
 1 

Nonlinear interactions in an organic polariton condensate 

K. S. Daskalakis1, S. A. Maier1, R. Murray1 and S. Kéna-Cohen1,2† 
1Department of Physics 

Imperial College London, London, SW7 2AZ 

United Kingdom 
 

2Department of Engineering Physics 

École Polytechnique de Montréal 

Montréal, QC, H3C 3A7 

Canada 

†To whom correspondence should be addressed. E-mail: s.kena-cohen@polymtl.ca 

 

Abstract 

Under the right conditions, cavity polaritons form a macroscopic condensate in the 

ground state. The fascinating nonlinear behaviour of this condensate is largely dictated by 

the strength of polariton-polariton interactions. In inorganic semiconductors, these result 

principally from the Coulomb interaction between Wannier-Mott excitons. Such 

interactions are considerably weaker for the tightly bound Frenkel excitons characteristic 

of organic semiconductors and were notably absent in the first reported demonstration of 

organic polariton lasing. In this work, we demonstrate the realization of an organic 

polariton condensate, at room temperature, in a microcavity containing a thin film of 2,7-

bis[9,9-di(4-methylphenyl)-fluoren-2-yl]-9,9-di(4-methylphenyl)fluorene. Upon reaching 

threshold, we observe the spontaneous formation of a linearly polarized condensate, 

which exhibits a superlinear power dependence, long-range order and a power dependent 

blue shift: a clear signature of Frenkel polariton interactions. 
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The last decade has seen the study of the quantum fluidic behaviour of light flourish.1 

One branch of this field has focused on exploiting the properties of cavity polaritons: 

hybrid light-matter quasiparticles formed in semiconductor microcavities.2 The 

substantial interest in strongly coupled semiconductor microcavities stems principally 

from the possibility to impart weakly interacting cavity photons with a strongly 

interacting matter component inherited from the exciton. On one hand, this matter 

component enhances energetic relaxation towards the polariton ground state by allowing 

interactions with phonons and other polaritons.3, 4 On the other hand, the nonlinearity 

inherited from the exciton gives rise to the hydrodynamic behaviour of polaritons.5, 6, 7, 8, 9, 

10, 11 Polaritons have a finite lifetime, determined principally by their photonic 

component, beyond which they decay through the cavity mirrors. If relaxation is efficient 

enough, however, a macroscopic population can be accumulated in a single state—often 

the ground state—via bosonic final state stimulation.12, 13, 14 The threshold corresponding 

to this process, termed polariton lasing, can be significantly below that required for 

conventional photon lasing. The resulting macroscopically occupied state then behaves as 

a non-equilibrium Bose-Einstein condensate of polaritons.15, 16 Although polariton lasing 

has been mainly observed at low temperature due to the small binding energy typical of 

Wannier-Mott excitons,13 recent developments have led to room temperature 

demonstrations in III-nitrides and ZnO.17, 18, 19, 20 Frenkel excitons possess binding 

energies of ~ 1 eV and are thus highly stable at room temperature.21 Organic polariton 

lasing was first demonstrated in microcavities containing anthracene single-crystals.22, 23  
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The nonlinear character of polariton condensates leads to a wealth of fascinating 

phenomena such as superfluidity and the formation of dark solitons and vortices.7, 8, 9, 10, 11 

This nonlinearity, which in a microscopic picture results from polariton-polariton and 

polariton-exciton interactions,1, 4, 15, 24 is much weaker for the tightly bound Frenkel 

excitons characteristic of organic semiconductors and was notably absent in the first 

reported demonstration of organic polariton lasing.23 Anthracene does not show the 

characteristic blue shift that results from strongly interacting polaritons. There, relaxation 

to the bottom of the lower polariton (LP) branch occurs principally via a resonant process 

that scatters excitons from the reservoir to a specific energetic point on the LP branch and 

the observed threshold is determined principally by this single scattering rate.25 At 

present, this mechanism is believed to result from the transition dipole moment 

connecting the vibronic ground state of the first electronically excited state (S1) to the 

first vibronic level of the electronic ground state (S0), the same pathway that leads to 

stimulated emission in bare anthracene.26 Thus, the lasing threshold does not differ 

significantly from that of a conventional laser. This threshold was later shown to decrease 

by one order of magnitude upon lowering the temperature.27 

 Relaxation via phonon emission and polariton interactions are critical for further 

reducing the threshold. Polariton-polariton interactions can also dramatically change the 

