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occupation of the ground energy state, 
which leads to macroscopic coherent 
quantum phenomena, such as enhanced 
non-linearities, superfluidity, and lasing 
without the need of population inver-
sion.[2,3] These phenomena encourage 
potential applications for BECs, such as 
ultra-low threshold polariton lasing,[4,5] 
and quantum simulators.[6] Polariton 
BECs of organic EPs have attracted tre-
mendous attention in the last decade.[5,7–10] 
Compared to most inorganic semiconduc-
tors, the large binding energies of Frenkel 
excitons in organics make possible con-
densation at room temperature. In addi-
tion, solution processing makes relatively 
easy the fabrication of organic devices. 
However, the realization of organic-
polariton BEC devices remains elusive 
due to the high EP densities required 
to achieve the condensation threshold. 
To move toward viable devices, these 

thresholds should be reduced from the current values of a 
few tens of µJ  cm−2 to tents or hundreds of nJ  cm−2, which 
will allow electrical pumping. The reason behind these high 
thresholds lies in the inefficient population of the EP states. 
The buildup of a population of EPs is a process in which two 
mechanisms compete with each other: 1) the relaxation of  
excitons in the reservoir toward the ground state; and (2) the 
loss of photons from the cavity. While the first mechanism 
leads to the buildup of the EP population, the cavity losses 
reduce this population. If the loss rate of the cavity is faster 
than the relaxation rate of the exciton reservoir, a higher density 
of excitons have to be injected to form a condensate; therefore, 
increasing the threshold. Consequently, engineering the losses 
of the cavity would provide a path to reduce the BEC thresholds.

The typical cavities used for EP condensation suffer from 
important limitations: Fabry–Perot microcavities exhibit low 
or no optical absorption. However, it is difficult to engineer 
the radiative losses. Hemispherical microcavities allow for 
high Q-factors,[11] but the complexity of their fabrication makes 
them less suitable for devices. Plasmonic metasurface cavi-
ties using metallic nanoparticles allow to control the radiative 
losses, but they are fundamentally limited by the high absorp-
tion of metals due to Ohmic losses.[9,12] On the other hand, 
all-dielectric metasurfaces offer the unique possibility of 
reducing both absorption and radiative losses. Mie resonances 
in dielectric particles are much less dissipative than plasmonic 

Exciton-polaritons (EPs) are hybrid light–matter quasi-particles with bosonic 
character formed by the strong coupling between excitons in matter and 
photons in optical cavities. Their hybrid character offers promising prospects 
for the realization of non-equilibrium Bose–Einstein condensates (BECs), and 
room-temperature BECs are possible with organic materials. However, the 
thresholds required to create BECs of organic EPs remain still high to allow 
condensation with electrical injection of carriers. One of the factors behind 
these high thresholds is the very short cavity lifetimes, leading to a fast EP 
decay and the need to inject higher exciton densities in the reservoir to form 
the condensate. Here a BEC of EPs in organic dyes and all-dielectric meta-
surfaces at room temperature is demonstrated. By using dielectric meta-
surfaces that exhibit very low losses it is possible to achieve cavity lifetimes 
long enough to allow an efficient population of EP states via vibrational relaxa-
tion and radiative pumping. It is shown how polariton lasing or non-equilib-
rium Bose–Einstein condensation is achieved in several cavities, and one of 
the lowest reported thresholds for BECs in organic materials is observed.
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1. Introduction

Polariton Bose–Einstein condensates (BECs) are non-equi-
librium condensates formed by exciton-polaritons (EPs), 
hybrid light–matter bosonic quasi-particles, originating from 
the strong coupling between excitons in matter and cavity 
photons.[1] BECs are characterized by the bosonic collective 

© 2023 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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resonances due to the much lower (or lack of) material losses. 
Furthermore, the engineering of Mie resonances can produce 
either high Q-factor modes,[13,14] or even the total suppression 
of radiative losses through the so-called bound states in the 
continuum.[15–17] This concept has been already explored in 
ref.  [9], where Al nanoparticle arrays supporting dark plasmon 
modes resulted in the first demonstration of a polariton laser 
in a plasmonic cavity. Although the condensation threshold in 
this system is among the lowest reported, the high losses of 
metals make it impossible to reduce it further. Recent work has 
shown the potential of dielectric metasurfaces to modify the 
emission of weakly coupled emitters,[18–22] and to achieve con-
ventional lasing with remarkable low thresholds.[23–28] The first 
step toward a non-equilibrium EP BEC is the strong coupling 
between excitons and the optical modes supported by dielectric 
metasurfaces, as it has been demonstrated recently.[29–31]

In this manuscript, we demonstrate the first organic-polariton 
BEC at room temperature in an all-dielectric metasurface con-
sisting of silicon nanoparticles. By exploiting in-plane diffrac-
tion orders, the metasurface is designed to support Mie surface  
lattice resonances (Mie-SLRs). Mie-SLRs can exhibit high 
Q-factor, resulting in a cavity that has simultaneously low radiative 
and low absorption/material losses. These characteristics have 
two important consequences in the EP dynamics that determine 
the threshold for condensation. First, through the lower losses, 

that is, longer EP lifetimes, a lower density of excitons in the  
reservoir is needed to achieve condensation. Second, the sup-
pression of losses opens the path to a radiative channel for 
exciton-polariton relaxation, allowing excitons that decay radia-
tively to efficiently increase the EP population. These two effects 
play out positively to reduce the threshold of condensation. 
Furthermore, radiative pumping is a relaxation mechanism 
that depends on the broad emission spectrum of the dye, and 
this allows to tune the condensation energy of the array with 
the periodicity. Dielectric scatterers have not yet attracted a lot 
of attention in the strong coupling regime of light–matter inter-
action due to the weaker field confinements as compared with 
plasmonic cavities. Yet, they offer a great potential due to the 
possibility of realizing lossless cavities. Building on our experi-
mental results, we model the polariton dynamics and explore 
the potential that near-lossless cavities could bring into BEC.

