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Efficient Anisotropic Polariton Lasing Using Molecular
Conformation and Orientation in Organic Microcavities

Florian Le Roux,* Andreas Mischok, Donal D. C. Bradley, and Malte C. Gather*

Organic exciton-photon polariton lasers are promising candidates for the
efficient generation of coherent light at room temperature. While their thresh-
olds are now comparable with those of conventional organic photon lasers,
tuning of molecular conformation and orientation as a means to control fun-
damental properties of their emission and thus further enhance performance
remains largely unexplored. Here, a two-fold reduction in the threshold of

a microcavity polariton laser based on an active layer of poly(9,9-dioctylflu-
orene) (PFO) is achieved when 15% f-phase conformation is introduced. In
addtion, taking advantage of the liquid crystalline properties of PFO, a thin
photoalignment layer is used to induce nematic alignment of the polymer
chains. The resulting transition dipole moment orientation increases the Rabi
energy, bringing the system into the ultra-strong coupling regime and facili-
tating anisotropic polariton lasing with an eight-fold reduction in absorbed
threshold, down to 1.14 p] (0.36 itj cm~?) for the direction parallel to the
orientation, with no emission along the orthogonal direction. This represents
the first demonstration of anisotropic polariton lasing in conjugated polymer
microcavities and a lower threshold than current organic vertical cavity
surface-emitting photon and polariton lasers. Dipole orientation offers new
opportunities for switchable, more efficient polaritonic devices, and observa-

1. Introduction

A principal ambition of organic electronics
has been to realize an electrically driven
organic laser diode. However, due to the
limited charge carrier mobility and den-
sity in organic semiconductors, this has
remained largely elusive.l'> The accepted
strategy to ultimately realize electri-
cally driven organic lasers is to work on
reducing the lasing threshold under optical
pumping, and thus to eventually bring
it into the reach of the population levels
achievable under electrical operation.
These efforts have traditionally focused
on conventional photonic lasers, but the
advent of so-called exciton-polariton lasers
based on organic materials has been met
with great excitement in this context
because fundamentally, polariton lasers do
not require population inversion and thus
might allow lower lasing thresholds.
Exciton-polaritons are hybrid-states of

tion of fundamental effects at low polariton numbers.
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light and matter whose energy signatures

can be readily observed in planar micro-

cavities when the interaction between the

photonic and the semiconductor excitonic

fields become larger than their respective
losses. In turn, the separate energy characteristics of light and
matter are no longer distinguishable.l®”] Frenkel excitons found
in organic semiconductors possess large binding energies and
oscillator strengths®®! which, respectively, allow for room-tem-
perature operation and a large Rabi splitting, #Q, between the
lower (LP) and upper (UP) polariton branches; values in excess
of 1 eV have been demonstrated in organic microcavities.0-3l
In polariton lasing, polaritons scatter to macroscopically occupy
the ground state and then decay through the emission of
coherent photons. For organic semiconductors, polariton lasing
has been first observed in a high Q-factor planar microcavity
containing a single-crystal of anthracene.! Following this first
demonstration, similar observations were reported in cavities
containing layers of small organic molecules,™ polymers!!®l
or proteins,l”! where the increased LP lifetime allowed for an
efficient thermalization of the LP ground state population, ena-
bling Bose Einstein Condensation (BEC).

Considerable progress has been made in improving the per-
formance of organic polariton lasers; the use of materials exhib-
iting high photoluminescence quantum yield (PLQY) and fast
exciton decay rates has proven particularly beneficial in this con-
text.'819 This enabled demonstrations of nonlinear thresholds
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in the range 2.2 i cm 28 t0 9.7 uJ cm=2,1 values that are now
on par with the best organic photon lasers using a vertical cavity
surface emitting design.?%? In terms of design, adjusting the
active layer thickness to target the (0-1) vibronic transition
in emission has been shown to be an effective way to further
reduce the lasing threshold.'”) However, so far the promise of
reaching substantially lower thresholds in polariton lasers than
in conventional photonic lasers has not materialized.

Beyond the “holy grail” of electrically pumped organic lasing,
lowering the threshold of polariton lasers is also important in
other areas. For example, multiple fascinating demonstrations
have been made that make use of the quantum nature of polar-
iton condensates, e.g. superfluidity of light,?? optical logic at
room-temperature,?’l and single-photon detection.? In many
of these devices, the threshold is directly linked to overall device
performance and power consumption; thus an effective strategy
to reduce thresholds is of great benefit. Other recent work
looks into fundamental effects occurring at low polariton num-
bers.[”>?% In order to explore non-linearities in this regime,
low-threshold polariton lasing will be required.

