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Abstract: Thermally activated delayed-fluorescent (TADF)
materials are anticipated to overcome triplet-related losses
towards electrically driven organic lasers. Thus far, contributions from triplets to lasing have not yet been experimentally
demonstrated owing to the limited knowledge about the
excited-state processes. Herein, we experimentally achieve
reverse intersystem crossing (RISC)-boosted lasing in organic
microspheres with uniformly dispersed TADF emitters. In
these materials, triplets are continuously converted to radiative
singlets through RISC, giving rise to reduced losses in
stimulated emission. The involvement of regenerated singlets
in population inversion results in a thermally activated lasing;
that is, the lasing intensity increases with increasing temperature, accompanied by accelerated depletion of the excitedstate population. Benefiting from the suppression of triplet
accumulations by RISC processes, a high-repetition-rate microlaser was achieved.

Introduction
Organic solid-state lasers, which can generate intense
coherent light across the full visible spectrum,[1] have captured
broad research interest because of their promising applications ranging from sensing to laser displays.[2] Attempts to
observe electrically driven lasing from organic semiconductor
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materials have been widespread but not yet met with success,
which is mainly due to the severe optical losses caused by
metallic electrodes, charge carriers and triplet excitons.[3]
Among these challenges, the most difficult impediment
towards organic laser diodes is the optical losses related to
triplet excitons. Electrically injected charge carriers generally
recombine to form radiative singlet and non-radiative triplet
excitons in a 1:3 ratio according to spin statistics, which
severely limits the internal quantum efficiencies of electrically
driven organic lasers.[1c] Moreover, the accumulation of longlived triplet excitons dissipates excitation energy as heat
through triplet excited-state absorption (ESA) and exciton
annihilation,[3b, 4] resulting in an extremely high lasing threshold and poor stability of the devices.
Thermally activated delayed fluorescence (TADF) process, featuring a reverse intersystem crossing (RISC) from
triplet states to singlet states, is promising for dealing with
triplet losses.[1c] The RISC process enables upconversion of
excited energy from triplet to singlet states at room temperature (RT), which has been widely applied in organic lightemitting diodes to obtain a 100 % internal quantum efficiency.[5] RISC processes are expected to not only diminish triplet
losses by reducing the accumulation of triplets but also
provide regenerated singlets for population inversion. Therefore, organic TADF materials with large optical gains are of
great interest for their potential in utilizing triplet excitons for
lasing. Very recently, amplified spontaneous emission (ASE)
was successively demonstrated with organic TADF materials.[6] Nevertheless, no explicit contribution from triplet
excitons to light amplification has been experimentally
observed, which might be attributed to the limited knowledge
about the relationships between the fast lasing processes and
relatively low RISC processes. Thus far, whether the triplet
excitons harvested through RISC processes promote lasing
action remains uncertain, which hinders the applications of
TADF materials in organic lasers.
Herein, for the first time, we experimentally demonstrate
a RISC-boosted lasing in organic microspheres with uniformly distributed TADF emitters, which otherwise cannot be
achieved owing to the suppression of delayed fluorescence.
TADF molecules with balanced optical gain and tripletharvesting ability were homogeneously dispersed in selfassembled microspheres, which functioned as high-quality
(Q) whispering-gallery-mode (WGM)-type resonators. By
continuously converting non-radiative triplet excitons to
radiative singlet excitons, the RISC process directly contributes to population inversion. Thermally activated lasing was
therefore achieved in these microspheres, where RISC
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Results and Discussion
2,3,5,6-tetrakis
(carbazol-9-yl)-1,4-dicyanobenzene
(4CzTPN, Figure 1 a and Figure S1) with broad emission
centered at 520 nm (Figure 1 b) was selected as model
compound for the following reasons. (i) The short delayed
fluorescence lifetime is considered to provide an efficient
RISC process.[6b] (ii) The high photoluminescence quantum
yield (PLQY) of 4CzTPN (71.4 %, Figure S2), which is
consistent with that in previous work,[5a] is promising to offer
a large optical gain.[6b, 7]
As the natural transition orbitals (NTOs) shown in
Figure 1 c, all the four carbazole units make nearly equal
contributions to the hole wave function of the S1 state but only
two of them contribute significantly to the first triplet (T1)
state, while both of the T1 and S1 show similar electron NTOs
concentrated on the central phenyl ring and cyano groups.

