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The efficient conversion of electron-hole (e-h) pairs into triplet excitons is a challenge for blue organic light-
emitting diodes (OLEDs) based on triplet-triplet annihilation upconversion (TTAUC). The 25% fraction of e-h
pairs that create singlet excitons represents a significant loss channel that can lead to parasitic red-shifted
emission. In this study, an intermolecular intersystem crossing that relies on a “dark sensitizer” (DS) layer
consisting of tris-(8-hydroxyquinoline)aluminum (Alqs) doped with tris[2-phenylpyridinato-C2,N]Iridium(III) (Ir
(ppy)s) is demonstrated to enhance the TTAUC process. Carriers recombination and excitons generation are
formed on Alqs molecules. Alqs singlet excitons are then quenched by the Ir(ppy)s triplet state, followed by
energy transfer to the Alqs triplet state. The non-emissive, long-lived Alqs triplets migrate from the sensitizer
layer to an emitter layer where they undergo TTAUC to give blue fluorescence emission. This DS-TTAUC process
promises no green emission from the Alqs. The efficiency of a blue OLED utilizing DS-TTAUC was improved by
34.2% compared to a standard TTAUC OLED. In addition, the device exhibited CIE coordinates of (0.15, 0.09).
Furthermore, a high photoluminescence quantum yield fluorescence emitter is incorporated to enhance the
singlet exciton emission in the emitter layer. A maximum external quantum efficiency of 7.54% can be achieved
with recorded-high quantum yield of the TTAUC (®rrauc) = 37.6% in solid state.

1. Introduction diffusion play a curial role to determine the triplet energy transfer (TET)

and TTAUC ability, as well as the device efficiency performances. The

Triplet-triplet annihilation upconversion (TTAUC) is a nonlinear
process that converts two low-energy triplet excitons into a single high
energy photon as shown in Fig. 1a [1-5]. Triplet states can be created
either optically using a sensitizer that creates a triplet state via inter-
system crossing (ISC) or by electrical pumping via e-h recombination. In
both cases, the upconversion happens when two triplets fuse (annihi-
late) to leave the emitter in its higher energy singlet state, where it emits
a higher energy photon. TTAUC is an attractive strategy for blue-
emitting OLED devices, since electron-hole (e-h) recombination yields
75% triplet excitons by spin statistics, providing an efficient way to
generate triplet states and allow the use of a lower driving voltage for
electrofluorescence [6,7]. In addition, the triplet energy migration and
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material aggregation and self-assembly with well molecular packing
strengthen the triplet energy migration and diffusion, which is beneficial
for the efficiency of TTAUC system [5,8,9]. For example, N. Yanai and N.
Kimizuka reported a review on triplet energy migration-based UC (TEM-
UQ) to achieve high-efficiency TTAUC performances [5].

In using a TTAUC scheme in an OLED, where e-h recombination
produces the low-energy triplets, there are several challenges. The first
challenge is finding a combination of materials that not only have the
correct singlet and triplet energy level alignments but also support good
carrier transport. The second challenge is to prevent the high energy
singlet state from being quenched by the low energy sensitizer. In fluid
media that permit molecular diffusion (liquids, gels, elastomers), the
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Fig. 1. (a) Energy transfer of conventional TTAUC process from the singlet state of sensitizer to the singlet state of emitter. (b) Energy levels of DS-TTAUC trilayer
structure and their molecular structures applied for dark sensitizer, TDSB, and emitter layers. When OLED is lit-on, DS-TTAUC energy transfer is illustrated starting

from the carrier recombination to photon emission.

