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For elucidating the potential of light amplification properties of thermally activated delayed fluorescence materials (TADF),

the distributed feedback (DFB) laser devices using DABNA derivatives having a multiple-resonance effect were fabricated.

We demonstrated a very low lasing threshold of 0.27 w cm™?, which is the best performance in TADF materials, for 6 wt%-

DABNA-2 doped in an mCBP host layer combined with a mixed-order DFB structure. Further, by focusing on the

photophysical properties of aggregated states of DABNA derivatives, advanced light amplification architectures composed

of dual DABNA derivatives were examined. Consequently, the DABNA-based films also provided remarkably low lasing

thresholds in high concentrations.

1. Introduction

Organic lasers have the potential applications to complement
inorganic laser technologies, thereby captivating the attention
of the photonics and optoelectronics community after the first
demonstration of lasing from organic solution in 1966. Since
solid-state lasers are highly attractive in terms of low cost, light
in weight, and compact, recent efforts of the development of
the organic laser materials have been directed toward organic
solid-state lasers (OSSLs).2> Noteworthy progress has been
made in reducing the energy to begin laser emission where the
gain of the laser medium equals the cavity loss. This
performance is referred to as thresholds of amplified
spontaneous emission (ASE) (Ex”F) and lasing (Ew's¢"), and
some organic materials are found to show very low thresholds
close to 0.1 pJ cm=2.513 Also, the evolution of these advanced
materials enabled the realization of continuous-wave (CW)
lasers'¥8 and electrically pumped organic semiconducting
laser diodes (OSLDs).’® In such a situation, there has been
increasing interest in the utilization of the long-lived triplet
excitons in organic laser materials.20-23

The triplet harvesting in organic materials has been a critical
issue in organic light-emitting diodes (OLEDs) because of the
direct generation of triplet excitons via charge recombination
under electrical excitation. Thus, the thermally activated
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delayed fluorescence (TADF) materials, which can upconvert
triplet excitons to the single state through the reverse
intersystem crossing (RISC), have been widely developed in a
decade.?4"26 Recently, the RISC rates (krisc) have reached >107
sl upon deeper understanding of exciton dynamics, expanding
possibilities of triplet utilization.2”22¢ However, there are few
examples of TADF materials showing lasing behaviour because
the character of their excited states is generally charge transfer
(CT) owing to the connection of the donor-acceptor structures,
showing a rather slow radiative decay rate.?®35 |n addition,
their thresholds are all significantly higher than 1 pJ cm=2,3¢
which needs to be decreased to the level of fluorescent
materials for practical applications.

The multiple-resonance effect (MRE) is an alternative
strategy to achieve the TADF property, which was firstly
demonstrated by DABNA derivatives with boron and nitrogen
atoms.37742 Although the kgisc of the MRE material was originally
slow (~10% s™1), it has also been improving.*3 Additional feature
of MRE is a narrow full-width at half-maximum (FWHM) of less
than 30 nm, which is advantageous to increasing optical gain.
As a result, the DABNA derivative (DABNA-2, the inset in Fig. 1)
showed the lowest Ey*E of close to 1 ) cm™2 in TADF
materials.** However, their potential has not been fully
elucidated. In general, laser devices with optical resonators can
further decrease the thresholds. For example, the E,'s¢" of the
fluorescent material could be reduced by one-third or less
compared to EAE.17 Therefore, the TADF materials should still
have a chance to show promising thresholds as low as the
fluorescent materials.

The properties of DABNA derivatives, including ASE
behaviour, were characterized in doped films with a low
concentration of less than 6 wt% because of strong
concentration quenching.*®> However, both fluorescent CW
laser and OSLD were realized in higher concentrations (>20
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Fig. 1. UV-Vis absorption (dashed lines) and emission (solid lines) spectra for (a) DABNA-1 and (b) DABNA-2 in blend films of mCBP and neat films.

wt%) because of the issues of input light harvesting or charge
carrier transporting. Thus, the photophysical properties of
DABNA derivatives in aggregated/condensed forms should also
be investigated.

