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1. Introduction

Exciton–polaritons are quasi-particles that arise from strong cou-
pling between excitons and cavity photons.[1] Under appropriate

conditions, these bosonic particles can
undergo stimulated scattering to the
ground state of the lower polariton branch
(LPB), generating coherent light without
the need for population inversion. These
devices are called polariton lasers[2,3] and
have been reported experimentally to have
the energy thresholds two to three orders
of magnitude lower than that of photon
lasers in the same cavity configuration.[4,5]

Nonlinear behavior related to interactions
between polaritons in such systems is also
attractive for studying non-equilibrium
Bose–Einstein condensation[6] and super-
fluidity.[7] A broad spectrum of active layers
is currently being investigated among
inorganic semiconductors (such as GaN,[8]

ZnO,[9] and perovskites[10,11]), organic semi-
conductors, and hybrid materials.[12–15]

Organic semiconductors contain localized
Frenkel excitons with high exciton binding

energy (of several hundreds of meV) and high oscillator strength.
These attractive properties enable demonstration of strong
coupling at room temperature.[16] In addition, their simple
fabrication and broadband tunability can help realize large area
and multi-purpose polariton devices. There has been significant
activity dedicated to organic polaritonics in the last decade, and
several organic materials have now been reported to show room
temperature polariton lasing, including the anthracene single
crystal,[17] conjugated polymers,[6,18] oligofluorenes,[19,20] fluores-
cent proteins,[21,22] and fluorescent dyes.[23,24]

In this work, we report the demonstration of polariton lasing
in two novel ladder-type oligo(p-phenylene)s, having donor–π–
acceptor architectures end-capped with diphenylamine and
fluorine units (2L-F and 4L-F). Figure 1a shows their
molecular structures. The fused phenylene rings give extensive
π-conjugation along the rigid backbone, whereas solubilizing
side groups enable simple processing from solution. These struc-
tural properties result in narrow and well-defined exciton transi-
tions, outstanding thermal and photochemical stabilities, and
high photoluminescence quantum yield (PLQY).[25] These two
materials also exhibit very high exciton binding energy[26] and
absorption oscillator strength,[27] which should be beneficial to
the formation of stable room-temperature exciton–polaritons.

We fabricated planar distributed Bragg reflector (DBR) cavities
containing 2L-F and 4L-F to explore their potential for polariton
lasing. The strongly coupled cavities show polariton lasing in
both materials, with the wavelength tuned (by �27 nm) by
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Polariton lasing is coherent emission that originates from macroscopic accu-
mulation of polariton population in the ground state and is a promising route
toward efficient coherent light sources as population inversion is not necessary.
Unlike most Wannier–Mott excitons in inorganic semiconductors, Frenkel
excitons created in organic semiconductors have high oscillator strength and
high exciton binding energy, which sustain stable exciton–polaritons at room
temperature. Herein, room temperature polariton lasing from a novel class of
ladder-type oligo(p-phenylene)s is demonstrated. The polariton lasers exhibit a
nonlinear increase of their spectrally integrated emission, a reduction in spectral
linewidth, blueshift of emission peaks, and long-range spatial coherence when
the pump fluence is increased above threshold. By tuning the π-conjugation
length of the molecular structure, the polariton lasing wavelength can be changed
from 430 to 457 nm. Optically pumped thresholds of 12 and 17 μJ cm�2 are
observed, which are among the lowest values reported for polariton lasing in
organic semiconductors.
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changing the π-conjugation length of the molecular backbone
from 2L-F to 4L-F. We find that the thresholds of these cavities
are relatively low and comparable with the lowest threshold that
has been reported for organic semiconductors.[20]

2. Results and Discussion

Figure 1b shows the absorption and photoluminescence (PL)
spectra of neat films of 2L-F and 4L-F. The absorption spectrum
of 2L-F exhibits a pronounced peak at 388 nm and a shoulder at
374 nm, with a full width at half maximum (FWHM) of 44 nm.
The PL spectrum of 2L-F shows the two vibrational peaks at 427
and 472 nm with an overall FWHM of 78 nm. In comparison, the
absorption peaks of 4L-F are more distinct, which may be attrib-
uted to the more rigid molecular structure of 4L-F compared with
2L-F. The lowest energy excitonic transition is at 421 nm with an
FWHM of 18 nm, and its vibronic replica is at 399 nm with a
linewidth of 26 nm, whereas the emission is symmetrical with
the absorption spectrum, with peaks are at 438 and 463 nm.
Both absorption and emission spectra redshift with an increasing
number of bridged phenylene rings. The PLQY of solid-state
films of 2L-F and 4L-F was measured to have the values of
24% and 28%, respectively.