Transition dipole moment orientation is a known method
to reduce the threshold for optically pumped exciton gain
in poly(9,9-dioctylfluorene) (PFO) waveguides.””l It has also
recently been suggested®®?% as a way to further reduce the
threshold of polariton lasers through efficient population of the
LP ground-state. Several material systems have been explored
to realize 1D exciton-polaritons, including carbon*” and tung-
sten disulfidel3! nanotubes, organic single crystalsi* and liquid
crystals,?3 but polariton lasing from such systems remains
a challenge. Thin, transparent photoalignment layers of an
azobenzene-containing Sulfuric Dye (SD1) have recently been
used to induce homogeneous nematic alignment of conjugated
polymers in metallic microcavities,* leading to significantly
enhanced Rabi splitting when the polarization of the incident
light is aligned with the polymer transition dipole moment
orientation direction. However, these structures have not sup-
ported polariton lasing as the alignment has not been realized
in a microcavity with sufficiently high Q.

One of the polymers used for alignment induced enhance-
ment of Rabi splitting is PFO. PFO has previously been
successfully used to fabricate various electronic/optoelectronic
devices (light-emitting diodes (LED)s including polarized
light emission structures,3>3¢ transistors,?”38 and opti-
cally pumped photon lasers3%). PFO can also be processed
so as to adopt distinct conformations, allowing an explora-
tion of physical structure control over the influence of exciton
ensemble sub-populations on polariton formation and proper-
ties in metallic microcavities.*) The disordered glassy-phase
possesses an inter-monomer torsion angle centered =135°,
with a more or less Gaussian distribution of exciton ener-
gies.l Non-aligned, glassy phase PFO was previously used
to demonstrate polariton lasing with an absorbed threshold
pump energy density of 19.1 pj cm2.* The linearly-extended
Bphase conformation,** with a nearto-planar chain seg-
ment geometry, presents red-shifted absorption and emission
spectra with characteristically-well-resolved vibronic progres-
sions and an enhanced oscillator strength. It forms a distinct
exciton sub-population located on the red edge of the glassy
Gaussian distribution and the relative weighting of these popu-
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lations allows polariton properties to be tuned.*’l The S-phase
can be generated in thin films using several different methods,
for example: i) globally, via solvent vapour annealing, use of
solvent mixtures incorporating a high-boiling point additive,*!
and dipping in a moderate solvent or solvent/non-solvent mix-
turel and ii) locally, via masking!***! or dip-pen patterning.’!
Interestingly, PL emission from a sample containing even a
small fraction of SB-phase is typically dominated by the spectral
contribution of the S-phase due to rapid energy transfer from
the glassy- to the S-phase chain segments.[*+4]

Here, we use PFO f-phase generation and nematic liquid
crystal alignment to demonstrate an ability to tune the perfor-
mance of polariton lasers via physical-structure-based, molecular
level control of exciton properties. We first fabricate two high-Q
microcavities made of distributed Bragg reflector (DBR) mirrors
sandwiching spin-coated layers of PFO prepared in the glassy-
(sample S1) and B-phase (sample S2 with 15% S-phase chain
segments) conformations. Both cavities are designed so that the
energy of the LP at normal incidence (6= 0°) is tuned to 2.67 eV,
which matches the (0-1) vibronic peak of the [-phase. We
observe that targeting this energy level enables a reduction in the
absorbed pump polariton lasing threshold for the glassy-phase
cavity to 3.8 i cm™ (equivalent to 12.08 p]J per excitation pulse)
from the 19.1 uJ cm™2 value recorded in earlier reports.*?l Intro-
ducing 15% [-phase then allows for a further twofold reduction
in absorbed pump threshold to 1.8 uJ cm™ (5.71 pJ per pulse). In
order to study the influence of the polymer chain alignment and
corresponding transition dipole moment orientation, we then
fabricate a high-Q microcavity containing a layer of PFO which
is subjected to thermotropic alignment on a SD1 photoalign-
ment layer, before the generation of 15% [S-phase (sample S4).
Orientation of the transition dipole moments in the active layer
enables anisotropic coupling in which excitation with a pump
polarization parallel to that orientation leads to an over eightfold
reduction in absorbed pump threshold from 2.9 uJ cm=2 (9.14
pJ per excitation pulse) for an unaligned but otherwise compa-
rable 15% f-phase cavity (sample S3), to 0.36 W] cm™2 (1.14 p]J per
excitation pulse) for the aligned sample S4. The Rabi splitting
energies for these structures are substantially enhanced in the
direction parallel to the orientation, with the coupling strength
g = /g reaching up to 21.7% and a consequent crossover
into the ultra-strong coupling (USC) regime without the need
to use metallic mirrors to squeeze the mode volume.?**1 Using
[B-phase generation and nematic liquid crystal alignment allows
us to improve the polariton lasing threshold by over 50-fold rela-
tive to earlier demonstrations using PFO, and by sixfold relative
to the best organic polariton laser reported to date. The abso-
lute absorbed threshold pulse energy of 1.14 pJ is also lower than
what has previously been reported for both polariton lasers and
conventional photonic lasers based on an organic microcavity
structure. As such, our work paves the way to improved polar-
iton devices and makes an important contribution to ongoing
efforts on electrically pumped organic lasers.