sensitizer can spatially separate from the emitter before the high energy
singlet state is created by TTA. In rigid films, spatial proximity of
sensitizer and emitter often results in singlet quenching of high-energy
emitter by low-energy sensitizer. We recently reported an exciplex
sensitizer for TTAUC to observe the blue emission with a low driving
voltage of 2.2 V [10]. We also employed tris-(8-hydroxyquinoline)
aluminum (Alqs), a well-established OLED material with favorable
processability and stability, as sensitizer for efficient TTAUC [11]. When
the Alqs sensitizer was combined with a TTA emitter (9,10-bis(2'-
naphthyl) anthracene (ADN)) and a triplet-diffusion-singlet-blocking
(TDSB) layer composed of 1-(2,5-dimethyl-4-(1-pyrenyl)phenyl) pyr-
ene (DMPPP), a high intrinsic efficiency of the used triplets by TTAUC
(Nrravc = 86.1%) was achieved, accompanied by improved device ef-
ficiency. The theoretical internal quantum efficiency (IQE) of TTAUC-
OLED is 50%, which is so-called the overall quantum yield of the
emitted photons by TTAUC (®7rayc) in this study. Although this IQE
value is much lower than the theoretical 100% IQE of phosphorescence
and thermal activated delayed fluorescence (TADF) OLEDs, TTAUC-
OLEDs have a great advantage in the low driving voltage and power
efficiency (PE) because the high-energy emission photons (e.g. blue one
~ 3 eV) are launched by low-energy triplets (e.g. Er ~ 1.7 eV). More-
over, this trilayer TTAUC-OLEDs have a great potential to reduce the
triplet-polaron quenching (TPQ) by spatially separating the carrier
recombination and photon emission zone, which may result in the
greater PE at high current density region, longer device operation life-
time and larger triplet contributions comparing to conventional TTA-
OLED [12]. In addition, the robust sensitizer profits to the device sta-
bility and long operational lifetime of blue OLED. However, the blue
OLED performance was still limited by residual green emission from the
Algs, originating from the 25% yield of singlet excitons from e-h
recombination.

In a TTAUC OLED, the goal is to shift the e-h recombination yield to
100% triplet excitons. However, just as in a traditional OLED, spin sta-
tistics present a challenge. To drive the triplet yield to 100%, a standard
chemical strategy would be to utilize the heavy atom effect to enhance
intramolecular spin-orbit coupling and promote ISC. This source of
spin-orbit coupling relies on orbital overlap and requires close contact
between atom and molecule to accelerate all singlet-triplet relaxation
processes, both S; — T; and T; — Sp. The presence of a heavy atom,
typically a metal ion, would also introduce undesired charge recombi-
nation centers into the organic. In this paper, we adopt a new approach
that relies on intermolecular ISC, a phenomenon that was identified
decades ago but that has not been exploited in the organic electronics
field [13-15]. Tris[2-phenylpyridinato-C2,N]Iridium(IlI) (Ir(ppy)s3)
incorporated into the fluorescent Alqs recombination layer can act as a
“dark sensitizer” (DS) because the Ir(ppy)s effectively quenches the Alqs

singlet and transfers its energy to the Alqs triplet. In the DS approach,
ISC is promoted by intermolecular energy transfer that can act over long
distances to populate an intermediate state with mixed singlet/triplet
character that can enhance the overall S; — T; ISC relaxation in Algs.

In this paper, we demonstrate that by using the DS concept, the
external quantum efficiency (EQE) of blue TTAUC OLEDs can be
increased by 34.2% compared to a device using only an Alqs sensitizer
layer. Nearly 100% ISC efficiency from the Alqs singlet to its triplet state
is obtained, allowing the device to fully utilize the triplet excitons pro-
duced by electrical pumping [16-18]. The remaining emission from both
Algs and Ir(ppy)s was almost completely eliminated, so the color per-
formance is almost identical in CIE coordinates to that of a blue TTA
OLED using only a single ADN layer. Finally, a high efficiency DS-
TTAUC OLED was demonstrated by replacing the ADN layer with one
that incorporates a high photoluminescence quantum yield (PLQY) blue
naphthalene indenofluorene core dopant (DPaNIF) in an anthracene-
based TTA host (NPAN). The combined use of the DS layer to harvest
triplets, a TDSB layer to transfer them, and an optimized emitter layer
yielded a blue TTAUC OLED with an EQE of 7.54%.