Figure 1. a) Chemical structure of 4CzTPN. b) UV/Vis absorption and
PL spectra of degassed 4CzTPN solution (0.01 mM in toluene) at RT.
c) Calculated hole and electron NTOs in 4CzTPN at optimized S1 and
T1 geometries. d) PL decay profile of degassed 4CzTPN solution
(0.01 mM in toluene) at RT. e) Temperature-dependent PLQYs for total,
prompt and delayed components of a 3 wt % PS blend film. f) Berberan-Santos plot in the temperature range from 200 K to 300 K.
Angew. Chem. Int. Ed. 2020, 59, 2 – 8
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The separations of hole and electron densities result in typical
charge-transfer features of the excited states. More importantly, the distinctly different transition nature can promote
the spin-orbit coupling (SOC) between S1 and T1 states
according to the EI-Sayed rule, which would lead to a small
S1-T1 energy gap (DEST) for the emergence of TADF. The
photoluminescence (PL) decay curve of 4CzTPN in degassed
solution shows a nanosecond-scale prompt component and
a microsecond-scale delayed component (Figure 1 d), which
can be assigned to prompt fluorescence and delayed fluorescence, respectively. The short lifetime of the prompt component (10.7  0.2 ns) implies a high radiative decay rate of the
prompt fluorescence, which is promising for lasing because
the lasing threshold is generally inversely proportional to the
radiative decay rate.[6b] The lifetime of the delayed component (1.4  0.1 ms) is much shorter than that of most TADF
materials (tens of microseconds to milliseconds),[8] indicating
an efficient RISC process in 4CzTPN molecules.
The RISC process was investigated in depth with 4CzTPN
molecule-doped polystyrene (PS) film, considering that
atmospheric oxygen can be blocked by the PS matrix to
maintain the TADF features of 4CzTPN (Figure S3 and S4).[9]
The optimal concentration of 4CzTPN molecules in PS matrix
was determined to be  3 wt % for a balance between RISC
efficiency and ASE threshold (Figure S5). Figure 1 e shows
the temperature dependence of the PLQYs for the total,
prompt, and delayed components of a 3 wt % PS blend film
(detailed data are summarized in Table S1). The prompt
component increases as temperature decreases, suggesting
suppression of the non-radiative decay from S1. Conversely,
the delayed component and total PLQY monotonically
decrease as the temperature decreases because RISC becomes the rate-determining step. According to the BerberanSantos plot,[10] the triplet formation efficiency (FT) and
activation energy DEST were estimated to be 0.6 and
55.8 meV (Figure S6 and Figure 1 f), respectively. The large
FT indicates that the majority of radiative singlet excitons are
transformed into non-radiative triplet excitons under optical
excitation, leading to severe energy losses. Fortunately, the
triplet excitons might be harvested and converted back to
radiative singlet excitons through RISC processes owing to
the small DEST. Therefore, the rate constant of the RISC
process (kRISC) is critical to the evaluation of the TADF
efficiency. Here, kRISC was calculated to be 2.2  106 s1 (see
details in Section S1), which is much larger than that of most
TADF materials in previous reports,[5c, 8] implying a good
triplet-harvesting ability.
