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Reducing the lasing threshold in optically pumped organic lasers is a necessary component of the drive
to develop an organic laser diode, as this may help mitigate the losses associated with electrical
contacts and charge injection. In this study we show how increasing the binaphthyl (BN) spacer content
in polydioctylfluorene (PFO) decreases its amplified spontaneous emission threshold (ASE) through the
suppression of intermolecular interactions. Using co-polymers with low lasing thresholds, we use a laser

Received 15th December 2022, patterning technique to fabricate physical defects (having a diameter of ~2.5 pm) within a vertical

Accepted 10th March 2023 microcavity. Such defects create additional lateral confinement, with this approach allowing us to
DOI: 10.1039/d2tc05360h reduce the lasing threshold from 11 pJ cm ™2 to 7 pJ cm ™2 and increase cavity Q-factor from 495 (planar

cavity) to 2300. The enhanced performance and the stack structure of the defect microcavity show it is
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a promising architecture for an electrically-pumped laser device.

Over the past 9 years, the Electronic and Photonic Molecular Materials Group at the University of Sheffield have published on average one paper per year in the
Journal of Materials Chemistry C (JMCC). This work has covered a wide and diverse range of topics, ranging from nanoscale chemical sensors, polariton

condensation in organic-semiconductor microcavities, the exploration of molecular aggregate states in BODIPY-dyes and the optimisation of both polymer and
perovskite solar cells. It is the wide breadth of topics covered by JMCC that make it an attractive journal for researchers working at the interface of physics,

chemistry and materials science, with topics covered ranging from photonics to photovoltaics via lasers and displays. We believe JMCC to be a high quality

journal with a promising Impact Factor and a fast turn-around. Indeed, our JMCC papers have achieved good visibility, with some being very well cited. We wish

JMCC continued success over the next 10 years and look forward to publishing further papers in this journal.

Introduction

Organic semiconductor lasers (OSL) are a popular area of
research due to their low lasing threshold, film flexibility, and
wavelength tunability,"™ with recent reports demonstrating
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lasing at wavelengths approaching 900 nm.*® These attributes
allow organic lasers to find possible applications in sensing,’
displays, photonic barcodes,® lab-on-chip devices,” and short
range on-chip or chip-to-chip data communications."® Organic
semiconductors can act as an efficient gain medium as they
have high quantum yields and low reabsorption losses due to
large Frank-Condon shifts, which result in low lasing thresholds.
Extremely low thresholds have been reported in optically pumped
OSLs," and organic laser diodes recently demonstrated,"! however
it is clear that generating lasing through electrical excitation still
remains challenging.’> The most detrimental losses occur due to
charge absorption from polarons,'® and the additional triplet
states that are formed along with singlets in a ratio of singlets:
triplets of 1:3. This has been supported by optical simulations
that suggest the depopulation of singlets through singlet-
triplet annihilation is the dominant loss mechanism preventing
lasing.” As the losses from electrical pumping are so high,

This journal is © The Royal Society of Chemistry 2023
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the predicted thresholds for electrically pumped lasers are greater
than 500 A cm 2"

To lower lasing thresholds a multitude of different materials
and resonator structures has been explored, with such struc-
tures generally being excited by optical pumping. Following
such an approach, materials with improved triplet manage-
ment can demonstrate lasing under quasi-continuous wave
(CW) conditions and have been shown to be promising candi-
dates for electrical excitation."*™"” The polymer polyfluorene
2,7-(9,9-dioctylfluorene) (PFO) has been explored for lasing
applications, with modifications to its structure being explored
as a means to improve both its lasing characteristics and its
charge-carrier mobility."® One of the most promising copoly-
mer variants of PFO involves including binaphthyl (BN) spacer
groups between the monomer units, where it is reported that
increasing the degree of BN copolymerisation decreases the
lasing threshold.™ It has been proposed that the inclusion of
these spacer groups affects the molecular packing of the polymer
chains and can suppress the formation of the B-phase in spin cast
films. Such reductions in the formation of the B-phase have been
reported to improve its lasing performance.’