In this work, we demonstrated a low Ey'2se" from a TADF
compound. In addition, DABNA derivatives are found to show
ASE even in neat films despite very low photoluminescence (PL)
quantum yield (®) by the serious concentration quenching. In
order to suppress the concentration quenching, the blend films
of two DABNA derivatives were fabricated,
thresholds compared to those in the sole DABNA system were

and lower
achieved. Although these results using short pulse excitation
and slow RISC materials include the negligible contribution of
triplet excitons,?! the very low Ey, values comparable to those
for fluorescent materials support the possibility of CW lasers
and OSLDs using triplet excitons.

2. Experimental

General

Commercially available materials were used as received from
the physical
measurements are given in Table S1.

Materials synthesis and characterization

suppliers. Details of instruments and

DABNA-1 and DABNA-2 were synthesized according to the
reported methods.3” DABNA-NP was prepared by modifying the
literature (Methods S1).40
Film sample preparation

Thin films were fabricated on clean quartz substrates for optical
measurements and on Si substrates with 1000 nm thick SiO, for
ASE measurements. The substrates were cleaned with Cica
clean, H,O, acetone, and isopropanol, and then treated with
UV/ozone to remove adsorbed organic species
deposition. Films were prepared by thermal evaporation at a
pressure lower than 7 x 1074 Pa. The deposition rates were 0.01
nm st for the guest and 0.16 nm s for the host for 6 wt%
doped films.

ASE measurements

before

2| J. Name., 2012, 00, 1-3

ASE properties of the thin films were characterized by optically
pumping with a randomly polarized nitrogen gas laser
(KEN2020, Usho Optical Systems Co., Ltd.) at an excitation
wavelength of 337 nm with a 0.8 ns pulse (operating frequency
of 20 Hz). The input laser beam was focused into a stripe with
dimensions of ca. 0.6 cm x 0.1 cm using a cylindrical lens.
Neutral density filters were used to adjust excitation intensity.
ASE measurements were performed under a nitrogen
atmosphere to prevent degradation. Output light emission from
the edge of the sample was collected into an optical fibre
connected to a spectrometer (Hamamatsu Photonics PMA-12).
ASE thresholds were identified from the plot of output versus
input intensity. Reproducibility was confirmed by measuring
several different samples.

Distributed feedback (DFB) fabrication

The grating structure was fabricated according to the
literature.’” The SiO, surfaces were treated with
hexamethyldisilazane (HMDS) by spin-coating at 200 rpm for 5
s and 4000 rpm for 15 s, and annealed at 120°C for 2 min. A
resist layer was spin-coated at 4000 rpm for 30 s from a
ZEP520A-7:ZEP-A solution (ZEON Co.) and baked at 180 °C for 4
min. ESPACER (Showa Denko K.K.) was spin-coated at 300 rpm
for 5 s and 2000 rpm for 30 s. Electron beam lithography was
performed to draw grating patterns using a JBX-5500SC system
(JEOL) with an optimized dose of 0.1 nC cm~2. The substrate was
immersed in pure water for 1 min, and the patterns were
developed in a developer ZED-N50 solution (ZEON Co.) at room
temperature. The substrate was sonicated in isopropanol and
annealed at 110 °C for 4 min. The substrate was plasma-etched
with CHF3; using an EIS-200ERT etching system (Elionix). The
resist layer was entirely removed by washing with
dimethylacetamide and treated with UV/ozone.

Laser measurements

After the deposition of an organic layer on the DFB substrate,
CYCTOP (Asahi Glass Co. Ltd.) was spin-coated at 1000 rpm for
30 s, followed by sealing with sapphire lids on top of the laser
devices, and dried in a vacuum overnight. The laser properties
of the thin films were characterized by optically pumping with a
randomly polarized nitrogen gas laser (KEN2020, Usho Optical
Systems Co., Ltd.). The input laser beam was focused into a