The efficient TADF processes may significantly contribute to singlet lasing due to the energy harvested from triplet
states. 4CzTPN molecules were introduced into polymeric
microspheres through an emulsion-solvent-evaporation
method.[11] A well-mixed 4CzTPN/PS/CH2Cl2 solution was
added to a cetyltrimethylammonium bromide (CTAB) aqueous solution. Under vigorous stirring, an oil-in-water emulsion was formed (Figure S7). The hydrophobic 4CzTPN/PS/
CH2Cl2 solution was encapsulated in the hydrophobic interior
of CTAB micelles. After the complete evaporation of the
CH2Cl2 solvent, the PS molecules aggregated into lowcrystallinity microspheres owing to the isotropic interfacial
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processes played a key role in harvesting triplet excitons and
reducing triplet losses. An unusual temperature dependence
of the lasing intensity was observed and reasonably ascribed
to the well-maintained triplet-harvesting capability due to the
uniform dispersion of TADF emitters in the organic microspheres. Benefiting from the management of triplet accumulations by RISC processes, we realized lasing of these
microspheres at high repetition frequencies (f). These results
offer a novel understanding of the photophysical processes of
organic TADF materials and provide valuable guidance for
the development of miniaturized lasers with specific functionalities.
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tension (Figure S8). The obtained microspheres have perfect
circular boundaries and ultrasmooth surfaces with polydispersity below 10 % (Figure S9 and S10),[12] which are favorable for WGM resonance that tightly confines photons by
means of continuous total internal reflection (Figure S11).[13]
All the fabricated microspheres show homogeneous greenyellow fluorescence under ultraviolet (UV) light (330–
380 nm) excitation (Figure 2 a), indicating the uniform dispersion of 4CzTPN molecules in the PS matrix.
When a 4CzTPN-doped microsphere was locally excited
with a focused pulsed laser beam (400 nm,  200 fs) in
a homemade microphotoluminescence system (Figure S12),
a bright rim at the outer boundary of the microsphere was
observed (Figure 2 b). At low pump fluence, the emission
spectrum of the doped microstructure exhibits a series of
cavity-mode peaks with green-yellow emission centered at
 520 nm (Figure 2 c), which is in good accordance with the
spontaneous emission in the blend film (Figure S3). With
increasing pump fluence, the PL intensity at approximately
563 nm is dramatically amplified as a set of sharp peaks,
manifesting lasing action from the 4CzTPN-doped microsphere. Moreover, the emission at 563 nm is strongly linearly
polarized (Figure 2 c, inset), which shows the typical polarization characteristic of a laser.[14]
In Figure 2 d, the emission energy (obtained by integrating
corresponding laser peak) exhibits an S-shape nonlinear
dependence on the pump fluence. Below 88 mJ cm2, the
emission energies are well-fitted to the power law xp with p =
0.40,[15] showing a sublinear regime where bimolecular
quenching (exciton-exciton annihilation) dominates. Superlinear relationship is found above threshold with p = 5.11,
clearly showing a lasing process.[16] The flat curve with p =
0.55 at high pump densities (> 128 mJ cm2) indicates the
saturation of the gain media. The full-width-at-half-maximum

Figure 2. a) PL image of 4CzTPN microspheres. Scale bar = 5 mm.
b) Bright-field and PL images of an identical microsphere excited with
a pulsed laser. Scale bar = 5 mm. c) PL spectra of the doped microsphere under different pump fluences. Inset: Polar plot of lasing
intensities collected form the marked area (white circle) in (b). d) Plots
of emission energy and FWHM as a function of pump fluence.
e) Lasing spectra of 4CzTPN-doped microspheres with different diameters.
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(FWHM) at 563 nm dramatically narrows down to  0.21 nm
when pump fluence exceeds the lasing threshold, implying
a sharp increase of temporal coherence. The lasing spectra of
4CzTPN-doped microspheres with different diameters (D)
are presented in Figure 2 e. The mode spacing (Dl) decreases
with increasing D of the microspheres. The linear relationship
of l2/Dl versus D of the microspheres at l = 562 nm indicates
that the PL modulation originates from the WGM-type cavity
resonance (Figure S13). The calculated Q factors are on the
order of 103 (Figure S14), which is pretty high for organic
resonators. Moreover, we recorded the input-output intensity
profiles of 30 different microspheres, and all the samples
showed obviously nonlinear amplification behavior with
thresholds of 84–95 mJ cm2 (Figure S15), validating the lasing
performance of different microspheres.
