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Polariton condensation in a microcavity using a
highly-stable molecular dye†

Kirsty E. McGhee, a Rahul Jayaprakash, a Kyriacos Georgiou, ab

Stephanie L. Burg a and David G. Lidzey *a

We have fabricated dielectric microcavities containing the molecular dye 1,4-bis[2-[4-[N,N-di(p-tolyl)

amino]phenyl]vinyl]benzene (DPAVB) dispersed in a transparent polymer matrix. We show that despite

the relatively broad absorption linewidth of the DPAVB, the cavities enter the strong coupling regime.

We use o330 ps pulses at 355 nm from a Nd:YAG laser to generate amplified spontaneous emission

from control films and polariton condensation from the strongly-coupled microcavity in air and at room

temperature. Here, polariton condensation is observed at an excitation threshold of 215 mJ cm�2.

Significantly, we show that the DPAVB dye has a very high degree of photostability, with polariton

condensation still observed from the cavity after 37 000 excitation pulses, showing promise for its use in

practical polaritonic devices.

1. Introduction

Organic exciton-polaritons are of great interest due to their
ability to undergo room temperature polariton lasing.1 Exciton-
polaritons arise from the strong coupling between Frenkel
excitons (bound electron–hole pairs) and a confined photon
mode within an optical cavity. Such quasiparticles are a mixture
of light and matter, and for convenience are referred to as
cavity-polaritons or simply polaritons. Unlike polaritons in
most inorganic based microcavities (which mainly exist at
cryogenic temperatures due to their low exciton binding energies),
organic polaritons exist at room temperature due to the high
binding energy of Frenkel excitons (100’s of meV). Such a high
degree of thermal stability makes organic polaritons of significant
interest for practical room temperature applications.2

Polaritons can be described using Bose-Einstein statistics
and – at high occupation density – can undergo condensation.
Such polariton condensates are usually formed at the bottom of
the lower polariton branch, which acts as an energetic trap in
momentum space. This results from a stimulated scattering
process by which uncoupled excitons located in a reservoir
populate the ground polariton state. The condensates formed can
have macroscopic dimensions (10’s of microns diameter) and
have long-range spatial and temporal coherence (100’s of ps).3,4

Such condensates are non-equilibrium in nature as they undergo
spontaneous emission as their photonic component escapes the
cavity.1,5 The emitted photons have the same energy and phase,
with such emission considered a form of lasing (often referred to
as polariton lasing).5,6 Significantly, this lasing process does not
require the formation of a population inversion and thus it can
occur at a lower excitation threshold than conventional photon
lasing. Polariton condensates are of interest as new types of high-
efficiency light sources and as ‘polariton simulators’; here, complex
problems can be mapped onto the pseudo-spins of a lattice of
interacting condensates, with the ground state of the lattice
corresponding to the solution of the Hamiltonian of interest.7–9

A number of different molecular materials have been shown
to undergo polariton condensation in suitably-designed structures.
These include the conjugated polymers MeLPPP10 and PFO;4 the
molecular dyes BODIPY-Br,11 BODIPY-G1,12 and TDAF;13 the fluor-
escent proteins eGFP14 and m-Cherry;15 and PDI-O microcrystals.16

For a recent review on polariton condensation in organic micro-
cavities, see ref. 17. For practical applications, it is desirable that
such molecules have a high degree of photostability. The BODIPY
family of molecular dyes that we have previously studied
have relatively low stability, a feature that required a single-pulse
imaging technique for lasing studies.11,12,18

In this paper, we demonstrate polariton condensation in a
cavity containing an organic laser dye with a much higher degree
of photostability. We confirm this enhanced stability by perform-
ing measurements in both the linear and non-linear regimes and
demonstrate that the cavity can exhibit non-linear emission over
more than 37 000 excitation pulses. We believe that such a
material will be of interest for studies that wish to explore the
interactions between organic exciton-polariton condensates.
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2. Results and discussion

