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?31 Nanoplatelets’ properties

= 1.1 Emission and Absorption spectra of the nanoplatelets

E; The absorption and emission spectra of the nanoplatelets (NPLs) (in solution in hexane) are given in
= Figure 1. The peak emission wavelength is 605 nm. The Stokes shift, evaluated between the absorption
15 peak (blue dotted line) and the emission peak (red dotted line) is 20 nm.
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Figure 1: Normalized emission and absorption spectra of the solution of NPLs in hexane in arbitrary units.



1.2 TEM images

The TEM (transmission electron microscopy) image of the NPLs is presented in Figure 2. For TEM
imaging, a drop of diluted NPLs solution in hexane is drop-casted on a copper grid covered with an
amorphous carbon Im. The grid is degassed overnight under secondary vacuum. A JEOL 2010F is used
at 200 kV for the picture acquisition.

Figure 2: TEM image of the NPLs.

1.3 Refractive index of the nanoplatelets

In order to measure the refractive index of the NPLs, we fabricated a sample consisting on NPLs deposited
by spin coating on top of a stack 50 nm thick layer of silver/ 1 nm thick layer of germanium/ SF10 glass
substrate. Silver and germanium were deposited using electron beam evaporation. To deposit the NPLs,
200 L of a NPLs solution was spin coated on the metallic substrate at 500 rpm during 30 seconds with
an acceleration ramp of 5 seconds. The ellipsometry measurements were performed in three steps.

1. First, the refractive index of a SF10 glass substrate was measured to serve as a reference.

2. The refractive index of silver (including 1 nm of germanium) was measured from a reference sample
which was fabricated under the same conditions as the sample covered with NPLs. It thus consists
in a 50 nm thick layer of silver on a 1 nm thick layer of germanium, on a SF10 glass substrate. The
experimental refractive index is similar to the silver index of reference [1], as it can be seen in Figure
3, so that the germanium layer has little impact on the refractive index. The thickness of the layer
was obtained by scratching it with a needle and measuring the depth of the slit by AFM. We obtained
50 3 nm, in agreement with the nominal value.

3. Knowing the refractive index models of glass and silver, the refractive index of the NPLs was extracted
from ellipsometry data and processed using a B-spline method (which is Kramers-Kronig consistent).
The refractive index is given in Figure 4. The total thickness of the sample was obtained by scratching
it with a needle and measuring the total depth of the slit by AFM. By substracting the experimental
thickness values of the silver and germanium layers obtained from the reference sample, we obtained
42 5 nm thick.



In order to perform the dispersion relation computed with a complex frequency presented in Figure 5 in
the main article [2], we tted the index of the NPLs as well as the index of silver by a polynomial of degree
2:2p()=p "+p2 "1+ +p, + prsr, With the Matlab® function "poly t". The tting coe cients
are given in Table 1. The comparisons between the ellipsometry measurements and the polynomial ts are
presented in Figure 3 for the silver and in Figure 4 for the NPLs. A higher degree of the polynomial ts
more accurately the experimental data, but the dispersion relation remains the same.

Nevertheless, the absorptivity computations presented in the main article [2] are done with an interpollation
of experimental index of the NPLs obtained by ellipsometry and the refractive index of silver of reference

[1].

NPLs Ag
p; | 0:5186 + 0:3912i 1:0159  3:7984i
p2 0:9402 0:7008i 1:2376 + 12:7632i
ps | 2:1514 + 0:3220i 0:5036  2:5394i

Table 1: Coe cients for the polynomial tp( )=p; "+p, " Y +::+p, +pn+1, of degree n = 2 of the refractive index
of the nanoplatelets (NPLs) of Figure 4 and the refractive index of silver (Ag) of Figure 3.
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Figure 3: Refractive index of silver, measured by ellipsometry from a sample composed of 50 nm of silver on top of a 1 nm of
Germanium on a SF10 glass substrate. The experimental values are compared with the refractive index of silver of reference
[1], named "Palik™ and the polynomial t whose coe cients are given in Table 1.
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Figure 4: Refractive index of the NPLs measured by ellipsometry and comparison with the polynomial t whose coe cients
are given in Table 1, from a sample composed of 42 5 nm thick layer of NPLs deposited by spin coating on top of a 50 nm
of silver on a 1 nm of Germanium, on a SF10 glass substrate. For the sake of clarity, the imaginary part of the refractive
index is multiplied by 5.