2. Results

2.1. Strong Coupling between a Dielectric  
Metasurface and an Organic Dye

The cavity used in this study is shown schematically in 
Figure 1a and consists of periodic square arrays of silicon (Si) 

Adv. Optical Mater. 2023, 11, 2202305

Figure 1.  a) Schematic illustration of the metasurface cavity: an array of silicon nanoparticles on a substrate with a layer on top that contains the dye 
responsible of the BEC. b) An SEM image of one of the arrays. The horizontal bar represents a length of 500 nm. c) Absorption (in blue), photolumi-
nescence (in orange), and amplified spontaenous emission (ASE, in green) of the dye at a concentration of 32 wt%. d) Schematic illustration of the 
relaxation processes and cavity losses that compete in the formation of a polariton BEC. The exciton reservoir is represented by the horizontal black 
line. From this energy an exciton can relax into a EP either by emission of a molecular vibration ( non radΓ − , a non-radiative process that is linked to the 
Raman spectrum of the molecule) or by emission of a photon ( radΓ , a radiative process that is linked to the photoluminescence spectrum). While the 
relaxation process increase the EP population, the finite lifetime LPτ  of the EP reduces it.
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nanoparticles on top of a quartz substrate (fabrication details 
in Experimental Section), with a diameter and a height of  
90 nm. A scanning electron microscope image of one of the 
arrays is shown in Figure 1b. Silicon is a semiconductor with a 
high refractive index and almost negligible absorption for wave-
lengths longer than 500 nm. Compared with noble metals com-
monly used in plasmonics, such as silver or gold, silicon has 
100 times less absorption at 600–700 nm, which is the region 
of interest in our study (see Figure  S1, Supporting Informa-
tion). On top of the array, we deposit via spin-coating a layer 
with a thickness of 230 nm that consists of poly(methyl meth-
acrylate) (PMMA) doped with the organic dye that will provide 
the excitons for the condensation. The coupling strength is 
proportional to N , where N is the number of excitons within 
the mode volume of the optical resonance. Therefore, achieving 
strong coupling with organic molecules requires increasing  
their concentration within the polymer matrix of PMMA.  
We use a rylene dye [N, N′-bis(2,6-diisopropylphenyl)-1,7- and -1,6-
bis (2,6-diisopropylphenoxy)-perylene-3,4:9,10-tetracarboximide],  
due to its high photostability and low aggregation at high con-
centrations. The absorption and photoluminesence (PL) of this 
dye embedded in PMMA at concentration of 32 weight per-
centage are shown in Figure  1c, and reveals several excitonic 
resonances. A concentration of 30–35 wt% is the limit that 
we can achieve with this dye. Higher concentrations result in 
aggregation of the molecules. The main absorption peak at  
2.24 eV (553 nm) corresponds to the excitonic transition from 
the ground state to the first excited state. The second absorp-
tion peak at 2.41 eV (515 nm) is a vibrational replica of the 
excitonic transition, that is, a transition from the ground state 
to a vibronic sideband in the excited state. These peaks are  
also present in the PL of the dye. In addition, the amplified 
spontaneous emission is also shown in Figure  1c with the 
green curve.

Following a fast non-radiative relaxation after the optical 
pump, the exciton reservoir is formed at the lowest energy level 
of the excited states, which corresponds with the first excited 
state at 2.24 eV. This exciton reservoir is also known as the 
dark states (in a cavity with N emitters and 1 photon, there are  
2 polaritonic states and N−1 states that are weakly coupled with 
the cavity and do not have a photonic component, and thus 
are referred as dark states). The excitonic resonance at 2.24 
eV is the one that will be involved in the strong coupling and  
condensation of exciton-polaritons. Figure  1d illustrates sche-
matically this excitonic reservoir (black-solid line) and the relax-
ation into the lower polariton (labeled as LP, represented by the 
red solid curve). Vibronic assisted relaxation is a non-radiative 
relaxation channel (Γnon-rad), which depends on Raman active 
molecular vibrations.[32–35] The Raman spectrum is displayed in 
the right panel of Figure 1d (blue curve) and shows that these 
vibrations are discrete and only a few allow an efficient tran-
sition from the reservoir to the LP states where condensation 
is possible (see the vertical blue arrow). On the other hand, 
radiative pumping (Γrad) is a relaxation channel that depends 
on the emission spectrum of the dye (orange filled curve in the 
right panel of Figure 1d).[36–39] Competing with these relaxation 
channels is the polariton lifetime, illustrated in Figure  1d by 
the red wave-like arrows, which indicate the radiative decay of 
the exciton-polaritons.