2. Results and Discussion

Figure 1a shows the chemical structures of the glassy- and
Bphase chain conformations of PFO and the chemical
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Figure 1. a) Chemical structures of the glassy- (blue) and the f-phase (red) chain conformations of PFO and of SD1 (black). b) Schematic of the dif-
ferent samples (S1, S2, S3, S4) used in this study. c) In-plane optical constants for glassy-phase (blue lines) and 15% f-phase (red lines) PFO thin
films showing the ordinary parts of the extinction coefficient (solid lines), kord, and refractive index (dashed lines), nord. d) The in-plane, x- (black
lines) and y- (red lines), parts of the extinction coefficient, kx and ky (solid lines), and refractive index, nx and ny (dashed lines) for a PFO thin film
aligned along the y-direction and subjected to 15% [-phase generation. e) PL spectra for spin-coated PFO thin films in the glassy phase (blue line)

and containing 15% [-phase (red line).

structure of SD1. Figure 1b shows the schematic structure of
the samples used in this study. Sample S1 contains a 155 nm
thickness glassy-phase PFO film, S2 a 152 nm thickness 15%
[B-phase film, S3 a 166 nm thickness 15% S-phase film, and S4
a 145 nm thickness 15% [-phase film aligned on top of a thin
layer of SD1 (5 nm). In all samples, the active polymer layers
are sandwiched between Ta,0s/SiO, alternating layer DBR mir-
rors. Samples 1 and 2 have an asymmetric cavity structure with
10.5 Ta,05/Si0, pairs below and 7.5 above whilst samples 3 and
4 are symmetric cavity structures with 10.5 Ta,O5/SiO, pairs on
both sides.

Adv. Funct. Mater. 2022, 2209241 2209241 (3 of 10)

In order to remove any variations in the thickness of the
mirror layers between samples as a possible source of error,
we deposited the DBRs for pairs of samples at the same time,
namely samples S1 and S2 together, and S3 and S4 together.
The DBR mirrors for samples S1 and S2 are made of 50.7 nm
thickness Ta,0s/74.4 nm thickness SiO, alternating layers while
for samples S3 and S4 it is 48.8 nm Ta,05/71.8 nm SiO,. Sim-
ilar Q-factors of =600 were found for all four samples (calcu-
lated from the LP emission linewidth at low excitation energy),
i.e., the addition of three further Ta,05/SiO, pairs in Sam-
ples S3 and S4 did not increase the Q-factor at the LP energy
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(2.66 — 2.67 eV). We assume that this is due to a combination
of two factors: First, beyond 7.5 Ta,05/Si0, pairs the Q-factor of
the cavity saturates as losses other than from incomplete reflec-
tion by the mirrors begin to dominate the system, e.g. losses
from film roughness. Second, samples S3 and S4 show a slight
unintended blue-shift (+0.07 eV) in the stop-band compared to
samples S1 and S2 (see Figure S1, Supporting Information).
This shift leads to a small increase in reflection loss around the
LP energy relative to the centre of the stop-band and therefore
the reflectivity of the 10.5 pair mirrors at the LP energy is not
significantly enhanced compared to the 7.5 pair mirrors.