spectrum of low energy condensate excitations due to the resulting Bogoliubov 

dispersion.28 For Wannier-Mott excitons, exciton-exciton interactions are the result of 

both the Coulomb interaction between excitons and saturation which arises from the Pauli 

exclusion principle.4, 24 For most organic semiconductors, the strength of the Coulomb 

interaction, which is dominant in the Wannier-Mott case, is weak and depends strongly 
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on details of the molecular and crystal structure.29 The saturation term, however, also 

leads to an effective interaction for Frenkel excitons termed the polariton kinematic 

interaction. It originates from the fact that two excitons cannot lie on the same lattice site 

and has been theoretically investigated by several authors.29, 30, 31 In particular, it has been 

shown that the paulionic nature of Frenkel excitons leads to an effective repulsive 

interaction.29, 30 

In the mean field approximation, a generalized Gross-Pitaevskii equation (GPE) 

can be derived for the condensate wavefunctionΨ0 r,t( ) :11, 16 

 
 
i
∂Ψ0 r,t( )

∂t
= −
2∇2

2mLP

+
i
2
W (nR )−γ LP[ ]+ g Ψ0 r,t( )

2
+ gnR

&

'
(

)

*
+Ψ0 r,t( )   (1) 

where mLP is the LP effective mass, γLP its decay rate and g is the k = 0 value of the 

effective polariton-polariton interaction potential. Under non-resonant pumping, the 

condensate interacts with a reservoir of high-energy excitations created by the pump 

field. In the case of organic microcavities, these resemble bare molecular excitons.32, 33 

They scatter into the condensate with rate W(nR) and contribute a polariton-exciton 

interaction constant  g . A rate equation describes the reservoir occupation, nR(t): 

 dnR(t)
dt

= P(t)− nR(t)
τ R

− kbnR
2 (t)−W (nR ) Ψ0

2   (2) 

where P(t) is the pump rate, τR is the reservoir exciton lifetime and kb is the bimolecular 

annihilation rate. 

In steady-state, the GPE predicts a linear blueshift of the condensate energy 

 U n( ) = gn+ gnR , where n is the LP density.1, 15 It is expected that within the pumped 

region the polariton-exciton interaction principally determines the blue shift.1, 34 In this 
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work, we observe the formation of a room temperature organic polariton condensate 

which, for the first time, exhibits a power-dependent blueshift due to nonlinear 

interactions between Frenkel excitons. We derive a simple macroscopic model to 

estimate the polariton-exciton interaction constant. 

 

Linear optical properties 

The studied microcavities are shown schematically in Fig. 1a. They are composed 

of a single film of thermally evaporated 2,7-bis[9,9-di(4-methylphenyl)-fluoren-2-yl]-9,9-

di(4-methylphenyl)fluorene (TDAF) sandwiched between two dielectric mirrors. The 

absorption, photoluminescence and amplified spontaneous emission (ASE) of TDAF are 

shown in Fig. 1b. The absorption exhibits a strong inhomogeneously broadened excitonic 

resonance at ~ 3.5 eV. In all-metal microcavities, this material has been used to 

demonstrate ultrastrong coupling with Rabi splittings of  Ω ~1eV .35 It is highly 

photostable and possesses a quantum efficiency of 0.43. The calculated cavity quality 

factor for our structure is Q ~ 300. From the most negatively detuned photoluminescence 

linewidth, the measured LP lifetime is estimated to be τ LP  ~ 55 fs. This suggests that the 

kinetics are dominated by single scattering events from the exciton reservoir. For the 

purpose of this demonstration, the quality factor was deliberately kept low to retain some, 

albeit weak, visibility for the upper branch in reflectivity due to background absorption 

on the high energy side of the exciton resonance. 

 Figure 2 shows a contour map of the transverse electric (TE) and magnetic (TM) 

angle-resolved reflectivity measured for a 120 nm thick microcavity. The dashed lines 

trace the fit dispersion of the upper and lower polariton branches, while the circles show 
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the position of the minima identified on the individual spectra (shown in Supplementary 

Information). The normal incidence LP energy is obtained from a transmission 

measurement. The solid black lines show the dispersion of the uncoupled TDAF exciton 

