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Thermally-activated-delayed-fluorescence (TADF)—sensitized fluorescent organic light-emitting
diodes (TSF OLEDs) can simultaneously exhibit high quantum efficiency and high color purity. However,
the long-lived nature of excited states during a reverse intersystem-crossing (RISC) process may result in
the accumulation and annihilation of triplets and consequently the efficiency roll-off in TSF OLEDs under
high current density. In this study, we demonstrate that the pulsed operation of TSF OLEDs can suppress
the efficiency roll-off by manipulating exciton dynamics to reduce the accumulation of triplets. Under
pulsed operation, the on-cycle luminance of 5CzBN-based OLEDs is increased from 31370 to 55 760 cd
m~2 at an amplitude of 10 V, accompanied by an enhancement on on-cycle external quantum efficiency
by approximately 100% at a high current density of 1 A em™2. Exciton dynamics analysis on transient
EL curves reveals that the triplet annihilation becomes predominated over the RISC process after the time
delay of 1-2 ps, offering a time window for pulse operation. The competition between triplet annihila-
tion and RISC is further investigated by the magnetoelectroluminescence measurement, which confirms
that the pulsed operation suppresses the triplet annihilation and thereby improves the conversion from
triplets to singlets through RISC. These results show that the on-cycle electroluminescence performance
of various TSF OLEDs can be optimized by tuning the pulsed operation parameters according to exci-
ton dynamics, and provide an alternative way to address the issue of efficiency roll-off in next-generation

OLED:s.
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I. INTRODUCTION

Over the past two decades, significant progress has been
made in harvesting electrically generated triplet excitons,
leading to the development of strategies for the fabrication
of high-efficiency organic light-emitting diodes (OLEDs)
[1]. Fluorescent OLEDs with singlet-only emission suf-
fer from the limitation of 25% quantum efficiency as they
cannot recycle nonradiative triplets, although they usually
exhibit low-efficiency roll-off [2]. The introduction of a
thermally activated delayed fluorescence (TADF) sensi-
tizer, where dark triplets can be converted into emissive
singlets via reverse intersystem crossing (RISC), into the
host-emitter devices, namely TADF-sensitized fluorescent
OLEDs (TSF OLEDs), has been proven to show a nearly
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100% quantum efficiency [3—9]. However, the RISC pro-
cess leads to a prolonged lifetime of excitons up to tens
of microseconds, which may lead to the accumulation of
long-lived triplets and consequently the efficiency roll-off
at high current densities [10—12]. The high injection con-
dition favors the bimolecular processes, such as singlet-
triplet annihilation (STA) and triplet-triplet annihilation
(TTA), which dominate over the monomolecular RISC
process and lead to the loss of excitons [13—17]. Previous
studies show that the management of triplet accumulation
is crucial to suppress the efficiency roll-off, by either the
triplet-to-singlet conversion via rapid RISC [18,19] or the
triplet-triplet energy transfer to minimize the interaction
of triplet excitons [20,21]. A universal yet facile strategy
to realize triplet management during the operation of TSF
OLED:s is still missing.

Using short electrical pulses to drive OLEDs and record-
ing transient electroluminescence (EL) responses have
been adopted as a powerful tool to study the exciton
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dynamics, and it is also highly relevant for the realiza-
tion of electrically driven organic lasers using OLED pump
sources [22—24]. In principle, the generation of singlets
under electrical injection reaches maximum within a few
nanoseconds and they undergo a rapid radiative decay
pathway, while the triplets could exist for microseconds
and decay nonradiatively [25]. In TSF OLED:s, triplets
can participate in the RISC process and thus contribute to
an increase in external quantum efficiency (EQE), mean-
while the accumulation of long-lived excitons enables the
triplet annihilation process to quench the EL emission. Due
to their distinct nature of monomolecular and bimolecu-
lar processes, the rate of RISC is linearly dependent on
exciton density, and that of the triplet annihilation process
shows a nonlinear quadratic dependence on exciton density
[26,27]. As triplet excitons accumulate over microseconds,
the rate of triplet annihilation experiences a substantial
increase compared to the linearly rising rate of RISC.
Hence, it should be feasible to employ the pulsed opera-
tion to suppress the efficiency roll-off in TSF OLEDs by
controlling the triplets at a certain level, where the RISC
process dominates over triplet annihilation.