An alternate approach to reduce lasing thresholds is to
create optical feedback structures that confine light at the wave-
length scale in an organic semiconductor and thereby increase
optical gain. This has been achieved in photonic crystals,”**!
distributed-feedback gratings (DFB),>> random lasing from
multilayer cracks®'** and microcavities> using coherent opti-
cal scattering effects. Here, DFBs provide feedback by scattering
waveguided light using a periodic grating that allows light
having a single wavelength to propagate through the gain
medium. Other significant optical gain structures include
whispering gallery mode resonators®*2® in which light is
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waveguided in spherical closed loop structures, with the path
length of one trip being a multiple of half a wavelength. The
complex structure of gratings and whispering gallery mode
resonators make integration into light emitting diode (LED)
devices challenging and the long optical path length results in a
lower spontaneous emission factor.””

Optical microcavities are also a promising type of optical
resonator used to reduce lasing thresholds. Significantly,
they can be readily integrated into conventional organic light
emitting diodes (OLEDs), allowing charge to be injected into
the semiconductor gain medium.?® Optical microcavities are
comprised of two highly reflective mirrors placed either side of
a gain medium. Such mirrors can be made from reflective
metals, however Distributed Bragg Reflectors (DBR) are often
used as they can be engineered to have a reflectivity above 99%,
allowing very low lasing thresholds to be demonstrated.?® Fine
control over cavity mode wavelength can also be achieved
through control of the organic gain layer thickness. By ensuring
that the microcavity optical path length is on the order of half
the lasing wavelength, it is possible to generate single mode
confinement which encourages the emission of spontaneously
emitted photons into a single lasing mode which reduces the
lasing threshold.>® The first polymer microcavity laser was
reported in 1996 using poly(p-phenylenevinylene) (PPV) as the
gain medium, with a DBR bottom mirror and silver top
mirror.>* Follow-on studies now generally use DBRs as both
top and bottom mirror to improve the lasing performance.**

Further reductions in lasing threshold can be achieved by
decreasing the mode volume within a microcavity; an effect
achieved through the use of focused ion beam (FIB) milling to
create micropillars,®® or by patterning deformations that add
lateral confinement.**” An evaporation technique using a
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(a) Molecular structure of BN-PFO consisting of PFO (m) with repeat units of BN (n). (b) Microcavity structure: quartz/PS (with defect)/10.5 Pair

DBR/BN-PFO (12.7 mol% binaphthyl)/7.5 pair DBR. Note that the relative depth of the defect structure is increased significantly for the sake of clarity.
(c) Total simulated cavity reflectivity (left) centred at the peak of ASE spectra (right). (d) BN-PFO absorption (left) and photoluminescence (right).
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shadow mask with a set of rectangular openings has also been
used to define such features.*® We have recently developed a
simple optical patterning method to engineer lateral confine-
ment in a microcavity, which allows large arrays of defects to be
rapidly fabricated.®® Such lateral confinement generates addi-
tional transverse modes that can be spectrally resolved using
k-space (Fourier) imaging.

Here, we report a study on a random polyfluorene-type
copolymer (BN-PFO, Fig. 1(a)), specifically a poly[2,7-(9,9-di-
octylfluorene)] with different fractions (5.2, 9.8, or 12.7 mol%)
of 6,6'-(2,2'-dioctyloxy-1,1’-binaphthyl) repeat units. Signifi-
cantly, this polymer has been shown to undergo quasi-CW
lasing with low lasing thresholds.”® Lasing from BN-PFO has
been previously reported in DFBs, containing first and second
order gratings,*! together with non-periodic circular gratings.*>
In the work described here, we firstly investigate how the lasing
performance of BN-PFO is affected by the relative concentration
of the BN units and intermolecular packing. After having
established which materials have the lowest gain thresholds,
we then fabricate planar microcavity structures and use our
recently developed laser patterning technique to write physical
‘defect’ structures inside the microcavity. We characterise
emission from such structures using a Fourier imaging technique
that reveals a modified optical mode structure. We show that such
defect structures generate lateral optical-confinement, increase
cavity Q-factor and reduce lasing thresholds from 11 pJ em™> to
7 WJ em™ >, This threshold is consistent with other reports using
the same copolymer placed in a DFB,**** (the lowest reported
threshold being 1.2 pJ ecm ?) and is lower than thresholds
reported for other polymer DBR microcavities with similar