We have used the fluorescent dye 1,4-bis[2-[4-[N,N-di(p-
tolyl)amino]phenyl]vinyl]benzene (DPAVB) as the active material
in our microcavities. The molecular structure of DPAVB is shown
in Fig. 1(a). This styrylbenzene derivative has been investigated
as a laser dye,19,20 as a dopant for other laser dyes,21 and as a
dopant for sky-blue organic light emitting diodes (OLEDs).22–24 It
has a high optical gain (19.8 cm�1 for a 2% DPAVB/polystyrene
film25) and a low lasing threshold of 2.3 mJ cm�2 in a distributed
feedback structure.19 Such low thresholds have been previously
attributed to the symmetrical structure of the dye, which results
in reduced intermolecular interactions.20 Used as a dopant,
DPAVB (at 4% weight) has also been shown to reduce the
threshold of distributed feedback lasers based on the conjugated
polymer BN-PFO from 3 mJ cm�2 to 0.75 mJ cm�2 using an
ultraviolet diode laser with a pulse width of 50 ns.21,26 However,
it was also found that a build-up of long-lived triplet states on the
DPAVB molecules resulted in a large increase in the lasing
threshold when longer excitation pulses were used. This effect
was not observed in undoped BN-PFO structures, which are able
to undergo quasi-CW lasing.27

2.1 Characterisation of DPAVB films

To investigate the properties of DPAVB, we explored it when
doped at a range of concentrations into a polystyrene (PS)
matrix. Here, we focus our discussion on DPAVB/PS films where
the DPAVB is present at high concentration (50% by mass).

This is because to achieve strong coupling, it is necessary that
the Rabi splitting energy, O, is greater than the absorption
linewidth according to

O
2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2c þ g2x

2

s
; (1)

where gc and gx are the cavity and exciton half-width at half
maximum, respectively.28 Additionally, the Rabi splitting in a
planar microcavity is proportional to the number of absorbers,
N, per unit length according to

O /
ffiffiffiffi
N

L

r
; (2)

where L is the effective cavity length.29 For this reason, high
molecular number densities are required to reach the strong
coupling regime when using materials with very broad absorption
linewidths.

To prepare DPAVB/PS films, the materials were first dis-
solved in dichloromethane. This solution was then spin-coated
onto a glass substrate to form a thin film, with the DPAVB
molecules dispersed in the PS. Here, the role of the PS is to
spatially separate the individual DPAVB molecules in order to
supress aggregation and crystallisation. The PS also provides
additional control over the thickness of the films (by varying its
concentration in the solvent), allowing the fabrication of films
several hundred nm thick. In this way, they can support
waveguide modes for amplified spontaneous emission (ASE)
and optical modes within a microcavity.

Fig. 1 Studies on 50% DPAVB/PS film. Part (a) shows the molecular structure of DPAVB, with part (b) showing the normalised absorption (red) and
photoluminescence (blue) of a DPAVB/PS thin film. Part (c) shows the relative photoluminescence intensity over 15 minutes of a DPAVB (blue) and BODIPY-Br
film (red), with both films absorbing an optical power of 34 mW at 405 nm. Part (d) shows the amplified spontaneous emission spectra (ASE) from DPAVB recorded at
a range of pump powers. Part (e) shows the integrated emission intensity versus absorbed fluence. Here, we determine an ASE threshold of 1.7 mJ cm�2.
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The normalised absorption and photoluminescence of a
DPAVB/PS film are shown in Fig. 1(b) where the DPAVB has a
relative mass fraction of 50%. It can be seen that the absorption of
the DPAVB peaks around 420 nm (2.95 eV) and has a total
linewidth of 140 nm (0.5 eV). The DPAVB emission is charac-
terised by a number of poorly-resolved peaks at 479 nm, 512 nm
and 551 nm that we associate with the 0–0, 0–1 and 0–2 transi-
tions (see peak fit in ESI† Fig. S1). We have found that the 50%
DPAVB/PS films explored have a photoluminescence quantum
yield between 5 and 10% dependent on measurement protocols.