As shown in Figure 1c, the microcavities consist of a single
layer of spin-coated 2L-F or 4L-F as the active layer, and
20 nm thick lithium fluoride (LiF) layers were thermally depos-
ited both prior to and after the spin-coating process to protect
active layers from plasma damage[28] and penetration of ions.[29]

In our previous study, it was found that the protective LiF layer
prevented degradation of PLQY in organic films due to

subsequent sputter deposition.[20] The bottom and top DBRs
were designed to be highly reflective across both absorption
and emission spectra of 2L-F or 4L-F, while still having relatively
high transmittance to the pump laser wavelength. The quality
factors were estimated from reflectivity of the bottom and top
DBRs to be 302 for the 2L-F cavity and 356 for the 4L-F cavity,
corresponding, respectively, to the cavity photon lifetimes of 78
and 94 fs as given by

τphoton ¼ 2d=½cð1� R1R2Þ� (1)

where d is the optical length between the two DBR mirrors, and
R1 and R2 are the reflectivity of the mirrors.

White light p-polarized angle-resolved reflectivity maps for a
114 nm thick 2L-F cavity are shown in Figure 2a (with additional
reflectivity data in Figure S1 and S2, Supporting Information),
presenting the measured reflectivity spectra from 20� to 74�.
It is evident that there are two modes at resonance between
the exciton transition energy at 3.2 eV and the cavity photon
mode. These two dispersive features are attributed as the upper
polariton branch (UPB) and the LPB, which are signatures of
strong coupling between the exciton transition and the cavity
photon mode. The measured reflectivity minima are matched
with a standard two-level coupled oscillator model. The solid
lines trace the matched dispersion of the UPB and LPB, and
the dashed lines represent the dispersionless uncoupled excitons
and the parabolic cavity photon mode obtained from the oscilla-
tor model. The Rabi splitting was extracted to be 220meV with a
cavity detuning of �269meV and an exciton fraction of 11% at
the LPB minimum (Figure S3a, Supporting Information) for the
2L-F cavity.

Figure 1. a) Molecular structures of 2L-F and 4L-F. b) Absorption (solid line) and PL (line symbol) spectra of 2L-F (black) and 4L-F (blue) bare films on
fused silica substrates. c) Schematic of the planar DBR microcavities.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2021, 2, 2000044 2000044 (2 of 7) © 2020 The Authors. Published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


Figure 2b shows the angle-resolved reflectivity contour
map for a 118 nm thick 4L-F cavity. We find that the measured
reflectivity minima cannot be simply described by a two-level
coupled oscillator model, even though an anticrossing is
observed. As shown in Figure 1b, there are two discrete exci-
tonic transitions in the 4L-F solid state film, which each may
contribute to strong coupling with the cavity photon mode.
Therefore, reflectivity spectra of the 4L-F cavity might be
expected to manifest two anticrossings, one between the (0, 0)
excitonic transition at 2.95 eV and the cavity photon mode and
the other between the (0, 1) excitonic transition at 3.11 eV and
the cavity photon mode. In this case where two exciton modes
couple to the photon mode, we try instead to fit the dispersion
with a three-level coupled oscillator model. The splittings are
found to be 220meV between the UPB and the middle polariton
branch (MPB), and 180meV between the MPB and the LPB.
The photon mode is 172 meV red detuned from the lowest
energy excitonic transition. The overall splitting between the
UPB and LPB is increased compared with that of the 2L-F
cavity results due to the additional exciton state coupled to
the photon mode. At k//¼ 0, the wavefunction of the LBP
has 82% photonic, 12% (0, 0) excitonic, and 6% (0, 1) excitonic
wavefunction contributions, as shown in Figure S3b,
Supporting Information. It should be noted that we did not
observe the dispersion of an MPB in the 4L-F cavity due to
absorption from subradiant exciton states in the disordered sys-
tem.[19,30,31] This is consistent with the calculated photon frac-
tion of each polariton branch, as shown in Figure S3b,
Supporting Information. The MPB has photon fraction less
than 25% at all angles, which makes it couple poorly to radia-
tion, making it difficult to observe.

