 1 mm. (e) Examples of three consecutive
states of the resonator distribution, after N steps. The dashed
circles are exclusion zones where no additional antennas can
be placed.

sections can only be effected in the case of a single
resonator or an aperiodic resonator distribution.

In what follows, the emission response of hyperuniform
disordered metasurfaces using metal-insulator-metal (MIM)
resonators as building blocks is investigated, as depicted in
Fig. 2. This type of antenna, commonly used in metasurface
design, acts as a Fabry-Perot nanocavity [35,37]. Here, the
MIM resonators consist of square gold antennas placed on
top of a zinc sulfide (ZnS) layer with a metallic backplate.
The thickness of the dielectric layer is 280 nm, and the
antenna width w is chosen so that the resonance wavelength
is in the long-wave infrared spectral range (8—12 pm). The
metallic layer thickness is chosen to be significantly larger
than the skin depth of the metal. A scheme of this resonator
structure is shown in Figs. 2(a)-2(c), together with an SEM
image of a single resonator.

The stealthy hyperuniform disordered distribution is
obtained following a hierarchical Poisson-disk algo-
rithm [38]. This algorithm resembles random sequential
adsorption [39], in that it builds the distribution gradually
by randomly picking new positions one by one, only
adding a new position to the distribution if it satisfies a
predefined separation distance with respect to all previously
chosen positions. The hierarchical Poisson-disk algorithm
introduces a large exclusion distance between new posi-
tions that is gradually decreased as the distribution density
D increases.
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This ensures that the algorithm can place a precisely
chosen number of resonators N, rather than stopping
when the exclusion zones overlap, and that the first n
chosen positions are also hyperuniform, for any n < N.
Thus, once a design of given density D is created, designs
of any density lower than D can be retrieved by simply
taking a subset of the densest distribution. This guaran-
tees that the density variations between samples are
only caused by adding or removing resonators from an
existing distribution, without changing the positions of
other resonators in the process. This type of distribution
minimizes the long-range correlations between resona-
tors, thereby precluding the contribution of structural
effects of the distribution on the signal [40,41]. A way
to characterize hyperuniformity is through the structure
factor of the resonator distribution that can be computed
for any distribution {R}; of N points as [41]

S(k) = %Z Z exp"'lz(ﬁh Ry,

v

The structure factor for a hierarchical Poisson-disk dis-
tribution with N = 40000 is plotted in Fig. 2(d). The dark
central area in this structure factor is a typical character-
istic of a stealthy hyperuniform distribution [42]. The
absence of high intensity peaks outside of the dark
area indicates that there are no long-range correlations
between positions. The degree of stealthiness y is a
parameter that is commonly used to characterize hyper-
uniform distributions [43], as it depends on the size of the
low S area visible in Fig. 2(d). The distributions used in
this Letter typically have y ~0.3 (see Supplemental
Material [44]).

An example of the state of the distribution given by the
hierarchical Poisson-disk algorithm at different steps is
shown in Fig. 2(e). The overall resonator density D of each
sample is given by the number of resonators per sample
area: D = N/L?. We can identify samples by their reso-
nator density D, or by the period Lo =1/ VD of its
equivalent periodic array of the same density.

The infrared thermal emission of disordered MIM
metasurfaces with various densities, heated to 7 =523 K
with a Linkam THMS600 heating stage, is collected around
normal incidence by a parabolic mirror. The heated
metasurface acts as an external source for a Fourier-
transform infrared spectrometer that measures its emission
spectrum (see Supplemental Material [44]).

The studied metasurfaces consist of square-patch MIM
antennas of width w = 1.6 pm distributed according to the
hierarchical Poisson-disk distribution at various densities.
The emissivity spectra of metasurfaces with resonator
density D = 1/64 and D = 1/256 pm~2 are shown in
Fig. 3(a), with scanning electron microscope (SEM) images
illustrating the distribution. Both metasurfaces exhibit a
resonance at the same wavelength A, = 8.7 pm, and as
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FIG. 3. (a) Measured emissivity € spectra of the hyperuniform
disordered metasurface with resonator density D = 1/64 pm=2, or
equivalent period L., =8 pm (blue curve) and D = 1/256 pm=2,
or Leg =16 pm (red curve). The spectra were measured at
T = 523 K. The SEM images of the two metasurfaces are shown
above at the same magnification. (b) Emissivity as a function of the
density of the metasurface at resonance wavelength 4, = 8.7 um
for several measurements (blue dots). The linear regression slope
(orange line) gives the emission cross section o, at A, = 8.7 pm.

expected, the measured emissivity for the denser metasur-
face is higher.

