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Abstract: We propose a material system to generate polariton lasing at room temperature over 

a broad spectral-range. The system developed is based on a boron dipyrromethene fluorophore 

dye (BODIPY-G1) that is dispersed into a polystyrene matrix and used as the active layer of a 

strongly-coupled microcavity. We show that the BODIPY-G1 exciton-polaritons undergo non-

linear emission over a broad range of exciton–cavity mode detuning in the green-yellow portion 

of the visible-spectrum, with polariton lasing achieved over a spectral range spanning 33 nm. 

The recorded linewidth of ~0.1 nm corresponds to a condensate coherence lifetime of ~1 ps. 

We propose that similar effects can be anticipated using a range of molecular dyes in the 

BODIPY family; a result that paves the way for tuneable polariton devices over the visible and 

near infrared spectral region. 

 

1. Introduction 

Exciton-polaritons have inspired decades of intense interdisciplinary research that has resulted 

in the emergence of the field of polaritonics; optoelectronics driven on the principle of strong 

light-matter coupling phenomena.[1] Initial efforts in polaritonics were largely focused on 

inorganic semiconductor GaAs-based microcavities.[2] However, the applications of III-V and 

II-VI inorganic semiconductors in polaritonics are relatively limited due to the challenging 

growth techniques required to create wide-bandgap semiconductors together with the necessity 

of using cryogenic temperatures to create Mott-Wannier excitons.[3,4]  

 

Organic semiconductors however comprise the broadest class of strongly coupled materials 

developed to date, and include molecular dyes, crystalline organic molecules, oligofluorenes 

and conjugated polymers.[5–11] Owing to the high quantum yield, large dipole moment of optical 

transitions and high binding energy of excitons, organic semiconductors have permitted the 

physics and applications of polaritonics to be explored at room temperature.[12,13] Polariton 

lasing is one of the most distinctive nonlinear phenomena related to the collective behaviour of 
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exciton-polaritons. In contrast to conventional photon lasers, a polariton laser does not 

necessitate the electronic inversion of population, but is instead driven by a stimulated 

relaxation to a coherent state during the process of condensation to the ground polariton state. 

This process has allowed polariton lasers to exhibit significantly lower thresholds compared to 

photon lasers that have been fabricated using the same device configuration.[14,15] 

 

Recently, we demonstrated polariton lasing in the yellow part of the spectrum in an organic 

microcavity containing the molecular dye BODIPY-Br.[5] In the present paper, we explore the 

incorporation of another molecular dye of the BODIPY family, namely BODIPY-G1, into a 

microcavity, and show that by incorporating a wedged cavity-layer configuration, we can 

achieve strong-coupling over a broad range of exciton-photon detuning conditions. Such 

structures allow us to controllably access different cavity lengths and thus select the energy of 

the ground polariton state. We then use this approach to provide evidence of polariton lasing 

over a broad range of wavelengths (>30 nm) utilising a single material system. 

 

2. Results and Discussions 

We investigate the potential of dye-filled microcavities for broadband tuneable polariton lasers 

using BODIPY-G1 dye molecules dispersed in a transparent polystyrene matrix as the 

intracavity material host. The molecular dye BODIPY-G1 is a typical representative of the 

BODIPY family and combines both high extinction coefficients and high photoluminescence 

quantum yields.[16] In Figure 1(a) we draw a schematic of the microcavity and illustrate the 

excitation and detection geometry that we implement here. A gradient (up to 10 nm/cm) in the 

thickness of the cavity region occurs as a result of the spin-casting process results in a broad 

tunability of exciton-photon detuning conditions (>130 meV). Figure 1(b) shows the 

normalized absorption and fluorescence spectra measured from a 150 nm thick bare film 

consisting of BODIPY-G1 dye molecules dispersed into a polystyrene matrix at a concentration 
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of 10% by mass, spin-cast onto a quartz-coated glass substrate. The absorption maximum 

occurs at 507 nm with the fluorescence being Stokes-shifted to 524 nm. On a film of the same 

thickness, we perform amplified spontaneous emission (ASE) measurements, shown in Figure 