structures (84 uJ cm ™ 2).**

Experimental
Materials and sample preparation

All substrates were first sequentially cleaned in Hellmanex,
deionised water and isopropanol. Substrates were then dried
with a nitrogen gun and exposed to UV Ozone for 15 minutes.
In all experiments described, the conjugated polymer BN-PFO
with different fractions of BN have been explored as the gain
medium. BN-PFO was synthesized by Yamamoto-type coupling
with racemic binaphthyl monomer with the corresponding
molecular weights: 5.2% (M,, = 94.8 kDa, M,, = 178 kDa), 9.8%
(M, = 68.3 kDa, M,, = 131 kDa), and 12.7% (M, = 80.7 kDa,
M,, = 158 kDa). Here, BN content was calculated by H-NMR and
molecular weight were determined by gel permeation chroma-
tography (0.5 mg mL™' in chloroform). This range of BN
concentrations were studied, as it was found that for BN
concentrations above 12.7%, the backbone of the copolymer
was modified to the extent that charge conjugation was lost.
To fabricate thin films, BN-PFO was dissolved in a solution
of toluene at a concentration of 35 mg mL™ ' and stirred on
a hotplate for 1 hour at a temperature of 65 °C in air. This
solution was then spin-coated at room temperature onto a
substrate, with spin-speeds of 3000 rpm creating films having
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a thickness of approximately 120 nm. The absorption and
photoluminescence (PL) of BN-PFO is shown in Fig. 1(d).

Amplified spontaneous emission

Amplified spontaneous emission (ASE) was generated in 75 nm
thick BN-PFO films using a Teem Photonics pulsed Q-switched
355 nm Nd:YAG laser. Laser light was focused into a stripe that
overlapped with the film edge using a cylindrical lens. Emission
was then collected from the edge of the sample using a fibre
optic cable connected to an Andor Shamrock SR-303i-A CCD
with a 300 mm ™" grating and entrance slit set to 50 pm.

X-ray scattering

BN-PFO films of different composition were characterised
using grazing incidence wide-angle X-ray scattering (GIWAXS)
to explore the effect of modifying the relative fraction of BN to
PFO. This was done using a Xeuss 2.0 (Xenocs) system equipped
with a liquid gallium MetalJet source (Excillum) producing
9.24 keV (A = 1.34 A) X-rays. Samples were prepared on quartz
coated substrates with the X-ray beam directed onto the surface
at a grazing angle of 0.15°. Scattered X-rays were then detected
by a Pilatus3R 1M 2D X-ray detector (Dectris) positioned
~300 mm from the sample centre. This sample to detector
distance was calibrated using a silver behenate standard mea-
sured in transmission geometry. During measurement, the
sample chamber and flight tubes were held under vacuum to
minimise background air scatter. GIWAXS data was corrected,
reshaped and reduced using the GIXSGUI Matlab toolbox.** 1D
intensity profiles were generated by azimuthally integrating the
2D patterns as a function of Q = 4nsin 0/4 where 20 is the angle
between the incident and scattered X-ray of wavelength /. Integra-
tions were performed across the full azimuthal angle (y) range
normal to the incident beam on the detector (0° < y < 90°).
Intensity profiles were normalised to a flat region of background
intensity.

Microcavity fabrication and design

The structure of the microcavities fabricated is shown schema-
tically in Fig. 1(b). These are composed of a bottom mirror
made from 10.5 pairs of alternating TiO,/SiO, quarter-wave
layers having a thickness of 51 nm and 77.8 nm respectively,
and a top mirror composed of 7.5 TiO,/SiO, layers. The TiO,
and SiO,, were deposited by electron-beam evaporation at a
rate of 2 A s™' in a vacuum chamber base pressure of 4 x
10~ °® mBar. The thickness of each dielectric layer was calculated
using A./4ngq where nq is the respective refractive index of TiO,
and SiO,, and /. is the centre wavelength of the reflectivity band
gap. The cavity contained a layer of BN-PFO having a thickness
of 120 nm, corresponding to a A./2n. The reflectivity of the
cavity and its emission below the lasing threshold is shown in
Fig. 1(c).