At each wavelength 4, the emission cross section 6., (4)
can be extracted from the slope of the linear regression
of the emissivity as a function of density. Indeed, as
illustrated in Fig. 1(d), for independent nanoemitters, the
emissivity is given by €(4) = YN, oen(1)/L* =
6em(4)D. This behavior is illustrated at the resonance
wavelength in Fig. 3(b). The measured value gives
Cem(4,) =24 pm?> for the resonant wavelength of
8.7 um. This means that oy (4,) ~ (42/3). This order of
magnitude is to be expected for a nanoresonator on a
reflective backplate [19,51], but this value is higher than
the maximum theoretical value for a single resonant

dipolar particle, ie., 69" = (322/8z) [52,53] (see
Supplemental Material [44] for the derivation).
Following the same process at each wavelength, we

obtain the emission cross section spectra, which are shown
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FIG. 4. Comparison of measured and simulated emission cross
section spectra. The measurements correspond to a resonator
distribution of density L., = 16 pm, while the electromagnetic
simulations are for single resonators using perfectly matched
layers.

in Fig. 4 for various resonator geometries. This shows that
both the resonance wavelength and the maximum cross
section increase with increasing resonator width w, as
expected [24].

To further validate these experimental measurements, we
performed finite-element method (FEM) electromagnetic
simulations (COMSOL Multiphysics [54]) of single reso-
nators using perfectly matched layers. The emission cross
section of an individual square MIM resonator was
retrieved and compared to the experimental measurements
in Fig. 4. The FEM simulations are found to be in very good
agreement with the experimental measurements, both in
resonance wavelength and magnitude.

The methodology presented thus far can be extended to
other systems, particularly to samples in which material
absorption is present in dielectric layers, which we illustrate
in what follows. To this end, the zinc sulfide layer is
replaced by a silicon oxide (SiO,) layer of thickness
hsio, = 180 nm that exhibits a large absorption above
8 pm. The distribution and MIM antenna geometry are
rigorously identical to that of Fig. 3. First, we show in
Fig. 5(a) that the distribution’s emissivity can be robustly
measured at lower temperatures (down to 348 K), despite
the fact that the signal-to-noise ratio decreases with
decreasing temperature. The shown emissivity spectra were
obtained on the densest distribution with an equivalent
period Leq = 5.3 pm. In this case, two emission peaks are
observed at A, = 5.6 and 4., = 10.2 pm, both of which
correspond to the fundamental Fabry-Perot resonance of
the MIM cavity, as the result of strong variations in SiO,’s
permittivity in the 8—12 pm spectral range [55]. In par-
ticular, the broad asymmetric shape of the second peak at
10.2 pm is directly linked to these variations. The first
resonance is expectedly at a lower wavelength than that of
the ZnS MIM cavity due to the lower real part of the
dielectric function of SiO,.

The behavior of the emissivity at various resonator
densities and at zero density (i.e., the bare SiO, layer) is

(a)
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FIG. 5. SiO, hyperuniform metasurface: (a) Measured emis-

sivity spectra of the hyperuniform disordered metasurface
with resonator equivalent period L. = 5.3 pm for various
temperatures. (b) Measured emissivity spectra for various
density D at T = 175°C. (c) Emissivity as a function of the
density of the metasurface at 1; = 5.6 pm (blue dots) and
4> = 9.5 pm (orange dots). The continuous lines show the linear
regression € = G, D + €0, -

illustrated in Fig. 5(b), revealing the same trend observed
with the ZnS samples. We extract the emission cross section
at Ao, = 5.6 pm from the slope of the linear regression of
emissivity as a function of density [Fig. 5(c)], which gives
Cem = 14.3 pm” ~0.4612. Taken relative to the wave-
length, this value is larger than that obtained for the ZnS
MIM cavity.

As soon as the SiO, is absorbing, the linear regression
has to account for the residual emissivity of the dielectric
layer as follows:

€(4) = em(4)D + €si0,(4)-

The y intercept of the linear regression in this case gives the
residual emissivity egjo, due to the absorbing SiO, layer.
Performing the linear regression at A = 9.5 pm, which is
close to the absorption resonance of SiO,, we find o, =
2.2 pm? ~ (2%/40) and €g;0, = 0.03.
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In summary, we have presented a protocol based on
hyperuniform distributions to quantitatively measure single
resonator cross sections using large distribution far-field
measurements. We applied this protocol to emission cross
sections of MIM resonator distributions, for which we
obtained 6., = 24 um’ for a MIM cavity with a ZnS
insulating layer. These results were found to be in fair
agreement with FEM simulations of single resonators,
confirming that our measurement protocol gives direct
access to the single resonator emission cross section.
Finally, we extended our measurement protocol to the case
of an absorbing insulating layer, in which the robustness of
the technique was also validated by variable temperature
measurements carried out at sample temperatures as low as
75°C. In this case, the utilized linear regression also
accounts for the residual material absorption of the sample
without any patterning. The intimate knowledge of the
emission cross section is a first step to predict the infrared
appearance of metasurfaces as seen by infrared detection
systems [56].

This work was done within the C2N micronanotechnol-
ogies platforms and partly supported by the RENATECH
Network and the General Council of Essonne. D. L. was
also supported by a DGA-AID scholarship.
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