In this work, we propose a triplet management strat-
egy by using the pulsed operation to suppress efficiency
roll-off in TSF OLEDs by reducing the accumulation and
annihilation of triplets. Micro TSF OLEDs are fabricated
to minimize the RC effect and meet the requirement of
pulsed operation. By employing the pulsed operation as the
driving method, the on-cycle luminance of TSF OLEDs is
significantly increased from 31370 to 55760 ¢d m~2 at
an amplitude of 10 V, accompanied by a substantial rise
in on-cycle EQE improved by 100% at a current density
of 1 A cm~2. The transient EL response in TSF OLEDs
under pulsed operation exhibits an increment followed by
a relaxation to steady state, simulated on which the exci-
ton dynamics indicate that triplet annihilation becomes
dominant over RISC after 1-2 s of the pulse. Magneto
electroluminescence (MEL) is used to study the compe-
tition between RISC and triplet annihilation, where the
spin-conversion process and exciton interaction are esti-
mated by the signal and amplitude of MEL, respectively.
The time-resolved MEL suggests that the RISC process
dominates during the initial few hundred nanoseconds of
the pulse, confirming the pulsed operation is beneficial to
suppress the triplet annihilation. These findings reveal the
impact pulsed operation on triplet exciton behavior, offer-
ing a possible approach for achieving OLEDs with low
efficiency roll-off.

II. RESULTS AND DISCUSSION

A. The energy-transfer process in TSF OLEDs

As shown in Scheme 1, TSF OLEDs feature an emit-
ting layer comprised of a ternary system that includes a

Host TADF Sensitizer Emitter
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SCHEME 1. The energy levels and energy transfer process in
TSF OLED:s.

wide-energy-gap host, a TADF sensitizer, and a narrow-
band emitter. Electric injection produces 25% singlets and
75% triplets on the host initially, and then transferred to the
lowest singlet (S) state and the lowest triplet (7)) state of
the TADF sensitizer through energy transfer, respectively.
The triplets on the TADF are converted to singlets through
RISC and subsequently transferred to the S1 of the narrow-
band emitter, leading to the high efficiency and high color
purity in TSF OLEDs. On the other hand, the RISC pro-
cess prolongs the excited-state lifetime, leading to the
triplet accumulation and annihilation. For the monomolec-
ular RISC process (rate constant: 10°~10* s~!), the rate
is linearly dependent on the density of triplet excitons,
while for the triplet annihilation (TA), the rate of bimolec-
ular process (typical rate constant: 107'% cm® s=! for STA
and 107! cm?® s7! for TTA) exhibits a quadratic depen-
dence on the triplet density, resulting in the rate of triplet
annihilation being lower or higher than the RISC rate at
lower or higher exciton densities, respectively [28]. On
the other hand, the singlet excitons reach their maximum
within nanoseconds, while the triplet excitons accumulate
over several microseconds. This makes it feasible to sup-
press the efficiency roll-off in TSF OLEDs by the pulsed
operation to control triplet density at a low level, where
RISC dominates over triplet annihilation.

B. The performance of micro TSF OLEDs under dc¢
and pulsed operations

Figure 1(a) illustrates the structure of the high-speed
OLED, a micro TSF OLED confined by a PMMA tem-
plate, which consists of a 150-nm-thick ITO anode on a
glass substrate followed by a 30-nm-thick NPD as hole
transport layer, a 40-nm-thick emissive layer comprised of
90 wt% CBP as the host, 10 wt% 5CzBN as the TADF
sensitizer and 1 wt% t-DABNA as the emitter, a 30-nm-
thick TPBI as the electron-transport layer capped by a LiF
(1.2 nm)/Al (100 nm) cathode (the molecular structures of
materials are shown in Fig. S1 within the Supplemental
Material [29]). As shown in Fig. S2 within the Supple-
mental Material [29], the HOMO and LUMO energy levels
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(a) The device architecture and the energy-level diagram of micro TSF OLEDs. (b) Optical microscopic images of TSF

OLEDs with various active areas. Scale bars are 10 um. (c) The EL intensity profile of the TSF OLED at a current density of 1 A
cm™2. (d) The transient current and EL responses of TSF OLEDs under a pulse with an amplitude of 9 V. Pulse excitation: pulse width
of 5 ps, repetition frequency of 10 kHz, duty ratio of 5%. The dots and lines represent the experimental data points and fitting curves,
respectively. (e) J-V-L curves measured from TSF OLEDs under dc and pulsed operation. (f) Plots of EQE versus on-cycle luminance
in TSF OLEDs under dc and pulsed operation. Pulse excitation in (e),(f): pulse width of 0.5 ps, repetition frequency of 100 kHz, duty

ratio of 5%.