Fabrication of optical defects inside microcavities

To create a physical ‘defect’ inside a planar microcavity, struc-
tures were fabricated on top of a micro-patterned polystyrene
(PS) film. The features patterned into the polystyrene film

This journal is © The Royal Society of Chemistry 2023
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propagated throughout the cavity stack and created a localised
region inside the cavity in which a relative change in lateral
refractive index provided 3D optical confinement. This can be
seen in the schematic shown in Fig. 1(b). Note that in this
figure, we have enhanced the relative depth of the defect for the
sake of clarity. Such structures were made by first dissolving PS
from Sigma-Aldrich (M,, 350 kDa) in toluene at a concentration
of 100 mg mL . This solution was then spin-coated on top of a
quartz substrate at 3500 rpm creating a film having a thickness
of 1100 nm. Defects were then patterned into the PS layer using
a focussed, frequency doubled Ti:sapphire (Coherent MIRA)
laser to selectively melt the surface of the PS. The Ti:sapphire
laser used had a wavelength of 445 nm, a pulse width of 150 fs
and repetition rate of 76 MHz, delivering an average power of
23 mW, with the laser focused using a 50x Mitutoyo Plan Apo SL
infinity corrected objective. Each defect was created by expos-
ing the PS film for 2.3 s. This process caused localised melting
and an out-flow of the semi-liquid PS, resulting in the creation
of a quasi-Gaussian shaped defect ‘dip’ having a diameter of
2.5 pym and a maximum depth of 40 nm. A planar cavity was
then fabricated onto the patterned PS film. This process is
described in more detail in ref. 39.

Optical characterisation of microcavities

Cavities were characterised using a Fourier imaging dispersion
technique. Here, structures were excited using a Teem Photo-
nics pulsed Q-switched 355 nm Nd:YAG laser emitting 330 ps
pulses at a repetition rate of 100 Hz. Emission was collected
through a UV filter using an Edmund Optics 20x infinity

-0.5 0 0.5 1

Q (A
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corrected objective with a numerical aperture of 0.6 and focal
length of 10 mm. An f= 125 mm lens then focused emission
into an Andor Shamrock SR-303i-A CCD spectrometer with
1800 mm ™ * grating and a 50 um entrance slit. When character-
ising emission from single defects, a spatial filter was used to
isolate the emission from that of the surrounding planar cavity.

Numerical simulations

Numerical simulations of the far-field projections were per-
formed using Ansys Lumerical software, based on the Finite
Difference Time Domain method. The perfectly matched layer
was applied as the boundary conditions of the simulation box,
with the mesh size set to 3 nm. The real and imaginary parts of
the refractive index of the TiO,, SiO, layers were measured
using ellipsometry (see Fig. S1 in the ESIt) while the optical
constants of the BN-PFO film were extracted from Fig. S2 in the
ESI.{ We used experimentally defined thicknesses of the layers
to model the structure. The defect was modelled as a cylindrical
dip in all layers. Far-field projections were then averaged over
the orientations of the dipole in-plane of the cavity.

Atomic force microscopy

The structure of the optically patterned defects in the PS films
were characterised using an atomic force microscope in tap-
ping mode with a Nanoscope 3A feedback controller to control
a 3100 Dimension scanning probe microscope (Veeco). This
was equipped with Scot 350 (NuNano) probes with a spring
constant of 42 N m~ " and frequency of 350 kHz.
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Fig. 2 2D GIWAXS patterns of neat BN-PFO films with various binaphthyl (BN) spacer contents of (a) 5.2 mol%, (b) 9.8 mol% and 12.7 mol%.
(d) Corresponding normalised 1D azimuthally integrated intensity profiles. The higher BN concentration reduces the B-phase formation in the BN-PFO
films. (e) Normalised low temperature PL emission for BN-PFO 5.2 mol% (blue) and 12.7 mol% (grey) at 30K.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. C, 2023, 11, 8204-8213 | 8207


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2tc05360h

Open Access Article. Published on 24 March 2023. Downloaded on 1/29/2026 3:49:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Results and discussion
BN spacer concentration effect on ASE threshold

The molecular packing behaviour of PFO thin films is well
documented with reports of coexisting amorphous (), crystal-
line (B) and intermediate (y) phases as well as nematic liquid
crystalline phases.**™° Spin-coated PFO films are typically
dominated by the a-phase but the more crystalline B-phase
can be induced and relative fractions controlled through
careful choice of casting solvent and post-deposition solvent
and thermal treatments.*®*°* To probe the impact of the BN
spacer content on the molecular packing of neat BN-PFO films,
we performed grazing incidence wide angle X-ray scattering
(GIWAXS) measurements. Here, BN-PFO materials were explored
with relative BN fractions of 5.2, 9.8 and 12.7 mol%.