2 Spatial structure of the surface plasmon

This section shows the spatial structure of the mode which exists at the interface between a silver substrate
and a thin layer (2 nm) of NPLs at 607.4 nm, computed with the refractive index of the NPLs measured by
ellipsometry and the refractive index of silver of reference [1]. Figure 5 shows that the mode is evanescent
both in metal and in air. It corresponds to a surface plasmon polariton at the interface metal/NPLs/air.
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Figure 5: Spatial structure of the mode as a function of z at 607.4 nm (in arbitrary units), for a sample composed of 2 nm
thick layer of NPLs (in pink hue area) on silver. At this wavelength the refractive indexes are nyp s = 1:7844 + 0:0598i,
Nag = 0:1260 + 3:7852i and ne = 1:0419 + 0:0031,i.



3 Estimation of the beam e ciency

In this section, we present the computation of the beam e ciengy at the experimental peak emission
wavelength (at 607.4 nm), de ned as Piope=Pyot, Where Pigpe = Kioge dPe is the emitted power in the
emission peak represented in red in Figure 6, with Kigpe =2:40 m 9.

Since the signal is symmetrical in k4, we integrate over the positive axis only and multiply by two.

The total power Py has been determined in two di erent ways:

Experimentally, light is collected within a light cone limited by the numerical aperture of the objec-
tive (NA = 0.75), so that it is not possible to obtain the exact total power emitted between 0 and
90 . However, it is possible to estimate the beam e ciency with the total power collected, called
pmin = Okm"‘ dPe, represented with green dotted lines in Figure 6. We chose a value of Kni, = 7:36

m ! (corresponding to 45.3 at 607.4 nm), slightly lower than kya = koNA, before the signal de-
creases (see Fig. 6). This estimation gives an overestimation of the beam e ciency value. We obtain
a beam e ciency of 44.8 %.

It is also possible to give a boundary value of the total emitted power emitted between 0 and 90 ,
by extrapolatilg\;g the value of the emitted power at knj, for kK > kni,. The integrated power is
then P2 = Ok”‘ax dP. and is represented with blue dotted lines in Figure 6. Thus, we obtain an
underestimation of the beam e ciency value of 35 %.

We therefore estimate that the radiative e ciency lies in the range 35% and 44.8 %.
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Figure 6: Normalized experimental emitted power density as a function of ks at the peak emission wavelength, for the
2D silver metasurface covered with N%Ls. Three emitteﬂ power values, eaﬁh de ned by di erent wavevector integration
boundaries, can be computed: Pigpe = Ok"’be dPe, PIIN = Ok”““ dPe, P = Ok"‘“ dPe, with Kigpe = 2:40 pm 1, Kyin = 7:36
um ! and Kmax = 10:35 pm 1.



4 Emission and Absorption for TE and TM polarization states

We present in Figure 7 the comparisons between normalized experimental radiation patterns and the
normalized absorptivities, for Transverse Electric (TE), Transverse Magnetic (TM) polarization states,
and for the total emitted power, plotted at their experimental peak emission wavelengths. Only the last
case is presented in the article [2].
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Figure 7: Normalized experimental radiation patterns at their peak emission wavelengths (red curve) and normalized theoret-
ical absorption pattern calculated at the same peak emission wavelengths (blue dotted line), as a function of the polarization
state (a): Transverse Electric (TE) at 608.4 nm, (b): Transverse Magnetic (TM) at 605.8 nm, (c): Total emission at 607.4
nm, for hres = 100 Nm, les = 450 NM, pres = 600 NM, hygp npLs = 2 NM.