2. Experimental section

ITO coated glass substrates were first treated by an O plasma (PDC-
32G) and then placed into a thermal evaporator. All the layers including
the metal cathode were deposited under high vacuum (5 x 10°® torr). 1
A/s deposition rate was used for organic layers, and 10 A/s for
aluminum. After deposition, devices were transferred into a Ny glove
box and encapsulated with a cover glass using a UV-curing epoxy resin.
In order to accelerate the device aging, the device packaged without
containing moisture-particle getter. Characteristics of the OLEDs were
measured by a spectrometer (Minolta CS-1000) with a source meter
(Keithley 2400). The setup for time-resolved electroluminescence (TrEL)
consisted of a function generator (Agilent 33500B), a source meter
(Keithley 2400), a photomultiplier (PMT, Hamamatsu H6780-20) and
an oscilloscope (Tektronix TDS2004C). To separate the contribution
from blue and green emissions, 450-nm short pass (Thorlabs FESH0450)
and 600-nm long pass (Thorlabs FELO600) filters were placed in the
beam path.

The time-resolved PL (TRPL) setup was based on a Coherent Libra
regeneratively amplified Ti: Sapphire laser system operating at 1 kHz
repetition rate that generated 200 fs pulses at 800 nm. The 800-nm
output was frequency doubled to 400 nm using a Type I BBO crystal.
The sample photoluminescence was detected using a monochromator
coupled to a picosecond streak camera (Hamamatsu C4334 Streak-
scope). A 420-nm long pass filter was placed in front of the streak
camera to filter out the excitation laser. The signal was recorded by the
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Fig. 2. (a) Device structure. (b) EL Spectra of TTAUC OLED with 0% Ir(ppy)s and OLEDs with Alq; and ADN emitters and (c) EL spectra for TTAUC OLEDs at 9 mA/
cm? with various Ir(ppy)s concentration. Inset of (c) shows CIE coordination of devices. (d) Blue and (e) green EQE versus current density. (f) Blue-to-green ratio

and EQE.

streak camera as a two-dimensional data matrix including time and
wavelength with resolutions of 25 ps and 2.5 nm, respectively. A Stan-
ford Research Systems DG535 pulse generator was used to delay the
laser pulse for scans longer than 1 ps. The setup of PL quantum yield
measurement consisted of a Xenon lamp and monochromator (Horiba,
iHR320) as a light source while the sample signal was collected by a
photomultiplier tube (PMT). The 7prqy was measured by using inte-
grating sphere (Quanta-¢ manual Rev C F-3029) as sample holder and
calculated by software (FluorEssence).

3. Results and discussions
3.1. Schematic of energy level and energy transfer

The energy level diagram for the DS-TTAUC trilayer device is shown
in Fig. 1b. The Ir(ppy)s:Alqs, DMPPP and ADN serve as the dark sensi-
tizer, TDSB and TTA emitter layers, respectively. Their molecular
structures and energy levels are illustrated in Fig. 1b and Fig. S1 (see
Supplementary Information), respectively. For efficient TTAUC process
(as Fig. S2), the TDSB layer was necessary and inserted between sensi-
tizer and emitter layers to prevent ADN singlet quenching by the Ir
(ppy)s:Alqs layer while maintaining a triplet diffusion route from
sensitizer to emitter [19,20]. The requirement for TDSB layer should
have no TTA or any upconversion ability to prevent the energy loss. In
this study, DMPPP was chosen as the TDSB material without TTA
capability [21]. In general, this sensitizer strategy is universal for
various sensitizer composition (such as perovskite and its quantum dot
[22], TADF and phosphorescence (Fig. S3)) to exhibit the efficient TET
and TTAUC processes, corresponding to the efficient electrolumines-
cence devices. In Fig. S3, the case Ir(ppy)s:Alqs sensitizer shows the
highest intensity and pure blue emission, which indicates the high-
efficiency TET and TTAUC processes. Hence, the following discussion
is focusing on this case. The singlet and triplet levels of Alqs are located
at 2.7 and 2.0 eV, respectively. Ir(ppy)s, with singlet and triplet energies
of 2.8 and 2.4 eV respectively, was doped into Alqgs to form the DS layer.
Note that the metal-to-ligand charge transfer state (:MLCT) absorption