We have explored the relative photostability of DPAVB. This
measurement was benchmarked against a thin film of BODIPY-Br
(10% by mass in PS). This molecule was chosen as it has been
widely explored in both strong coupling and polariton lasing
experiments.8,11,30–32 In our measurements, 200 nm thick films
of DPAVB/PS and BODIPY-Br/PS coated by a thin film of PVA were
exposed to light from a 405 nm continuous wavelength diode
laser in air, with the laser flux adjusted such that both films
absorbed an optical power of 34 mW. Experiments were carried out
over 15 minutes with the PL emission recorded every 15 seconds.
This experiment was designed to explore the relative photo-
stability of the two dyes when exposed in a linear excitation
regime. The relative emission intensity of the two films are
shown in Fig. 1(c). Here it can be seen that at the end of the
15 minutes, the emission from the DPAVB film has actually
increased by nearly 30%, with the emission from the BODIPY-
Br dropping by more than 40% over the same time period. The
exact origin of the increase in the emission intensity from
DPAVB is not understood; however, it is consistent with a
relative decrease in the number of non-radiative decay channels
open to exciton decay. This rise in intensity extends for around
half an hour, at which point the emission intensity saturates,
with no changes observed in spectral emission shape (see
Fig. S2 of the ESI†). We suspect therefore that this effect results
from an inactivation of molecules that have some type of
structural defect associated with non-radiative emission. Indeed,
our measurements indicate that this ‘inactivation’ of non-radiative
defects appears to be essentially non-recoverable. Significantly, this
result suggests that DPAVB is a highly-photostable material and
should be of interest for polariton lasing applications.

To characterise the non-linear emission properties of
DPAVB, we have measured its amplified spontaneous emission
(ASE). Here, we focused a 355 nm pulsed (o330 ps) laser with a
cylindrical lens into a stripe that was positioned close to the
edge of a 200 nm thick DPAVB/PS film. Here, the stripe
essentially acts as a waveguide, with the resultant emission
from the edge of the sample collected by an optical fibre
coupled to a spectrometer. Measurements were made as a
function of laser fluence as shown in Fig. 1(d). Here it can be
seen that a peak emerges at 508 nm having a linewidth of
4.4 nm (21 meV), indicating the action of ASE. This peak
coincides with the 0–1 peak observed in the PL emission,
indicating the action of a 4-level laser. Fig. 1(e) plots the
integrated intensity under each spectrum on a log–log scale
as a function of absorbed laser fluence, where the fluence is
defined as the energy per pulse divided by the excitation area.

Here, two straight-line fits have been used to identify the ASE
threshold, which in this film is around 1.7 mJ cm�2.

2.2 DPAVB cavity design, fabrication and linear characterisation

DPAVB cavities were designed using a transfer matrix reflectivity
(TMR) model. The refractive index (n) and extinction coefficient (k)
of DPAVB were first determined using spectroscopic ellipsometry.
Here, a pure solution of DPAVB in dichloromethane was spin-
coated onto a silicon wafer. Literature values (from ref. 33) for the
optical properties of the silicon and its native oxide were used as
included in the Woollam analysis software, which resulted in an
excellent fit to the substrates based on a 1.8 nm thick layer of
native oxide. Ellipsometry data for the DPAVB films was then fit
with a transparent b-spline wavelength expansion to obtain the n
and k values (see Fig. S1 in the ESI†). These values were used with
known n and k values for PS (from ref. 34) to calculate the values
for the 50% DPAVB/PS film. Three Lorentzian functions were fit to
the DPAVB/PS k data and these were used in the TMR model to
describe three transitions (see Fig. S1, ESI†).

To explore strong coupling using DPAVB, initial experiments
focused on lower-finesse cavities that were designed to allow the
observation of an anti-crossing between the polariton branches.
Additionally, the exciton-photon detuning was chosen to ensure
that resonance occurred at relatively low angles (B351). Micro-
cavities were fabricated by depositing a distributed Bragg reflec-
tor (DBR) made of alternating l/4 thick layers of SiO2 and TiO2

onto a quartz-coated glass substrate using electron-beam eva-
poration. DPAVB/PS solutions at different relative DPAVB con-
centrations (10%, 20%, 30%, 40% and 50% by mass) were
spin-coated onto the DBRs to form 265 nm thick films. A second
DBR was then deposited on top of this using the electron beam.