The microcavities were subsequently pumped by a pulsed
laser at 343 nm with a pulse duration of 200 fs and the repetition
rate of 5 kHz. A Fourier imaging microscope in a transmission
configuration was used to record the angle-resolved PL from
microcavities at different pump fluences. The results are shown
in Figure 3a,c for 2L-F and 4L-F cavities. Only negative (for low
pump fluence) or positive (for high pump fluence) angles are
plotted here because of the symmetry in the angle-resolved PL
maps around normal incidence. At low pump fluence, emission

follows the LPB dispersion obtained from angle-resolved reflec-
tivity spectra in Figure 2. This indicates that the two cavities are
in the strong coupling regime at low pump fluence. The bare
photon modes of these cavities obtained from coupled oscillator
models are plotted as white dashed lines and are detuned away
from the emission band. The LPB emission in each cavity is most
intense at the bottom of the branch and gradually decreases in
intensity at higher angles, which is consistent with the reduction
of photon fraction along the LPB toward high angles as calculated
in Figure S3, Supporting Information. On increasing pump
fluence, we observe a collapse of the LPB emission to the bottom
of the branch for both 2L-F and 4L-F cavities, as shown in the
right halves of Figure 3a,c. The macroscopic accumulation of
polariton population at the bottom of the LPB is a key feature
of polariton lasing.

The integrated intensity (between 2.92 and 2.87 eV) of emis-
sion spectra at k//¼ 0 from the 2L-F cavity, the FWHM, and the
peak energy shift referenced to the PL spectrum at the lowest
excitation density is plotted as a function of incident pump
fluence in Figure 3b. We find that the spectrally integrated inten-
sities increase first sub-linearly below threshold, and then super-
linearly above a threshold of 63 μJ cm�2. The linewidth reduces
from 8.9 to 0.8 meV and subsequently broadens with the
further increase of the pump fluence. Spectral broadening has
previously been seen in other studies of both organic[19] and
inorganic[32] cavities, where the reason has been attributed to
a polariton self-interaction-induced decoherence process and
multi-mode lasing.[33,34] The individual emission spectra of
2L-F cavity at k//¼ 0 extracted from angle-resolved PL maps
recorded at various pump fluences are shown in Figure S4a–c,
Supporting Information. These show that the initial gradual
broadening above threshold results from a broadening of an indi-
vidual peak, before multi-mode lasing leads to a more rapid
increase in FWHM. We observed a continuous blueshift of
the emission peak of up to �5meV, which is another character-
istic feature of polariton lasing. This value is at an intermediate
range in between what has been observed in the ladder-type
conjugated polymer (MeLPPP) cavity[6] and our previous work
on fluorene-based cavities.[18,20] This blueshift may result from
multiple reasons, including repulsive self-interaction among

Figure 2. P-polarized angle-resolved reflectivity maps for a) 2L-F and b) 4L-F microcavities. Solid lines are matched results to coupled oscillator models,
whereas dashed lines are uncoupled exciton and cavity photon modes.
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polaritons,[6,19,21,23,35] gradual saturation of molecular optical
transitions, and intermolecular energy migration.[36]

Similar plots for the 4L-F cavity are shown in Figure 3d. From
the evolution of the integrated emission spectra at k//¼ 0 in
Figure S4d–f, Supporting Information, the incident threshold
of the 4L-F cavity is found to be 109 μJ cm�2. The nonlinear
increase of integrated intensity is accompanied by a linewidth
narrowing of emission spectra from 8.8 to 0.9 meV and a blue-
shift of around 5meV, which is of the same size as that observed
in the 2L-F cavity. It is evident in Figure 3d that the 4L-F data
show a fluctuation in the integrated area and the FWHM and
a concurrent discontinuity in the energy shift for a pump density
of 396 μJ cm�2. Note that Figure 3d plots the overall FWHM of
the multi-mode PL spectra. The first broadening of FWHM with
increasing pump fluence is attributed to a polariton decoherence
process (where a single mode broadens in spectrum), before
there is an appearance and merger of multiple distinct lasing
modes. Following a mode hop of the most intense peak, a
new dominant mode emerges that rebroadens when pump
the cavity is far above threshold. Figure S5, Supporting
Information, more clearly shows that the dominant peak of
the 4L-F cavity is at 456.8 nm when excited at 360 μJ cm�2

and hops to 457.2 nm when the pump fluence increased to
396 μJ cm�2. This is attributed to competition between multiple
spatial modes due to disorder in cavity thickness within the exci-
tation area.[5] The absorbed pump fluence thresholds of polariton
lasing were estimated from the incident thresholds by taking
consideration of the round-trip transmittance of the bottom
and top DBRs and the absorbance of the active layers.
Absorbed pump fluence thresholds for 2L-F and 4L-F are 12
and 17 μJ cm�2, respectively, comparable with the lowest
absorbed threshold that was reported for a fluorene oligomer.[20]