The lasing mechanism of the 4CzTPN-doped microspheres was explored with nanosecond transient absorption
(ns-TA) spectroscopy. As shown in Figure 3 a, following
selective photoexcitation at 355 nm, the 4CzTPN-doped
microspheres exhibit two negative bands at approximately
480 nm and 560 nm and a positive band at 530 nm. The
negative signal at approximately 480 nm can be assigned to
ground state bleaching according to the steady-state absorption spectrum shown in Figure S3. The other strong negative
signal with the main peak close to the fluorescence emission
of the 4CzTPN microspheres is ascribed to stimulated
emission with a decay lifetime of 1.5  0.1 ms (Figure 3 b,
up), which is consistent with the lifetime of the delayed
fluorescence. Meanwhile, the positive absorption band is
attributed to the T1!Tn excited absorption of the 4CzTPN
molecules.[17] The lifetime of the triplet state is 1.6  0.1 ms,
obtained by fitting the time trace of the ESA band at 530 nm
(Figure 3 b, bottom), which is almost the same as that of the
delayed fluorescence. The transient absorption spectroscopy
strongly indicates the existence of an RISC process in

Figure 3. a) ns-TA spectra of 3 wt % 4CzTPN-doped microspheres
excited with a pulsed 355 nm ns laser. b) Transient decay profiles with
solid lines presenting the global fits at 560 nm and 530 nm. c) Streak
camera images of an identical 4CzTPN-doped microsphere at pump
densities of 0.7 Pth (top) and 1.3 Pth (bottom). d) Corresponding TRPL
decay curves monitored at 566 nm.
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Figure 4. a) Schematic illustration of the triplet-harvesting lasing process. b) Temperature-dependent lasing spectra of an isolated 4CzTPNdoped microsphere. c) Plots of the lasing intensity of the microsphere
versus temperature in forward and backward sweeps. Error bars
represent the standard deviation of five representative measurements.
d) Temperature-dependent TRPL decay curves monitored at lasing
wavelength. Inset: temperature-dependent thresholds of an identical
4CzTPN-doped microsphere in sweeps. Error bars represent the
standard deviation of five representative measurements. e) Magnification of the TRPL decay curves in (d) around the peak intensities. For
(b)–(e), the pump fluences were fixed at 1.7 Pth.

ascribed to the involvement of regenerated singlet excitons in
the stimulated emission process rather than the influence of
PS matrix (Figure S16).[20] The rising temperature gradually
accelerates the upconversion from T1 to S1, which increases
the number of regenerated singlet excitons and thereby
results in thermally activated lasing. The microspheres serve
as high-quality WGM resonators for laser oscillation, and
more importantly, the uniform dispersion of 4CzTPN molecules in the microspheres prevents the aggregation-caused
quenching effect that limits the RISC efficiency in solid-state
materials, promoting the conversion from triplets to singlets.
The difference of lasing intensities between the forward and
backward directions is ascribed to the slight decrease of
PLQY of gain media under intense excitation.
As a comparison, 4CzTPN single-crystalline microplates
were studied; although these microplates can also serve as
high-quality WGM cavities and provide sufficient feedback to
support lasing (Figure S17), the strong p-p interaction resulting from the dense molecular packing promotes non-radiative
relaxation of the triplet states, leading to severe suppression
of RISC processes. The suppression of the RISC processes
results in a negligible number of regenerated singlet excitons
for stimulated emission, and therefore, the lasing intensities of
4CzTPN microplates decrease with increasing temperature
(Figure S18). Hence, the uniform dispersion of 4CzTPN
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4CzTPN molecules. More importantly, the small overlap
between the ESA spectra and the gain region leads to
negligible triplet absorption losses, indicating the presence of
a large gain window at the lasing wavelength.
Time-resolved PL (TRPL) measurements were performed to clarify the lasing process of the microspheres.