To characterise the cavities, we performed angle-dependent
white light reflectivity measurements. Fig. 2(a) shows reflectivity
data for a cavity containing 50% DPAVB/PS with both DBRs
consisting of 6 SiO2/TiO2 pairs. The data for the lower concen-
tration cavities is shown in Fig. S3 in the ESI.† Here, we find that
no Rabi splitting is evident in the cavity containing 10% DPAVB. As
the DPAVB concentration is increased, a splitting begins to appear
and the cavities enter the strong coupling regime around 30–40%.
It can be seen that the cavity containing 50% DPAVB (see Fig. 2(a))
shows a distinct splitting between the lower (LPB) and upper (UPB)
polariton branches. To quantify this, we have used a coupled
oscillator model to determine the magnitude of the Rabi splitting.
We again use three Lorentzians centred at 447 nm, 420 nm and
393 nm, which we henceforth label as T1, T2 and T3 (see the fit to
the imaginary part of the refractive index determined from
ellipsometry in Fig. S1, ESI†). The coupling of these transitions
to the cavity mode is described using the following Hamiltonian

MðkÞ¼

EcðkÞ� igc g1 g2 g3

g1 ET1ðkÞ� igT1 0 0

g2 0 ET2ðkÞ� igT2 0

g3 0 0 ET3ðkÞ� igT3

2
6666664

3
7777775
:

(3)
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Here Ec and ETn are the energies of the cavity mode and the three
DPAVB transitions (n = 1–3), respectively. The model also includes
gc and gTn which are the linewidth (half-width at half maximum) of
the cavity mode and each of the DPAVB transitions, respectively,
with g1, g2 and g3 being the coupling strength of each of the

molecular transitions to the cavity mode and g¼O
2

.

This model is then fit to the LPB and UPB dispersions as
shown in Fig. 2(a). To do this, we used the relative height of
each of the transitions from our Lorentzian fits and scaled their
coupling strength according to these ratios. We find that the
model describes the data very well, and we determine Rabi
splittings of O1 = 168 meV, O2 = 260 meV and O3 = 227 meV.
Here, two middle polariton branches (MPB1 and MPB2) are
predicted; however, these are not resolvable in the experimental
data due to strong absorption by the DPAVB molecules at these
wavelengths. Applying eqn (1) to the three transitions, we find
that the Rabi splittings for T1 and T2 exceed the condition
required for strong coupling. When we apply the same analysis
to T3, we find that it does not meet the condition and is

therefore weakly-coupled. The parameters used in these calcu-
lations are shown in Table S1 in the ESI.†

As the Q-factor of these cavities was relatively low (B400
according to TMR modelling), they were less suitable for
condensation measurements and higher Q-factor structures
were fabricated. Here, a 12-pair DBR was used for the bottom
mirror with a 10-pair top DBR. To ensure the cavities operated
in the strong coupling regime, 50% DPAVB/PS was used.
Preliminary measurements (data not shown) indicated that to
achieve polariton condensation, it was necessary to position the
LPB around 495–500 nm (see discussion on scattering mechanisms
in Section 2.3). A schematic of the microcavities constructed is
shown in Fig. 2(b).

The angle-dependent white light reflectivity and PL emission
from one of these higher Q-factor cavities are shown in
Fig. 2(c and d), respectively. To generate PL, the cavity was
excited non-resonantly using a CW laser at 405 nm, with a
450 nm long-pass filter used in the collection arm. In both
PL and reflectivity measurements, we detect a dispersive
branch located around normal incidence at 496 nm, which