of Ir(ppy)s does not overlap with the Alqs emission, so population
transfer to the singlet level of Ir(ppy)s can be neglected. The >MLCT
absorption spectrum of Ir(ppy)s overlaps with the emission spectrum of
Algs singlet, allowing Forster resonance energy transfer (FRET) from the
Alqs S; state to the Ir(ppy)s T; state with efficiency frrgr. Note that the
So-T; transition of Ir(ppy)s normally would be spin-forbidden but strong
spin-orbit coupling provides it with appreciable oscillator strength. The
Alqs T; state then acts as a triplet quencher for the Ir(ppy)3 T; state, most
likely through Dexter energy transfer with efficiency fpgr. In summary, a
singlet from Alqs can efficiently transfer its energy to its triplet state
through a Ir(ppy)s triplet state intermediate, providing an intermolec-
ular ISC channel for Algs.

3.2. Electroluminescent performances of DS-TTAUC OLEDs.

In conventional phosphorescent OLEDs, a wide bandgap material,
such as 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP), is typically used as a
host for Ir(ppy)s [23]. Ir(ppy)s doped Alqs thin films have only been
used as a purpose to probe the phosphorescence for Alqs in low-
temperature photoluminescence measurements [24-27]. For this DS-
TTAUC OLED, the device structure (Fig. 2a) is ITO / N,N’ diphenyl-N,
N’-bis(1-napthyl)-1,1’-biphenyl-4,4'-diamine (NPB, 50 nm)/ Ir(ppy)s:
Algs (5 nm)/ DMPPP (10 nm)/ ADN (10 nm)/ bathophenanthroline
(Bphen, 65 nm)/ lithium fluoride (LiF, 0.8 nm)/ aluminum (Al, 100 nm),
where ITO is anode, NPB is hole transporting layer (HTL), Ir(ppy)s: Alqs
is dark sensitizer (DS) layer, DMPPP is triplet-diffusion-singlet-blocking
(TDSB) layer, ADN is TTA emitting layer (EML), BPhen is electron
transporting layer (ETL), LiF is electron injection layer, and Al is cath-
ode. Trilayer structure of the EML aims to separate the carrier recom-
bination and photon emission zone, which reduces the TPQ, instead of
mixing them into one layer [18]. The thickness of DMPPP in this study is
set to 10 nm, based on the optimization of monitoring maximum blue
EQEs (Fig. $4).

The EL spectra of TTAUC OLED with a TDSB layer (device structure
of ITO/ NPB (50 nm)/ Algqs (5 nm)/ DMPPP (10 nm)/ ADN (10 nm)/
Bphen (65 nm)/ LiF/ Al) is shown in Fig. 2b. For comparison, two OLEDs
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Table 1

EQE performance of TTAUC OLED with various Ir(ppy)s; doping concentrations
at J = 3 mA/cm?, which around their maximum values. Blue and green emission
were separated from the EL spectra. Prompt and delayed fluorescence were
separated using TrEL. Blue and green EQEs were separated from EL spectra.