The polymer chains of spin-coated PFO films tend to lie
within the plane of the film,* yielding a uniaxial in-plane/
out-of-plane anisotropy in the corresponding optical con-
stants. Figure 1c shows the ordinary components of the meas-
ured refractive indices (n,.) and extinction coefficients (koq),
obtained using variable angle spectroscopic ellipsometry
(VASE) on films prepared as per samples S1 and S2 on glass
substrates. The characteristic, inhomogenously broadened dis-
tribution corresponding to the S, — S; optical transition of the
glassy-phase of PFO centered at around X = 3.23 eV is clearly
visible. As reported in Ref. [44], the introduction of [-phase
chain segments leads to the appearance of a clearly resolved
(0-0) vibronic peak in absorption, which is centered at around
Xp = 2.86 eV. Figure 1d correspondingly shows the in-plane
optical constants obtained for a PFO film thermally aligned on
top of a SD1 photoalignment layer and then subjected to sol-
vent vapour annealing to induce 15% [-phase. As expected, the
oscillator strength is much stronger in the y-direction (parallel
to the orientation of the polymer chains) than in the x-direction,
confirming that the transition dipole moment is largely axial.
The off-axis component arises from individual dipole moments
lying at =20-25° to the chain axis for glassy-phase PFO,130
and reduces for the chain-extended J-phase conformation,
leading to a higher anisotropy.’! Figure 1e shows PL spectra for
non-aligned glassy- and 15% S-phase PFO films. As previously
reported,*** the spectra differ substantially: for the glassy-
phase film the vibronic peaks appear at 2.93 eV (0-0), 2.75 eV
(0-1), and 2.57 eV (0-2) whereas for the -phase film the peaks
are at 2.82 eV (0-0), 2.67 eV (0-1), and 2.50 eV (0-2).

The deduced refractive indices were used in a transfer matrix
calculation to determine the PFO film thicknesses for each
sample such that at normal incidence (i.e., g = 0) the lower
polariton energy, Ejp, matches the (0-1) emission vibronic peak
of the S-phase at 2.67 eV.

Transverse electric (TE) polarized white light transmissivity
spectra were simulated for each sample and for a range of
angles of incidence using transfer matrix calculations as shown
in Figure 2. The simulated spectra are in good agreement with
measurements of DBR transmissivity (shown in Figure S1, Sup-
porting Information) as well as angle-resolved reflectivity (shown
in Figure S2, Supporting Information) and with polymer thick-
ness measurements using a profilometer. For sample S4, the
transmissivity was simulated for an alignment of the polymer
chains parallel to the polarization of the incident light (i.e., the
azimuthal angle @ between the TE-polarization and the align-
ment direction was 0°). The LP energy was fitted using the
Hopfield-Agranovich model®>%3 with one excitonic transition
for the glassy phase sample S1 (X¢) and two transitions for the
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B-phase samples S2, S3, and S4 (X; and Xjp). The presence of
two Rabi splitting energies, 1€ for X; and hQ, for Xg, indi-
cates that both conformations contribute as discussed in more
detail in Ref. [28]. (The results from the fitting procedure are
summarized in Table 1.) As discussed in Ref. [15], the experi-
mental observation of the UP in high Q-factor cavities with
TE-polarization is very challenging. Rabi energies comparable
to or greater than the width of the stop-band are expected,’>
which means the UP falls outside the DBR stop-band. In addi-
tion, such high Rabi energies make the direct application of the
coupled oscillator model difficult due to further hybridization
of the Bragg modes. We therefore confirmed our fitting results
by comparing to earlier work that used either the same mate-
rial (Ref. [42] for S1, Ref. [34] for S2 and S3) or the same align-
ment technique (Ref. [40] for S4). Referencel®) uses metallic
rather than DBR mirrors. While this prevented the realization
of polariton lasing, it allows direct observation of the UP as it
avoids the limitation of a stop-band with finite spectral width.
Based on this UP data, Ref. [40] presents a precise description
of the increase in Rabi splitting energy that is expected with
transition dipole moment alignment.

Figure 2a shows the optical characterization for S1. The
Hopfield-Agranovich fitting yields a Rabi splitting energy of
Qs =0.52eV, which is in good agreement with previous
reports.Zl The detuning A;¢ = — 465 meV between X and the
energy of the photonic mode at normal incidence E,, (6 = 0°)
= R, q - o Was chosen to be significantly larger than in pre-
vious reports in order to target the favorable (0-1) transition.
Figure 2b shows the optical characterization for S2, where
two detuning energies exist: first, Ayg = — 470 meV similar for
the same reason to Ay for S1, and second, Ayg = — 100 meV
between Xjg and E,,(6 = 0°). The ratio of the Rabi energies
I =0.50eV and fi,; =0.05eV is similar to that found in
Ref. [42], where it was shown that the larger oscillator strength
of - relative to glassy-phase excitons and the interplay of
their vibronic structures is important in understanding these
coupling strengths. The detuning energies and Rabi splitting
values for S3 in Figure 2c are, as expected, similar to those for
S2. Notable differences can, however, be found in Figure 2d,
where the alignment of PFO chains for S4 increases the Rabi
splittings to fi,se =0.70 eV and #,.. =0.07 eV. It was previously
observed[3334 that the increase in Rabi splitting following align-
ment of the molecular units is due to the increase of the dot
product, i - E, between the molecular transition dipole moment
vector, 4, and the incident electric field vector, E. Following
alignment, the resulting coupling strength g= Q.s: /@ reaches
21.7% which brings the system into the USC regime. Previous
demonstrations of USC in organic materials have frequently
required a cavity formed by metallic mirrors to reduce the
mode volume.[1040]