Fig. 2 Cavity design and linear characterisation. Part (a) shows the angle-dependent white light reflectivity data for a cavity constructed from two 6-pair
DBRs and containing 50% DPAVB by mass in PS. The data is overlaid with fits from a coupled oscillator model, where the LPB (purple), MPB1 (red), MPB2
(blue) and UPB (green) are indicated by the dashed lines. From this we obtain Rabi splittings of O1 = 168 meV, O2 = 260 meV and O3 = 227 meV between
the cavity mode and the transitions at 447 nm, 420 nm and 393 nm, respectively. Part (b) illustrates the structure of cavities again containing 50% DPAVB
by mass in PS, but instead with 10- and 12-pair DBR mirrors. Parts (c and d) show the angle-dependent white light reflectivity and photoluminescence,
respectively, of one of these microcavities. We superimpose on the diagram the dispersion of the LPB as simulated using a TMR model (black crosses),
with excellent agreement observed between data and theory. For completeness, in (a, c and d) we also include the dispersions of the cavity mode
(Ecav, white solid lines) and the peak positions of the Lorentzians used to describe the transitions (ETn, where n = 1–3, solid black lines).
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(using results from a TMR model) we identify as the lower
polariton branch. We note that the UPB is not visible in these
cavities and indeed it is also not visible in our TMR model.
We believe this is caused by a combination of large negative
cavity detuning and the high reflectivity of the DBRs. We note
that studies on strong coupling in inorganic microcavities
based on GaN and ZnO similarly do not report the observation
of an UPB35–37 where it is masked by absorption from exciton
continuum states. Other studies on organic polariton conden-
sation in strongly-coupled microcavities also indicate that the
upper polariton branch can be difficult to detect.4,13,38 Never-
theless, despite the absence of an UPB, we have used a
combination of TMR modelling together with a coupled
oscillator model (fit shown together with discussion in Fig. S4
of the ESI†) to estimate Rabi splittings between the photon
and the different excitonic transitions in this cavity of O1 =
168 meV, O2 = 260 meV and O3 = 227 meV.

2.3 Polariton condensation

To generate polariton condensation, the 10-/12-pair DBR
microcavity was pumped non-resonantly at normal incidence
in a transmission configuration, with emission detected using a
k-space imaging technique. The cavity was excited through the
quartz substrate by a pulsed Nd:YAG laser at 355 nm focused into
a 30 mm diameter spot. The pulse width and repetition frequency
were o330 ps and 100 Hz, respectively. The microcavity emission

was then collected through the top 10-pair DBR using a 10 mm
objective (NA = 0.6) and focused into a CCD spectrometer with a
spectral resolution of 0.39 meV (0.09 nm).

Fig. 3(a) shows a plot of the power-dependent PL intensity
determined over a solid angle of �1.561 around the bottom of
the lower polariton branch (k = 0) for the cavity shown in Fig. 2(c
and d). Fig. 3(b and c) show the blueshift of the LPB and its
linewidth at full-width half maximum (FWHM), respectively, as a
function of excitation power. Here, the blueshift and FWHM
data were extracted from Lorentzian fits to the emission spectra
recorded at k = 0. From this data, we identify a condensation
threshold fluence (Pth) of 215 mJ cm�2. This threshold is
accompanied by a reduction in the emission linewidth from
1.5 meV to B0.2 meV. We note that the condensation threshold
is significantly higher than the ASE threshold (B130 times),
which we attribute to the different excitation geometries,
resonator structure and nature of the emitting state in the two
measurements. The methods used to calculate the two thresholds
are outlined in Section 3 of the ESI.† In Fig. 3(d and e), we
show the normalised PL dispersion recorded at P = 0.5 Pth and P =
1.5 Pth, respectively. In (e), the collapse of all emission to the
bottom of the LPB is clearly evident.