Doping EQE (Total) EQE (Blue) EQE (Green)

Prompt Delayed Prompt Delayed
0% 3.26% 0% 2.28% 0.892% 0.077%
1% 3.26% 2.75% 0.488% 0.031%
3% 3.10% 2.87% 0.191% 0.028%
8% 3.09% 3.06% 0.016% 0.013%
50% 2.73% 2.71% 0.000% 0.026%
100% 2.42% 2.35% 0.049% 0.021%

with structure of ITO/ NPB (50 nm)/ Alq3 (5 nm)/ Bphen (65 nm)/ LiF/
Al and ITO/ NPB (50 nm)/ ADN (10 nm)/ Bphen (65 nm)/ LiF/ Al were
fabricated to provide the pure Alqs and ADN EL spectra. The emission of
the TTAUC OLED consists of both green Alqs (peak at 534 nm) and blue
ADN (peak at 454 nm) contributions. Here, the sensitizer (pure Alqs)
was not “dark” and contributed to green emission. As shown in Fig. 2c,
incorporation of Ir(ppy)s concentration (from 1% to 100%) in the Alqs
matrix, EL spectra exhibits a decrease in green emission between 500
and 600 nm. Except for pure Ir(ppy)s case, these devices show almost
identical J-V characteristics, and divergent L-V characteristics (see
Fig. S5). The identical J-V behaviors indicated that the carrier trans-
portation and recombination were mainly relied on the Alqs molecules
rather than Ir(ppy)s molecules. The divergent L-V behaviors were
resulted from different TET abilities of these DS layers. When the mass
fraction of Ir(ppy)s was between 8% and 50%, the EL spectra almost
overlapped with ADN-based TTA OLED, i.e. pure blue emission. As
shown in inset of Fig. 2¢, the CIE coordinates of the TTAUC OLED with
doping ratios 8-50% were close to those of an ADN only device. Fig. 2d
and 2e show the TTAUC-OLED EQEs separated into blue and green
contributions based on the EL emission profiles of ADN- and Alqs-based
OLEDs shown in Fig. 2b. As the Ir(ppy)s doping ratio increased from 0%
to 8%, the blue EQE increased from 2.28% to 3.06% while the intensity
of the green (sensitizer) emission was reduced by a factor of 50
(Table 1). At higher Ir(ppy)s ratios (50%), the blue EQE decreased while
the green EQE reached its minimum value. At 100% Ir(ppy)s, the blue
contribution decreased to 2.35% and a green emission from Ir(ppy)s
reappeared. The blue-to-green ratio for EL device achieved its highest
value when the Ir(ppy)s doping ratio was 8%, as seen in Fig. 2f. Table 1
summarizes the EQE performance of each device. In addition, these
TTAUC devices take place the efficiency roll-off in high current density
regimes due to TPQ, especially in TTA blue EQE (Fig. 2d). Although the
high triplet density in high current density regime is good for generating
TTA photon, the polaron density is also high to make TPQ happen easily,
which leads the efficiency roll-off.
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3.3. TrEL characteristics