(Eex = 3.50 eV) and cavity photon obtained from fitting the measured dispersion to a 

coupled harmonic oscillator model that accounts for the angle-dependence of the DBR 

penetration depth (see Methods). The resulting fit parameters are shown in the Figure. A 

giant exciton-photon interaction constant, V(0) = (0.293 ± 0.006) eV, is obtained. It can 

be related to the Rabi Splitting, Ω , using Ω = 4V θ( )2 − γ ex −γ c( )2 . Here, V θ( )  is 

evaluated at the angle, θ, where the exciton and photon are resonant, while γex = 240 meV 

and γc = 5 meV are the exciton and photon damping, respectively. Previous studies have 

shown that the bulky TDAF molecules form disordered films with some slight anisotropy 

due to a favoured alignment of the molecules with their long axis in-plane.36 This 

anisotropy only modifies the TM-polarized photon dispersion for large angles of 

incidence and was ignored in our modelling.  

 To obtain the polariton population in the linear regime, we have measured angle-

resolved photoluminescence (PL) at low pump fluence. The angle-resolved PL is shown 

for TM polarization in Fig. 3a and 3b for 120 nm and 140 nm thick microcavities. From 

the translational invariance of the structure, this emission intensity can be related to the 

polariton occupation at the corresponding in-plane wavevector k. The detunings, Δ = 

Eph(0) - Eex, corresponding to the measured sample locations are Δ  =  -­‐  375  meV  and  Δ  =  

-­‐  440  meV, respectively and the exciton content, XLP
2 , at the branch minimum is 0.22 

and 0.20.  
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In anthracene microcavities, the emission showed structure mirroring its vibronic 

progression in PL. In contrast, here, the emission is found to decrease monotonically 

away from the bottom of the branch, despite the structured nature of the bare TDAF PL. 

In particular, no peak is observed at ~ 3.05 eV, where the bare PL shows a maximum. For 

both thicknesses, the resulting dispersion agrees well with that obtained from reflectivity 

measurements, although small differences occur due to the exact location of the measured 

spot. The high k region of the branch is thermalized, but this appears to be correlated to 

the thermalized tail of the bare TDAF PL spectrum. The TE-polarized angle-resolved PL 

similarly follows the dispersion relation obtained from reflectivity (see Supplementary 

Information). 

 

Above-threshold behaviour 

 Upon increasing the pump fluence, a threshold is found which is followed by a 

superlinear increase in output intensity for TM-polarized emission, regardless of the 

pump polarization. This increase is accompanied by a blueshift of the emission energy 

and a collapse, in momentum space, of the emission to the bottom of the LP branch. 

These two effects are observed in Fig. 3c and 3d, which show the TM-polarized angle-

resolved PL measured above threshold for both detunings. We attribute this threshold to 

the spontaneous formation of a linearly polarized polariton condensate. Note, also, that 

the emission remains well separated from the bare cavity mode. In real space, a bright 

spot emerges near the pump centroid with dimensions of approximately one quarter that 

of the pumped region as shown in Fig. 3e. 
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The power dependence of the 120 nm-thick microcavity is shown in Fig. 4a. First, 

we find that at a pump fluence of P = 4 µJ/cm2, the PL transitions from a linear regime, to 

a sub-linear regime dominated by bimolecular annihilation. Then, at Pth ~ 60 uJ/cm2, a 

superlinear increase in PL intensity is observed, accompanied by a collapse in linewidth, 

indicative of the increase in temporal coherence. Beyond threshold, we find a power-

dependent blueshift of the emission energy (shown in the inset), accompanied by 

significant linewidth broadening. In inorganic microcavities, similar broadening is 

observed and has been attributed to phase diffusion due to polariton self-interaction 

within the condensate and to condensation within different localized modes.37, 38 The 

individual spectra, measured at normal incidence (k = 0), are shown in Fig. 4b. The 140 

nm-thick microcavity exhibits a similar power-dependence and blueshift (shown in 

Supplementary Information). Note that increasing the number of mirror pairs can readily 

reduce the threshold. Figure 4c shows the power dependence obtained for an identical 

cavity with 9 mirror pairs (τ LP  ~ 150 fs). Here, we find a threshold Pth ~ 30 uJ/cm2, 

concomitant with the longer LP lifetime. For all samples, a blueshift is observed despite 

the peak in emission and ASE of TDAF lying on red side of the LP ground state. This 

contrasts with conventional laser frequency pulling where the emission shifts towards the 

gain maximum. The observed blueshift is a clear signature of polariton-polariton and 

polariton-exciton interactions. To our knowledge, this is the first time that signatures of 

such interactions have been observed for tightly bound Frenkel excitons. Note that the 

large Stokes shift of TDAF inhibits efficient pumping of the LP at energies above that of 

the vibrationally relaxed electronic excited state. As a result, we only observe lasing for 

cavities with Δ < -320 meV. 
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The polarization dependence of the above threshold PL and its color-coded 

spectral position are shown in Fig. 4d for the 140 nm thick cavity. Below threshold, the 

emission is completely unpolarized. Above threshold, the emission is almost completely 