1(c), that reveal that BODIPY-G1 undergoes optical gain. The maximum of the optical gain 

spectrum is centred at 547nm as indicated by the narrowing of fluorescence emission at a pump 

density of ~ 5mJ cm-2. Here, the 150 nm film was excited using a stripe beam excitation using 

350 ps laser pulses at a repetition rate of 1 kHz at 355 nm (see Experimental Section). The 

microcavity was then fabricated by spin-coating a blended film of BODIPY-G1 dispersed into 

polystyrene onto a distributed Bragg reflector consisting of 10 pairs of SiO2 / Nb2O5. Here the 

spin-coating process used tended to create films that were slightly thicker at the edge of the 

substrate. The structure was finally completed by depositing a second 8-pair SiO2 / Nb2O5 

distributed Bragg reflector onto the film using ion assisted electron beam and reactive 

sublimation (see Experimental Section). The dye-filled microcavities created had a cavity Q-

factor of ~ 600 (derived from the emission linewidth at normal incidence [𝑘∥ = 0]) and 

supported strong coupling between the cavity photon and the molecular-exciton resonance. 

Figure 2 plots the angular dependence of the reflectivity and demonstrates photon-exciton 

strong coupling as evidenced by the anti-crossing of the bare modes at ~35˚. The upper and 

lower polariton branches are observed as local minima in the angular reflectivity plot and 

undergo an avoided crossing at ~507 nm; a wavelength near the S0→S1 optical transition of the 

molecular dye. 

 

To demonstrate polariton lasing, the microcavity was pumped using 2 ps single laser pulses at 

400 nm in a transmission configuration (see Figure 1(a)), with polariton emission dispersion 

recorded for each excitation pulse. Figure 3(a) shows the polariton dispersion below (right 

panel) and above (left panel) threshold at the most negative exciton-photon detuning accessible 

in our microcavities (-248 meV). Above threshold we observe a collapse of the 
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photoluminescence to the ground polariton state, accompanied by a line narrowing and a 

blueshift of the emission. In Figure 3(b) we plot the photoluminescence intensity integrated 

over ±1 ˚ around normal incidence versus excitation density. At an incident excitation density 

of ~ 6 mJ/cm2 we observe a rapid increase of the photoluminescence intensity; a process 

indicative of a threshold to the non-linear regime. In Figure 3(c) we plot the energy shift (right 

axis, in blue) and the full width at half maximum of the emission linewidth (left axis, in red) 

integrated over ±1˚ around normal incidence versus excitation density. At the condensation 

threshold excitation density, we observe a narrowing of the emission linewidth, and a blue shift 

of the polariton mode associated with polariton lasing in the strong coupling regime. The 

tenfold linewidth narrowing from 1 nm to 0.1 nm reflects a high degree of coherence of ~1 ps. 

The absorbed excitation density at condensation threshold for the BODIPY-G1 here, and 

BODIPY-Br[5] filled-microcavities is approximately the same. 

 

Having established polariton lasing at the most negative detuning (-248 meV), where the 

polariton wavefunction is comprised of 4.5% excitonic contribution, we proceeded to examine 

the full range of exciton-photon detuning in our structures. Here, we recorded almost four 

hundred observations of polariton lasing across a series of cavity structures spanning the green 

and yellow parts of the spectrum. Figure 4 shows a scatter plot of the emission wavelength of 

polariton lasing versus detuning. For a subset of these wavelengths we perform the full 

excitation density dependence that allows us to estimate the threshold for polariton lasing vs 

exciton-photon detuning. We observe a weak dependence vs detuning with an average threshold 

of ~ 7 mJ cm-2 (standard deviation of 1.5 mJ cm-2). It is worth noting that the absorbed excitation 

density for polariton lasing is ~ 2.5 times smaller than the excitation density required to reach 

ASE threshold on a film of the same thickness (for details see Supplementary Information). For 

each data point in Figure 4, we observe the same hallmarks of polariton lasing as shown in 

Figure 3 (see supplementary information for indicative dispersion images across the spectrum). 
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The black open circles indicate the energy of the bare cavity mode derived from the measured 

linear dispersion for each observation of polariton lasing. On the chromaticity diagram of Figure 

4, we use a black line to indicate the range of emission-colours in which we obtain polariton 

lasing with BODIPY-G1. 