We also present in Figure 8 the comparison between the experimental radiation patterns and the nor-
malized absorptivities for hyp, nes = 0 nm, that is considering there was no over lling of the grating
grooves, and showing a less good agreement.
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Figure 8: Normalized experimental radiation patterns at their peak emission wavelengths (red curve) and normalized theoret-
ical absorption pattern calculated at the same peak emission wavelengths (blue dotted line), as a function of the polarization
state (a): Transverse Electric (TE) at 608.4 nm, (b): Transverse Magnetic (TM) at 605.8 nm, (c): Total emission at 607.4
nm, for hres = 100 NM, lies = 450 NM, pres = 600 NM, hygp npLs = 0 NM.
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Semiconductor colloidal nanocrystals are excellent light emitters in terms of e ciency and spectral control. Integrating them with a
- metasurface would pave the way to ultrathin photoluminescent devices with reduced amount of active material and performing complex
(/) functionalities such as beam shaping or polarization control. To design such a metasurface, a quantitative model of the emitted power is
@ needed. Here, we report the design, fabrication and characterization of a 300 nm thick light-emitting device combining a plasmonic
E metasurface with an ensemble of nanoplatelets. The source has been designed with a new methodology based on a local form of
- Kirchho 's law. The source displays record high directionality and brightness.
-

hall

©
g 1  Introduction

'CCJ Light emitting diodes (LEDs) have revolutionized lighting and display thanks to their e ciency and com-
O pactness. However, controlling light properties such as directionality, spectrum or polarization requires
.© additional optical elements, such as collimators, lters or polarizers. These components reduce the op-
tical ux and increase the size of the system. Recent technological developments in nanophotonics have
demonstrated the suitability of metasurfaces as tools to control light properties using a single multifunc-
<t tional at device. Initially, metasurfaces have been designed to shape a spatially and spectrally coherent
I~ wavefront [1, 2, 3]. The building blocks of the metasurfaces behave as resonant antennas and the control
" on directionality is achieved via interferences of the scattered eld thanks to the dephasing induced by the
— independent antennas.

- However, this approach is unsuitable for the creation of light-emitting metasurfaces composed of many
o incoherent emitters integrated in the metasurface. Indeed, the emitters produce a eld spatially incoherent
o) which cannot be diracted in a well-de ned direction.

O\l It is possible to overcome this issue by generating spatial coherence. Directional emission based on
~ emitters deposited on a plasmonic or dielectric grating has been achieved with dye molecules [4, 5, 6, 7, 8],
'>2 uorescent glass [9], quantum wells [10, 11, 12], and more recently with semiconductor nanocrystals [13,
14, 15, 16, 17]. Restoration of a spatially coherent eld was done by coupling e ciently any emitter to a
delocalized mode such as a surface plasmon, a surface phonon polariton or a guided wave. A metasurface
consisting of resonators can also be used if they interact so that surface lattice resonance modes exist [14].
To emit light in a controlled way, periodic perturbations are introduced so that the surface modes are
converted into leaky modes.
This is the basic mechanism of directional sources of thermal radiation based on a grating ruled on a
material supporting surface phonon polaritons as reported in reference [18]. A review of the state of the
art of light-emitting metasurfaces can be found in the following references [19, 20].
The formalism routinely used to simulate and compute light emission by an ensemble of uorophores
embedded or in the vicinity of a metasurface consists in modelling them as point dipoles, and summing
incoherently the intensities emitted by each dipole separately [19]. This technique enables to account



for the emission and polarization pattern due to the surface. However, it does not account in a self-
consistent manner for the feedback of the presence of the layer of emitters on the metasurface resonances.
In addition, the technique does not enable to optimize the emitted power as the dipole amplitude is
unknown. In practice, the power emitted by the uorophores depends on the pumping intensity and also
on their temperature. Recently, it has been shown that the emitted power by a semiconductor can be
optimized by using a reciprocity argument [21, 12]. Two issues are still pending. There is no available
upper bound of the emitted power so that there is no gure of merit to characterize how far from optimum

is the design in terms of brightness. The second issue is that the available models do not capture the
dependence of light emission properties on temperature nor on the pumping process of the emitters.