Figure 3 c shows two streak camera images of an identical
microsphere obtained under different excitation densities. A
wide emission band with a long decay time is observed when
the microsphere is excited by an excitation intensity below the
lasing threshold (0.7 Pth). In contrast, narrow emission peaks
with short decay times appear in the range of 540–580 nm
when the excitation intensity is 1.3 Pth. The significant difference between the two images clearly demonstrates the
generation of lasing above the threshold. Figure 3 d shows
TRPL decay curves spanning from spontaneous emission to
stimulated emission. Below the lasing threshold (0.7 Pth), the
PL mono-exponentially decays with a lifetime of approximately 10 ns, which corresponds to the lifetime of the prompt
fluorescence (Figure S4). When the pump fluence exceeds the
lasing threshold (1.3 Pth), a very fast time decay (  92 ps)
dominates the kinetic process, signifying the occurrence of
stimulated emission in the microsphere. Notably, the rise time
is approximately 500 ps at 1.3 Pth, which is much longer than
that of typical organic gain materials.[18] The long rise time can
be attributed to the involvement of regenerated singlet
excitons, which slows down the establishment of population
inversion.
A schematic diagram showing the RISC-boosted lasing
mechanism based on the above discussions is shown in
Figure 4 a. Upon optical excitation, 4CzTPN molecules undergo a transition from S0 to the excited singlet states and
subsequently cool fast to the bottom of S1 (2.19 eV, Figure 1 c). Two major pathways play a role in the deexcitation of
the singlet state: radiative decay to the ground state and
intersystem crossing to generate triplet excitons; the latter
impedes the population accumulation in S1. Benefiting from
an efficient RISC process, most triplet excitons are converted
to singlet excitons, which not only reduces the triplet
accumulation in T1 (2.04 eV, Figure 1 c) but also promotes
the achievement of population inversion in S1. Because RISC
is an endothermic process that can be effectively activated at
high temperatures, we expect that an increase in the temperature will increase the number of regenerated singlet excitons
and thereby boost the lasing action in the 4CzTPN-doped
microspheres.
Exactly, this is what we observed in the experiments. As
shown in Figure 4 b, the 4CzTPN-doped microsphere presents
excellent lasing performance over a wide range of temperatures due to the strong cavity effect of the spherical
morphology. Surprisingly, the lasing intensity gradually increases with the temperature increasing from 100 to 310 K
(defined as forward direction in Figure 4 c), which is in sharp
contrast with the decreased lasing intensity at elevated
temperatures in previous reports.[19] Meanwhile, the lasing
intensity decreases with the temperature decreasing back
from 310 to 100 K (the backward direction in Figure 4 c),
which is in accordance with the results in the forward
direction. This exceptional performance can be reasonably
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molecules in the spherical microcavities, which ensures an
efficient RISC process in solid-state materials,[21] is essential
to experimentally achieve RISC-boosted lasing.
As shown in Figure 4 d, the lifetime of the stimulated
emission in 4CzTPN-doped microspheres decreases with
increasing temperature, demonstrating an acceleration of
the depletion of the excited-state population. This phenomenon is similar to the power dependence of the lifetime
observed in previous works,[22] where the increased exciton
density with pump fluence accelerates the relaxation process
and therefore results in a decreased lifetime. Considering that
the pump fluence was fixed, the temperature-dependent
lifetime of the stimulated emission is mainly attributed to the
increased number of regenerated singlet excitons through the
thermally promoted triplet-to-singlet upconversion, which
decreases the threshold pump density as the temperature
increases (Figure 4 d, inset). Simultaneously, the PL shows
a shorter rise time than that at lower temperature (Figure 4 e
and Table S2), implying that the establishment of population
inversion was promoted by upconverted energy from triplets.
The thermally activated lasing process is further investigated by clarifying the pathway of triplet excitons to singlet
states. In Figure S19, the energy level of the lowest chargetransfer triplet (3CT) state is lower than that of the lowest
charge-transfer singlet (1CT) state with DEST of 0.15 eV and
SOC matrix element value of 0.44 cm1, which is attributed to
the different transition nature of S1 and T1 states (Figure 1 c).