Next, the angle-resolved emission from the microcavities was
measured via Fourier plane imaging. The samples were excited
non-resonantly at 355 nm (3.49 eV), using 25 ps pulses from
a diode-pumped Nd-YAG laser at a repetition rate of 250 Hz.
Figure 3a shows the emission from cavity S1 both at low and
at high pump pulse energies. At low pulse energies, the emis-
sion is spectrally broad and closely follows the fitted LP shown
in Figure 2a. Above a certain threshold, however, the emission
dramatically reduces in linewidth, blue-shifts, and collapses to
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Figure 2. Transfer matrix simulations for @in the range of [-75°,0°] and experimental measurements for 8> 0° of angle-resolved, TE-polarized transmis-
sivity spectra for a) sample S1 containing non-aligned glassy-phase PFO, b) and c) samples S2 and S3 containing non-aligned 15% f-phase PFO, and
d) sample S4 containing aligned 15% fB-phase PFO. The horizontal white lines indicate the position of the excitonic transitions X5 and Xz as described
in the text. The curved white line shows the fitted cavity mode E(6) = i, and the dashed green line shows the fitted LP mode. For S4, the simula-
tion was performed at ¢ = 0°, i.e., PFO polymer chains parallel to the polarization of incident light.

a small angle range around the normal to the plane. Similar
observations are made for S2 in Figure 3b and S4 at ¢ = 0° in
Figure 3c. Figure 3d shows the emission for S4 at ¢ = 90°, where
the excitation is perpendicular to the polymer chain alignment.
The background-to-emission ratio is higher in Figure 3c¢,d com-
pared with Figure 3a,b as the overall excitation power was lower
due to the decreased threshold for S4 relative to S1 and S2. No
emission is recorded from the orthogonal alignment direction

Table 1. Extracted and preset parameter values for microcavities S1, S2, S3, and S4, modeled using a Hopfield-Agranovich Hamiltonian

due to the strong anisotropy of the system. We also note that in
each case, the emission acquires linear polarization parallel to the
polarization of the excitation, and, therefore, for S4 also parallel
to the chain alignment. When the pump excitation polarization
is gradually moved away from the chain alignment direction, it
is still possible to observe lasing but with an increasing excita-
tion threshold due to the reducing absorption. The linear polari-
zation acquired by the laser emission from the sample remains,

153,54

Sample @, (6= 0°) [eV]?) hag [eV]P hag [eV]© N hQ, [eV]? h€, [ev]
S1 (Glassy-phase with 7.5 pair top DBR) 2.765 3.23 X 1.88 0.52 X

S2 (15% p-phase with 7.5 pair top DBR) 2.76 3.23 2.86 1.88 0.50 0.050
S3 (15% B-phase with 10.5 pair top DBR) 2.785 3.23 2.86 1.90 0.51 0.053
S4 (Aligned 15% B-phase with 10.5 pair top DBR) 2.86 3.23 2.86 1.95 0.70 0.070

3Fitted energy of the bare cavity mode at normal incidence; ®Preset exciton oscillator transition energy at the peak of the vibronically-unresolved ensemble transition
So-Sy) of glassy-phase PFO films; 9Preset exciton oscillator transition energy at the center of the (0-0) vibronic absorption peak of f-phase PFO films; 9Fitted microcavit

0->1) Of glassy-p gy p p p Y
effective refractive index; 9Fitted Rabi splitting energy associated with transition hag; Fitted Rabi splitting energy associated with transition hiwg.
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Figure 3. Angle-resolved PL spectra intensity maps for microcavities a) S1, b) S2, c) S4 at ¢ =0° and d) S4 at ¢ =90° (no emission visible) with emis-
sion spectra below (left half) and above (right half) threshold. For each panel, two intensity scales are used.

however, largely parallel to the main component of the transition
dipole moment since the “chromophores” that absorb light will
emit along the transition dipole moment direction.

Figure 4a,c displays for all samples the emission intensity
for increasing incident excitation pulse energies, integrated
in each case over 8 € [-2° 2°] and E € [2.635 eV; 2.75 eV].
The full PL spectra used for these integrations are shown in
Figure S3 (Supporting Information). For each sample, a clear
super-linear increase in intensity is observed above a specific
threshold excitation energy Pgy. The saturation in emission
intensity observed for S1 and S2 above threshold in Figure 4a
was also observed in Ref. [42]. Comparing the pair S1 and S2,
we observe that the introduction of 15% f-phase chain seg-
ments in sample S2 leads to a two-fold reduction in threshold
pulse energy relative to S1, from P, = 25.16 pJ down to
By, = 12.41 p]. We attribute this reduction in threshold to the

Adv. Funct. Mater. 2022, 2209241 2209241 (6 of 10)

faster radiative decay of S-phase excitons!**>’ and the increased

overlap of the LP at normal incidence with the (0-1) emission
peak of the S-phase."’!