We now discuss the origin of the emission blueshift in more
detail. This spectral blueshift occurs around threshold and
then continues to increase (albeit at a slower rate) as the pump
power is further increased, with the total blueshift observed

Fig. 3 Condensation data. Parts (a–c) plot the fluence dependence of (a) integrated PL intensity, (b) blueshift, and (c) full-width at half maximum
(FWHM). By using two straight-line fits to the data shown in part (a) below and above threshold, we determine a threshold of 215 mJ cm�2. Parts (d and e)
show the k-space emission dispersion of the cavity at (d) P = 0.5 Pth and (e) P = 1.5 Pth.
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being around 1.2 meV. We suspect that this is mostly attribu-
table to a reversible photobleaching of the DPAVB molecular
ground-state as the excitation is increased, resulting in a
change in the effective refractive index of the active layer and a
reduction in the Rabi splitting.39 Indeed, we show (by recording
cavity emission below, above and then below the condensation
threshold) that a fully reversible blueshift of as much as 1.6 meV
can occur following excitation at 1.7 Pth (see Fig. S5(a), ESI†).
We believe, however, that some part of the maximum blueshift
observed in Fig. 3(b) results from a degree of irreversible photo-
degradation of the sample caused by extended exposure to the
excitation laser (see Fig. S5(b) and Section 4 of the ESI†). Indeed,
photodegradation most likely explains the slow blueshift
observed at the highest pump powers, with our findings high-
lighting the need to consider the effect of even limited amounts
of photodegradation when interpreting spectral blueshifts.

The non-linear properties of our microcavity are consistent
with previous reports on polariton condensation. Indeed, we
note that the condensation threshold is similar to that observed
in microcavities containing BODIPY-Br and BODIPY-G1 (also
suspended in PS matrices)11,12 and also the polymer MeLPPP.10

Similarly, the reduction in linewidth (B7 times) is consistent
with that observed in BODIPY containing cavities.

The condensate formed is created by a stimulated scattering
mechanism that is determined by the occupation of the final
state.40 It has previously been shown that polariton condensates
can be populated through vibron-mediated energy relaxation,
with this process being efficient when the energy separation
between a ‘‘hot-exciton’’ and the bottom of the LPB is equal to
the energy of a molecular vibrational mode.41,42 We have
considered this mechanism as the origin of the stimulated
scattering process in these cavities. To do this, we have
performed Raman spectroscopy on a DPAVB solution, the results
of which are shown in Fig. S6 of the ESI.† This identifies a strong
Raman-active peak at 1593 cm�1, corresponding to an energy
shift of 198 meV. Interestingly, this energy corresponds to the
difference in energy between the edge of the DPAVB absorption
(around 460 nm) and the condensate energy, indicating that a

fully-thermalised DPAVB exciton in the reservoir could scatter
into the LPB following the emission of a vibrational quantum.
Indeed, we note that polariton condensation was only observed
in cavities whose LPB was positioned around 496 nm at k = 0.
We do not, however, rule out a radiative pumping mechanism in
which photon emission from weakly-coupled excitons in the
DPAVB reservoir ‘‘pumps’’ the photon component of the lower
branch polaritons. We have previously shown that this mecha-
nism dominates the population of the LPB at low pumping
densities in strongly-coupled microcavities containing BODIPY-
Br.30 Indeed, this process is expected to be highly efficient in the
cavities studied here as states at the bottom of the LPB are highly
photon-like (B90%) due to the relatively large cavity detuning
used. We believe, therefore, that further studies are required to
determine the relative importance of these two mechanisms in
the observed stimulated scattering processes.

Finally, we have explored the stability of the condensate
emission from our cavities. Here, the laser excitation power was
adjusted to P = 2 Pth and PL spectra were recorded by integrating
the cavity emission over 0.5 seconds. The excitation laser had a
repetition frequency of 100 Hz, and thus each spectrum was
generated using 50 pulses. The experiment was performed
755 times sequentially, with the cavity being exposed to a total
of 37 750 pulses.