In contrast with uorescent sources, thermal sources are designed using Kirchho 's law which enables
to optimize simultaneously not only directionality and polarization but also emitted power by designing
emissivities approaching 1 [22, 23, 24, 25, 26, 27, 28, 29, 30]. Recent works have shown that the local
Kircho 's law can be successfully used to analyze complex photoluminescent emission situations [31, 32,
33, 34]. In this article, we show that the local form of Kirchho 's law can be used to optimize the design of
a light-emitting metasurface [35]. We extend to photoluminescence what was rst achieved in the context
of thermal emission, with an innovative method of designing directional photoluminescent metasurface via
the local Kircho 's law. We then demonstrate a bright and directional photoluminescent source.

2 Experimental platform

A schematic diagram of the light-emitting metasurface is shown in Figure 1. We envision a metallic
metasurface enabling the existence of surface plasmon polaritons which induce spatial coherence in the
region of the interface [36]. The directionality can then be obtained by coupling the surface mode to
the far eld by means of a grating [18]. The whole surface is covered with emitters lling the grooves
of the grating. Silver is used both as the substrate and grating material, because of its low losses in the
visible spectrum. We use nanoplatelets (NPLs), because they are known to be bright emitters. NPLs are
chemically synthesized core/shell semiconductor colloidal quantum wells. They consist of a 4 monolayers
thick CdSe core (a monolayer is a stack of a cationic plane and an anionic plane [37]) and a 4 monolayers
thick ZnS shell, with oleic acid ligands attached to the surface. This leads to a thickness of approximatively
4 nm and an average lateral extension of 13 n@ 25 nm for each NPL. Their quantum yield has been
measured and is equal to 50-55 %. In the literature, a quantum yield close to unity has been obtained with
core/shell CdSe/CdZnS NPLs using hot injection procedure [38, 39]. NPLs have two bene ts: they display
a reduced inhomogeneous broadening and they are robust to photobleaching and blinking compared to dye
molecules [37]. All these properties, coupled to their low production cost, make it an interesting choice of
emitter for bright light emitting devices [40]. The NPLs peak emission lies at 605 nm. Their absorption
and emission spectra are given in the Supplementary Material [41].

3 Numerical design of directional photoluminescent metasurfaces with the
local Kirchho 's law

In order to optimize the design a metasurface emitting light within a narrow solid angle around the
direction normal to its surface, a model of its emission is needed. Here, we use the local Kirchho 's law
[35, 42, 43]. It is based on uctuational electrodynamics and it has been shown that it enables to model
electroluminescence as well as photoluminescence [44, 31, 33] by arbitrary resonant structures containing
active regions. The pumping intensity of the active regions is characterized by a photon chemical potential

. In the speci c case of electroluminescence, is given by the di erence of the quasi-Fermi levels in the
conduction and valence bands equal teV, with e the electron charge andv the voltage bias, connected
to the electrical intensity through the device by the characteristid (V) curve.

The local Kirchho 's law [35] states that the power dP. emitted by a layer of thermalized emitters at

a wavelength in the direction u and for a given polarizationl can be cast in the form:
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Figure 1: Schematic view of the 2D photoluminescent metasurface composed of nanoplatelets (NPLs) on top of a 2D silver
grating, with hres = 100 nm, les = 450 Nnm, pres = 600 NM, hypy npLs = 2 NM. The geometric parameters are chosen in
order to have a directional absorptivity (therefore reciprocally directional emissivity). The vectors uty and utg are unitary
vectors for the Tranverse Magnetic (TM) and Transverse Electric (TE) directions.

Z
d’PM(u; ; )= dd d®r® OC u;rd . he’ - !
\ > exp( Kk .:T kB_T) 1
where O( u;r® )" i,.d®rCis the absorption in a volume element & ° of the active material illuminated
by an incident plane wave in the u direction with a given polarization| and a power ux per unit area
"inc. T Is the temperature and is the photon chemical potential. Note that Equation (1) displays ex-
plicitly a temperature dependence, as well as a pumping intensity dependence via the chemical potential

; 1)

For a at source with area S, the emitted power can be expressed using the radiancéu; ):

d?P{"(u; Y= dd Scos L(u; ): (2)