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Photophysical and amplified spontaneous emission (ASE) properties of DABNA-1 and DABNA-2 in blend and neat films
s At Dp, T k. /108 E™SE Aase
Compound Condition
[nm] [l [ns] [s?] (W cm2]° [nm]
DABNA-1 6 wt% in mCBP 461 85 8.3 1.0 3.3 479
20 wt% in mCBP 461 62 6.6 0.94 8.8 481
Neat 461 9 5.7(2.5,7.2) 0.16 18.4 493
DABNA-2 6 wt% in mCBP 468 89 6.0 1.5 2.1 494
20 wt% in mCBP 468 61 54 1.1 4.3 497
Neat 469 13 5.6 (1.3, 8.5) 0.23 12.7 500
2 Absolute PL quantum yield evaluated using an integrating sphere. ? Values obtained for 100 nm thick films.
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2. PLintensity and FWHM values from edge of the 100-nm-thick films of (a) 6 wt%-DABNA-1 doped mCBP, (b) DABNA-1 neat, (d) 6 wt%-DABNA-2 doped mCBP, and
DEEIB)ABNA 2 neat. The stimulated cross-section spectra and PL spectra above the amplified spontaneous emission (ASE) threshold for the films of (c) DABNA-1 and (f)

(mCBP) host.** Thus, we fabricated the blend films using mCBP
with 6 wt%- and 20 wt%-DABNA concentrations and the neat
films. The UV-Vis absorption and PL spectra for these films with
100-nm-thickness are shown in Fig. 1. The lowest-energy
absorption bands (0-0) for DABNA-1 and DABNA-2 neat films

circle with dimensions of ca. 0.1 cm x 0.1 cm. The excitation
light was incident upon the devices at around 40° with respect
to the normal to the device plane. The emitted light was
collected normal to the device surface with an optical fibre

connected to a multichannel spectrometer (PMA-50,
Hamamatsu Photonics). Neutral density filters were used to
adjust excitation intensity.

3. Results and discussion
ASE and Laser from sole DABNA system

The ASE properties of DABNA-1 and DABNA-2 were investigated
in doped films with a 3,3'-di(9H-carbazol-9-yl)-1,1'-biphenyl

This journal is © The Royal Society of Chemistry 20xx

are nearly the same (446 nm and 448 nm, respectively), while
the extinction coefficient of DABNA-2 is apparently high.
Interestingly, the PL maxima are not dependent on the
concentrations for both compounds. However, the ® was
significantly decreased in the higher concentrations (Table 1).
The radiative rate constants (k,) of DABNA-2 calculated from ®
and fluorescence lifetime (t) are higher than those of DABNA-1
in agreement with the oscillator strength difference in
absorption spectra. Although DABNA-2 has some substituents

J. Name., 2013, 00, 1-3 | 3
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on the DABNA-1 structure which seem to contribute to
preventing intermolecular interactions between the core
structures, no clear difference in the concentration quenching
between two DABNA derivatives was observed. The k, values of
the 20 wt% doped films are close to 1 x 108 s* for both DABNA
derivatives, indicating the high potential of DABNA at higher
doping concentration for use in laser.

The light amplification behaviour of DABNA derivatives was
evaluated by using a nitrogen gas laser. The E;*5E values (Table
1) were determined from a change in slope in output emission
intensity as a function of excitation intensity as shown in Fig. 2.
The optimized thickness was 100 nm in the previous report,**
which was confirmed by fabricating thicker films with 200 nm
(Fig. S1 and Table S2). The higher doping concentration of 20
wt% resulted in a slight increase of the E4*St, and the trend
agrees well with the decreased ® and k.. Interestingly, the neat
films for DABNA-1 and DABNA-2 showed the ASE as clearly
confirmed by the narrowed spectra (Fig. 2c and 2f). The E;”SE
values in the neat films were increased relative to those for the
doped films, while these are much lower than those expected
from the small values of stimulated emission cross-section (Gem)
(Methods S2). The emission decay for the neat films in time-
resolved PL measurement includes two components and the
faster decay might contribute to the light amplification. Here,

4| J. Name., 2012, 00, 1-3

we note that the ASE maxima corresponding to 0-1 transition
were slightly redshifted with increasing the concentrations. This
might be due to the increase of self-absorption, but also a small
change in the vibrational level of the ground state by the
aggregation since the shift for DABNA-1 (14 nm) is relatively
larger than that for DABNA-2 (6 nm). Indeed, the lowest
absorption bands slightly shifted (~2 nm) and broadened with
increasing concentration, indicating aggregation-caused effect
(Fig. S2). Overall, DABNA-2 showed better ASE properties than
DABNA-1 in any condition.