Mie resonances in dielectric nanoparticles arise from the 
displacement currents inside the nanoparticle.[40–42] However,  
these resonances still suffer from large radiative losses, 
which translates into broad resonances with low Q-factors. To  
circumvent this problem, arrays of nanoparticles are designed to  
support in-plane diffraction orders to which the Mie  
resonances can couple. In-plane diffraction orders, known as  
Rayleigh anomalies (RAs), arise when the periodicity of the 
array matches the wavelength of the incident light. RAs are 
pure photonic modes, with virtually no losses, that are delo-
calized over the periodic structure. As result, the coupling of 
RAs to Mie resonances results in hybrid Mie-RA resonances 
that are also delocalized and with low losses. These hybrid  
resonances are known as Mie surface lattice resonances or  
Mie-SLRs. SLRs have been already studied in great detail in 
plasmonic systems,[43,44] and in recent years a number of works 
have investigated resonances in arrays of dielectric nanoparticle 
and Mie-SLRs.[13,14,45] Thanks to the Mie character and the 
low losses, Mie-SLRs can produce large electromagnetic field 
enhancements, while they also inherit the dispersive character 
of the RAs (see Section S3, Supporting Information). Since the 
coupling strength between cavity and exciton increases with the 
dye concentration, the delocalization of the fields over the array 
is advantageous because it allows coupling with a large number 
of dye molecules. Therefore, it is not the Mie resonance of the 
individual particles which couples to the dye but the collective 
lattice resonance, the Mie-SLR, which we use here to achieve 
strong coupling. In fact the Mie resonance is at higher energies 
and it does not interact with the dye. Placing the Mie resonance 
at higher energy is not accidental and it allows to control the 
radiative losses. Radiative losses of Mie-SLRs can be easily con-
trolled by the energy detuning between the Mie resonance and 
the RA, and Q-factors of 400–700 can be easily achieved with 
rational designs.[14] This criteria dictates our choice of geom-
etry. A silicon particle of 90 nm diameter and 90 nm height 
has a localized Mie resonance around 400 nm. To couple with 
the lowest excitonic transition, our cavity should be resonant 
around 580 nm. Since we want to study the overlap of the EP 
states with the vibronic transition and the PL of the dye, the 
cavity is negatively detuned with respect the exciton resonance. 
For this purpose, we choose the periods of a  = 400, 410, and  
420 nm. The refractive index of PMMA (nPMMA  = 1.49) 
results in RAs from 600 to 630 nm (λRA  = nPMMAa). Another  
consequence of the size chosen for the silicon particles is that 
magnetic Mie resonances are not strongly supported. Indeed, 
since magnetic Mie resonances emerge as result of the circula
tion of the electric field inside the particle, a small diameter  
results in a weak magnetic mode.[14] Consequently, the  
Mie-SLRs of these arrays have a dominant electric character.

The optical response of the cavity under broadband illumina-
tion is given in Figure 2 and shows the angle-resolved extinc-
tion for TM polarization and for the three samples (extinction 
= 1 − T/T0, where T is the transmission through the array and 
T0 is the reference transmission). As it will be shown later, BEC 
occurs for the TM mode and, consequently, we focus on this 
polarization. Figure  2 is divided in three panels, each one for 
a different period of the Si nanoparticle array. The negative  
in-plane momenta k|| in this figure  corresponds to the extinc-
tion of the bare cavity formed by the Si nanoparticle array 

Adv. Optical Mater. 2023, 11, 2202305
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and a PMMA layer in the absence of the dye molecules. The 
measurements for the positive in-plane momenta correspond 
to the extinction of the coupled system formed by the Si  
nanoparticle array and the PMMA layer doped with dye. The 
in-plane momentum is defined as k||  = 2πn/λsin θin where λ 
is the wavelength of light, and θin is the incident angle of the 
light with respect to the sample normal. The RAs are calculated 
with the grating equation  (see Section  S3, Supporting Infor-
mation). For the incident TM polarization, the coupling of the 
Mie resonance is with the (0, ±1) RAs. Figure  S3, Supporting 
Information, shows that (1, ±1) RAs are also present and are in 
fact observed in the measured extinction. The (1, ±1) RAs are 
responsible of the down-bending of the Mie-SLR at large k||.

In presence of the dye in high concentration, the Mie-SLRs 
strongly couple with the excitons and two new eigenstates 
emerges: the upper and lower exciton-polaritons (UP and LP, 
respectively). The LP is clearly visible in the measured wave-
length range, where a pronounced shift relative to the bare 
cavity mode due to the coupling is apparent. A clear signature 
of strong coupling is the anti-crossing behavior of the new 
eigenstates, which can be noticed for the LP at large k|| for the 
three arrays. Due to the different periodicities, the Mie-SLRs 
of each array have a different detuning from the exciton res-
onance, which we measure as −102, −153, and −204 meV for 
the periods of 400, 410, and 420 nm, respectively. Mie-SLRs are 
characterized by a very narrow linewidth over the whole range 
of k||, and this is inherited as well by the LP, with values of  
5–6 meV at k|| = 0, which are measured as a half-width at half-
maximum using a single peak fitting. The inverse of this line 
width is proportional to the resonance life time and this is 
translated into 50–70 fs approximately. Another aspect inher-
ited by the LP is the electric character of the Mie-SLR.[30] In 
addition to the LP, we observe a weaker dispersive mode that 
becomes dark close to normal incidence. Calculations, given 
in Section  S4, Supporting Information, show that this mode 

corresponds with an out-of-plane electric dipole Mie-SLR which 
has vanishing extinction at k|| = 0. We obtain the Rabi energy of 
each array using two coupled-oscillator models (see the Experi-
mental Section), one used to fit the Mie-SLR (coupling between 
the electric dipole Mie resonance and the RAs), and the other 
used to fit the LP (coupling between Mie-SLRs and excitons). 
From the fit of the LP we find the following values of the  
Rabi energy: ℏΩ ≈ 300 meV for the three arrays. The fit to the 
Mie-SLR is plotted with white-dashed curves. The horizontal 
white dashed line represents the energy of the excitons.