TM-polarized, although weak residual TE emission is present which does not exhibit a 

blueshift. Because there is no in-plane anisotropy, the spontaneous selection of TM 

polarization is surprising. For large pump angles, however, the microcavity absorbance is 

only significant for TM polarization. As a result, the applied electric field on the TDAF 

molecules is oriented along the TM plane of incidence, as defined by the pump, 

regardless of the net pump polarization. To our knowledge, there have been no studies of 

the polarization memory of TDAF molecules, but our results suggest that depolarization 

occurs on a scale longer than the LP lifetime. 

 To gain insight into the polariton and reservoir dynamics, we have measured 

time-resolved emission from the LP, shown in Fig. 5. We find that in the linear regime, 

the LP exhibits biexponential decay with an amplitude-weighted lifetime τexc = 230 ps. 

This lifetime is attributed to the exciton reservoir dynamics, which are considerably 

slower than τLP. Upon increasing the pump fluence, a fast decay is observed at short 

times due to bimolecular annihilation, as described by Eq. (2). Above threshold, however, 

a significant collapse of the emission lifetime results from stimulated scattering to the 

condensate. Freshly grown TDAF films also exhibit biexponential decay, but with a 

weighted lifetime τTDAF = 570 ps. To assess the effect of damage during sputtering of the 

top mirror, we have measured the lifetime of a control half-cavity (no bottom mirror) to 

be τHALF = 330 ps. The reduced lifetime observed for the full cavity, as compared to the 

control, suggests enhanced scattering of reservoir excitons to the LP. This can occur due 
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to the emission of optical phonons, on a scale comparable to radiative decay,39 and via 

changes in the radiative decay rate due to the modified density of states.26 Previous 

reports have observed a weighted lifetime of only 133 ps for bare TDAF films40. Here, 

such short lifetimes have only been observed in the presence of quenching or stimulated 

emission. Also, the absence of a quadratic power dependence below threshold suggests 

that pair scattering is not a dominant scattering mechanism in these microcavities.  

 

Long-range spatial coherence 

 The spontaneous appearance of off-diagonal long-range order is one of the 

defining features of condensate formation.37, 41 In the linear regime, polaritons are 

expected to have a characteristic coherence length on the order of the thermal de Broglie 

wavelength λdB = 760 nm. Above threshold, for a homogeneous system, the condensate 

acquires a constant phase that is spontaneously chosen for each instance of the 

experiment.1 The physical manifestation of this long-range order is via the first-order 

spatial coherence g(1)(r,r’), which is a measure of the phase coherence between points at r 

and r’. Inhomogeneous pumping causes a spread in momentum space and more complex 

phase patterns to emerge.42 To probe the emergence of spatial coherence, we have 

imaged the condensate in a Michelson interferometer with one of the arms replaced by a 

retroreflector which inverts the image in a centro-symmetrically.37 The fringe contrast is 

thus a measure of the phase coherence between points r and –r, with respect to the spot 

centre. Figure 6 shows the images recorded below threshold and for three powers above 

threshold. Below threshold, only a small autocorrelation fringe can be resolved. At 

threshold, interference fringes begin to emerge from the centre of the image, due to the 
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Gaussian pump profile. The emission then corresponds to a central condensed region and 

sub-threshold PL. As the fluence increases to P > 1.3Pth fringes are readily identified 

over the entire condensate area, a clear manifestation of long-range order. The magnitude 

of g(1)(r,-r) can be measured via the fringe visibility as a function of phase delay. The 

shot-to-shot fluctuations smear out the interference pattern as the phase delay is varied, 

but we obtain a fringe visibility of ~70% within 3 µm of the centre point. 