for CBP, 5CzBN, and t-DABNA are 6.0/2.9, 5.6/2.8, and
5.4/2.9 electron volts (eV), respectively. The steady-state
PL spectra and PL decay curves of CBP host, TADF sensi-
tizers, t-DABNA and their blended films indicate that the
TADF sensitizer is necessary for effective energy transfer
to t-DABNA (Figs. S3 and S4 within the Supplemental
Material [29]). The device areas of the OLEDs are reduced
to severe square micrometers to minimize the RC response
distortion by reducing the geometrical capacitance [30]. As
shown in Fig. 1(b), a series of microsized OLEDs with
different area sizes was fabricated [31-33], allowing for
the parameter optimization to meet the requirement of the
pulsed operation. The RC time reaches 68 ns when the
active area is reduced to 64 um? and remains for smaller
devices (Fig. S5 within the Supplemental Material [29]),
which is notably below the lifetime of triplet population
evolution. The EL intensity profile in Fig. 1(c) confirms
that the micro TSF OLEDs are spatially uniform and do
not exhibit hot spots or edge effects.

The performance of TSF OLEDs under pulsed operation
is demonstrated by the transient current and EL responses,
as shown in Fig. 1(d). When the device is pumped at a
pulse with amplitude of 9 V, width of 5 ps, and duty ratio

of 5%, the transient current exhibits an RC effect-induced
spike upon pulse onset, followed by a rapid relaxation to
the steady state within 68 ns. The initial spike indicates
the charging process, which fills the equivalent capaci-
tance of TSF OLEDs, while a discharging process is also
observed after the pulse [Fig. S6(a) within the Supplemen-
tal Material [29]]. The charging or discharging process
does not contribute to the carrier recombination for elec-
troluminescence. A peak is also observed in the transient
EL response but lasts for more than 1 ps, indicating that the
transient EL response originates from the exciton dynam-
ics rather than the RC effect. The peak in transient EL
curves is attributed to the fact that the singlets rapidly
reach the maximum density, but are then quenched by the
triplet accumulation and annihilation [34]. This observa-
tion suggests that the on-cycle EL performance can be
enhanced by operating the device under the pulsed opera-
tion. Meanwhile, the on-cycle EL enhancement of a single
device remains stable after 10 000 pulses at 9 V, as shown
in Fig. S7 within the Supplemental Material [29]. The
current-density—voltage—luminance (J-V-L) curves of TSF
OLEDs under dc and pulsed operation are further plotted
by obtaining the injected current and on-cycle EL intensity
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taken from the transient current and EL responses curves
(Fig. S6 within the Supplemental Material [29]) [35].
Short-pulse operation and the small size characteristics of
microsized OLEDs ensure repeatability of the J-V-L curve
(Fig. S8 within the Supplemental Material [29]). Notably,
the EL intensity under the pulsed operation surpasses that
under the dc operation, and this enhancement increases as
the current density rises [Fig. 1(e)]. On the other hand, the
change in current density under the pulsed operation can be
neglected compared to the evident change in the EL inten-
sity. This phenomenon suggests that the enhancement of
on-cycle EL does not result from reduced Joule heating
under the pulsed operation (Fig. S9 within the Supplemen-
tal Material [29]) [36], but rather arises from the suppres-
sion of triplet accumulation and annihilation during short
pulses. As shown in Fig. 1(f), the enhancement in EQE
becomes more significantly at high on-cycle luminance,
which is approximately 3% at 100 cd m~2, 12% at approx-
imately 1000 cd m~2, and approximately 51% at 10 000 cd
m~2. Moreover, the on-cycle luminance is improved from
31370 to 55760 cd m~2 under a pulse operation of 10 V,
indicating the effectiveness of the pulsed operation in sup-
pressing efficiency roll-off in TSF OLEDs. Meanwhile, the
enhancement of on-cycle EQE is positively correlated with
current density, reaching a 100% improvement at I A cm™>
(Fig. S10 within the Supplemental Material [29]). Note
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FIG. 2.

that the pulse operation at a low duty cycle increases the
on-cycle EQE significantly, but decreases the EQE for inte-
grated luminance as it requires an extremely high current
density (Fig. S11 within the Supplemental Material [29]).