Assuming homogeneous temperature and chemical potential in the medium, these two equations lead
to
LO@; T )= AOC u; s Iles(55T ) (3)
whereA()( u; ; )isthe absorptivity (which has an upper bound of 1), and.gs (; ;T )= @exp( —t —
kgT kg T
is the generalized Planck's law. In an aside, we would like to point out the fact thdtgg( ; :BO;TB)
corresponds to Planck's law i.e. the blackbody radiance. Moreover, we emphasize that the absorptivity
A( u;; ) must not be computed in the entire structure but only in the active region. Thus, it cannot
be retrieved from the re ection and transmission factors.
Since the light directionality is given by the angular dependence of the radianeg” (u; ; ;T ), Equation
(3) explicitly shows that it matches the angular width of the absorptivity function AW ( u; ; ;T ), show-
ing that the absorptivity is the right gure of merit for light emission properties.
We now highlight the main bene ts of this design methodology. The optimization of the emitted power
amounts to optimize the absorptivity by the active medium. In practice, the design of a metasurface only
requires a set of calculations of the absorbed power over the entire active region for a few angles and two
polarization states. The technique thus requires less computation time than repeating the emission calcu-
lation by dipolar emitters averaging over all positions in a metasurface cell and over the three polarization
states [19]. Furthermore, it is important to stress that Equation (1) gives an absolute expression of the
emitted power. Hence, for a given chemical potential, it is seen that the emitted power has an upper bound




corresponding to an absorptivity equal to 1. Kirchho 's law thus enables to design a metasurface which
approaches a maximum absorptivity. Previous design strategies aimed at optimizing the incident eld in
the active region owing to reciprocity but could not quantify if the design was close from the upper bound
[19, 21, 12]. In summary, Kirchho 's law enables to design a directional source with maximum brightness.

We now turn to the implementation of this design methodolodgy. In order to perform absorption
calculations by the active region, we model the layer of NPLs by an e ective homogeneous medium with
a complex refractive index. This approach is known to reproduce the re ectivity of a layer of NPLs on a
metal surface. It also enables to capture the strong coupling between NPLs and plasmons [45]. To do so, we
do ellipsometry measurements to obtain the e ective refractive index of the NPLs. The experimental data
are given in the supplementary materials [41]. An accurate refractive index model for the nanoplatelets
in needed in order to model the photoluminescent emitted power with Kirchho 's law, in particular at
wavelengths far from the resonance [32]. Ellipsometry data have the advantage of keeping things simple
and it describes accurately the re ectivity measurements. It is thus a satisfactory model for the design of
absorptivity. We also use an interpolation of the refractive index of silver of reference [46], in agreement
with the ellipsometry measurements (see [41]).

To proceed, the absorptivity is computed with Rigorous Coupled-Wave Analysis (RCWA) [47, 48, 49] as

a function of the angle of incidence at the peak emission wavelength of the NPLs (at 605 nm). A scan
of the geometric parameters of the metasurface presented in Figure 1 is done until an absorptivity with a
maximum at =0 is obtained, with a full-width at half-maximum (FWHM) smaller than 30 .

We now provide a guideline to optimize the absorptivity in the NPLs in order to obtain the highest possible
brightness. The parameters of the metasurface have been designed so that its total absorptivity is maximal.
This can be achieved if the so-called critical coupling condition is satis ed [50, 51], namely, if the radiative
losses are equal to the ohmic losses in the materials. The losses of the materials are the sum of losses in
the NPLs and in the metal. To enhance the absorptivity in the NPLs, we aimed at reducing the losses in
the metal, and thus chose silver. As discussed in reference [52], the bare plasmonic grating must be in the
overcoupled regime (radiative losses are larger than material losses) in order to ensure that material losses
are equal to radiative losses when adding a layer of NPLs.

We plot the absorptivity at normal incidence in Figure 2 as a function of the wavelength (with and
without the NPLSs), in order to evidence the large absorptivity at critical coupling in the presence of NPLs.
The solid red line corresponds to the total absorptivity (in silver and NPLS) in presence of the NPLs. At
the peak emission wavelength of the NPLs, the absorptivity is close to 1. The value of absorptivity in the
NPLs layer reaches 0.6 at 605 nm at normal incidence (see Figure 2, blue dotted line). These results show
that the absorptivity in the NPLs, and thus the brightness, have been optimized and reaches its highest
possible value.