Introducing small fractions of S-phase into glassy PFO films
is known to increase the PLQY from =55% for glassy PFO
films up to almost 70% in an optimal case that can be reached
through the use of alkyl additives in the initial solution or with
a solvent/non-solvent dipping method.l*#>?/ However, for the
relatively large fraction of B-phase present in S2, the PLQY is
expected to be similar to the glassy PFO of S1, indicating that
the reduction in threshold for S2 is most likely not the result of
increased PLQY.

In Figure 4c, we observe that the orientation of the transi-
tion dipole moments leads to an almost seven-fold reduction
in threshold, from P,, = 14.50 p] for S3 down to P, = 2.23 p]J
for S4. We explain this large reduction through two main
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Figure 4. a) and c) Integrated emission intensity versus incident excitation pulse energy for a) S1 (blue symbols), S2 (black symbols), c) S3 (black
symbols), and S4 (red symbols). The polariton lasing thresholds are determined from the intersects of the fitted dashed lines and are listed next to each
data set. b) and d) peak blue-shift (dashed line) and LP linewidth (solid line) for b) ST (blue) and S2 (black), and d) S3 (black) and S4 (red). Vertical
dashed lines indicate the polariton lasing thresholds as determined in a) and c). For S4, the measurements were performed at ¢ = 0°.

factors: First, pumping of the exciton reservoir is now twice as
effective since the excitation pump polarization is aligned with
the main component of the transition dipole moment, second,
the LP ground-state is now efficiently populated thanks to an
increased rate of resonant excitation transfer from the res-
ervoir to the LP statel?! (this reduction in threshold is simu-
lated in Figure S4, Supporting Information). It is important to
note that this reduction is achieved despite additional parasitic
absorption introduced by the SD1 layer (Figure S6, Supporting
Information). Py, is slightly larger than P,, due to the slight
blue-shift of the DBR stop-band in S3 and S4 compared to
samples S1and S2 (Figure S1, Supporting Information).

Figure 4b,d displays the linewidth and the spectral shift of
the emission peak versus the incident excitation energy per
pulse. For each sample we observe a drop in linewidth around
the threshold value, corresponding to the increase in coherence
acquired as the ground state of the LP is macroscopically popu-
lated.'>18] As the excitation energy increases, we also observe
a blue-shift of the emission peak caused by polariton-polariton
and polariton-exciton interactions following depletion of the
ground state.['>’]

Combined, the reported observations clearly indicate the
presence of polariton lasing for all four samples studied here.
Spatial coherence measurements performed on the emission
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using a retro-reflector configuration Michelson interferometer
allows independent corroboration of this conclusion. Above
threshold, interference fringes with high visibility are observed
(Figure S5, Supporting Information), confirming the presence
of spatial coherence and supporting the existence of polariton
lasing.

Table 2 presents a summary of the laser performance param-
eters for all four samples, comparing the incident and the
absorbed pump pulse energy at threshold as well as the cor-
responding values of threshold pump fluence. To compute the
absorbed pulse energy and fluence, the amount of the 355-nm
pump light that is absorbed by the PFO film is calculated using
transfer matrix calculationsl®® (Figure S6, Supporting Infor-
mation). The excitation pump spot is 20 um in our experi-
ments. The absorbed threshold fluences are: Fy, =3.8 uj cm™,
Fyp, =18y cm™, Fy, =29uJcm™ and F,, =0.36 uf cm™. We
attribute the reduction in F, , relative to an earlier report for
a similar microcavity,*? to the difference in detuning between
the two experiments (=150 meV), with the experiment pre-
sented here bringing the LP energy at normal incidence close to
the (0-1) vibronic peak of glassy-phase PFO. The introduction
of B-phase PFO and the preferential orientation of the transi-
tion dipoles leads to further dramatic reductions in threshold
energy and threshold fluence. To our knowledge, the threshold
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ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Table 2. Parameters extracted for polariton lasing thresholds of samples S1, S2, S3, and S4.

Incident threshold
pulse energy [p]]

Sample Epat 6=0°

sub-threshold [eV]?)

Intracavity PFO
absorption at 355 nm

Absorbed threshold
pulse energy [p]]

Threshold absorbed
fluence [u) cm™?