It is also useful to compare the results with MeLPPP that has
been reported to show polariton lasing.[6] Incident fluence
thresholds of the 2L-F and 4L-F cavities are only one-eighth
and one-fifth of that reported for an MeLPPP cavity with similar
photon lifetime. Although the PLQYs of the ladder-type
oligo(p-phenylene)s are similar to the polymer, the peak absorp-
tion coefficients of 2L-F and 4L-F are 1.5 times higher than that of
S0,ν¼ 0! S1,ν¼ 0 transition in MeLPPP,[37] which may be due to a
denser packing of the oligomers in the film.

It is noticeable that the incident threshold of the 4L-F cavity is
higher than that of the 2L-F cavity, whereas the absorbed thresh-
olds are very similar. The primary reason is because the

Figure 3. Angle-resolved PL of a) 2L-F and c) 4L-F microcavities below (left half ) and above (right half ) threshold. Note that color scales are different for
each panel as indicated. White dashed lines indicate the uncoupled cavity photon modes. The integrated area and the FWHM of emission spectrum of
b) 2L-F and d) 4L-F microcavities at k//¼ 0 and the blueshift of emission peak as a function of pump fluence.
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absorption coefficient at the excitation wavelength of the 2L-F
film (3.0� 104 cm�1) is more than twice of that of the 4L-F film
(1.3� 104 cm�1). Thus, the exciton bath can more effectively
populate the LPB in the 2L-F cavity. In addition, as the rigidity
of 4L-F increases via π-conjugation, the integration of more
phenylene units diminishes the molecular solubility. It reflects
on the inhomogeneity of the cavity thickness and, therefore,
more disordered emission spectra of polariton condensates, as
shown in Figure S5, Supporting Information. Other possible rea-
sons responsible for the high threshold in the 4L-F cavity include
the exciton quenching due to the large coplanar π-conjugated
system.[27] Also, increased structural planarity can give rise to
solid-state packing, which may lead to exciton–exciton annihila-
tion. Therefore, although 4L-F with more rigid molecular struc-
ture shows a larger Rabi splitting compared with 2L-F, structural
defects of the film lead to a higher polariton lasing threshold in
the cavity.[38]

Figure 4 shows the spatial interferograms of a 2L-F cavity and
a 4L-F cavity pumped above threshold (1.2 Pth) at 79 and
135 μJ cm�2, respectively, using a Michelson interferometer
equipped with a retroreflector to invert the real space image
to interfere with the original from the microcavity. This configu-
ration has been used in previous studies to explore either spatial
or temporal coherence in polariton condensates.[30–32,39–41] Clear
fringes are observed in both 2L-F and 4L-F cavities over a distance
up to 5 μm, indicating that long-range spatial coherence builds
up when the polaritons macroscopically accumulate at the bot-
tom of LPBs. Real space images from the individual arms of
the interferometer are shown in Figure S6 and S7, Supporting
Information. The beam collapses to a small spot of size
�5 μm, which limits the spatial extent of the fringes. There
are no fringes in the overlapped real space images below thresh-
old, excluding the possibility that the fringes originated from the
excitation laser pulses.

3. Conclusions

In conclusion, we observe room temperature polariton lasing
from two ladder-type oligo(p-phenylene) molecules, 2L-F and

4L-F, with different π-conjugation lengths. The absorbed thresh-
olds for 2L-F and 4L-F cavities are 12 and 17 μJ cm�2, respec-
tively, which are comparable to the lowest absorbed threshold
that has been reported for organic semiconductors in a planar
cavity structure.[20] With longer π-conjugation length, the more
rigid 4L-F molecule shows spectrally resolved vibronic replicas,
which leads to an increased Rabi splitting of the UPB and LPB.
Polariton lasing in these two cavities is evidenced by a nonlinear
increase of the spectrally integrated emission, around tenfold
reduction of spectral linewidth, blueshift of emission peaks,
and buildup of long-range spatial coherence above excitation
thresholds. By extending the backbone of oligo(p-phenylene)s,
the polariton lasing wavelength shifts from�430 nm in 2L-F cav-
ity to �457 nm in 4L-F cavity, manifesting that this novel family
of molecules are promising materials for achieving polariton
lasing at low thresholds and tunable wavelength by tailoring
conjugation length.