2.2. Condensation and Non-Linear Emission

To investigate the condensation of EPs in arrays of Si nano-
particles, we excite them non-resonantly with 100 fs and 
1 kHz repetition rate pulses at λ  = 400 nm and measure the 
angle-resolved photoluminescence spectra as a function of the  
incident excitation power. To avoid long exposures of the 
sample with the pump, which can damage the array and photo-
bleach the dye, we measure the angle-resolved spectra using 
a back-focal plane imaging technique (details in Experimental 
Section). A polarizer allows us to distinguish between TE and 
TM polarized emission. Below threshold, the PL spectrum of 
the three arrays is dominated by the spontaneous decay of the 
LP (see Figure  3a–c for the periods of 400, 410, and 420 nm, 
respectively). The PL below threshold is maximum at the 
bottom of the LP, close to k|| = 0, indicating efficient relaxation 
by radiative pumping.[37]

When the excitation fluence is increased beyond a certain  
threshold, the emission collapses at the bottom of the LP. 
Remarkably, this collapse is observed for the three arrays. The 
angle-resolved emission at an excitation fluence slightly above 
threshold is shown in Figure 3d–f for the periods of 400, 410, 
and 420 nm, respectively. The collapse in the emission is 

Adv. Optical Mater. 2023, 11, 2202305

Figure 2.  White light extinction measurements of the arrays under TM-polarized illumination. a–c) The measurements for the arrays with periods 400, 
410, and 420 nm, respectively. The negative in-plane momenta k|| represent the measurements performed on the bare cavity (undoped PMMA layer). 
The positive in-plane momenta k|| represent the measurements performed on the cavity-dye system (PMMA + dye 32 wt%). The white horizontal lines 
represent the main exciton absorption peak of the dye, at energy EX. The other white curves, only plotted for the cavity-dye system in the positive  
in-plane momenta space, represent the Mie-SLRs as fitted as the coupled oscillator model.
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observed at k||  = 0 as the emergence of a narrow peak, which 
dominates the spectrum upon increasing the pump power (see 
Figure  S6, Supporting Information). Following the threshold, 
we observe a non-linear increase in the emission intensity close 
to k||  = 0 for the three arrays, which are shown in Figure  3g–
i. From these last three figures  we obtain the thresholds 
13.5, 8.2, and 21.6 µJ  cm−2 for the periods of 400, 410, and  
420 nm, respectively.

We describe next the characterization of the signatures of 
the BEC: spatial and temporal coherence, polarization of the 
emission, and blue shift of the condensation energy with pump 
fluence. The temporal coherence is related to the linewidth of 

the emission. Figure  4a shows a narrowing in the linewidth 
upon achieving the condensation threshold, which implies 
an increase in temporal coherence. The reduced losses of the  
dielectric metasurface are evident in the narrow line widths 
close to 1 meV. To observe the spatial coherence, we have meas-
ured the field amplitude auto-correlation of the BEC emission 
using a Michelson interferometer. The emission from the con-
densate is split in two beams. One of the beams remains unal-
tered, while the other is sent to a retro-reflector where the image 
is inverted. Another mirror brings the two images together and 
we use a camera to record their interference. These results are 
displayed in Section S6, Supporting Information. The emission 

Adv. Optical Mater. 2023, 11, 2202305

Figure 3.  Angle-resolved photoluminescence of the arrays with 32 wt% dye concentration below threshold (a–c), and above threshold (d–f). Panels 
(a,d), (b,e), and (c,f) represent the measurements for the arrays with periods of 400, 410, and 420 nm, respectively. The emission intensities in 
unit of counts s−1 of the brightest pixel are indicated for each array in each panel, together with the pump fluences in units of the threshold pump.  
g–i) Integrated emission intensity in counts s−1 at k|| = 0 as function of the absorbed pump fluence for the arrays with periods of 400, 410, and 420 nm, 
respectively. The experimental data is shown as circles. In addition, we show the result of the fit with the master equation (see Equations (1) and (2)), 
in the dashed line for each panel. The fitting is obtained for values of Wep and β, which are shown in each panel.
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does not show any interference below threshold, indicating 
incoherent spontaneous emission. Furthermore, the shape 
of the emission below threshold is given by the shape of the 
pump beam. However, we observe interference in the emis-
sion above threshold. This interference is particularly clear for 
the arrays with period 400 and 410 nm, indicating the extended  
spatial coherence of the condensate.

Another characteristic of a polariton BEC is the buildup of 
polarization, due to the collapse of the EP population to the 
ground state of the LP. We rotate the polarizer in our setup 
and record the emission at k||  = 0 as function of the polariza-
tion angle. Figure 4b shows that below threshold the emission 
is unpolarized (blue circles), which is explained by the sym-
metry of the array at k||  = 0. In a square array, the symmetry 
imposes the indistinguishability between the RAs at k|| = 0, that 
is, the (0, ±1) and the (+ 1, 0)/(− 1, 0) RAs are degenerate. As 
a result, the LP has the same energy at k|| = 0 for any incident  
polarization. By reciprocity, the same holds in the emission 
and, consequently, this emission is unpolarized. However, the 
TM mode is responsible of the condensation above threshold, 
and the measurements of the polarization in the emission con-
firm it (see red dots in Figure 4b).