Typical 2D GIWAXS patterns of BN-PFO with varying BN
content are shown in Fig. 2, along with corresponding azimuth-
ally integrated intensity profiles. Each 2D GIWAXS pattern
consists of two, weak intensity rings at Q = 0.40 A~' and
Q = 1.47 A™" corresponding to characteristic length scales
(d-spacings) of 15.7 A and 4.3 A respectively. A weak intensity
shoulder is also visible in the 1D intensity profiles at Q ~
1.1 A" (d = 5.7 A). The stronger intensity 4.3 A scattering
feature has previously been assigned to n-r stacking of the PFO
octyl side-chains in the polymer backbone direction.*® The larger
15.7 A signature is similar to values reported for the edge-to-edge
lateral stacking distance of PFO and its derivatives.">** The
appearance of weak intensity, broad rings and lack of azimuthal
dependence suggests BN-PFO adopts a disordered configuration
with no preferential molecular orientation with respect to the
substrate, and this is characteristic of the amorphous a-phase as
expected for spin-coated PFO films. Interestingly, we observe a
decrease in scattering intensity of the 1.47 A~ feature with
increasing BN spacer content, indicating that the BN moieties
suppress n—7 stacking and result in increased molecular disorder.

Previous work has shown that the inclusion of BN spacer
units along the polymer chain suppress the formation of the
PFO B-phase.'® However, the PL emission from all the BN-PFO
samples explored is characteristic of the a-phase (even at low
temperature), suggesting that the f-phase is almost completely
absent in the films studied here (see Fig. 2(e)).

To explore how the BN concentration affects the lasing
threshold, the threshold from amplified spontaneous emission
(ASE) was measured for BN-PFO samples containing 5.2%,
9.8% and 12.7% BN units. Here, ASE originates from the same
processes that generate lasing and is therefore a good techni-
que to explore the ability of a material to undergo optical gain.
To measure ASE, thin films of BN-PFO at each BN concen-
tration were excited by a Q-switched 355 nm Nd:YAG laser that
was focused into a stripe on the surface of the thin films.
Fig. 3(a) shows the input vs output characteristics for each BN
concentration. In each case, we evidence a fluence at which
there is a change of gradient, indicative of a changeover from a
spontaneous emission regime to stimulated emission. This
change can be clearly seen in Fig. 3(b), with the linewidth
of the emission narrowing as stimulated emission dominates.

8208 | J Mater. Chem. C, 2023, 11, 8204-8213
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spectra linewidth narrowing as pump fluence increases (c) ASE threshold

as a function of BN concentration (12.7% = 19 pJ cm~2, 9.8% = 22 pJ cm ™2,

5.2% = 36 pJ cm2).

At this point, a sufficient population inversion is created, with
net gain exceeding absorptive losses. Fig. 3(c) plots the ASE
threshold as a function of BN concentration. Here it can be
seen that there is a 1.9 times reduction in ASE threshold
between the polymers having the highest and lowest BN
concentration. This result is consistent with other reports® in
which similar reductions in lasing threshold are reported for
BN-PFO with various concentrations of BN units, where the
lower thresholds are attributed to a reduction in B-phase
formation. However, we do not believe our films contain any
appreciable concentration of B-phase and thus a different

This journal is © The Royal Society of Chemistry 2023
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explanation is needed. Instead, we suspect that the increased
molecular disorder as evidenced by GIWAXS data, together with
the ‘dilution’ and conjugation-breaking effects caused by the
enhanced BN-fraction inhibits exciton diffusion and thus exciton—-
exciton interactions that result in the quenching of singlet-excited
states that are essential for lasing.