C. Transient EL spectrum and exciton dynamics of
TSF OLEDs

To further investigate the transient EL behavior of TSF
OLEDs under pulsed excitation, streak camera measure-
ments are employed to examine the spectral evolution of
the transient EL. The transient EL spectra are depicted
in Fig. 2(a), exhibiting a narrow-band characteristic con-
sistent with the steady-state EL spectra (Fig. S12 within
the Supplemental Material [29]). The EL spectrum of TSF
OLEDs at time intervals of 0.5, 1.0, 2.0, and 3.0 pus are
given in Fig. 2(b). The EL intensity exhibits a decelerated
decline during the initial 2 ps following the onset of the
pulse, and subsequently remains constant. The diminish-
ing intensity in EL spectral over time is consistent with the
transient EL intensity discussed in Fig. 1(e), which also
arises from the exciton population evolution. Besides, the
transient EL spectrum consistently exhibits an emission
from the emitter, indicating the fast energy transfer process
can be neglected compared to the RISC and triplet annihi-
lation in TSF OLED. The transient PL spectra of the TSF
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(a) Transient EL spectra of TSF OLEDs operated under pulsed operation with a width of 5 ps, a repetition rate of 10 kHz, a

duty ratio of 5%, and a current density of 1 A cm~2. (b) The EL spectrum of TSF OLEDs under pulsed operation at various times. (c)
Simulated temporal density of polarons, singlets, and triplets in TSF OLEDs at 1 A cm™2. (d) The rate of RISC and triplet annihilation

in TSF OLEDs.
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film further confirms the rate of energy transfer is up to
10 s=!, which is much higher than that of RISC and triplet
annihilation (Fig. S13 within the Supplemental Material
[29]). Hence, in the exciton population evolution in TSF
OLEDs [37-40], we can perform exciton dynamics simu-
lations while simultaneously omitting the energy-transfer
process to investigate and quantify triplet behavior in TSF
OLEDs. The equations governing the temporal populations
of polarons (n), singlets (S), and triplets (7)) are given by
written as

(e + 1n)

== Cwithy = == ()
t ed £0&,

where 7 is the polaron density, J(¢) is the current density as
a function of time, e is the elementary charge, d is the width
of the recombination zone, and y is the Langevin recombi-
nation rate, £y and ¢, is e the relative permittivity of EML
and the permittivity of free space, respectively. u. and uy
represent the mobility of electron and hole, respectively.

as 1 1 5
— = — kS — kiscS + kriscT + —krraT
di 43/’1 S 1sco + Kriscd + 2 TTA
— kssaS? — kstaST — 2kspanS, (2)
ar 3 , 5 2
— = — kT + kiscS — kriscT — —krraT
d 43/’1 71 + Kisc RISC 2 TTA

— ksTAST — 2ktpanT, (3)

where S and T represent singlet and triplet density, &,
kisc, krisc, kssa, ksta, kspa, k11a, kTPA are the rate con-
stants of radiative decay of singlets, nonradiative decay
of triplets, intersystem crossing (ISC), reverse intersys-
tem crossing (RISC), singlet-singlet annihilation (SSA),
singlet-triplet annihilation (STA), singlet-polaron annihi-
lation (SPA), triplet-triplet annihilation (TTA), and triplet-
polaron annihilation (TPA), respectively.

By modeling the results of transient EL response, the
exciton population evolution of TSF OLEDs is shown in
Fig. 2(c). The singlet exciton reaches its maximum density
at about 250 ns and then gradually decreases to the steady
state within 2 ps, which is suppressed by the triplet anni-
hilation. Meanwhile, the accumulation of triplets over 5 ps
results in a significant change in the competition between
RISC and triplet annihilation, which is due to the linear and
quadratic dependence on triplets of monomolecular and
bimolecular processes. The rates of different decay routes
of triplets are shown in Fig. 2(d). The results indicates that
within the initial 1 ps, the triplet exciton density is low
so that the RISC process dominates over triplet annihi-
lation. As the triplets accumulate, the triplet annihilation
begins to dominate over the RISC process within 1-2 ps,
consistent with the relaxation from maximum EL intensity
to steady state. The relative contributions to the depopu-
lation of the singlets are also investigated (Fig. S14 within

the Supplemental Material [29]), confirming that the triplet
annihilation is the main quenching factor compared to
other decay routes, such as SSA and SPA.