 

Blueshift model 

 To model the blueshift and estimate the polariton interaction coefficients, we use 

a macroscopic model that includes only the nonlinearity due to exciton saturation.28 We 

have measured the polariton occupation at threshold to be nLP ~ 7  per state (see 

Methods) and the occupation above threshold is simply this number scaled by the 

observed intensity dependence from Fig. 4. The reservoir surface density in the pumped 

region, however, is on the order of 1014 cm-2. It is thus expected that, similarly to 

inorganic microcavities, the polariton-exciton interaction is dominant in the pumped 

region. Ground state saturation leads to a modified exciton-photon interaction constant:  

 V nR( ) =V0
1−nR / N0( )d
LDBR +d( )

  (3) 

where N0 ~ 7 x 1020 cm-3 is the TDAF molecular density, LDBR is the mirror penetration 

depth, d is the active layer thickness and V0 is the exciton-photon interaction strength for 

d >> LDBR. The polariton-exciton interaction constant is then: 

 
 

g = ∂ELP

∂nR n0

=
V0
2

N0 EUP n0( )−ELP (n0 )#$ %&

d
LDBR +d

  (4) 
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where EUP(n0) and ELP(n0) are the UP and LP energies evaluated at the reservoir density 

linearization point n0. Putting in typical numbers for our microcavity gives  g  ~ 2 x 10-22 

eV cm3 for small n0 and Hartree-Fock theory predicts  g = g 2d XLP
2 .16 One can show 

that this value translates to an effective nonlinearity several orders of magnitude lower 

than that of Wannier-Mott excitons.43 The inset of Fig. 4a compares a calculation of the 

time-averaged blueshift anticipated for the 120 nm thick microcavity under pulsed 

excitation (see Methods for details). There is good qualitative agreement with experiment 

given the absence of any fit parameters, the simplified description of bimolecular 

annihilation and the assumption of a spatially uniform pump. The Gaussian pump profile, 

for example, leads to a factor of ~2 difference between the on and off-axis irradiance. 

Note also the anticipated saturation due to clamping of the reservoir density above 

threshold. The absence of a measurable blueshift in anthracene microcavities is most 

likely due to its high molecular density and efficient bimolecular annihilation, which 

inhibit the build-up of a significant reservoir exciton population. 

The macroscopic picture highlights that strong coupling resonantly enhances the 

nonlinearity arising from ground state depletion. It also shows that a stronger blueshift is 

anticipated for cavities operating close to saturation. The 9 pair cavity of Fig. 4c, for 

example, exhibits a reduced blueshift of ~ 4 meV, in agreement with its lower threshold. 

This, however, becomes advantageous when compared to the reduced lasing linewidth of 

only ~ 1 meV. In the inset, the experimental blueshift is compared to the macroscopic 

model. The observed blueshift also provides a quantitative measure of the ground state 

depletion. At the highest intensities, sufficient depletion can lead to a dynamic transition 

to weak coupling. In these structures, however, the coupling strength is so large that a 
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violation of the strong coupling criterion would require three quarters of the molecules to 

be excited. The corresponding pump fluence is far beyond the damage threshold of our 

samples. 

 In conclusion we have observed the formation of a linearly polarized organic 

polariton condensate, in ambient conditions, in a simple microcavity consisting of a thin 

film of thermally evaporated TDAF. The ambipolar electrical characteristics of this 

organic semiconductor make it an attractive candidate for direct electrical injection.44 

Moreover, the underlying mechanism for lasing is observed to be qualitatively different 

from that of anthracene polariton lasers. In particular, we observe lasing for two widely 

different detunings, separated by ~65 meV. The observed power-dependent blueshift is a 

clear signature of polariton interactions and, to our knowledge, the first time that such 

interactions have been observed for Frenkel excitons. We have provided a simple model 

to describe the blueshift as resulting from exciton saturation. We anticipate that this study 

will motivate experimental efforts to directly observe hydrodynamic effects in organic 

polariton fluids and stimulate theoretical efforts to further understand the detailed 

mechanism for interaction. The latter is paramount for further reducing the lasing 

threshold to a value achievable via direct electrical injection.  

Supplementary Information is linked to the online version of this paper at 

www.nature.com/nmat. 
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METHODS 

Experimental structure  

 Two microcavities were fabricated, consisting of 120 and 140 nm thick TDAF 

layers encapsulated by identical distributed Bragg reflectors (DBRs). The DBRs 

consisted of 6 pairs of silicon dioxide (d = 44 nm) and tantalum pentoxide (d = 68 nm). 

