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Abstract

A growing number of organic materials have recently been reported to achieve room-
temperature exciton-polariton (polariton) condensation, which is an essential requirement for
practical polaritonic applications. Notably, fluorescent dyes utilizing the small-molecule, ionic
isolation lattice (SMILES) method have solved the long-standing challenges of conventional
organic dyes and have been successfully implemented in cavities to realize condensation.
However, almost all demonstrations of molecular polariton condensates have inherently large
spectral linewidth and poor temporal coherence arising from intrinsic disorder and low quality
(Q) factor of the cavity. Here, we realize exciton-polaritons using fluorescent dye SMILES in
a high Q factor microcavity and observe polariton condensates with a linewidth of 175 peV.
These polariton condensates exhibit temporal coherence of 30.3 + 8.0 ps, indicating the highly
coherent nature of the narrow linewidth condensates. These results set the stage for realizing

highly coherent and robust polaritonic devices operating at room temperature.

1. Introduction
Coherent light sources, such as lasers, have become fundamental to modern technology through
their ability to produce highly directional, monochromatic light with coherence. While

conventional photonic lasers are formed through a stimulated emission process and population
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inversion, a polariton laser is realized by the polariton condensation, a coherent ground state
with polaritons that result from the strong light-matter interactions.!!! Polariton lasers offer
lower threshold power compared to the photonic laser, enabling the realization of energy-
efficient coherent light sources.!**! Since the first observation of polariton condensation at
cryogenic temperatures in 2006, the research for realizing room-temperature polariton
condensates has flourished utilizing a wide range of novel materials.*¢!

Organic materials, in particular, offer several distinct advantages for polariton devices due to
their large exciton binding energy which arises from their Frenkel nature, synthetic tunability,
room-temperature operation, flexibility, solution processability, and cost-effectiveness.[”*]
With all of these advantages, polariton condensation has been reported using various organic

materials.”* Furthermore, organic material-based polaritons have been utilized in a variety of

[15] [16] [17]

applications such as optical switches'”!, logic gates'®!, transistors'' "), analog Hamiltonian
simulators'®!?], and Light-emitting diodes[*"! at room temperature. In this context, there is great
potential to realize room-temperature polariton devices with a broad range of wavelengths and
optical properties using the countless fluorescent organic materials in nature. However, this
remains challenging due to long-standing problems associated with fluorescent dyes such as
aggregation, luminescence quenching, and structural instability.!]

To overcome these fundamental limitations, the recent discovery of small-molecule ionic
isolation lattices (SMILES) represents a breakthrough by spatially isolating dye molecules
within a structured lattice and maintaining optimal dye-dye distance. SMILES are synthesized
by mixing a commonly used fluorescent organic dye with a colorless anion-binding macrocycle
called cyanostar, preventing dye aggregation, concentration quenching and significantly
enhancing the photoluminescence (PL) quantum yield.?!]

Recently, SMILES has been effectively used to realize bright polariton condensates through
Tamm plasmon (TP) polaritons in metal—distributed Bragg reflector (DBR) microcavity.??! TPs
can create highly confined electromagnetic states at the metal/DBR interface, leading to strong
light-matter interactions. However, TP modes in metal/DBR cavities exhibit a relatively low Q
factor, presenting a fundamental drawback for more practical polariton-based applications.
Therefore, employing all-DBR-based microcavities is the optimal approach, yet direct
deposition of top DBR can cause damage to the active material occasionally.*! As an
alternative approach involving transferring of pre-fabricated DBRs onto active materials has
been reported as a method to avoid damage and achieve high Q factor cavities.!?3-2¢]

Here, we demonstrate the strong coupling of fluorescent dye SMILES in DBR-based

microcavities by employing pick-and-place DBR transfer technique, obtaining Rabi splitting
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value of approximately 110 meV from reflectance measurements. By exciting the microcavity
with a non-resonant pulsed laser, we observe room-temperature polariton condensation above
the critical pumping power with ultra-narrow linewidth of 175 peV. Furthermore, we
demonstrate the emergence of spatial coherence above the threshold using a Michelson
interferometer. Temporal coherence measurements reveal the coherence time of 30.3 + 8.0 ps
for the polariton condensates, which is an order of magnitude higher than previously reported

values for planar microcavities.!!1:?7-28]