Threshold incident
fluence [} cm™2

S1 (Glassy/7.5 pairs top DBR) 2.66 25.16
S2 (Pis94/7.5 pairs top DBR) 2.66 12.41
S3 (Bys9/10.5 pairs top DBR) 2.67 14.50
S4 (Aligned, Bi50,/10.5 pairs top DBR) 2.66 2.23

48% 12.08 8.0 3.8
46% 5.71 4.0 1.8
63% 9.14 4.6 29
51% 114 0.71 0.36

JEnergy of LP at normal incidence.

absorbed fluence for polariton lasing in the aligned polymer
microcavity, F,, =0.36 uJ cm™, represents the lowest threshold
observed to date for organic vertical cavity surface emitting
polariton and photon lasers. In addition, the absolute absorbed
pulse energy at threshold of 1.14 p]J is possibly the lowest among
all organic semiconductor lasers reported so far. Whether pulse
fluence or pulse energy is the more important figure of merit
depends on the intended application of the laser.

3. Conclusion

We have demonstrated how the control of polymer conforma-
tion and morphology (specifically chain alignment), together
with targeted spectral detuning can be used to improve the
performance of PFO organic polariton lasers. First the use of
a conformation change from glassy- to 15% f-phase, together
with targeting the corresponding (0-1) vibronic emission peak,
halved the absorbed polariton lasing threshold pulse energy
and fluence to 5.71 pJ and 1.8 U] cm™2, respectively. The faster
radiative decay for B-phase chain segments is considered to play
a key role in this. We then demonstrated that in-plane nematic
orientation of the polymer chain transition dipole moments
inside the cavity leads to an impressive (more than 8-fold)
reduction in absorbed threshold from 9.14 pJ and 2.9 yJ cm™
to 1.14 pJ and 0.36 puJ cm2. Compared to the original, glassy-
phase device, the lasing threshold is reduced by over tenfold,
and by over 50-fold compared to earlier reports on PFO-based
polariton lasers. These improvements in threshold make an
important contribution to the ongoing work toward electrically
pumped organic lasers and in addition are important to fur-
ther advance studies into fundamentals of nonlinear polariton
interaction.

In the future, a further reduction in lasing threshold can
be expected if the position of the stop band of the DBRs is
fully optimized in the sample with nematic orientation. In
addition, it is anticipated that a further increase in the PLQY
of PFO through the use of a lower fraction of S-phasel*!
combined with the use of additional DBR layers should
allow a further reduction in threshold. Spatial patterning
of the SD1 alignment layer using either a photomaskP® or
direct two-photon laser writing!®” represents an additional
exciting avenue that may allow further improvement in the
performance of polariton lasers through in-plane confine-
ment of polaritons and, additionally, offers the opportunity
to study topologic phenomenal® without a need to pattern
the cavity mirrors.
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4. Experimental Section

Materials: PFO was supplied by the Sumitomo Chemical Company,
Japan and used as received. The peak molecular weight was Mpro =
50 x 10%g mol™". SD1 was supplied by Dai-Nippon Ink and Chemicals,
Japan. Anhydrous toluene (99.85%) and anhydrous 2-methoxyethanol
(299.8%) were purchased from Sigma—Aldrich and used as received. For
the microcavity mirrors, Ta,O5 and SiO, were sputtered from >99.99%
oxide targets (Angstrom Engineering). The substrates used were display-
grade glass (Eagle XG, Howard Glass), 24 mm x 24 mm.

Film Fabrication: The bare films used for ellipsometry in Figure 1b,c and
PL in Figure 1d were spin-coated from 18 mg mL™" PFO solutions in toluene
in an inert environment. The solution was prepared in an inert environment
(controlled atmosphere nitrogen glovebox with solvent filter) and left to stir
overnight at a temperature of 50 °C. It was then filtered using a 0.45 um
PTFE filter. For the sample containing aligned chains of PFO, reported in
Figure 1c, a layer of SD1 was first spin-coated (5 s at 500 rpm, followed
by 25 s at 2000 rpm) from a 1 mg mL™" solution in 2-methoxyethanol and
was then annealed for 10 min at 150 °C to evaporate any traces of solvent.
Preparation of the SD1 as an alignment layer was performed in air by
exposing the sample to polarized UV light (generated by a UV LED and
a broadband polarizer, M365LP1 and WP25M-UB, Thorlabs) at a power of
5 mW for 10 min. A layer of PFO was then spin-coated on top of the SD1in
an inert environment, using 18 mg mL™ PFO in toluene solution, for 1 min
at a speed of 2000 rpm, with an initial acceleration of 1000 rpm s7'. Next, the
sample was placed on a precision hotplate (Prazitherm, Gestigkeit GmbH)
in an inert environment and the temperature was raised from 25 to 160 °C
at a rate of approximately 30 °C min~". The upper temperature was then held
for 10 min, followed by rapid quenching to room temperature by placing the
sample on a metallic surface. For three (including the aligned sample) of
the four film samples, an approximately 15% f-phase fraction was induced
by exposing the films to a saturated toluene vapour environment for 24 h.
The thicknesses of the films and thus of the active layers in the final cavity
were measured using a profilometer (Dektak) on simultaneously prepared
reference samples and later confirmed by comparing the spectroscopic
characterization to transfer matrix calculations.