In Fig. 4(a), we plot the normalised integrated PL intensity
against pulse number. From the data plotted in Fig. 3(a), we
determine that the integrated PL intensity at P = 2 Pth is B150 times
that at P = Pth, and thus we expect the cavity to remain in the
non-linear emission regime until the emission intensity drops
to a factor of B0.007 of its initial normalised value. It can be
clearly seen in Fig. 4(a) that although there is a fast initial decay
in the cavity emission (occurring over the first B4000 pulses), it
then stabilises and remains at an intensity of B50% of its
initial value for the remaining duration of the experiment.
This indicates a very promising level of condensate emission
stability and is consistent with the high degree of stability
evidenced in the linear emission measurements presented in
Fig. 1(c). In Fig. 4(b), we plot the first and last spectra recorded,

Fig. 4 Above threshold photostability data. Part (a) shows the integrated intensity versus number of pulses for the DPAVB/PS cavity at P = 2 Pth. Part (b)
shows the first (red) and last (blue) spectra recorded, indicating that the microcavity remained in the non-linear emission regime over more than 37 000
pulses.
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where it can be seen that the emission is very similar in both,
indicating that the cavity is still in a non-linear regime at the
end of the measurement.

3. Conclusions

We have fabricated polariton microcavities containing a green-
emitting molecular dye (DPAVB) dispersed into a polystyrene
(PS) matrix despite the fact that the DPAVB has a relatively
broad absorption linewidth. Using angular-dependent white
light reflectivity measurements, we demonstrate that cavities
constructed from two low reflectivity (6-pair) DBRs that contain
50% DPAVB in PS by mass operate within the strong coupling
regime, with the observation of a lower (LPB) and an upper
(UPB) polariton branch. At lower DPAVB concentrations, no
clear splitting is observed and we conclude that such structures
were weakly-coupled. Higher Q-factor microcavities were then
constructed from higher reflectivity DBR mirrors (10 and 12 pairs)
containing 50% DPAVB/PS by mass that had a larger exciton-
photon detuning. Here, an LPB was observed in reflectivity and
non-resonant photoluminescence measurements; however, the
UPB was not evident due to the high reflectivity of the DBRs
and the large angle at which the exciton-photon crossing occurs.
Nevertheless, we are certain these cavities operate in the strong
coupling regime and we have explored non-linear emission from
them, demonstrating that they undergo polariton condensation at
a threshold of 215 mJ cm�2 following excitation using sub-ns
(o330 ps) pulses. This process is accompanied by a spectral
blueshift of the LPB by 1.2 meV, which likely occurs from a
combination of reversible ground-state bleaching together with a
limited degree of irreversible photodegradation, and a linewidth
reduction of the LPB around k = 0 from 1.5 meV to 0.2 meV.
We have explored the photostability of control DPAVB/PS thin
films, and find an unexpected slow, photo-brightening effect that
we ascribe to a gradual reduction in the relative density of non-
radiative channels. We have also studied polariton condensate
emission at double the threshold fluence and have shown that it
displays remarkable photostability, with the cavity remaining in
the non-linear regime for more than 37 000 pulses. This result is
especially promising as all measurements were performed in air.
We expect that this material will be of interest in experiments
looking to explore condensate-condensate interactions and
condensation in polariton lattices.7,9

Methods

Film fabrication. DPAVB (B2080, Tokyo Chemical Industry)
was dissolved at various concentrations by mass in a solution of
20 mg mL�1 polystyrene (Sigma-Aldrich, molecular weight
B192 000) in dichloromethane. Thin films were made by spin
coating the solution onto quartz-coated glass substrates, with a
Bruker DektakXT profilometer then used to measure film
thickness.

Cavity design and fabrication. Cavities were designed using
a transfer matrix reflectivity (TMR) model. The refractive index
(nDPAVB) and extinction coefficient (kDPAVB) of DPAVB films on

silicon were measured using spectroscopic ellipsometry (1.24–
3.35 eV, Woollam M-2000) at an angle of incidence of 751. Data
for three films of pure DPAVB were fit using a multi-sample
analysis in CompleteEASE 6.59. Initially the data sets were fit
using an empirical Cauchy dispersion relation for wavelengths
greater than 550 nm, which allowed the thickness each film to
be determined.43 The Cauchy fit was then converted to a
transparent b-spline using a resolution of 0.1 eV to determine
the n and k values across all the measured wavelengths assuming
all the films had the same optical properties. The values of the
refractive index and extinction coefficient of the 50% DPAVB/PS
(nfilm and kfilm) were then calculated using known values for
polystyrene (PS)34 using the following expression: nfilm = fnDPAVB +
(1� f )nPS and kfilm = f�nDPAVB + (1� f )�kPS, where f = 0.33. We note
that the absorption coefficient (a) that we determine using the