The lasing characteristics of DABNA-2 were investigated
using distributed feedback (DFB) resonators. Firstly, the grating
period (A) was calculated by the Bragg condition mAgrag =
2nes\m, Wwhere m is the order of diffraction, Agr.gg is the Bragg
wavelength, and ne is the effective refractive index of the
waveguide.*#*® The first-order (m = 1) provides in-plane
feedback by first-order diffraction, resulting in an edge-emitting
laser. The laser beam in second-order (m = 2) is emitted from
the surface of the film perpendicular to the substrate plane via
first-order Bragg scattering where the optical feedback is
provided by in-plane second-order diffraction. We selected
second-order DFB because the surface-emitting laser is
preferable for future OSL applications. In addition, the larger
grating period is technically easy in fabrication, resulting in

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. UV-Vis absorption (dashed lines) and emission (solld lines) spectra for (a) the neat films of DABNA derivatives, (b) the blend films of DABNA-2 and DABNA-NP,
and (c) the blend films of DABNA-2:DABNA-NP:mCBP

Table 2. Photophysical and ASE properties of the blend films of DABNA-2:DABNA-NP:mCBP

DABNA-2 DABNA-NP mCBP Aot Dy, T k. /108 EonSE Mase
[wt%] [wt%] [wt%] [nm] [ [ns] [s7] [W cm2)P [nm]
0 100 0 450 9 4.6(1.4,6.1) 0.20 -
5 95 0 469 15 3.9 0.48 - -
10 90 0 471 19 3.3 0.45 - -
20 80 0 471 24 5.4 0.44 9.8 491
50 50 0 471 12 5.9 0.20 - -
6 24 70 469 78 6.1 1.3 3.3 495

9 Absolute PL quantum yield evaluated using an integrating sphere. ? Values obtained for 100 nm thick films

higher quality of the grating. However, the Ey,'»¢" in the first-
order is normally lower than that in the second-order. Thus, the
mixed-order DFB with efficient in-plane feedback and surface
outcoupling was also fabricated (Fig. 3). The grating periods
were calculated to be 160 (A;) and 320 nm (A;). After the
deposition of a 100-nm thick layer of 6 wt% DABNA-2 doped
mCBP, the transparent fluoropolymer CYTOP and sapphire glass
were assembled on top of the DABNA layer for the passivation.
The DFB devices showed a clear laser beam at low excitation
intensity. The peak wavelength of ca. 493 nm is close to the ASE
wavelength, indicating that the grating periods were optimal
architectures. The strong surface emission and the reduction of
FWHM to <0.30 nm prove lasing. The E'*s¢" of 0.35 W cm2 for
the second-order DFB device and 0.27 W cm™ for the mixed-
order DFB device were obtained. These values are considerably
decreased from Ey”SE, probably attributed to reducing
inefficient primary self-reabsorption at 0-0 transition with the
optical feedback. These thresholds are surely the best in TADF
materials and comparable to those in excellent fluorescent
materials.

Mixed DABNA films

The small stokes shift for DABNA caused strong self-absorption,
which might lead to a decrease of the ®. Because the doped
films showed high ®, we came up with the utilization of DABNA
as the host for different DABNA emitters. However, the spectral
differences between DABNA-1 and DABNA-2 are very small.
Therefore, DABNA-NP (the inset in Fig. 4) with the additional