However, the relatively large energy gap (0.29 eV) leads to
a weak vibronic coupling between 3CT and the locally-excited
triplet (3LE) state, which hinders the occurrence of RISC
processes through the intermediate 3LE state by vibronic
coupling.[20] Therefore, the real RISC pathway in 4CzTPN
should be the direct upconversion process from 3CT to 1CT
state. All these experimental results clearly demonstrate that
the lasing process in the microspheres has been effectively
thermally activated through the 3CT-1CT upconversion processes.
The triplet-harvesting RISC process is considered to
overcome the triplet losses under successive excitation, which
is the main stumbling block to achieve organic continuouswave lasers.[23] When a microsphere was locally excited with
a pulsed laser (343 nm, 450 fs, f of 0.025 MHz), a series of
sharp peaks were found in the collected PL spectra taken
from the edge of the microsphere (Figure 5 a). With increasing pump fluence, the PL intensity in the gain region was
dramatically amplified, manifesting lasing action from the
dye-doped microsphere. The corresponding dependence of
the emission energy on pump fluence showed a nonlinear
behavior at the threshold of 88 mJ cm2, accompanied with
decreasing FWHM down to 0.2 nm above the threshold
(Figure 5 b).
The lasing features of 4CzTPN-doped microspheres were
investigated in depth in a wide range of f. With increasing f
from 0.025 MHz to 0.5 MHz, the lasing thresholds decrease
gradually from 88  1.5 mJ cm2 to 73  2.4 mJ cm2 (Figure 5 c), signifying that the triplet losses have been minimized.
Moreover, considering the delay fluorescence in 4CzTPN is
sustained up to 15 ms (Figure S4), pump pulses with a temporal
spacing of 1/(0.5 MHz) = 2 ms should facilitate the harvest of
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Figure 5. a) PL spectra of the doped microsphere under different pump
fluences with f = 0.025 MHz. Inset: PL image of the microsphere above
lasing threshold. Scale bar = 10 mm. b) Plots of emission energy and
FWHM as a function of pump fluence with f = 0.025 MHz. c) Plots of
lasing thresholds of an identical 4CzTPN microsphere versus f in
forward and backward sweeps. d) Shot-dependent lasing intensity of
3 wt % 4CzTPN doped microspheres. The pump fluence (with
f = 0.5 MHz) was fixed at 1.3 Pth. Error bars represent the standard
deviation of five representative measurements.

triplet excitons through RISC process for stimulated emission
in the high-f regime. The operational stability, which is crucial
to evaluate the quality of the microlasers, was evaluated by
continuously exciting a single sphere. In Figure 5 d, the
sustained operation of 4CzTPN microspheres demonstrates
that the optical losses caused by the accumulation of triplet
excitons under successive excitation were partially overcome
by the RISC processes, showing a real advantage of using the
TADF compound towards organic continuous-wave lasers.

Conclusion
In summary, we experimentally observed distinct RISCboosted lasing in self-assembled organic microspheres with
homogeneously distributed TADF molecules. In these composite microcavities, the RISC process continuously converts
non-radiative triplet excitons to radiative singlet excitons,
contributing to the population inversion in S1. Thermally
activated lasing was achieved in the 4CzTPN-doped microspheres, where RISC processes play a key role in harvesting
the triplet excitons and reducing the triplet losses. On this
basis, exceptional activation of stimulated emission was
observed by thermally boosting the RISC process, showing
a sharp contrast to 4CzTPN single crystals with negligible
triplet-harvesting capability. Owing to the harvest of triplet
excitons by RISC processes, lasing from the microspheres was
achieved at high f. These results not only provide us with deep
insights into the excited-state processes of TADF materials
but also indicate a promising direction for developing organic
photonic elements with desired functionalities.
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Reverse intersystem crossing-boosted
lasing was experimentally demonstrated
in self-assembled microspheres with
uniformly dispersed organic thermally
activated delayed-fluorescence molecules. The lasing intensity increases with
increasing temperature due to the
involvement of regenerated singlets in
population inversion, which provides
a way to overcome triplet-related losses
for high-performance organic lasers.
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