D. Magnetic field effect of TSF OLEDs and the
competition between RISC and triplet annihilation

The competition between RISC and triplet accumula-
tion affects the spin-conversion process and the exciton
interaction, allowing for the observation of changes in EL
intensity upon the applied magnetic field (MEL) [41-46],
as shown in Fig. 3(a). When the current density is low
(107> A cm™?), the transition from the triplet exciton to
the singlet exciton via RISC dominates. When an external
magnetic field is applied, the degeneracy of the triplet state
is lift and the spin-conversion process is restricted, result-
ing in less bright singlets and a negative MEL [47]. With
the current density increases from 1073 to 10~" A cm™2,
the signal of MEL shows a transition from negative to pos-
itive indicating that the RISC is gradually quenched. As
the current density further increases to 1 A cm~2, the triplet
annihilation dominates. When an external magnetic field is
applied, the triplet-triplet annihilation will be suppressed
[48], leading to an improved utilization of triplets and a
positive MEL. Interestingly, the dependence of EL inten-
sity and MEL (measured at 300 mT) on current density also
shows three components as shown in Fig. 3(b): (1) when
the current density is lower than 5 x 1073 A cm™2, the EL
intensity rapidly increases with the current density, which
is caused by the dominance of RISC process and mani-
fested as a negative MEL; (2) when the current density
is in the range of 5x 1073 A cm™2 to 2 x 1072 A cm~2,
the rate of increment in EL intensity slows down, which is
attributed to the balanced competition between RISC and
triplet annihilation and manifested as a positive MEL; (3)
when the current density is higher than 2 x 1072 A cm™2,
the EL intensity slowly increases, which is due to the dom-
inance of triplet annihilation and manifested as a positive
MEL with an increasing high-field component.

Served as an indication of the competition between
RISC and triplet annihilation, time-resolved MEL
(TRMEL) of TSF OLEDs at a current density of 1 A
cm™? is measured as shown in Fig. 3(c). The amplitude
of MEL increases over time, which is attributed to the
enhancement of triplet annihilation over time. Notably,
the negative MEL observed within 0.5 ps following the
onset of the pulse indicates that the RISC route can still
dominate over triplet annihilation during the initial hun-
dreds of nanoseconds even under high current injection
(Fig. S15 within the Supplemental Material [29]). In addi-
tion, TRMEL of the EL decay is also measured as shown in
Fig. 3(d), which consists of a prompt component (<5 ps)
with positive signal attributed to triplet annihilation, and
a delayed component with negative signal due to RISC.
The TRMEL corresponds to the decay of triplets after
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(a) MEL curves measured from the TSF OLEDs at various current densities. (b) The EL intensity and MEL curves of TSF

OLEDs at various current densities. The MEL curve is measured at 300 mT. Pulse excitation in (a),(b): pulse width of 0.5 ps, repetition
frequency of 100 kHz, duty ratio of 5%. (c) Time-resolved MEL of the EL response of TSF OLEDs at a current density of 1 A cm™2. (d)
Time-resolved MEL of the EL decay of TSF OLEDs at a current density of 1 A cm~2. Pulse excitation in (c),(d): pulse width of 5 ps,
repetition frequency of 10 kHz, duty ratio of 5%. (e) The MEL dependence on pulse widths of TSF OLEDs under electrical pumping
at a current density of 1 A cm™2. (f) Pulse-width-dependent MEL and EL intensity of TSF OLEDs at a current density of 1 A cm™2.

the pulse ends, where the high-density triplets (<5 ps)
lead to the dominance of triplet annihilation, which is also
reflected by the dependence of EL intensity on pulse inter-
vals (Fig. S16 within the Supplemental Material [29]).
As shown in Fig. 3(e), the rapid decrease of MEL with
decreasing pulse width confirms the effective manipula-
tion of triplet excitons by pulsed operations, leading to a
suppressed triplet annihilation. Meanwhile, the effective-
ness of pulsed operation in triplet management is evident
in the increased EL intensity with decreasing pulse width
as shown in Fig. 3(f). The MEL and EL amplitude main-
tain when the pulse width exceeds 2 ps, which corresponds
to the time interval dominated by triplet accumulation and
annihilation as depicted in Fig. 2(d).