The physical origins of the blue and green emission components can
be clarified using TrEL measurements. The total EQE values in Table 1
can be separated into prompt and delayed components using time-
resolved measurements. A 450-nm short-pass and a 600-nm long-pass
filters were used to separate the blue and green contributions on EQE
as the spectra in Fig. 2b. The Alqs spectrum reached to 700 nm, which
was used to evaluate the contribution from Alqs green emission through
the 600-nm long-pass filter. The contribution from ADN emission was
deduced using the 450-nm short-pass filter. Fig. 3a shows the TrEL
measurements for the blue emission in DS-TTAUC OLED (the detail TrEL
results see Fig. S6-S8). A shortpass filter (A less than 450 nm) was
employed to filter out Alqs emission. The microsecond TrEL of the blue
emission for all doping ratios showed a single decayed signal, which
indicates that all the blue photons came from TTA originating from the
long-lived triplet state of ADN, not from the carrier recombination at
ADN or DMPPP layer. Without prompt fluorescence behavior of the TrEL
signal, the major carrier recombination zone was affirmed to locate at
the DS layer, and then the generated excitons energy transferred to be
ADN emission because of the aforementioned TTAUC process. In addi-
tion, a reversed bias (-6 V) was applied on the device during the TrEL
measurement to evaluate the carrier trapping effect by extracting the
carriers back to their original electrodes. The identical TrEL signals was
obtained indicating no concern on carrier trapping effect. The green
EQEs with prompt and delayed contributions are summarized in Table 1.
As the Ir(ppy)s doping ratio increased, the prompt TrEL of green emis-
sion originating from the Alqs singlet state decreased as shown in
Fig. 3b, indicating efficient energy transfer from Alqs to Ir(ppy)s, and
achieved its lowest value for 8% doping. Note that a little delayed
component of green emission was observed due to energy transfer from
the high-energy TTAUC excitons back to the low-bandgap DS materials.
At low doping concentrations (0-8%), the delayed components of the
green EQE (ranging from 0.077% to 0.013%) come from singlet energy
back transfer from the ADN S; to the Alqs S;. On the other hand, the
delayed green components (ranging from 0.026% to 0.021%) of the
heavy doping cases (50% and 100%) describe that the singlet energy
back transfer from the ADN S; to the Ir(ppy)s T;. The DMPPP insertion
layer reduced this singlet quenching effect on ADN but did not
completely eliminate it. For the pure Ir(ppy)s case (100%), a decrease in
the prompt signal may result from concentration quenching of Ir(ppy)s.
Fig. 3¢ shows the normalized TrEL of the blue component for DS-TTAUC
OLED with 8% Ir(ppy)s under different driving voltages. As the driving
voltages increased, the lifetime of the delayed EL decreased (see
Fig. S7g) because TPQ happened when electrons transported through
the ADN layer.

3.4. TRPL characteristics

The key to the improved performance of the DS-TTAUC OLED is the
efficient harvesting of singlet excitons formed in the Alqs layer. In order
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to selectively probe the singlet dynamics, optical excitation was con-
ducted to create an initial population of singlet excitons and monitor
their dynamics using TRPL. As shown in Fig. 4a, the singlet lifetime of
the Algs thin film decreased from 16.8 to 0.2 ns with the introduction of
8% Ir(ppy)s. From the rapid decay, the energy transfer rate kx| = 4.9 x
10° s7! can be estimated. In longer time windows, a nonexponential
component from the Ir(ppy)s emission was observed with contribution
less than 1%. This component likely reflects the small fraction of Ir
(ppy)s dopant molecules that are directly excited by the 400 nm pulse
but cannot undergo rapid TET to nearby Alqs molecules. TRPL experi-
ments were also conducted on the trilayer structure 8% Ir(ppy)s:Alqs
(30 nm)/ DMPPP (10 nm)/ ADN (30 nm). The trilayer exhibited the
dramatic bi-exponential decay shown in Fig. 4b. In addition to the rapid
decay of the Alqs layer, there is now a component that is longer-lived
than either Ir(ppy)s or Algs, which we assign to the TTAUC signal
arising from triplets created in the DS layer. The TRPL spectra of the
trilayer thin film for 0-10 ns, 0.1-1 ps and 1.2-4.1 ps time windows are
shown in Fig. 4c. A blue emission spectrum similar to ADN was observed
in all three time windows. The 0-0.7 ns emission is due to ADN mole-
cules directly excited at 400 nm, but the since a neat ADN thin film has a
PL lifetime shorter than 20 ns, the emission in later windows must arise
from TTA. Because ISC and singlet fission are negligible for ADN, the
source of these triplets must be the Ir(ppy)s:Algs-sensitizer layer where
they are rapidly created by intermolecular ISC.