4. Experimental Section

Sample Fabrication: 2L-F and 4L-F were synthesized as described
elsewhere.[27] The molecules were dissolved in toluene at the concentra-
tions of 20 mgmL�1 for 2L-F and 18mgmL�1 for 4L-F and stirred at 60 �C
on a hot plate overnight. Bare film measurements, including absorption,
PL, PLQY, and ellipsometry, were performed on spin-coated films on fused
silica substrates.

The microcavities were configured with 11.5 pairs of Ta2O5/SiO2 as bot-
tom DBRs deposited by radiofrequency magnetron sputtering on pre-
cleaned fused silica substrates. The thicknesses of the alternating
Ta2O5 and SiO2 layers were set to be λ/4n, where λ is the center wave-
length of the DBR stop band (varying according to the active organic layer),
and n is the refractive index of Ta2O5 or SiO2 at the center wavelength.
The core of the microcavity is composed of the spin-coated organic film,
sandwiched between thermally evaporated layers (20 nm thick) of LiF,
deposited on bottom DBRs. All microcavities were completed by sputter-
ing 8.5 pairs of Ta2O5 and SiO2 with the same layer thicknesses as the
bottom DBRs on top of the LiF layer. The whole process, including the
fabrication of bare films and microcavities, was conducted in a nitrogen
filled glovebox to exclude oxygen from the organic layer.

Characterization: The absorption spectra of 2L-F and 4L-F bare films
were measured with a Cary-300 UV–Vis spectrophotometer, and the PL
spectra were collected using an Edinburgh Instruments FLS980

Figure 4. Interferograms recorded by a Michelson interferometer for a) 2L-F cavity and b) 4L-F cavity at 1.2 Pth (¼79 and 135 μJ cm�2, respectively).
All scale bars are 5 μm.
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spectrometer. The PLQY measurements of the two compounds in the
solid state were performed in an integrating sphere in a Hamamatsu
Photonics C9920-02 system.[42] The optical constants and thickness of
bare films were measured by spectroscopic ellipsometry (J.A. Woollam
Co., Inc. M-2000DI). Polarized angle-resolved reflectivity measurements
of microcavities were also performed on a J.A. Woollam ellipsometer using
a dual deuterium and quartz tungsten halogen white light source. A motor-
ized sample platform and detection arm were used to record reflectivity
spectra from 20� to 74�.

Angle-resolved PL measurements were conducted using a Fourier
imaging microscope in transmission geometry. Microcavities were excited
non-resonantly close to normal incidence by a laser beam at 343 nm from
the substrate side. The vertically polarized pulsed pump laser was gener-
ated as the third harmonic of a Light Conversion Pharos laser with a pulse
duration of 200 fs and a repetition rate of 5 kHz. The Gaussian laser beam
size was measured to be 46� 3 μm in diameter using a beam profiler
(Lasercam HR, Coherent). The emitted light from microcavities was col-
lected by a Nikon S Plan Fluor extra-long working distance (ELWD) 40�
microscope objective with a numerical aperture of 0.6 and detected by an
Andor Shamrock SR500i charge-coupled device (CCD) spectrometer. PL
was resolved in both spectra and angle using an 1800 groovesmm�1 grat-
ing resulting in a spectral resolution of �0.0125 nm. A 400 nm long-pass
filter was placed at the entrance of the CCD spectrometer to cut off any
residual signal from the pump laser. An external diaphragm shutter was
synchronized with the CCD spectrometer to transmit the laser beam only
during the data acquisition process.

Spatial coherence measurements were performed using a home-built
Michelson interferometer with one arm replaced by a hollow retroreflector.
PL from microcavities was collimated by the Nikon S Plan Fluor ELWD
40� microscope objective and then split into two paths into the interfer-
ometer by passing through a 50:50 non-polarizing beam splitter cube.
The inverted emission spot from the retroreflector arm and the reflected
emission spot from the other arm then passed through a plano-convex
lens and were combined on the CCD spectrometer. A 400 nm long-pass
spectral filter was used to remove background light from the excitation
laser. The coherence and angle-resolved PL measurements were carried
out at room temperature in air.

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