The blue shift of the emission peak with the pump  
fluence that can be appreciated in Figure 4c is another impor-
tant characteristic of BECs. This blue shift is well understood 
for inorganic semiconductors and is explained as the result 
of repulsive Coulomb exchange-interactions between the  
Wannier–Mott exciton-polaritons. However, this blue shift 
is still a subject of debate for organic materials, where the  
localized nature of Frenkel excitons decreases the strength of 
Coulomb interactions.[46,47]

2.3. Tunable Energy of the Condensation  
Enabled by Radiative Pumping

The decrease in material losses also reduces the absorption 
of light emitted by the excitons in their radiative decay, and 
allows for another relaxation mechanism that contributes to 
the buildup of the polariton population: radiative pumping. 
This mechanism was proposed theoretically more than a 
decade ago, but it was only in the last years that its relevance 
was experimentally demonstrated.[32,36,37,39,48–50] Early works in 
organic BECs attributed the buildup of the EP population to 
the vibronic assisted scattering (VAS) of the uncoupled excitons 
in the reservoir (i.e., the dark states), which is a non-radiative 
process.[5,7,33,34] VAS relies thus in the vibrational spectrum of 
organic molecules. Excitons are coupled to these vibrations, 
which means that an exciton can emit a vibrational quanta 
and relax to a lower energy state. However, these vibrations 
have a well-defined energy and do not form a continuous spec-
trum. Consequently, VAS becomes only efficient for BEC if the 
transition of the reservoir excitons is close to the lowest energy 
state of the LP at k|| = 0, where the condensate is formed. The  
condensation energy is thus defined by the internal structure of 
the molecules when VAS dominates the relaxation.

On the other hand, the emission of the dye is broad in 
energy, which allows a buildup of EP population at k||  = 0 as 
long as the polariton states overlap with the emission spectrum 
of the dye.[36] This characteristic explains why we observe BEC at  
different energies for the different arrays even though the same 
dye is used for the three samples. We note that a similar result 
has been recently reported by Ishii et al.[50] Radiative pumping 
is probably also responsible of the broadband polariton lasing 

Adv. Optical Mater. 2023, 11, 2202305

Figure 4.  a) Linewidth of the emission peak at k|| = 0 as function of the absorbed pump fluence for the three arrays. b) Peak energy of the emission at 
k|| = 0 as function of the absorbed pump fluence for the three arrays. c) Polarization of the emission below (blue dots) and above (red dots) threshold 
for the array with period of 410 nm.
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observed in the work by Sannikov et  al.[51] However, the exact 
mechanisms of the radiative pumping of EPs are not yet well 
understood. It is believed that the radiative pumping involves 
the vibronic replica in the emission spectrum, but there is no 
experimental evidence of this yet.[36] More importantly, the role 
of optical absorption in the cavity on the radiative pumping has 
not been investigated so far. The work of Ramezani et al. with 
arrays of plasmonic nanoparticles showed condensation at the 
same energy for arrays with different periods.[9] These results 
strongly suggest that the radiative pumping mechanism is 
suppressed in the plasmonic systems due to the large Ohmic 
losses and the concomitant absorption in the metal. Therefore, 
metals will not only reduce the lifetime of the EP, but they will 
also reduce the efficiency of the radiative pumping toward BEC.

2.4. Threshold Dependence on the Array Period

The threshold for BEC depends on the efficiency of the EP 
buildup in the LP at k|| = 0. This efficiency is given, among other 
factors, by the energy overlap of the vibrational and photolumi-
nescence spectra with the LP at k|| = 0. The value of this overlap 
determines the relaxation rate of the excitons in the reservoir 
into the LP. In our experiments, the energy of the LP at k|| = 0 
changes with the period of the array, which affects the overlap 
with the vibrational and emission of the dye and explains the 
different thresholds observed in Figure  3g–i. To understand 
this dependence better, we have measured as well the conden-
sation thresholds using a layer of identical thickness but with 
a lower concentration of dye of 22 wt%. Measurements of the 
optical extinction and the emission above threshold are given in 
Section S7, Supporting Information. Figure 5a shows the values 
of the thresholds for high (32 wt%, red dots) and low (22 wt%, 
blue dots) dye concentrations, respectively. The lower concen-
tration leads to a general increase in the condensation threshold 
when compared with the thresholds at high concentration. The 
array with period 410 nm is for both concentrations the sample 

with lowest threshold. For periods different than 410 nm, the 
threshold increases. However, the trend of this increase is very 
different for high and low dye concentrations: first, the sample 
with a period of 420 nm has the highest threshold at high con-
centrations, but the highest threshold occurs for the period of 
400 nm at low concentrations. Second, the sample with a period 
of 420 nm experiences the smallest increase in threshold when 
reducing the dye concentration, while the sample with a period 
of 400 nm experiences the largest increase.