These thicknesses were carefully chosen to keep both polariton branches within the 

limited DBR stop band, a challenge due to the large Rabi splitting. The bottom DBRs 

were fabricated by RF magnetron sputtering on pre-cleaned fused silica substrates. The 

TDAF layer was then thermally evaporated at a rate of 2 Å/s and a base pressure of ~10-7 

mbar. To finish the structure, the top DBR was sputtered on the TDAF layer, without 

breaking vacuum. The TDAF was used as received, without further purification. Both 

samples show detuning variations on the order of ~ 50 meV due to intrinsic thickness 

variations over the 15 x 15 mm sample size.  

All of the thicknesses and refractive indices used in this work were obtained using 

spectroscopic ellipsometery (JA Woollam VASE). 

 

Characterization 

Angle-resolved reflectivity was performed using an ellipsometer operating in 

reflectometry mode and a 2 mm spot size. Angle-resolved photoluminescence from the 

microcavities was measured using a spectrometer fiber-coupled to a computer-controlled 

goniometer. The detection half-angle of the collection lens is Δθ = 3.5° . The samples 

were excited non-resonantly at a 50° angle using TM-polarized 250 fs pulses from an 

optical parametric amplifier pumped by a regenerative Yb:KGW chirped pulse amplifier. 
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The observed nonlinearities were reproduced for both λ = 355 nm (absorbance peak) and 

λ = 385 nm (absorbance tail) pump wavelengths, but only when using sub-ns pulses. All 

of the data presented in this work used λ = 385 nm excitation. We also reproduced the 

results using two very different spot sizes (see Supplementary Information) and both 

yielded almost identical thresholds. Most results shown in this work were obtained using 

a 233 x 323 µm elliptical pump spot as defined by the beam waist. The smaller spot used 

was 44 x 61 µm. In that case, the threshold corresponded to a remarkably low 880 pJ of 

absorbed pump energy. Time-resolved measurements were performed using a 

Hamamatsu Streakscope with a jitter-limited time resolution of ~ 28 ps. 

The fabricated microcavities continue to exhibit lasing behavior, with only small 

changes in threshold, several months after fabrication. Above 100 µJ/cm2, the 

microcavities exhibit photodegradation on the scale of minutes and this photodegradation 

can be accompanied by a slow blueshift of the LP energy. During our measurements, the 

microcavities were exposed to high energy pulses for less than one second per data point. 

The absence of significant photodegradation was confirmed by verifying the absence of 

hysteresis in the LP energy and emission intensity. 

Transverse magnetic polarized light at an incidence angle 50° from the normal 

was used for pumping. This polarization was chosen to increase the pump absorbance 

resulting from the TM transparency window of the DBRs for large angles of incidence. 

The observed results, however, were independent of the pump polarization with the 

exception of the increase in absolute pump fluence required to achieve threshold. 

Spatial coherence measurements were made in the Michelson retroreflector 

configuration. The condensate emission was collected with a NA=0.42 objective 
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possessing and sent to a mirror attached to a piezoelectric stage and a retroreflector via a 

non-polarizing beamsplitter. After returning through the beamsplitter, the two nearly 

collimated beams were focused onto a CCD using a f = 200 mm lens, thus providing a 

~47X magnification. A neutral density filter was placed in one arm to equilibrate the 

intensities and a 400 nm long-pass filter was used to eliminate any residual pump light. 

 

Coupled Harmonic Oscillator Model 

The dispersion relations obtained from reflectivity were fit using a coupled 

harmonic oscillator model. The corresponding Hamiltonian is: 

 Ĥ =
Eph θ( )− iγ c V θ( )
V θ( ) Eex − iγ ex

$

%

&
&

'

(

)
)

  

where V(θ) is the exciton-photon interaction strength, given in eV, γex = 240 meV and γc 

= 5 meV are the exciton and photon damping. The exciton-photon interaction strength 

depends on angle and polarization via the DBR penetration depth. An approximate 

expression describing this dependence can be obtained from the semiclassical description 

of strong coupling (see Supplementary Information):2 

 V θ( ) =V0
d

d + LDBR θ( )
  (5) 

Expressions for LDBR(θ) are given in Ref. 45. The cavity photon dispersion Eph(𝜃) is 

approximated using a single effective index such that Eph θ( ) = Eph 0( ) 1− sin
2θ

neff
2

⎛
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−1/2

 and 

the uncoupled exciton energy, Eex, was kept fixed at Eex = 3.50 eV. The use of Eq. (5) 
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allows for a single model to simultaneously fit dispersion measurements for both 

polarizations. The resulting fit parameters are given below: 