E. Universality of the pulsed operation and simulation
results

As discussed above, using the pulsed operation to sup-
press the efficiency roll-off is based on reducing the triplet
accumulation and leading to the dominance of RISC over
triplet annihilation. In order to validate the universality of
the pulsed operation and further investigate the impact of
the RISC rate on the pulsed operation, 2CzPN with slower
RISC rate (Fig. S17 within the Supplemental Material
[29]) is chosen as a comparison. The difference between
dc and pulsed operations of 2CzPN-sensitizing OLEDs is

also studied by the transient current and EL response, as
shown in Fig. 4(a). Compared to the relatively gradual
EL peak of 5CzBN-sensitzing OLEDs, the EL peak of
2CzPN-sensitizing OLEDs exhibits a steeper decline and
a higher peak-to-steady-state ratio, as shown in Fig. 4(b).
We have utilized numerical simulations based on exciton
dynamics to determine the pulse width required for TSF
OLEDs under different current densities and RISC rates
as shown in Fig. 4(c), indicating that the required pulse
width decreases with increasing RISC rate and current
density, corresponding to the experimental observation of
the prevalence of triplet annihilation in the competition
with RISC as the current density increases. As shown
in Fig. 4(d), the pulsed operation also enhances the on-
cycle luminance of the 2CzPN-sensitizing OLEDs from
16050 to 46560 cd m~—2 at an amplitude of 10 V, along
with a significant improvement in the efficiency roll-off
(Fig. S18 within the Supplemental Material [29]). The on-
cycle EL improvement of two TSF OLEDs under various
current densities is extracted and illustrated in Fig. 4(e),
showing a more significant EL enhancement in 2CzPN-
sensitizing OLEDs. This is due to the fact that slower
RISC rates in 2CzPN lead to more severe triplet state
accumulation; therefore, the performance improvement of
TSF OLEDs is more pronounced with pulse operation.
The performance improvement is also simulated based on
exciton dynamics as shown in Fig. 4(f) and Fig. S19 within

014039-6



SUPPRESSING THE EFFICIENCY ROLL...

PHYS. REV. APPLIED 21, 014039 (2024)

(a) (b)
= 9'0'J 2CZPN 1.0 b0
Z : R
= o | 5CzBN
o -~ 2
g 0.51 ; =
< 004 £ 065
= —0.51 €05 E
= e o
2 104 m 042
A= (=]
25 ]
m_e 0.5 \\. 0.2
S 00 0000000 T 0.0 , : . : J
0 1 2 3 4 5 6 17 0 1 2 3 4 5 1072 107! 1
Time (us) Time (us) Current density (A cm™2)
d e f
( ) ( ) ( ) 10° 5.0
10" & 504 —* 5CzBN (dc)
IE —=— 5CzBN (Pulse) 4.0
T 4.0{ —* 2CzPN (dc) ~10* 3
S 5 20 2CzPN (Pulse) Tw 308
= z 3. p g
o 8 2 E
20 &
53] § 2.0 E 103 LT]J
—— dc E 1.0 1.0
0| —=— Pulse —
10 0.0 : . ‘ ‘ 102
102 103 104 103 102 107! 1 10! 102 1071 1
Luminance (cd m~2) Current density (A cm™2) Current density (A cm™2)
FIG. 4. (a) The current and EL responses of 2CzPN-sensitzing OLEDs under a pulse with an intensity of 9 V. Pulse excitation: pulse

width of 5 ps, repetition frequency of 10 kHz, duty ratio of 5%. (b) Transient EL responses of SCzBN- and 2CzPN-sensitizing OLEDs.
(c) Pulse width versus current density, as a function of RISC rate simulated by exciton dynamics. (d) Plots of EQE versus on-cycle
luminance in 2CzPN-sensitizing OLEDs under dc and pulsed operation. Pulse excitation: pulse width of 0.5 ps, repetition frequency
of 100 kHz, duty ratio of 5%. (e) Plots of on-cycle luminance versus current density in 5CzBN- and 2CzPN-sensitizing OLEDs under
dc and pulsed operation. (f) The improvement of on-cycle EL intensity under pulsed operation simulated by exciton dynamics.

the Supplemental Material [29], indicating that the pulsed
operation is more effective in TSF OLEDs with a lower
RISC rate and at a higher current density.