To show that the metasurface is in the overcoupled regime, we plot the absorptivity of the bare silver
grating in dark solid line with Aq = 8+ i the silver refractive index. This curve shows a broad plasmonic
resonance around 825 nm whose width is given by both radiative and non-radiative losses. To check that
radiative losses are dominant, we reduce the losses in the metal by imposiﬁ‘g = 9%2. The associated
absorptivity is plotted with the dark dotted line. The width of the resonance is barely modi ed, which
proves that the resonator is over-coupled i.e. that the radiative losses dominate the losses and thus the
resonance width.

Let us stress that the resonance of the metallic grating is much broader than the emitter spectral width.
Hence, the same grating can be used for emitters at di erent wavelengths within the plasmon resonance
width.

We have been able to obtain a bright and directional emission normal to the surface (see Equation
(3)). With this method, we obtain a trade-o between the highest possible value of absorptivity (i.e.
emissivity) at =0 and the directionality. For instance, increasing the thickness of the NPLs on top of
the grating may lead to a higher brightness but is detrimental to the directionality, a feature that could
not be identi ed when designing the metasurface using the average emission of dipoles. The parameters
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Figure 2: Absorptivity as a function of the losses in silver, for a silver grating with or without the NPLs, where the geometric
parameters of the grating are given in Figure 1, at normal incidence. The dark solid line corresponds to the absorptivity in
the bare silver grating, using the refractive index model of reference [46], i.e.ag = 2+ i 3° The dark dotted line corresponds
to the absorptivity for the bare silver grating, when the losses in silver have been divided by a factor 2 i.e.ﬁ% = 92, The
solid red line corresponds to the total absorptivity (in the silver and the NPLs) for the 2D grating with the NPLs. The blue
dotted line corresponds to the absorptivity only in the NPLs for the 2D grating with the NPLs.

obtained by this procedure are equal tdes = 100 nm, lies = 450 NM, pPres = 600 NM and hygp NpLs = 2

nm. Initially, we considered that the NPLs fully lled the grooves without over lling them, so that the
simulations were run withhy, nps = 0 Nm. However, due to the experimental spin coating deposition of
the nanoplatelets (see Methods), some nanoplatelets might have been left on top of the grating. We thus
adjusted the value ofhy,, npis @nd we obtained a better agreement with the experiment withy, npis = 2

nm, which corresponds to a partially lled monolayer. The numerical computations witt, nps = 0

nm are given in the supplementary.

This metasurface leads to a directional emission both in Transverse Electric (TE) and Transverse Mag-
netic (TM) polarizations and thus a directional total emission. Note that the design is performed using
the total emitted power, adding the TE and TM polarizations. We show both polarizations in the supple-
mentary [41].

4 Results

The sample was fabricated using electronic lithography on a silicon substrate and the layer of NPLs has
been deposited by spin coating, as detailed in the Methods section. A SEM image of the grating before
deposition of the nanoplatelets is presented in Figure 3. The width of the pillars has been evaluated
from the SEM images, and it varies from 480 nm in the bottom to 450 nm in the top. In the numerical
simulations we considered straight pillars with a uniform width of 450 nm.

The sample is pumped using the 436 nm line of a mercury vapor lamp. The light is focused on the
sample by an objective with a numerical aperture of 0.75, probing an area whose diameter is around 110
pum large. The photoluminescence is then collected through the same objective and the back focal plane
of the microscope objective is imaged onto the slit of a spectrometer. A Fourier plane image as well
as energy-momentum gures of photoluminescence from the optically pumped metasurfaces are shown
in Figure 4a,b. The emission is highly directional with a FWHM about 26:8 at the peak wavelength
(represented by the horizontal dotted line in Figure 4b).

An experimental comparison with a sample without the grating (that is with a at, uniform and ho-



Figure 3: Scanning electron microscopy (SEM) image of a 2D grating of silver, before nanoplatelets deposition.