 

Table 1: Harmonic Oscillator Fit Parameters 

Thickness Eph(0) (eV) neff (TE) neff (TM) V0 (meV) 

120 nm 3.19 ± 0.02 1.93 ± 0.05 2.01 ± 0.06 520 ± 10 

140 nm 3.07 ± 0.02 2.06 ± 0.05 1.88 ± 0.04 450 ± 10 

 

Note the small change in V0 and neff for both microcavities. Indeed, the simple coupled 

oscillator model does not account for the asymmetric lineshape of the exciton absorption, 

the change in background refractive index over the ~1 eV range swept by both branches 

or the weak uniaxial anisotropy. 

 

Ground state occupation 

 To estimate the polariton occupation per state, we have directly measured the 

ground state occupation of the 120 nm thick cavity near threshold with a high sensitivity 

Joulemeter. To maximize the emitted power, a slightly larger pump spot of area A = 1.87 

x 10-3 cm-2 was used and the detector half angle was Δθ = 3.2°. At 1.47Pth, the emitted 

energy, for TM polarization, measured from one side of the sample was 0.14 pJ/pulse. 

From the measured power dependence and with both emission directions included, this 

corresponds to 0.038 pJ/pulse at Pth. The total number of states within the detection cone 

can be estimated using: 

 M =
A
4π 2 π (k0Δθ )

2   (6) 
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where k0 = 2π/λ. This gives M ~ 10670 and we find that at threshold the LP occupation is 

approximately n ~ 7/state. Note that the intensity distribution over the Gaussian pump 

spot and the choice of beam waist to define the area induces a factor of ~ 2 uncertainty in 

this estimate. Threshold, as defined by the GPE in Eq. (1), corresponds to the point where 

W(nr) = γLP. 

 

Modelling of the power dependence and blueshift 

 To model the blueshift, the bimolecular annihilation rate, kb, and reservoir to LP 

scattering rate, W, are first extracted by fitting the measured power dependence to a two-

level model, analogous to conventional laser rate equations, for the volume density of 

reservoir excitons and surface density of polaritons:25  

 dnR(t)
dt

= 1−nR N0( )P(t)− nR(t)
τ R

− kbnR
2 (t)−W

d
nRnLP   (7) 

 dnLP
dt

=WnRnLP +df
nR
τ R

−
nLP
τ LP

  (8) 

Due to their low density, bimolecular quenching of polaritons is ignored and a constant f, 

analogous to the spontaneous emission factor, is included to represent the fraction of 

spontaneous scattering from the reservoir to the LP. A Gaussian pump term, P(t), of 250 

fs FWHM is used and saturation is included within the two-level approximation.  

Experimental values τLP = 55 fs, τR = 300 ps, N0 = 7 x 1020 cm-3 are used. From the fit we 

obtain W = 2 x 10-7 cm3s-1, kb = 4 x 10-10 cm3s-1. We use f = 0.2, but note that high 

fluence region in the measured power dependence is limited by saturation in contrast to 

results obtained for the lower threshold microcavities. This value does not affect the 

modelled blueshift which depends only on the average reservoir population. Parameters 
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extracted from the τLP = 150 fs power dependence are W = 1.3 x 10-7 cm3s-1 and the more 

realistic f = 5 x 10-3. 

 To model the time-averaged blueshift, we calculate the intensity-averaged 

reservoir population, navg : 

 navg =
nR t( ) IPL t( )∫ dt
IPL (t) dt∫

  (9) 

and then use Eq. (3) to calculate the resulting blueshift. 
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FIGURE CAPTIONS 

 

Figure 1. Materials and experimental structure. a) Schematic showing the fabricated 

structure which consists of two dielectric mirrors of alternating tantalum pentoxide 

(Ta2O5) and silicon dioxide (SiO2) pairs enclosing a single layer of TDAF. The molecular 

structure of TDAF is shown between the mirrors. b) The photoluminescence (blue) of 

bare TDAF and its amplified spontaneous emission spectrum (ASE) (red) are shown on 

the left. Note the presence of vibronic replicas in the emission spectrum and that the ASE 

peak coincides with the emission maximum. The ASE spectrum was obtained by 

pumping a neat 120 nm thick TDAF film with an elliptical spot long enough to achieve 

significant single-pass gain for the waveguided photons. The absorbance of a 60 nm 

TDAF film is shown on the right (orange). It shows a strong inhomogenously broadened 

exciton absorbtion band at ~ 3.5 eV. 