relation a ¼ 4pk
l

closely matches the absorption spectrum shown

in Fig. 1(b). These values along with the n and k values of the SiO2

and TiO2 layers (determined using ellipsometry) were used in the
TMR model. DBRs were fabricated using an Ångstrom Engineer-
ing electron beam to deposit l/4-thick alternating layers of SiO2

and TiO2. The bottom and top mirrors consisted various numbers
of DBR pairs and were centred around 460 nm. The bottom
mirror was deposited onto a piece of quartz-coated glass. This was
followed by the deposition of a film of DPAVB/PS by spin-coating,
followed by the top DBR.

Linear optical characterisation. UV-vis absorption measurements
were recorded using a Horiba Fluoromax 4 fluorometer equipped
with a xenon lamp. Angle-dependent white light reflectivity
measurements used an Ocean Optics Deuterium–Tungsten
378 lamp (DH-2000-BAL) fibre-coupled to the excitation arm
of a motorised goniometer setup. The reflected light was
collected by an optical fibre on a collection arm, which was
connected to an Andor Shamrock SR-303i-A triple-grating CCD
spectrometer. For PL measurements, a 405 nm Thorlabs diode
laser was focused onto the sample via a third arm that was
out-of-plane with respect to the excitation and collection arms.
This setup was also used for linear PL and photostability
measurements on DPAVB/PS films. In the latter measurement,
the sample was irradiated for a total of 15 minutes, with a
spectrum recorded every 15 seconds. Raman measurements
were carried out using a 785 nm Innovative Photonic Solutions
laser module (IO785MM0350MF). A dual-core optical fibre
transmitted the laser light to the solution, which was held in
a glass cuvette, and the scattered light was transmitted along
the second core of the fibre to an Ocean Optics QE Pro-Raman
spectrometer. Measurements were carried out using the Ocean-
View software on a 10 mg mL�1 DPAVB/dichloromethane
solution and on a pure dichloromethane solution, allowing
the solvent peaks to be subtracted from the DPAVB spectra.

Non-linear optical characterisation. ASE measurements were
carried out using a Teem Photonics pulsed Q-switched 355 nm
Nd:YAG laser (PNV-M02510-1 � 0) producing B330 ps pulses at
100 Hz. A cylindrical lens was used to focus the excitation beam
onto a strip (dimensions = 330 mm � 4100 mm) on the 200 nm
thick DPAVB/PS film. The emission from the film was collected
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from the edge of the sample via an optical fibre positioned
perpendicular to the excitation path. The fibre then directed
the light into an Andor Shamrock SR-303i-A CCD spectrometer
(300 grooves mm�1, 100 mm entrance slit). Condensation
measurements were carried out using the same laser and
spectrometer. Here, the pump beam was focused onto the
cavity using a 200 mm focal length lens and the transmitted
light was passed through a UQG Optics UV blocking filter and
collected by an Edmund Optics 20x HR infinity 382 corrected
objective (numerical aperture = 0.6, focal length = 10 mm).
A 125 mm focal length lens was used to focus the signal into the
spectrometer equipped with an 1800 grooves mm�1 grating
through a 50 mm entrance slit. The same setup was also used to
measure the photostability of the cavity above threshold. Here,
pump power was set to P = 2 Pth and k-space images recorded
every 2 seconds. All measurements were carried out in air at
room temperature.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank the UK EPSRC for funding this research via the
Programme Grant ‘Hybrid Polaritonics’ (EP/M025330/1). K. E. M.
also thanks the EPSRC for the award of a Doctoral Training Account
PhD studentship.

References

1 J. Keeling and S. Kéna-Cohen, Bose–Einstein Condensation
of Exciton-Polaritons in Organic Microcavities, Annu. Rev.
Phys. Chem., 2020, 71, 435–459.
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