(@) (b)
0.75 ——— S - —1 215 1
0.6+ N / 1 91
—~ 045} N // ] 0.8 : 08
E 03¢t \{1 J 2,05
2 0157 \\\\ ‘/\‘, //// \‘; 0.6 < 2 0.6
\C/ 0 i /::><:1];E§?:3:\\= S_", 1.95
‘» -0.15 /// \V/ Y /" 0.4 w 19 0.4
1 -0.3¢ L) y 1.85 ‘ ‘ ‘ ‘ ‘ ‘ '
:—?‘_0_45 r / \\\ 1 0.2 ' ' ' ' ' ' ' ‘ 0.2
06 — 1.8
075 A > Lo 1.75 .,
-0.750.6u —g.iin(() )C(())Sfa’( )0.6 0.75 0 1 2 3 4 15 6 7 8
X ke ( M)
(d)
2.15 i
2.1
0.8
0° 2.05 -
’A‘ 30° S 2 0.6
I 48.6° L 1.95
I\ : W 1 04
’I \‘ 60° ) :
~1 [ 1.85
.' ‘. 1.8 0.2
1.7
90° 5 ‘ ‘ —0
0O 1 2 3 4 5 6 7 8
ky ( m™)

Figure 4: Experimental radiation pattern. (a) Normalized Fourier image of the sample. The dotted lines corresponds to the
theoretical isofrequency projection on the ky;ky) plane of the dispersion relation of a surface plasmon polariton existing in
a 2 nm thick NPLs layer deposited on silver, after di raction by a grating of pes = 600 nm, at 607.4 nm (see Figure 5c).
The black rectangle corresponds to the slit position at the entrance of the spectrometer. (b) Photoluminescence intensity
of a sample consisting of NPLs on a 2D metasurface as a function of the energy and the in-plane wave veckgr for NPLs
on the 2D metasurface, (c) Normalized experimental radiation patterns for NPLs on the 2D metasurface (red curve) or on
smooth silver (black line) at their experimental peak wavelength (in dotted lines in Figure b,d) and normalized theoretical
absorption pattern (blue dotted line) calculated at the experimental peak emission wavelength (at 607.4 nm, black dotted
line in Figure b). The green lines correspond to the numerical aperture's limit (NA = 0.75). (d) Photoluminescence as a
function of the photon energy and the in-plane wave vectork, for NPLs on smooth silver.



mogeneous emitter layer with no structuration) is given in Figure 4c,d. In this latter case, the emission is
quasi isotropic, as expected for an ensemble of point-like emitters (black line in Figure 4c). The comparison
between the experimental radiation pattern (red line in Figure 4c) and the theoretical absorptivity pattern
(blue dotted line in Figure 4c) shows a good agreement between experiment and theory which validates
the method of design.

To interpret the far- eld emission of Figure 4a, we simply assume that the coupling is mediated by the
surface plasmon propagating at the interface silver/NPLs/air. Indeed, the size of the pillars is much larger
than the width of the thin grooves (Figure 3). Thus, the sample can be seen to rst approximation as
a translational invariant system, composed of NPLs on top of silver, which is perturbed by the presence
of the grooves. Therefore, we can plot the dispersion relation of the surface plasmons propagating at the
interface between a 2 nm thick layer of NPLs and a silver substrate, see Figure 5a. It has been obtained
by searching numerically the poles of the re ectivity of the system, with a complex frequency (or energy
E (eV)) and a real wavevectork, [53, 54]. To do so, we tted the refractive indexes of the NPLs and silver
by a polynome (see [41]). At the experimental peak emission wavelength (607.4 nm), the wavevector is
kP94 =10:78 pm 1. In the plane (k«;ky), the corresponding dispersion relation is a circle (Figure 5b).
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Figure 5: (a) Dispersion relation of a surface plasmon at the interface between a silver substrate and a 2 nm thick layer of
NPLs. (b) Schematic diagram of its isofrequency projection on the Ky; ky) plane, at = 607:4 nm. (c) Schematic diagram
of the isofrequency contour of the surface plasmon dispersion relation on the 2D metasurface with a periodiCifyes.
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We now take into account the two-dimensional periodicity of the metasurface, by periodizing the initial
dispersion relation in the momentum plane in bottk, and k, direction (see Figure 5c). If we superimpose
the circles of Figure 5c¢ on the Fourier image of Figure 4a (normalizing the radius and the circles' center's
positions by kg = 2 = , with = 607:4 nm) we show that we can reproduce accurately the observed
emission pattern along the arcs of circles. In summary, the emission is enhanced by coupling to leaky
surface plasmons. The choice of the periodicity is critical to ensure a peak at normal incidence.