With the ability of Ir(ppy)s to facilitate creation of Alqs triplets now
established, the next question is how efficiently are they transferred
across the TDSB layer to the ADN emitter layer. It is possible to estimate
these efficiencies from the EQE measurements. The EQE of the blue
signal from the TTAUC OLED can be defined as [18]:

7fe,xf1mn X (furipter + Fringter X frrer X foEr) XNpauc X Nproy X Soutcoupling

EQE
0 2

(€Y

EQEpuc

ft’xc[zon X triplet +f;inglet) ><fTET Xfﬂu[cupuling

Drrave = 2

Equation (1) describes the “blue delayed EQE” listed in Table 1. In
this equation, feyiton is the conversion efficiency from carriers to excitons
in the sensitizer layer, which is assumed to be 1 in our case. fsinger and
furipter are the fraction of electron-hole pairs converted into singlet and
triplet excitons of Alqs molecules and are assumed to be 25% and 75%,
respectively. #prqy is the quantum yield of singlet emission from ADN,
which is 33%. foutcoupiing is the outcoupling efficiency, which is assumed
to be 20%. Nrrauc is the intrinsic efficiency of the used triplets by TTAUC
in the ADN layer, which can be understood as the triplet number
outputted through TTAUC mechanism divided by the input triplet
number received from the TDSB layer [28]. ®rrayc in Eq. (2) is overall
quantum yield of the emitted photons that transferred from triplets to
singlets by TTAUC mechanism. Obviously, nrrayc can be obtained by
deriving from the Eq.1 and Eq. (2) to be 2®7rayc/nprqy- This describes
the triplet outputted efficiency through TTAUC mechanism including

the TTAUC-singlets even not become photon emission (depended on
nNprqy)- Hence, the theoretical maximum limit of nrrayc and ®rrayc are
100% and 50%, respectively. nrrayc is a constant for samples with
various Ir(ppy)s concentrations. One can estimate this nrrayc value from
the measured EQE with Ir(ppy)s = 0% and the assumed fjpier = 75%,
frrer = 0%, and fppr = 0%, respectively. Note that ISC of Alqs is negli-
gible. nrrauc for this TTAUC OLED is calculates to be 92.1% (the effi-
ciency of energy transfer from Alqs triplet to ADN singlet), which is the
highest value ever reported to our best knowledge [18].

For the case with DS (Ir(ppy)s# 0), as shown in Fig. 4, the Alqs
singlet state transfers energy to the Ir(ppy)s triplet though FRET with
efficiency frrer- Then the Ir(ppy)s triplet transfers the energy back to the
Alqgs triplet with efficiency fpgr. By assuming fpgr = 1 at lower Ir(ppy)s
concentrations (<8%), frrer can be estimated from the prompt green
EQE values using the following Eq. (3).

. Prompt EQEGeen (x%) kRadiative + KNon—radiative
F = =
PI'OIIlpt EQEGreen (0%) kRa(iia[[ve + kNun—rz/d[al[vr + kFRET
kFRET

=1

" KRadiative + KNon—radiaiive + krrer 1= foner @

Here fr is Alqs fluorescence intensity ratio for the Ir(ppy)s:Alqs
divided by the pure Alqs case. kradiative a0d knon-radiative are the radiative
and non-radiative decay rates of Alqs singlet, respectively. kgrgr is the
FRET rate from Alqs singlet to Ir(ppy)s triplet. From Eq. (4), frrer can be
estimated from the data in Table 1. The results are shown in Table S2.
frrer increased with increasing Ir(ppy)s and achieved almost complete
FRET (98%) with 8% Ir(ppy)s in Alqs.

kFRET 1

= 6
kRadiative + kNon-radiative+krrer 1 + (R%)

4

fFRET =

By using the fprer values in Table S2, along with fpgr = 1, Nrravc =
92.1%, and 7prqy = 33%, the calculated EQE for the TTAUC OLEDs with
dopant concentrations of 0, 1%, 3%, and 8% values agreed well with the
experimental results, showing that the data from the TRPL and EQE
measurements are self-consistent. At 8% doping, with fgrer ~ 1 and fpgr
=1, all the 25% singlet excitons from Alqs are converted into triplets,
leading to a 1.33-times ((25%+75%)/75%) improvement in the TTAUC
emission relative to the ADN-only device. This improvement, close to
the theoretical limit, shows that intermolecular ISC is a remarkably
effective strategy for turning singlets into triplets without appreciable
loss (Table S2).