BN-PFO planar microcavity

Having identified the BN-PFO material with the lowest lasing
threshold, we have explored whether we can generate lasing
emission by placing it inside a microcavity. The structure of the
cavities (without a defect) is shown in Fig. 1(b). The cavity was
pumped using a Q-switched 355 nm Nd:YAG laser focused to
a spot size having an area of 8.18 x 107> cm > at normal
incidence. Cavity emission was collected from the top DBR as a
function of pump fluence using a Fourier imaging PL disper-
sion set up in a transmission configuration (see details in
experimental section). At low pump fluence the emission
measured from the planar cavity at normal incidence is centred
at 445 nm, and has a broad angular dependence, having a close
to parabolic dispersion as shown in Fig. 4(a). The full width half
maxima (FWHM) for all emission spectra were determined by
fitting each individual spectrum with a Lorentzian function.
From this, we measured an emission linewidth of 0.9 nm,
corresponding to a cavity Q-factor (Q = A/AZ) of 494; a value
comparable to other cavities having a similar structure.>”
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The cavity was then pumped at a range of excitation flu-
ences, with PL emission at normal incidence shown in Fig. 4(b).
It can be seen that as the pump fluence is increased, a
reduction is observed in the emission linewidth. This can be
more clearly seen in Fig. 4(c) where we plot emission linewidth
(measured at normal incidence) as a function of pump intensity.
Here a discontinuous drop in linewidth is observed at threshold
of 11 yJ em ™2, which is lower than previously reported polymer
microcavities (84 wJ cm > and 17 pJ em?).>"*® We suspect that
the emission linewidth most likely falls below the resolution of
our spectrometer, which we estimate to be 0.2 nm. Nevertheless,
we associate this reduction in linewidth with a lasing threshold on
the basis of the integrated emission intensity (shown in the same
figure) which undergoes a non-linear increase at the same fluence.
Notably, we also evidence a significant change in the directionality
of emission above lasing threshold. This can be seen in Fig. 4(b)
where the emission dispersion is plotted at threshold. Here it can
be seen that emission is now concentrated into a tight forward
cone having an angular width of 1.5°. This collapse in angular
emission direction is again consistent with lasing emission.

BN-PFO defect microcavity

We now discuss the effect of generating a localised defect in a
planar microcavity on its emission and lasing properties.
A schematic of the defect structure is shown in Fig. 1(b).
We have characterised such structures using AFM as shown
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Fig. 4 Planar microcavity Fourier imaging PL dispersion (a) below threshold at 6 pJ cm™2 (b) after threshold (11 pJ cm™2) (c) emission spectra narrowing
captured at k = 0, as a function of energy density (d) input—output characteristics for planar cavity, where integrated intensity (left) and FWHM (right) is

plotted as a function of energy density.
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in Fig. 5(e). Here, measurements were recorded on the pat-
terned PS layer, on a DBR deposited onto the patterned PS layer
and finally on the surface of the complete cavity stack. We find
that typical defects have a near Gaussian shape, a maximum
depth of 40 nm and a diameter of approximately 2.5 um. Here
the diameter of the defects was defined by the beam-waist
of the focussed patterning laser on the sample surface, with the
depth being chosen to minimise thermally-induced damage to
the patterned polystyrene layer. Our measurements indicate
that such defects propagate throughout the structure of the
microcavity and are not planarized by the BN-PFO film. This
modification to the cavity structure results in a relative change
in lateral refractive index, effectively providing a 3D confinement
that reduces the mode volume.

We have used Fourier imaging to characterise emission from
single defects both below and above lasing threshold. Here, an
additional XY-axis square slit was positioned at the focal length of
the imaging lens. This allowed the real space region of the sample
to be spatially filtered, allowing only emission from a single defect
to be directed to the spectrometer.

An image of emission dispersion below threshold is shown
in Fig. 5(a). Here it can be seen that the emission is quantised
into a series of modes evident at 444.89, 445.37, 447.17, 447.63,
449.46, and 451.55 nm. It is apparent that the modes at 444.89,
447.17, and 447.63 nm are split into two maxima which
are located at angles of —8.4° and 8.4°, and therefore suggest
that at this wavelength, emission is emitted into a ‘ring’.
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Similar mode structures to our defects have also been reported
for photonic dots that also effectively reduce the mode volume
in a microcavity.****

The emission linewidth of the various modes is around
0.2 nm; a value much narrower than the planar cavity linewidth
of 0.9 nm. Interestingly, we find that emission from the
mode at 447.17 nm is brightest. The estimated Q-factor (below
threshold) for this mode is 2300, however this value likely
represents a lower bound as the observed emission linewidth
is resolution-limited by our spectrometer, which is around
0.2 nm. We believe that the additional lateral confinement
from the defect increases the photon lifetime and is respon-
sible for the significant increase in Q-factor. The reduced mode
volume (V) and high Q-factor are expected to enhance the rate
of spontaneous emission into the lasing mode to reduce the
lasing threshold.*®