To characterize the directionality of the source, we use a gure of merit called "beam e ciency", de ned
in reference [11] as the fraction of total light intensity collected within one FWMH along th&, axis at the
peak emission frequency. Since the collected light is limited by the numerical aperture, we cannot measure
the total emitted intensity. We derive an upper bound and a lower bound by assuming that the emitted
power into angles larger than 483 is either null or equal to its value at 453 . We obtain an e ciency in
the range 35% and 44.8 % , larger than previous reports (see Supplementary [41]).
Note that the enhancement due to the metasurface enables to achieve large brightness with a small amount
of active material. At the experimental peak emission wavelength, the absorptivity is 0.61. To reach the
same absorptivity with a nanoplatelets layer on a glass substrate at normal incidence, the thickness layer
should be 850 nm, corresponding to a volume 18.6 times larger.



5 Conclusion

In summary, we have shown that the extension of Kirchho 's law to photoluminescent metasurfaces pro-
vides an accurate model of the emission. To our knowledge, it is the rst time that this law has been used

to design a photoluminescent metasurface with speci c emission properties. Here, we have shown that it is
possible to design a bright metasurface emitting within a narrow spectral range and within a narrow cone
with half-angle below 18, taking advantage of surface plasmons. Such a device has been realized for the
rst time with nanoplatelets in the visible range. We have obtained a beam e ciency on the order of 40%

as well as an absorptivity of 0.61. The same approach could be used to design photoluminescent meta-
surfaces controlling the emitted polarization as reported recently in the context of thermal emission [25].
The method could also be applied to optimize dielectric photoluminescent metasurfaces [21, 55, 56] which
could enable sources with narrower emission cones, as well as electroluminescent metasurfaces [57, 17, 16]

6 Methods

Lift-o process for the silver metasurface
The silver grating was fabricated by lift-o process. First, a 1-nm-thick germanium layer was deposited on
a silicon substrate in order to facilitate the wetting on the substrate, followed by a 200-nm-thick layer of
silver deposition, by electron beam evaporation (at 0.1 nm/s). A PMMA A4 e-beam resist was then spin
coated on the sample (4000 rpm during 60 seconds with an acceleration of 2000 rpm/s) and baked at 180
C for 2 minutes. E-beam lithography was processed at 100 keV with a dose of $@cm2 and a 5 nA
current on a Raith EBPG5200 machine. The sample was then developed in MIBK:IPA (1:3) for 1 minute
at 20, rinsed with IPA (for 30 seconds) and dried with nitrogen. A 100-nm-thick layer of silver was then
deposited by electron beam evaporation (at 0.1 nm/s) and the nal 60@ 600um? structure was obtained
by immersing the sample the whole night in butanone. The sample was then rinsed with IPA and dried
with nitrogen.

Spin coating of nanoplatelets
The nanoplatelet solution was fabricated by Corentin Dabard and Sandrine Ithurria (Laboratoire de
Physique et d'Etude des Maeriaux, PSL Research University, CNRS UMR 8213, UPMC Sorbonne Uni-
versie, ESPCI Paris, 10 rue Vauquelin, 75005 Paris, France). The nanoplatelets were dispersed in Toluene
(with a concentration C  3:8 mg.mL ). 200 pL of nanoplatelet solution was spincoated on the metallic
grating at 500 rpm during 30 seconds with an acceleration ramp of 5 seconds. When the nanoplatelets are
deposited on top of a at silver substrate with these spin coating parameters, it leads to a layer of thickness
42 5 nm thick. The thickness has been measured by doing a scratch on the sample and measuring the
height of the slit by AFM [41]. When depositing the nanoplatelets on the grating sample, the nanoplatelets
Il the grooves since the walls of the grating are much higher than the thickness of the nanoplatelets layer
on a at substrate. We considered that very few nanoplatelets remained on top of the grating, allowing
in our simulation the parameterh,, npLs t0 be non-zero and leading to a value of 2 nm to optimize the
comparison with data.

Supporting Information
Supporting Information is available.
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