II1. CONCLUSION

In conclusion, we observed that the on-cycle EQE can
be improved by 100% under pulsed operation at a high
current density of 1 A cm™2, accompanied by a significant
increasement in the on-cycle luminance from 31370 to
55760 cd m~2 at an amplitude of 10 V. The transient
EL responses of TSF OLEDs show a triplet annihilation-
induced EL peak within 1-2 ps, which indicates the
dominance of triplet annihilation over RISC due to the
accumulation of long-lived triplets. Based on the results,
exciton dynamics simulation is performed indicating the
singlet exciton reaches the peak intensity within a few hun-
dred nanoseconds, while the accumulation of long-lived
triplet exciton lasts over 5 ps. The accumulation of triplets
significantly enhances the bimolecular triplet annihilation,
which is revealed by the dependence of MFE on the current
densities. Using MFE as the indication of the competi-
tion between RISC and triplet annihilation, the TRMEL
results confirm the gradual dominance of triplet annihi-
lation within the initial 2 ps under electrical pumping.

The negative dependence of MEL on the pulse width fur-
ther indicates the effectiveness of the pulsed operation on
reducing triplet annihilation. Based on the exciton dynam-
ics simulation, we obtain the required pulse width and the
improvement of EL in TSF OLEDs under pulsed opera-
tion in terms of the current density and RISC rate. Our
study provides reference for utilizing pulsed operations to
suppress the efficiency roll-off in TSF OLEDs and may
benefit for their applications in electrically pumped lasers,
healthcare lighting, and so on.
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APPENDIX: EXPERIMENTAL METHODS
1. Micro-TSF-OLED fabrication

In this work, the fabrication process of micro TSF
OLEDs involves the following steps: (1) the 150-nm-thick
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indium-tin-oxide (ITO) substrates undergo a cleaning pro-
cess involving toluene, acetone, and tert-butanol, each for
a duration of 20 min, utilizing an ultrasonic bath. Subse-
quently, they are dried at 110 °C prior to oxygen plasma
treatment; (2) the polymethyl methacrylate (PMMA) solu-
tion is prepared by dissolving PMMA in chlorobenzene
(10 mg/ml). Subsequently, the PMMA solution is spin-
coated onto an ITO substrate at 3000 rpm to obtain a
PMMA thin film with a thickness of 100 nm; (3) then, the
ITO glass with a spin-cast layer of PMMA film is trans-
ferred to the SEM (NOVA NANO 450) equipped with a
nanofabrication accessory for electron-beam lithography
(processing parameters: the electron acceleration voltage is
30 kV, the electron beam current is 84 pA, and the electron-
beam dose is 5,500 uC cm™2); (4) after etching, the sample
is immersed in the developer solution (methyl isobutyl
ketone: isopropyl alcohol = 1:3) for 30 s to dissolve the
etched areas. Then, the sample is immersed in the fixative
solution (isopropyl alcohol) for 30 s to stabilize the pat-
tern, resulting in a PMMA template for the fabrication of
micro OLEDs; (5) a deposit layer of N,N’-Bis(naphthalen-
1-y1)-N,N’-bis(phenyl)benzidine (NPD) is used as the
hole transport layer (HTL), and a deposited layer of
90 wt% 4,4’-Bis(9-carbazolyl)-1,1’-biphenyl (CBP) as the
host, 10 wt% 2,3,4,5,6-penta(carbazol-9-yl)benzonitrile
(5CzBN) as the TADF sensitizer and 1 wt% 2,12-di-tert-
butyl-5,9-bis(4-(tert-butyl) phenyl)-5,9-dihydro-5,9-diaza-
13b-boranaphtho[3,2,1-de]anthracene (t-DABNA) is used
as an emitting layer, a deposit layer of 1,3,5-Tris(1-phenyl-
1H-benzimidazol-2-yl)-benzene (TPBi) is used as an elec-
tron transport layer (ETL); a thermally evaporated layer of
LiF /Al cathode was capped on top.