 

3. Conclusion 

In conclusion, we have demonstrated strong coupling and polariton lasing in microcavities 

containing the molecular dye BODIPY-G1. By engineering a thickness gradient across the 

microcavities we have accessed a broad range of exciton-photon detuning conditions. Using 

these structures, we have shown that BODIPY-G1 can undergo polariton lasing over a broad 

range (~33 nm) of wavelengths across the green-yellow part of the spectrum, with a highly 

monochromatic emission line of 0.1 nm. We note that there are a large number of related 

materials in the BODIPY family having emission that spans visible wavelengths to the near-

infrared[17] that are expected to allow  polariton lasing to be generated over a similar broad range 

of wavelengths. We believe that our results pave the way towards coherent lighting applications 

using strongly coupled organic microcavities. Furthermore, the broad wavelength tunability 

demonstrated here is of particular interest in the development of hybrid organic-inorganic 

polaritonics, as it will enable a fine adjustment of the energy separation between various 

polariton states.  

 

4. Experimental Section 

Sample preparation: Polystyrene (PS) having a molecular weight of Mw = 192,000 was 

dissolved in toluene at a concentration of 35mg/mL to create an optically inert matrix solution. 

BODIPY-G1 was then dispersed into the solution at 10% by mass. Control films for absorption, 

photoluminescence and ASE measurements were then spin-cast from solution onto quartz-

coated glass substrates. 
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To fabricate a microcavity, a bottom distributed Bragg reflector (DBR) consisting of 10 pairs 

of SiO2/Nb2O5 was deposited onto quartz-coated glass substrates using ion assisted electron 

beam (Nb2O5) and reactive sublimation (SiO2). A BODIPY-G1/PS film was then spin-coated 

on top of the bottom mirror using 100 μL of solution. Microcavities with different exciton-

photon detunings were fabricated by controlling the active layer thickness (ranging from 130 

nm to 180 nm) via the substrate rotation speed. A wedge-like thickness gradient of the cavities 

allowed us to control an exciton-photon detuning precisely. A second 8-pair DBR was deposited 

on top of the organic with the ion-gun turned-off during the first few layers to avoid causing 

damage to the organic material. 

 

Spectroscopy: A Fluoromax 4 fluorometer (Horiba) equipped with a Xe lamp was used to 

measure the absorption of the BODIPY-G1 control non-cavity films. Films were excited using 

a 473 nm laser diode and PL was detected using an Oriel MS-125 spectograph. Angular white 

light reflectivity measurements were performed using an Ocean Optics DH-2000 fibre-coupled 

Halogen-Deuterium white light source. The angle of incidence between the sample and the 

white light source was controlled using a motorized arm. The reflected light was coupled into 

an optical fibre mounted on a second motorized arm which controlled the detection angle. The 

collected PL was then directed into a Andor Shamrock CCD spectrometer. 

 

ASE measurements were performed using a 355 nm pulsed laser with 350 ps pulse width and 

1 kHz repetition rate. A 25 mm cylindrical lens was used to focus the beam on the sample 

creating a stripe excitation profile (1470 μm x 80 μm). ASE emission from a 150 nm control 

noncavity film (10% BODIPY-G1 in 35mg/mL PS/toluene) was detected from the edge of the 

film, in a direction perpendicular to that of the propagation of the incident pump beam using an 
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Andor Shamrock CCD spectrometer. The laser power at threshold was measured to be Pth=6 

mW. 

 

To investigate polariton lasing, the microcavities were excited non-resonantly using single 2 ps 

pulses from a Ti:Sapphire laser (Coherent Libra-HE) which was frequency-doubled through a 

BBO crystal providing a wavelength of 400 nm. The pump beam was focused onto a sample 

by Nikon Plan Fluor 4X microscope objective in ~ 12 µm pump spot size at FWHM. 

Photoluminescence was collected in transmission configuration using Mitutoyo Plan Apo 20X 

microscope objective with a numerical aperture (NA) of 0.42. To block the residual light from 

the excitation beam Semrock LP02-442RU longpass filter was used in the collection path. 