(a) e ne3s (C)
LA Rhodamine 3B
\ o
0o 5 SiO,/SiC DBR
L Perchlorate
o o
Cyanostar

R3B-SMILES

SiO,/TiO, DBR

Glass substrate

ottt
(b) [ i o
t ottt PDMS Top DBR flake
PDMS PDMS SI02/SICDBR SI02/SICDBR
e SI0Z(SICDER | R3BSMILES | R3BSMILES
Si02/SICDBR™ W ) -)
: . Si02/Ti02 DBR Si02/Ti02 DBR
Mica Mica
Glass substrate Glass substrate

Figure 1. Schematic of organic microcavity and fabrication process. a) Chemical structure of
Rhodamine 3B-SMILES and its ingredients: Rhodamine 3B, Perchlorate, and Cyanostar. b)
Fabrication process of microcavity by top DBR transfer method. DBRs are deposited on mica
and glass substrate for top and bottom DBR, respectively. DBR on mica is picked up and
transferred to the R3B-SMILES coated bottom DBR with PDMS stamp. ¢) Simple illustration
of organic-based planar microcavity structure. A sandwich structure of R3B-SMILES between
two dielectric DBRs on a glass substrate d) Optical microscopic image of a transferred top DBR

flake on the R3B-SMILES.

2. Experimental results

2.1. Sample fabrications

First, we synthesize the SMILES complex by using Rhodamine 3B (R3B) dye, a fluorescent
dye that is commonly used as a gain medium for dye lasers. We combine R3B perchlorate
(ClO4-) and cyanostar macrocycle in a chlorobenzene solvent. The SMILES solution is mixed
with a polymethyl methacrylate (PMMA) solution, which helps control the thickness of

SMILES thin film during the spin-coating process. The detailed synthesis method of SMILES
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is described in Methods and reference.!*?! When R3B dye forms a thin film, its quantum yield
and fluorescence brightness are significantly reduced compared to its performance in solution,
mainly due to molecular aggregation and exciton quenching in the solid state. However, R3B-
SMILES overcomes these challenges by isolating the dye molecules within a molecular lattice.
As a result, even in the crystallized thin film state, R3B-SMILES exhibits uniform and
extremely bright fluorescence, improving brightness by approximately ten times compared to
the original R3B dye thin films. The PL and absorption spectra of R3B-SMILES are provided
in Reference.*?!

We deposit an R3B-SMILES thin film on the bottom DBR substrate by spin-coating the R3B-
SMILES solution. The thickness of the R3B-SMILES thin film is approximately 200 nm,
designed to create a cavity mode around a wavelength of 600 nm. To fabricate the top DBR
structure, we fabricate SiC/SiO, DBR on a mica substrate using plasma-enhanced chemical
vapor deposition. Due to the significant strain between the mica substrate and the DBR structure,
the DBR easily delaminates from the mica substrate.[*’] Figure 1b illustrates the step-by-step
process of DBR transfer. We use polydimethylsiloxane (PDMS) to pick up the DBR and
transfer it onto the prepared SMILES/DBR structures to make microcavities. Figure 1¢ shows
simple illustrations of the fabricated microcavities. The deposited DBR is already fragmented
on the mica substrate, and when lifted with the PDMS, all portions of the DBR in contact with
the PDMS delaminate from the mica. However, not all the DBR fragments transfer onto the
SMILES layer, resulting in a random distribution of DBR flakes. Figure 1d shows an optical
microscopic image of a DBR flake on the SMILES/DBR structure. A typical DBR flake size is
the order of 100 um.

2.2. Angle-resolved reflectance spectroscopy
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Figure 2. Energy-momentum dispersion of polaritons. a-¢) Angle-resolved reflectance spectra
of lower polaritons depending on the detuning. From a) to e), the lower polariton states are more
photonic (more negatively detuned). The dashed black and gray colors represent the energies
for the exciton and cavity mode, while the red and blue colors represent the energies for the

lower and upper polariton branches, respectively.

We measure angle-resolved reflectance spectra of the fabricated microcavities to observe the
strong coupling behavior. A top DBR with 6.5 pairs of SiO2/SiC is used to obtain a clear signal
from the lower polaritons. Despite using a single spin-coating speed, the wavelength of the
lower polariton slightly varies depending on the location of the top DBR flake. We speculate
that this is due to the local variation in SMILES thickness, caused by the pressure applied during
the transfer of top DBR onto the SMILES layer. We measure the reflectance at several locations
of top DBR flakes, demonstrate that polaritons with varying detuning can be fabricated. Figure
2 presents microcavities with different detuning ordered from left to right. The figures on the
right correspond to cavities with higher photonic fractions (more negatively detuned). We
estimated the Rabi splitting value and detuning using a coupled oscillator model by fitting the
measured lower polariton mode and energy of the R3B-SMILES exciton at 2.19 eV. The results
of'the fitting represent the lower and upper polariton branches as red and blue dots, respectively,
and the cavity mode and the R3B-SMILES exciton as gray and black dots, respectively, in
Figure 2. The individual detuning and Rabi splitting values for Figure 2 are provided in the

Supplementary Material. The average measured Rabi splitting value is approximately 110 meV.