This journal is © The Royal Society of Chemistry 20xx

functional group on the DABNA-1 structure was selected.*” The
PL spectrum of DABNA-NP was blueshifted, resulting in a large
overlap with the absorption of DABNA-2 (Fig. 4a). Note that
DABNA-NP shows slightly poor photophysical properties than
DABNA-1 (® = 67%, T = 6.1 ns, E;,”F = 16 W cm™2 for 6 wt%
DABNA-NP doped mCBP film, Fig. S3), indicating that it is
insignificant as the emitter. The PL spectra of the binary blended
DABNA-2:DABNA-NP films were almost the same as that of
DABNA-2 neat film when the doping concentration increased to
20 wt%, indicating efficient energy transfer possible (Fig. 4b). In
addition, the ® values were increased up to almost double of
the neat film of DABNA-2 with the increase of the doping
concentration of DABNA-2 to 20 wt% (Table 2). The higher
concentration of 50 wt% resembles the neat films. Thus, the
ratio of 1:4 of DABNA-2:DABNA-NP is considered to be the
optimal condition. This design can be further extended to doped
films in mCBP. The ternary blend film of DABNA-2:DABNA-
NP:mCBP with the concentrations of 6:24:70 wt% with 30 wt%
total DABNA ratio shows a high @ of 78% and k, of 1.3 x 108573,
which are better than a 20 wt% DABNA-2 doped film of mCBP.
The light harvesting ability at 350-440 nm for the ternary
system was increased compared to DABNA-2 doped films in
mCBP (Fig. 4c). Thus, this strategy is useful for increasing the
concentration while improving the photophysical properties. It
is noteworthy that the delayed fluorescence was clearly
observed with the energy transfer from DABNA-NP to DABNA-2
(Fig. S4). This result also suggests that the MRE materials have

J. Name., 2013, 00, 1-3 | 5
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Fig. 5.(53), (b), and (c) ASE properties of mixed DABNA films. PL intensity and FWHM values from edge of the 100 nm-thick films of (a) 20 wt% DABNA-2 doped DABNA-
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properties of 6 wt% DABNA-2 and 24 wt% DABNA-NP doped films of mCBP with 100 nm thickness. PL intensity and FWHM values for (d) second-order DFB and (e)

mixed-order DFB. (f) The PL spectra at different excitation energies.

potential to be wused as an assistant dopant in the

hyperfluorescence OLED.

The light amplification abilities of mixed DABNA films were
evaluated as shown in Fig. 5. The E4*St values of binary and
ternary films were 9.8 and 3.3 J cm™, respectively. These were
improved from those for the DABNA-2 neat (12.7 W cm™2) and
20 wt% DABNA-2 doped mCBP films (4.3 W cm™2), respectively.
The DFB laser devices for the ternary film were also fabricated
as the same as above. The clear laser peak was observed in both
the second-order and the mixed-order DFB devices with the
Ew'2e" values of 1.3 and 1.2 w cm=2, respectively. The peak
maxima of the lasing wavelength were ca. 499 nm with the
FWHM of <0.4 nm, which is slightly shifted from the peak of the
ASE spectrum, probably due to the slight change of n.; by
incorporating DABNA-NP. Thus, these thresholds may be able to
slightly reduce further, although these are already better than
those for other TADF molecules.

4. Conclusions

We successfully evaluated the laser properties of the TADF
emitter DABNA-2. The Ey'2se" could be decreased to 0.27 pJ cm™2
in the mixed-order DFB device, which is comparable to those for

6 | J. Name., 2012, 00, 1-3

the excellent fluorescent materials. Thus, as the next step, by
upconverting triplets into singlets in DABNAs, we can expect
realizing the CW and electrically pumped lasing with lower
threshold. In particular, the TADF process should be able to
significantly contribute under electrical excitation with direct

triplet generation and a

relatively

long voltage pulse

operation.'®48 However, the stability of the laser device should
be improved in the future work, probably a high-quality DFB
structure is necessary (Fig. S5). In addition, the design of fast
krisc materials needs to be optimized for laser materials.

Interestingly, the neat films of DABNA derivatives showed
light amplification, although they had a strong concentration
quenching. To improve the optical properties in the aggregated
state, the blend films of DABNA-2 and DABNA-NP were also
fabricated. DABNA-NP successfully worked as an assist dopant,
realizing efficient energy transfer from DABNA-NP to DABNA-2
and improved @. These findings open up great prospects for
TADF materials utilizing in laser applications.
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