Microcavity  Fabrication: The microcavities were fabricated by
radiofrequency magnetron sputtering of alternating layers of SiO, and
Ta,Os at a base pressure of 107 Torr, using 18 standard cubic centimeters
per minute (sccm) Argon flow at 2 mTorr process pressure and 18 sccm
Argon together with 4 sccm Oxygen flow at 4 mTorr process pressure for
SiO, and Ta,Os, respectively. The additional oxygen flow during Ta,Os
deposition prevents the formation of unwanted sub-oxides. Spin-coating
of the active layers was performed on top of the bottom mirror using
the same process described in the Film Fabrication paragraph above,
except that the concentration of the PFO solution was varied according
to the desired film thickness: for ST and S2, 27 mg mL™ PFO in toluene
was used; for S3, 28 mg mL™ was used and for S4, 24 mg mL™". The
SD1 alignment layer preparation process for sample S4 followed the
description in the Film Fabrication Section above.

Characterization: Time-integrated photoluminescence measurements
were taken using a fluorescence spectrometer (Picoquant, FluoTime 250)
under excitation by a picosecond pulsed laser operating at 375 nm
(Picoquant, P-C-375). The permittivity of the different films was determined
by variable angle spectroscopic ellipsometry measurements (VASE,
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M2000, J.A. Woollam) and subsequent modelling (via CompleteEase
software, J.A. Woollam) with a uniaxial anisotropic B-spline for S1, S2, S3
and a biaxial anisotropic B-spline for S4. The transmissivity at normal
incidence was determined using the same ellipsometer.

Polariton Modelling: The minima of the reflectivity maps shown in
Figure 2 were analyzed using a least-squares fitting algorithm for the
eigen value problem:

Hyig = 0igviq (S1)
Oeay g +2D, —I% —l% —-2D, l% I%

i% Wg 0 —i% 0 0
i % 0 wp —i sz'q 0 0

H, =

‘ 2D, —I% —l% Weapq — 2D, —l% —I% (52)

—i% 0 0 '% -Wg 0
—i% 0 0 ’.sz,q 0 -wg

In the case of a single exciton oscillator, H, reduces to the usual 4 x 4
Hopfield-like USC matrix.#7! g is the in-plane wave vector, @, , the
cavity mode energy, o the frequency for the ff-excitons (j € {G,8}), Q4

@
0 (0)’
where Q,; is the Rabi frequency on resonance for the jtransition.

a2
In  dielectric  cavities, @) = Ocar(re) () = O, (0)[1 - Lz(e)]
2 Neff

Q2
D, = Zﬁ is the contribution of the squared magnetic vector potential.
j

The rest of the fitting procedure is identical to that described in Ref. [34].

Angle-Resolved PL Measurements: PL spectra were measured using
Fourier imaging spectroscopy by imaging the back focal plane of a Nikon
Plan Fluor (magnification 40 x , numerical aperture 0.75) objective, set
up on a Nikon Tie2-Eclipse microscope in reflection configuration.
The THG output of a diode-pumped Nd-YAG laser (PL2210A, Ekspla),
wavelength 355 nm, repetition rate 250 Hz, pulse duration 25 ps, was
used for the excitation. Linear polarization of the pump was set by
placing a Glan-Taylor polarizer (GT10-A, Thorlabs) before the objective.
The diameter of the Gaussian beam at the sample plane was measured
to be =20 um. The emitted light was directed toward the entrance of
a spectrograph (Shamrock SR-500i-D2-SiL, Andor) equipped with an
1800 lines mm™ grating blazed at 500 nm and the PL spectra were
imaged on an EM CCD camera (Newton 971, Andor) providing a
spectral resolution of 40 pm. The spatial coherence measurements
presented in the Supporting Information were performed using a
Michelson interferometer in the retro-reflector configuration and the
resulting interferograms were imaged on an sCMOS camera (ORCA-
Flash 4.0, Hamamatsu).

the associated Rabi frequency, for a given angle 6, Q; ,(6) = Q, ;

Supporting Information

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