To gain insight in the relationship between the condensa-
tion threshold and the relaxation rate of the excitons in the  
reservoir, we use a kinetic model to quantitatively describe the 
population dynamics of the EPs and the exciton reservoir and to  
extract Wep

[36,50] 

n

t

n
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P t

n
k n W n nb

d

d
(1 ) ( ) ,R R

0

R

R
R
2

ep R LPτ
= − − − − 	 (1)

n

t
W n n

n nd

d
,LP

ep R LP
R

R

LP

LP

β
τ τ

= + − 	 (2)

where nR and nLP are the density of excitons in the reservoir 
and of EPs at the condensation energy, respectively. The exciton 
population decays through spontaneous emission with a  
lifetime τR and exciton–exciton annihilation with a rate kb, 
while the EPs decay radiatively with a lifetime τLP. A fraction 
β of the excitons that decay through spontaneous emission 
populates the LP. We consider the generation of reservoir  
excitons in Equation  (1) through a pulsed laser, that is the 
pump, which we model as a Gaussian temporal pulse of 150 fs  
full-width at half-maximum (FWHM). The term N0 repre-
sents the molecular density and is introduced to account for 
saturation effects. This kinetic model is similar to the master 
equation for a photon laser,[52] but with the difference that the 
relaxation rate Wep involves a transition between the exciton 
reservoir and the LP that does not require population inversion.

With this model, we can calculate the emission intensity 
by the integral of the EP population for each pump fluence as 

Adv. Optical Mater. 2023, 11, 2202305

Figure 5.  a) Condensation threshold for the three arrays studied at high concentration (red dots and red dashed line) and low concentration (blue dots 
and blue dashed line). b) Condensation energies of the three arrays at high (red dashed lines) and low (blue dashed lines) concentrations. The orange 
curve represents the emission of the dye, while the orange area is a Gaussian fit of the vibronic replica in the emission, labeled as (0–1). The energy 
axis starts at the energy the exciton reservoir, which corresponds with the main absorption peak Ex (see Figure 1d). The known vibrational relaxation 
Evib is represented by the gray arrow.
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∫∝
∞

( )d
0

I n t tLP . The results of the fits to the measurements are 

shown in Figure  3h,i and the parameters of the fits are given 
in Table 1. The factor β and the relaxation rate Wep are treated 
as free fitting parameters. Given that the lifetime of the dye and 
of the polariton is similar across the different arrays, it is the 
relaxation rate Wep which influences the value of the conden-
sation threshold. The fits confirm this and indeed the lowest 
threshold for the array with period 410 nm corresponds with 
the largest relaxation rate.

With the aim of understanding the different physical mecha-
nisms leading to condensation, we plot in Figure 5b the emis-
sion (orange curve), together with the condensation energies of 
the arrays (vertical red lines correspond to 32 wt%, and blue 
lines to 22 wt%). The axis of the energy starts in the left at the 
value of EX = 2.23 eV. We also indicate in this figure the energy 
of the vibrational relaxation known to assist condensation in 
this dye, Evib  ≈ 170 meV, and its position in the spectrum at  
EX  − Evib  = 2.06 eV. The gray arrow in Figure  5b represents 
the vibrational relaxation from the reservoir toward EX  − Evib.  
Ultrafast dynamics of the polariton condensation in arrays 
of plasmonic nanoparticles with this dye did not reveal other 
molecular vibrations playing a role in the VAS.[53]

Currently, the details of radiative pumping are not fully 
understood. The most comprehensive model to date, derived 
by Mazza et  al. describe radiative pumping as a vibronic  
progression, and therefore it only involves the vibronic replica  
of the photoluminescence.[36] We have plotted the vibronic  
replica, obtained as a Gaussian fit to the emission spectrum, in 
Figure 5 as the orange area and labeled it as (0–1). In context 
of the theory by Mazza et  al., we observe that the array with 
period of 410 nm at 32 wt% has the largest overlap of the three 
arrays with the (0–1) emission. On the other hand, the array 
with period of 400 nm overlaps with the vibronic progression. 
This differences in overlap could explain the lowest condensa-
tion threshold for the array of 410 nm and why the array with 
period of 400 nm has a lower threshold than the array with 
period of 420 nm. Reducing the dye concentration decreases 
the value of the Rabi splitting and therefore blueshifts the posi-
tion of the LP at k||  = 0, changing the overlaps with the (0–1) 
emission and the vibrational mode. In this case we find that the 
array with period of 400 nm now has the highest condensation 
threshold. Looking at the condensation energy of the array with 
period of 400 nm in Figure 5, we can see that now the overlap 
with the vibration and the (0–1) emission is very low. Interest-
ingly, the array with period of 410 nm still results in the lowest 
threshold, although the array with period of 420 nm has now 
a better overlap with the (0–1) emission. These results clearly 

show that in addition to the radiative pumping described by 
Mazza et  al.,[36] VAS plays an important role in the relaxation 
toward EP condensation when there is an overlap with a vibra-
tional model. Understanding both VAS and radiative pumping 
better is therefore critical to achieve the largest possible relaxa-
tion rate that an organic molecule can offer in a cavity. Recent 
efforts in understanding better the radiative pumping by Grant 
et  al., have suggested that the quantum yield of the organic 
emitter directly impacts the rate of the radiative pumping,[37] 
and Groenhof et al., describes that whether radiative pumping 
or VAS are dominant is influence by the Stokes shift of the 
organic emitter.[38]