2.2. PL spectroscopy
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Figure 3. Angle-resolved PL spectrum and polariton condensation. a-c) Angle-resolved PL
spectra for varying pump powers corresponding to 0.23 P, 0.94 P, 1.05 Py, respectively. The
threshold power Py is 2.7 mJ/cm?. With increasing pumping power, polaritons condense to the
ground state. d) PL spectrum of polaritons at 6 = 0° for different pumping powers. ¢) Pump
power dependence of PL peak intensity (black squares), the blueshift (blue circles), and

linewidth (red diamonds) of the lower polaritons.

We measure the angle-resolved PL spectrum with increasing pumping power to observe lower
polaritons and polariton condensation. We use a fs-pulsed laser with a wavelength of 514 nm
(~ 2.4 eV) to excite the sample non-resonantly. The pump beam has a broad Gaussian profile
with a beam diameter of approximately 30 um to exclude potential gradients and to avoid
degradation at small pumping spot due to the heating or burning by the tightly focused laser.”!
Figures 3a-c show the angle-resolved PL spectrum under different pump power regimes. Below
the condensation threshold, PL spectrum exhibits a broad energy-momentum distribution of the
lower polariton branch, as shown in Figure 3a. With increasing pumping power, the polaritons
condense into the ground state at 6 = 0°, as shown in Figure 3b. Above the threshold density,

most polaritons occupy the ground state, as shown in Figure 3c. The threshold pumping power
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for condensation is 2.7 mJ/cm?. In Figure 3d, we extract the spectrum at 6 = 0°, the ground state,
from the measured angle-resolved PL spectrum and plot it as a function of pump power. As the
pump power increases, a sharp peak appears above the threshold. In Figure 3e, we present the
pump power dependency of the PL peak intensity (black squares), the blueshift (blue circles),
and the linewidth (red diamonds) of lower polaritons. Below the threshold density, the PL
intensity exhibits a sublinear increase, which is commonly observed in organic materials due to
PL quenching effects such as exciton-exciton annihilation.!***) However, above the threshold
density, the PL intensity shows a nonlinear increase. The blueshift of the PL peak is also
observed with increasing polariton density. The blueshift is due to the quenching of the Rabi
splitting by saturation of molecular optical transitions and the Kerr-type nonlinearities in the
organic polaritons.!'3 2° And above the threshold, as the polaritons condense into a single
ground state, the coherence of the polaritons increases while dephasing processes are

suppressed, resulting in the linewidth narrowing.[!)
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Figure 4. PL spectrum of polariton condensates having the narrowest linewidth. a) Selected PL
spectra as a function of the pump power. b) Pump power dependence of peak intensity (black
squares), peak energy (blue circles), and linewidth (red diamonds). The narrowest measured

linewidth of the polariton condensates near the threshold is 175 peV (0.058 nm).

We also fabricated microcavities with 8.5 pairs of SiO2/SiC for the top DBR and measured the
PL spectrum at different pump powers as shown in Figure 4a. Using more DBR pairs results in
a cavity with a higher Q-factor. This microcavity is highly negatively detuned, with a photonic
fraction of 95% for the lower polaritons. Figure 4b shows the pump power dependence of PL
intensity, blueshift, and linewidth of the lower polaritons. We observe the linewidth of the lower

polariton to be ~ 0.60 meV below the threshold from which we can estimate the Q-factor of the
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microcavity by Q = E;p/(AE.p/|C]?) ~ 3,000 with the photonic fraction |C]|? = 0.95.5 Similar
to Figure 3, the higher Q device shows the typical behavior of polariton condensation as pump
power increases, but with a lower threshold of 133 pJ/cm?. This threshold value is ~ 0.93
nJ/pulse, which is comparable to that of previous reports of molecular polariton condensates
obtained in highly confined zero-dimensional geometry.!'3) Owing to the larger negative
detuning, this device shows only 1meV blue shift at threshold. Above the threshold, we obtain
ultra-narrow linewidth emission corresponding to 175 peV (0.058 nm) limited by the resolution
of the spectrometer setup (123 peV = 0.042 nm). Although a narrower linewidth of 0.02 nm has
been reported in organic vertical cavity surface-emitting laser operating in the weak coupling
regimel®!l, in the context of polariton lasing, our result is one of the narrowest reported which

has implications in the coherence properties. (See Table.2 in the Supporting materials).