Properly filtered PL of a sample was coupled to 750 mm focal length spectrometer (Princeton 

Instruments SP2750) equipped with an electron multiplying charge-coupled device camera 

(Princeton Instruments ProEM-HS 1024X1024). We used 1200 grooves mm-1 grating and 20 

um entrance slit to achieve a spectral resolution of 0.03 nm. All measurements were performed 

in air and at room temperature. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1 (a) Schematic of the wedged dye filled microcavity and the excitation and detection 

configuration. (b) Normalised absorption (black) and fluorescence spectrum (red) of a 150 nm 

thick film of the BODIPY-G1 dye dispersed into a polystyrene matrix. Inset: the chemical 

structure of BODIPY-G1. (c) Emission spectra of the bare film under stripe beam excitation 

collected from the side of the sample. The dye molecules undergo amplified spontaneous 

emission at an incident excitation density of ~ 5mJ/cm2, with the maximum of the material gain 

occuring at 547nm.  
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Figure 2 Colour plot of the angle-dependent reflectivity of the BODIPY-G1 filled microcavity 

(log scale). The solid lines show the calculated upper and lower polariton branches and the 

dashed lines show the bare cavity and exciton modes. Anti-crossing of the polariton modes is 

visible at 35˚.  
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Figure 3 (a) Normalized 𝐸, 𝑘 - dispersion of polariton photoluminescence below (right) and 

above the threshold (left). The red and white dashed curves indicate the lower polariton branch 

and the bare cavity mode respectively. (b) The dependence of integrated polariton 

photoluminescence as a function of pump fluence. (c) The linewidth of polariton 

photoluminescence at FWHM (red) and the energy shift of the polariton mode at  𝑘∥ = 0  (blue) 

versus pump fluence. 
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Figure 4 The coloured solid-square data points indicate the wavelength (photon energy – right 

axis) where polariton lasing was observed versus the corresponding exciton-photon detuning. 

The black open-circles indicate the corresponding bare cavity mode for each realisation. 

Polariton lasing spans the green-yellow part of the visible spectrum as indicated with a black 

solid line on the CIE 1931 chromaticity diagram – bottom left inset. 
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Figure S1 Superimposed below and above polariton lasing threshold dispersion images 

spanning the full spectral range reported in the main manuscript. Fluorescence from the lower 

polariton U-shaped dispersions identifies the linear regime, while the blue-shifted high intensity 

emission around normal incidence is indicative of polariton lasing. The white dashed lines 

correspond to the bare cavity mode. 
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Figure S2 (a) The refractive index n, (b) vacuum Rabi splitting ħΩ and (c) exciton fraction ∣Xk∣∣=0∣2 for each detuning realization. Average refractive index is 1.81, Rabi splitting – 116 

meV. For less negative exciton-photon detuning, the exciton fraction naturally increases. 
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Threshold comparisons for ASE and polariton lasing: 

 

To clarify the ASE threshold and compare it with the threshold of polariton lasing in a proper 

way, we have carried out new ASE measurements using a freshly prepared 

polystyrene/BODIPY-G1 film with the same thickness as in the microcavity (150 nm). The 

ASE threshold has been found at 6 mW of incident beam focused on the sample as a stripe 

(1470 x 80 µm) using 350 ps laser pulses at the excitation wavelength of 355 nm and 1 kHz 

repetition rate. Thus the incident pump fluence corresponding to the ASE threshold is equal to 

5.2 mJ cm-2. Taking into account the optical density (OD) of the film at 355 nm (OD=0.025) 

we obtain 290 uJ cm-2 of absorbed pump fluence at the ASE threshold. Meanwhile the polariton 

lasing occurs at 6 mJ cm-2 of the incident pump fluence at 400 nm. By taking into account the 

absorption of the film at 400 nm (OD=0.011) and the reflection losses on the first DBR (20%) 

we get an absorbed pump fluence for the polariton lasing of ~120 uJ cm-2. Following this 

analysis, we can now compare the values of the absorbed pump fluences in the cavity and in 

the film. We find that the threshold for polariton lasing (120 uJ cm-2) is ∼2.5 times lower than 

for ASE (290 uJ cm-2). 