2.5. Discussion: Lowering the Condensation  
Threshold through Engineering of the Radiative Losses

The system of Equations (1) and (2) show that the condensation 
threshold depends on the relaxation rate Wep and the lifetime 
of the EPs and the exciton reservoir, τLP and τR, respectively. 
The lifetime of the exciton in the cavity is largely unaffected 
by the cavity due to its large mode volume. The impact of 
this value is connected with the emission quantum efficiency 
of the dye and, as mentioned by Grant et  al., it is important 
for radiative pumping that the dye has a high quantum effi-
ciency.[37] Leaving aside the properties of the dye, it is important 
to pay attention to the role of the cavity losses, which deter-
mines τLP. As we have seen, the use of dielectric metasurfaces 
reduces the losses in the EP states, allowing for the radiative 
pumping and the increase of the relaxation rate. Lower losses 
and increased relaxation rates are responsible of the observed 
low thresholds. However, we note that even in our metasurface, 
the remaining radiative losses still compete with the relaxation 
rate. The quality factor of the LP mode at k|| = 0 is in the order 
of 400, which gives a polariton lifetime of 50–60 fs. Since the 
main source of loss is radiative outcoupling, there is still room 
to reduce the condensation threshold by increasing the lifetime 
of the cavity modes involved in the strong coupling. There-
fore, there is still room to reduce the condensation threshold 
by reducing even further the radiative losses. To determine 
how large can be the reduction in threshold, we use again the 
kinetic model given by Equations  (1) and (2). We assume the 
relaxation rate of the array with period of 410 nm at a high dye 
concentration and we calculate the fluence-dependent inte-
grated emission as function of the EP lifetime, τLP. The results 
of the calculations are displayed in Figure 6. The color in this 
figure indicates the intensity of the emission. Below threshold, 
the emission grows almost linearly and is after the threshold 
that the emission grows non-linearly. For a line with function 
f(x), the second derivative with respect to x is zero. Therefore 
we calculate the threshold as the point where the second deriva-

tive becomes non-zero, that is, =
∂

∂
>[

log ( )
0]

2
10

2P P
I

P
th . Figure  6 

shows a non-linear decrease in the threshold as function of the 
EP lifetime. At short EP lifetimes, the cavity loss rate exceeds 
the relaxation rate and the threshold diverges as the EP lifetime 
approaches zero. At long lifetimes, τLP > 500 fs, the threshold 
reaches the lowest values, and further increasing the lifetimes 
does not bring any significant reduction of this threshold.

Adv. Optical Mater. 2023, 11, 2202305

Table 1.  Experimental threshold Pth (in red) and calculated relaxation 
rate Wep (in blue) using Equations (1) and (2) for the concentrations of 
dye at 32 wt% and at 22 wt%.

Period [nm] 400 410 420

32 wt% : Pth [µJ cm−2] 13.5 8.1 21.6

32 wt% : Wep [10−14cm3 s−1] 12.5 18.5 8

22 wt% : Pth [µJ cm−2] 35.7 14.3 24.3

22 wt% : Wep [10−14cm3 s−1] 2.5 9.5 2.8
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These results provide two important conclusions: the first 
one is that, even with long cavity lifetimes, there is a limit in 
the condensation threshold set by the exciton relaxation rate 
into the LP. By exploiting better the vibrational relaxation  
and radiative pumping of organic dyes, it should be possible 
to improve the relaxation rates. Second, the reduction in the 
threshold is most significant for the first few 100 fs of the 
EP lifetime. This lifetime is dominated by the cavity lifetime. 
Achieving cavity lifetimes longer than 100 fs with microcavi-
ties is challenging, requiring complex hemispherical cavities. 
However, dielectric metasurfaces offer a promising alternative, 
through the so-called bound states in the continuum (BICs). 
Indeed, conventional photon lasing in BIC metasurfaces has 
been already demonstrated and is becoming an increasing 
topic of research.[23,27,28,54] Thanks to the suppression of radia-
tive loses, the lifetime of the cavity becomes infinite in a BIC 
mode if there is no material absorption.[15] Just a few works 
have explored the possibilities that BIC resonances could bring 
to strong light–matter coupling and in particular to polariton 
lasing.[55,56] Very recently, condensation from a BIC mode has 
been demonstrated in a sub-wavelength grating etched on top 
of a multi quantum well GaAs heterostructure.[57]

3. Conclusion

We have demonstrated the first condensate based on an open 
all-dielectric metasurface using organic emitters. By exploiting 
the low material losses of silicon in the visible and by making 
use of the diffractive coupling between the Mie resonances in 
the nanoparticles forming the array, we are able to significantly 
reduce the radiative losses as well. This behavior is inherited 
in the EPs, which show remarkably narrow linewidths. As a 
consequence, we observe the threshold for non-equilibrium 

condensation at very low excitation fluences of a few µJ cm−2. 
The impact of losses in the condensation of EPs has not been 
discussed in detail in the existing literature. Here, we show that 
the losses are critical for the threshold, but also that the radia-
tive relaxation of the excitons into the polariton states play a very 
important role in the definition of the condensation threshold. 
Our work shows the potential impact that all-dielectric meta-
surfaces could bring to the field of BECs of exciton-polaritons. 
By tailoring bound states in the continuum and optimizing the 
relaxation rate of the dye, we believe it is possible to achieve 
thresholds below µJ cm−2.

4. Experimental Section
Fabrication: Polycrystalline Si thin films with a thickness of 90 

nm were grown on a synthetic silica glass substrate by low-pressure 
chemical vapor deposition using SiH4 gas as a source of Si. A resist 
(NEB22A2, Sumitomo) was cast on the Si film and exposed to electron-
beam lithography, followed by development to make nanoparticle arrays 
of resist on the Si film. The Si film was vertically etched using a selective 
dry etching (Bosch process) with SF6 and C4F8 gases, and the resist 
residue was etched away by oxygen dry etching. The fabricated area of 
the array covered 5 × 5 mm2.