Fig. 5(b) plots the dispersion of cavity emission at a pump
fluence of 12.0 uJ cm ™2 (above threshold in the planar cavity).
Here, it appears that the defect emission is concentrated into a
ring-like mode at 447.17 nm. We have used FDTD numerical
simulations to describe the structure of selected defect modes.
Here the cavity was approximated as a cylindrical defect having a
diameter of 2.5 pm and a depth of 40 nm. We plot the far-field
projections of the lowest energy mode and the lasing mode in
Fig. 5(c) and (d). In both our numerical and experimental mea-
surements, we find that the field projections for these modes have
circular symmetry resulting from the structure of the defect.
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Fig. 5 Defect microcavity dispersion (a) below threshold (7.7 pJ cm™2) (b) above threshold (12.0 pJ cm~2), Numerical simulation of the far-field
projection for cylindrical defect (c) lowest energy mode (d) lasing mode (e) Defect profile for each layer of the microcavity, measured with AFM
(f) Integrated intensity extracted from the Fourier imaging dispersion as a function energy density for each emitting mode with lasing coming from

44717 nm.
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We find that the majority of the emission comes from the
ring-like mode at 447.17 nm, with the other modes being much
less intense in emission. We associate this non-linear beha-
viour with the onset of lasing - a conclusion that is supported
by comparing the relative input-output behaviour of the differ-
ent cavity modes. This is shown in Fig. 5(f), where we plot the
integrated intensity of each of the different optical modes as a
function of pump fluence. Significantly, we find that the mode
at 447.17 nm undergoes a large, non-linear increase in intensity
with increasing pump-fluence, whilst the emission from the
other modes grows only linearly. We believe that this is clear
evidence of a lasing process, with a threshold of 7 pj em™>
identified. Note that the mode at 447.63 also undergoes a non-
linear increase in intensity, however as the intensity from this
mode is comparable to that of the other non-lasing modes, we
do not characterise this as lasing. The threshold of 7 pJ cm ™2 is
comparable to other organic micro lasers that report thresholds
of 20 pJ em ? using a thermal evaporation shadow mask
technique,®” and 4.2 pJ em > with more complicated fabrica-
tion involving e-beam lithography and FIB.”® For completeness,
Fig. S3 (ESI{) compares the threshold measured here with other
polymer laser architectures. We emphasize that the linewidth
of the emission was below the resolution of our spectrometer
both below and above threshold, and it was therefore not
possible to evidence the lasing threshold from changes in mode
linewidth alone. We note that the lasing threshold of the defect
cavity is 60% of that of the planar cavity (11 pj em™2). This
indicates that despite the enhanced optical confinement gene-
rated by the defect, its effect on optical gain is relatively
modest. We suspect this is due to light emission originating
from a higher order mode, suggesting that coupling to higher
energy modes is less efficient. This has been demonstrated in
photonic dots, where higher energy modes have increased
lasing thresholds.*® As the lasing emission from our defect is
not from the lowest mode, we believe with further optimisation
the threshold for our defect cavities can be reduced.

Conclusions

We have explored amplified spontaneous emission (ASE) in films
of the co-polymer BN-PFO, and in planar and defect microcavities
containing BN-PFO. We firstly demonstrate that by increasing
the relative fraction of BN to PFO along the molecular backbone
increases molecular disorder. As a result of such enhanced
disorder, we are able to reduce the threshold for ASE by
1.9 times to 19 pJ cm ™ >. We then explore lasing from BN-PFO
when placed into a regular planar microcavity, and a micro-
cavity containing a 2.5 pm wide defect that provides additional
localisation of the confined optical defect. We show that the
presence of the defect results in enhanced optical confinement,
with cavity Q-factor increasing from 494 in the planar cavity, to
over 2300 in the defect cavity. Lasing was observed in both types
of structure, but despite the additional optical confinement,
the thresholds for lasing in both types of structure were similar
at 7 uJ em 2 and 11 uJ cm ? in the defect cavity and planar

This journal is © The Royal Society of Chemistry 2023
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cavity respectively. The fabrication of such defect structures
was achieved using an optical patterning technique that has
the potential to be used to write large arrays of defects. Our
approach may therefore find potential application in the fabri-
cation of microscale laser devices for integrated photonic
circuits and sensors.
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