2.3. Coherence properties with Michelson interferometer
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Figure 5. Coherence properties of polaritons. a-c) Interference maps of polaritons in real space

as a function of pump power. Below the threshold (P = 0.95 Pu), polaritons show a uniform
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intensity distribution without fringes. Above the threshold, polaritons form coherent
condensates, and an interference fringe pattern is visible (P = 1.02 Py,). d) Temporal coherence
of polariton condensates. The visibility of the fringe is plotted as a function of the delay time
of two arms of the Michelson interferometer. The measured data are shown in black squares,

and the fitting curve is shown in red dashed lines. The fitted coherence time is 30.3 £ 8.0 ps

One of the features of polariton condensation is the spontaneous formation of long-range spatial
coherence, which can be measured by observing the interference pattern using a Michelson
interferometer and retroreflector. In addition, temporal coherence can be measured by
controlling the delay between the arms of the interferometer. The build-up of interference over
a large area as the condensates provides evidence for the emergence of long-range order.
Figures S5a-c show the interference map of polaritons for varying pump power. Below the
threshold power, the interference map exhibits a broad distribution in real space without any
interference (Figure 5a). However, at the threshold power, a weak interference fringe begins to
appear at the center (Figure 5b). And above the threshold power, the polariton condensates
shows clear interference fringes over a large area (Figure Sc), indicating the build-up of
coherence in polariton condensates.

In addition to spatial coherence, the temporal coherence of the condensates can also be
measured using the same interferometer configuration by varying the optical path length of the
two arms with respect to each other. We define the fringe visibility of the interference pattern
as V = (Lnax — Imin)/ Umax + Imin), where Ine: and Inix are the intensity maximum and
minimum of the interference. Figure 5d shows the extracted visibility as a function of delay
between the two arms. The visibility decreases as the delay time moves away from the zero
delay. The measured data is fitted with a Gaussian distribution, and the extracted temporal
coherence is approximately 30.3 &+ 8.0 ps. This value is an order of magnitude greater than
previously reported results for organic material-based polaritons in planar microcavities.[!!-?%32
Although longer temporal coherence of ~ 150 ps has been reported!'?!, it was observed in zero-
dimensional cavities where the confinement enhances the coherence properties. (See Table.3 in
the Supporting materials for comparison). From the temporal coherence measurement, we
estimate the linewidth to be ~ 0.014 nm which is approximately four times smaller than the
measured linewidth (0.058 nm) from the polariton lasing emission spectrum. This discrepancy

is due to the resolution limit of our set up (0.042 nm).
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3. Conclusion

We successfully observe strong light-matter interaction and room-temperature polariton
condensation in all-DBR microcavities using SMILES. This is achieved through the DBR
transfer method, which enables a higher Q-factor compared to the TP polaritons in the
metal/DBR microcavities. In particular, we achieve polariton condensates with ultra-narrow
linewidth of 175 peV in an organic material-based planar microcavity in the strong coupling
regime. Furthermore, through interferometry, we demonstrate the emergence of long-range
phase coherence in the polariton condensed state with a temporal coherence of ~ 30.3 + 8.0 ps,
an order of magnitude higher than the previously reported values.!'*33-%) Although we have not
measured our polariton condensate lifetimes, we assume that it would be on the same order as
previously reported values of organic polaritons, i.e., on the order of a few picoseconds.¥]
Notably, the temporal coherence of our organic polaritons exceeds the polariton lifetime, a
phenomenon that has been previously reported.!!*3334 For polaritons with Wannier-Mott
excitons at low temperatures, the coherence time is affected by polariton-polariton interaction
and polariton-reservoir interaction.*>**! However, polaritons with Frenkel excitons cannot be
explained in the same manner. Understanding their behavior requires a fundamental
investigation into interparticle interaction as well as the decoherence mechanism of the Frenkel
exciton-polaritons.