 

Figure 2. Angle-resolved reflectivity. Contour maps of the angle-resolved reflectivity 

are shown for a) TE and b) TM polarization for the 120 nm thick microcavity. The 

position of individual minima identified on the spectra are shown as yellow dots (see 

Supplementary Information for individual spectra). The normal incidence LP energy was 

obtained from a transmission measurement. The points are readily identified for TM 

polarization, but the upper branch shows very weak contrast for TE polarization. An 

identical cavity with only 4 top mirror pairs was fabricated to better identify their 

positions. The dashed lines are a fit of the lower polariton (LP) and upper polariton (UP) 
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minima to a coupled harmonic oscillator model, while the solid lines show the uncoupled 

cavity photon (C) and exciton (X) dispersion relations. The fit parameters are given in the 

inset.  

 

Figure 3. Angle-resolved photoluminescence. Transverse magnetic polarized PL, taken 

at low pump fluence, is shown for the a) 120 nm thick and b) 140 nm thick microcavities. 

The detunings, Δ, obtained from a coupled harmonic oscillator fit to the measured 

dispersion (dashed line) are indicated on the figure. Note the slightly different detuning as 

compared to reflectivity due to the different spot location. The uncoupled cavity photon 

dispersion (C) is shown as a solid black line. Note that both exhibit a monotonic decrease 

in intensity away from the LP minimum. The above threshold PL, for the same spots, is 

shown in c) and d). The pump fluence for these two measurements was for P = 1.2Pth and 

P = 1.8Pth, respectively. Note the collapse of the emission to the LP ground state and the 

blueshift of the emission peak due to polariton interactions. Real space images of the 

emission shown in e) highlight the collapse of the emission to a central spot near the 

pump centroid. 

 

Figure 4. Pump fluence and polarization dependence. a) The dependence of the peak 

PL intensity and linewidth on the absorbed pump fluence is shown for the 120 nm thick 

microcavity. Note the transition to a sublinear regime at P = 4 µJ/cm2, followed by the 

threshold at P = 60 µJ/cm2. The corresponding emission spectra are shown in b). Note the 

blue shift and superlinear increase beyond Pth. c) The pump fluence dependence of an 

identical cavity composed of 9 mirror pairs is shown. Note the reduced lasing threshold 
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and larger superlinear increase. The insets of a) and c) shown the experimentally 

observed blueshifts for the corresponding low Q and high Q microcavities, with the LP 

lifetimes indicated in the figure. The calculated time-averaged blueshift resulting from 

the use of pulsed excitation is shown using a solid blue line (see Methods for details of 

the calculation). In the pumped region, the blueshift is attributed principally to polariton-

exciton scattering and as a result, a smaller blueshift is anticipated for the high Q cavity. 

This is indeed observed in both the measurement and calculation.  The clamping of the 

average reservoir exciton density can also be identified in the model. d) The polarization 

dependence of the emission peak, for P = 1.6Pth, of the 140 nm thick microcavity. The 

emission is TM polarized, regardless of the pump polarization. This agrees with the 

predominantly TM absorption of the structure at 50°. The plot is colour coded and shows 

the blueshift in emission energy when going from TE to TM polarization with respect to 

the plane of incidence defined by the TM pump. 

 

Figure 5. Temporally resolved polariton emission. The time-resolved LP emission is 

shown as a function of increasing pump fluence. In the linear regime, the emission 

exhibits a biexponential decay with a weighted lifetime τ  = 230 ps. The long lifetime is 

due to the slow decay of the reservoir population. Upon increasing the pump fluence, a 

fast decay is observed at short times resulting from bimolecular annihilation within the 

reservoir. Above threshold, however, a much sharper collapse of the emission lifetime 

(τ < 30 ps) occurs which is attributed to the onset of stimulated scattering to the 

condensate. 
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Figure 6. Spatial coherence. These images show the interference pattern recorded in a 

Michelson retroreflector configuration for various pump fluences. The fringes observed 

at each point r are indicative of the spatial coherence between it and its centro-symmetric 

counterpart -r. A small autocorrelation fringe can be resolved below threshold. As 

threshold is reached, the emission spot collapses and fringes emerge from the pump 

centre. Beyond approximately 1.3Pth, fringes are observed over the entire condensate area 

indicative of macroscopic phase coherence throughout the condensate. 
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