Experimental Characterization: To measure the angle-resolved 
dispersion under white light illumination, the sample was placed in a 
rotational stage and illuminated by a collimated and polarized beam 
from an halogen lamp. The angle of incidence of the illumination was 
controlled with the rotational stage. The area of illumination had a 
diameter of 1 mm. The detector was fixed along the optical beam, so 
the zeroth-order transmission was measured. The incident in-plane 
momentum and angle of incidence were related to each other with 

the expression 2 sin||
0

k n
i

π
λ θ= , where λ0 is the free-space wavelength 

and n is refractive index of the glass. The extinction was calculated as  
E = 1 − T0/T0, ref, where T0 and T0, ref are the zeroth-order transmission 
measured on and off the array. The spectra was measured with a 
fiber-coupled spectrometer (USB 2000, Ocean Optics) with 0.3 nm 
spectral resolution.

A Fourier imaging setup was used to measure the angle-resolved 
emission. The pump pulses were generated with a Ti:sapphire 
regenerative amplifier (Coherent Astrella), having a wavelength of  
800 nm, a duration of 150 fs and a repetition rate of 5 kHz. The pulses are 
frequency doubled to 400 nm before being sent into the setup to pump 
the sample non-resonantly. To avoid damage in the sample, the rate was 
decreased to 1 kHz with a mechanical chopper. The pump was focused by 
a lens on the sample and the emission was collected with a microscope 
objective (Nikon CFI S Plan Fluor ELWD 40XC, with a numerical aperture 
of 0.6). The excitation spot had an approximate diameter of 800 µm. A 
long-pass filter for λ = 500 nm and a linear polarizer were placed after the 
objective to block the pump and select the polarization of the emission. 
The emission was sent into an imaging spectrometer Princeton 
Instruments Acton Series 2300 with a CCD camera ProEM 512B.

Coupled-Oscillator Model for the Mie-SLR: The Mie-SLRs were fitted 
with a coupled oscillator model that defined the coupling between the 
Mie resonances in the nanoparticles and the RAs supported by the array. 
Each polarization had different RAs because the Mie resonances couple 
preferentially along a given direction, namely, the direction perpendicular 
to the orientation of the dipole moment. The main interest was in the 
TM polarization, which gave the following matrix to diagonalize for each 
value of the incident in-plane momentum k||:

�

�

�

AA ( ) (0, 1)

( 1, 1)

,Mie SLR ||

Mie Mie (0, 1)RA Mie ( 1, 1)RA

Mie (0, 1)RA RA TM RA RA

Mie ( 1, 1)RA RA RA RA TM

k

E g g

g E g

g g E

= ±

− ±



















−

− ± − − ±

− ± − −

− − ± − −

	 (3)

Figure 6.  Calculated emission intensity of a polariton population as func-
tion of absorbed pump fluence and polariton lifetime. The color scale 
determines the intensity of the emission. The results are obtained using 
the master equation and the relaxation rate obtained from fitting the array 
with period of 410 nm at the high concentration of dye. The white dashed 
line defines the threshold of the condensation. To the left side of the 
threshold, there is no condensation, and the polariton emission is in the 
linear regime. The red dot represents the threshold observed for the array 
with period of 410 nm.
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where E�  refers to the complex energy, � /2E E iγ= + , with E the 
resonance energy and γ  the linewidth. MieE� , (0, 1)ERA TM

� ±− , and 
( 1, 1)ERA TM

� − ±−  refers to the Mie resonance, the (0, ±1) RA, and the  
(− 1, ±1) RA, respectively. The energy and linewidth of the Mie resonance 
were set as MieE   = 3.025 eV and Mieγ   = 0.15 eV. The coupling strength 
with the two RAs, Mie 0, 1 RAg ( )− ±  and Mie 1, 1 RAg ( )− ± , were the free parameter 
for fitting of the measured Mie-SLR. Two RAs were used because both 
were present under TM illumination in a square lattice at energies 
that allow hybridization with the Mie resonance. Since the RAs were 
purely photonic modes, they do not interact with each other, making  

RA RAg −  = 0. Ideally, there will be no losses for the RAs, but there is always 
some scattering due to fabrication imperfections and RAγ   was set as  
0.001 eV. Figure  S3, Supporting Information, in the SM plots these 
diffraction orders and the associated Mie-SLRs, which accurately 
matched the measured Mie-SLRs.

Coupled-Oscillator Model for the Exciton-Polariton: The new eigenstates 
were fit in the strong coupling regime using a coupled oscillator model 
that described the interaction between the Mie-SLRs obtained from 
Equation  (3) and the excitons as function of the incident in-plane 
momentum k||

AA ( )
( ) /2

/2
light matter ||

SLR ||

1

k
E k

E

M

X

� �

� �
=

Ω

Ω













−

−

	 (4)

where ( )||E kM SLR
� −  is the complex energy obtained from the 

diagonalization of Equation  (3), except for the losses, M SLRγ − , which 
was obtained from the measurements. Similarly, 

1
E X  is the exciton 

resonance corresponding to the exciton transition energy 1
E X  = 2.237 eV  

and a linewidth of 0.03 eV. The Mie-SLR for TM polarization does not 
couple with the vibronic replica that was observed in the absorption 
spectrum in Figure 1d at 2.42 eV and it was not included in the model. 
The coupling strength, which is the fitting parameter, is /2g �= Ω  where 
Ω  is the Rabi frequency.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
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