Recent studies have endeavored to understand the coherence properties of organic
polaritons®>*%] but the underlying mechanisms for their unexpectedly long coherence times
exceeding 10 ps remain unclear. One report hint at possible connection between population
transfer and dark states as decoherence mechanisms.*®! However, further theoretical work is
essential to for a comprehensive understanding of the coherence properties of molecular
condensates. Furthermore, a recent experimental report has revealed that organic polaritons can
achieve a high degree of second-order coherence at room temperature.*”! This result suggests
that, despite their nonequilibrium and disordered nature, organic polariton condensates can
maintain relatively low-intensity noise. Given the recent interest in room-temperature
polaritons, our work highlights the significant potential of organic polaritons as coherent light
sources operating at room temperature. Our results of narrow spectral linewidth and high
temporal coherence in organic polariton systems represent a significant step toward room-

temperature polariton-based device applications.
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4. Methods

Sample fabrications: To synthesize R3B-SMILES, we mix the R3B dye as the perchlorate
(ClO4-) salt and cyanostar (Halophore) and dissolves it in PMMA C2 solution (2% w/w
PMMA in chlorobenzene, Kayaku Chem). The solution undergoes 48 hours of stirring at room
temperature, synthesizing R3B-SMILES assemblies in the PMMA solution. The R3B-SMILES
solution was then spin-coated on the SiO2/TiO2 bottom DBR. We use plasma-enhanced
chemical vapor deposition to deposit the SiO2/SiC DBR for the top DBR onto a mica substrate.
We take the SiO2/SiC DBRs from the mica substrate with PDMS and transfer the peeled DBRs
to spin-coated SMILES. And we take PDMS off from the SMILES. A portion of the Si02/SiC

DBRs remain in the SMILES and form microcavities.

Optical measurement and interferometry. Angle-resolved reflectance measurements were
conducted with a broadband tungsten halogen lamp. The reflected signal was collected using
an objective lens (0.8 NA). The signal was measured with a spectrometer (Princeton
Instruments) and charged-coupled device camera (Princeton Instruments). PL spectrum
measurements were conducted with a fs-pulsed laser (Light Conversion), which has 515 nm
wavelength and 10 kHz repetition rate. A 550 nm long pass filter was used to eliminate laser
signal in PL measurement. Interference fringes were measured with a Michelson interferometer
and a retroreflector. Visibility is extracted by identifying the maximum intensity [n. and
minimum intensity I,,;, values within the interference fringes and calculating the V = (1,4, —
Imin)/ hnax + Imin)- One arm of the interferometer was placed on a computer-controlled stage
(Thorlabs). We measured the temporal coherence by moving the mirror with the stage. The
visibility values measured as a function of delay time were fitted using a Gaussian function to

extract the coherence time.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Table 1. Detuning and Hopefield coefficients from reflectance measurements

Sample Cavity mode energy Rabi splitting Detuning Photonic fraction Lower polariton energy
[eV] [eV] [eV] Ic?| [eV]
1 2.123 0.107 0.067 0.765 2.097
2 2.095 0.110 0.095 0.826 2.070
3 2.069 0.114 0.121 0.863 2.046
4 2.048 0.110 0.142 0.895 2.030
5 2.018 0.112 0.172 0.918 2.000
Table 2. Organic material-based microcavity works
Reference Active Q-factor Strong Wavelength Linewidth of Linewidth of Threshold
materials coupling of lower polariton polariton pump power
polariton emission after emission after
[nm] lasing [nm] lasing [meV]
1] BP1T-CN ~ 350 X 499 ~0.2 ~1.0 45 pdlcm?
[2] BODIPY-G1 ~ 600 (0] 568 ~0.1 ~0.38 6 mJ/cm?
[3] BSBCz:CBP 2,230 X 460 0.24 ~1.40 1.7 pdicm?
[4] mCherry 7,500 (0] 641 ~0.0592-® ~0.1899 0.78 nJ/pulse
[5] BODIPY-Br ~ 540 (0] 569 ~0.42 ~16 295 pJicm?
[6] 2L-F/4L-F, LiF 302 (0] 430 ~0.12 0.8 12 pdicm?
[71 BSFCz 517 (0] 464 ~0.07 0.4 9.7 ulem?
[8] R3B-SMILES 150 (0] 590 ~20 71 0.2 mJ/cm?
[9] Algs:DCM - X 618 0.02+0.01 0.064 320 pdiem?
This work ~ R3B-SMILES 3,000 (0) 644 0.058 0.175 133 pdlcm?

%) Confined state; ® Measurement resolution limit
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Table 3. Temporal coherence of organic polaritons

Reference Active materials Coherence time Linewidth of polariton emission after
[ps] lasing [meV]
[10] MeLPPP ~2 ~2
[11] TDAF 0.81 1
[12] MeLPPP ~1 1.59
[4] mCherry 1502 0.18 -0
This work R3B-SMILES 30.3 0.175

%) Confined state; ® Measurement resolution limit
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