2. The characterization of TSF OLEDs

The steady-state (dc)  current-density—voltage—
luminance (J-V-L) characteristics of the TSF OLEDs are
measured using a Keithley 2450 source measure unit, a cal-
ibrated photomultiplier tube (Hamamatsu H10721, with a
rise time of 0.57 ns), a wide bandwidth transimpedance

amplifier (Hamamatsu C11184) and a DMM 6500 mul-
timeter. The pulsed operation is performed using a pulse
generator (Quantum Composer, QC9522) amplified by a
custom power amplifier (Aigtek ATA2000), which have
a rated rise and fall time <10 ns. For the J-V-L charac-
teristics and MEL measurements, a pulse with a width
of 0.5 ps, a repetition rate of 100 kHz, and a duty ratio
of 5% is applied; for the time-resolved measurements, a
pulse with a width of 5 ps, a repetition rate of 10 kHz and
a duty ratio of 5% is applied. The current is determined
by measuring the voltage across a 50-2 termination resis-
tor amplified by a high-speed amplifier and detected using
an oscilloscope (Tektronix MDO 4000, with 1-GHz fre-
quency range and 2.5-Gs s~! sampling rate). The transient
EL signals of the samples are extracted using a H10721
photomultiplier tube, then transformed into electrical sig-
nal using a C11184 transimpedance amplifier and finally
collected using the MDO 4000 oscilloscope. The EQE and
EL intensity of TSF OLEDs under the pulsed operation is
determined from the average value during the pulse width.
And the spectrally resolved transient EL spectra are col-
lected using a Hamamatsu C13410 streak camera (5-ps
temporal resolution).

The transient current response of TSF OLEDs
[Fig. 1(d)] was fitted using the transient response curve of
the device’s RC effect as follows [25]:

Ve(t) = Vin(t) — R (1), (A1)
CdVC(t) + V(9 + i) _ V@ 0 A2
dt ‘ (Rlayer R Ry - ( )

The parameters are as follows: V.=9 V, R;=50 Q,
Riayer=200 2, C=100 pF. The transient electrolumines-
cence response of TSF OLEDs was fitted using the exciton
dynamics equation, Egs. (1)+3). The parameters used for
exciton dynamics simulations are shown in Table 1.

3. The magnetic field effect measurements

For the MEL measurements, the device is transferred to
a vacuum chamber of cryostat (Oxford OptistatDry BLV)

TABLEI. Key parameters and rate constants obtained by fitting.

2CzPN-sensitizing OLEDs

5CzBN-sensitizing OLEDs

Initial value Fitted value Initial value Fitted value
ks(s™h) 3.2 x 107 [49] 2.8 x 107 7.4 %107 s71 [50] 7.4x107 57!
kr(s™h 8.1 x 10? [49] 4.1 x 107 1.1 x 10* s~ [50] 2.1 x10%s7!
kisc(s™h) 3.1 x 07 [49] 7.1 x 107 2.0 x 108 s~ [50] 5.1 x10% 57!
krisc(s™h) 5.6 x 10° [49] 48 x10° 8.8 x 10* s~ [51] 7.9 x10%s7!
ksga(cms™1) 6.3 x 10712 3.7x 10712 1.2x 1071 g1 2.5%x 1071
ksta(cm®s™1) 2 x 10719 [49] 1.5x107° 5.6x 1071051 1.4x107°
kspa(cm’s™1) 42 x 10710 1.1x107° 2.1x 10710571 2.1x 10710
krra(cm?s™!) 5% 10715 [49] 5% 1071 2.5%x 1075 57! 6.1 x 10714
krpa (cm3s™h) 7.6 x 10712 3.5%x 10713 52x 10713 57! 42 x 10713
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that is placed in a magnetic field B provided by an elec-
tromagnet (Eastchanging EM4) with magnetic field up to
300 mT. For dc measurements, the device is excited by
the Keithley 2450 source measurement unit; while for
pulse measurements, it is excited by the pulse generator.
The EL signals extracted using a H10721 photomulti-
plier tube, then transformed into electrical signal using
a C11184 transimpedance amplifier and finally collected
using the MDO 4000 oscilloscope. The MEL is defined
as MEL(B) = [EL(B)/EL(0) x 100%] measured under the
dc and pulsed operation. The external magnetic field was
swept at a rate of 10 mT s~! in one direction and back for
several cycles to improve the SNR of MEL(B).

4. The parameters used for exciton dynamics
simulations

The simulated exciton population dynamics using the
experimental parameters mentioned above are presented
in Table 1. The transient processes under optical and elec-
trical pulsing are commonly considered to be alike. The
rates of the monomolecular processes, such as k;, k7, kisc,
and kgrisc, are extracted from the photophysical charac-
teristics of TSF films and the corresponding literature.
While the kssa, ksta, kspa, krTa, and krpa are bimolecular
recombination rates. Since the exciton annihilation process
commonly occurs between the host and the dopant [40], we
use the parameters reported in the literature for the TADF
sensitizer in our simulations.
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