3.5. Efficiency enhancement on DS-TTAUC OLED

Further efficiency improvement of the DS-TTAUC OLED is possible
by introducing emitter materials with higher nrrayc and npqy values. To
demonstrate this capability, we replaced the ADN with a DPaNIF:NPAN
mixed layer [29,30]. To enhance the radiative rate for TTAUC singlet
exciton, the blue emitter DPaNIF (y7prqy of 97.4%) was doped into the
anthracene-based TTA host NPAN (nrrauc of 77.4%). The molecular
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Fig. 5. (a) Device structure. (b) Current efficiency (CE), power efficiency (PE), external quantum efficiency (EQE) versus current density and (c) time-resolved EL of

high efficiency DS-TTAUC OLED.

structures and photophysical properties of NPAN and DPaNIF are shown
in Fig. S9(a). The device structure of this high-efficiency DS-TTAUC
OLED was ITO/ 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC,
40 nm)/ NPB (10 nm)/ Ir(ppy)s: Algs (5 nm)/ DMPPP (10 nm)/ DPaNIF:
NPAN (125 nm, 3%)/ 1,3,5-tri(m-pyridin-3-ylphenyl)benzene
(TmPyPb, 45 nm)/ LiF (0.8 nm)/ Al (100 nm), where TAPC and NPB
are HTLs, DPaNIF: NPAN is TTA EML, TmPyPb is ETL, as shown in
Fig. 5a. For this device, an EQE of 7.54% was obtained as shown in
Fig. 5b. The exciton lifetime accelerated from 5.1 ns (NPAN film) to 3.2
ns (DPaNIF: NPAN mixed film) which is consistent with a higher radi-
ative rate, which is promising as EML for high efficiency DS-TTAUC
OLED. The highest current efficiency (CE), power efficiency (PE) and
EQE reached 9.83 cd/A, 7.33 Im/W and 7.54%, respectively, with CIE
coordinates of (0.13, 0.20). TrEL measurements in Fig. 5S¢ show that all
EL signals originated from delayed fluorescence without any prompt
component, which confirmed the dominant contribution of triplet ex-
citons via the TTAUC process. Using equation (1) and assuming an
outcoupling efficiency (foutcoupling) Of 0.2, 7proy of 0.97, fraction of
electron-hole pairs converted into triplet excitons (fiiplet + fsingler) of 1
and exciton formation probability (fexciton) Of 1, the calculated nrrayc of
the DS-TTAUC OLED decreased from 92.1% to 77.4%. This might
attributed to the disruption of favorable packing of the TTA host by
dopant incorporation, which would slow down TTA and is consistent
with the longer triplet lifetime at J = 1 mA/cm? in Fig. S9g [31].
However, the calculated ®rrayc by Eq. (2) increased from 15.1% to
37.6% due to higher npiqy of the emitter layer, and this ®rrayc is the
recorded-high value in solid state.

4. Conclusions

We have demonstrated that incorporating phosphorescent Ir(ppy)s
into a fluorescent Alqs matrix creates a dark sensitizer (DS) layer that
generates triplets with high efficiency for OLED applications. By using
the DS layer, both device efficiency and color performance of blue
TTAUC OLEDs were improved relative to fluorescent (Alqs) or phos-
phorescent (Ir(ppy)s)-sensitized OLEDs. Compared to a conventional
blue TTA OLED, DS-TTAUC OLED showed similar color performance but
exhibited higher efficiency due to efficient utilization of singlet excitons.
The kinetic model and transfer rates were evaluated from TrEL and TRPL
data, indicating nearly 100% energy transfer from the Algs singlet to its
triplet state for 8% Ir(ppy)s in Alqs. We showed this approach could be
extended to other device compositions, suggesting that it can be a
general strategy for improving blue OLED performance.
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