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Abstract: Although organic light-emitting diodes (OLEDs) have been commercialized and become popular in
smartphone, the vacuum deposition process makes them too expensive for mass production and less cost-effective.
Herein, we employed highly emissive platinum complex as the sensitizer and multi-resonant thermally activated
delayed fluorescence (MR-TADF) molecules as the emitters to demonstrate highly efficient, high color purity, and
solution-processed OLEDs with the alleviated efficiency roll-offs. The triplet excitons are rapidly converted to singlet
excitons assisted by the phosphorescent sensitizer. Attributed to the reduced triplet exciton lifetime induced by the
phosphorescent sensitizer, the MR-TADF OLEDs exhibited a maximum external quantum efficiency (EQE) of
13.2% with a low efficiency roll-off of 25.8% at 1 000 cd/m>. To reduce Dexter energy transfer between
phosphorescence sensitizer and the emitter, an analogue TADF emitter with the peripheral bulky blocking units was
employed, which rendered an improved maximum EQE of 13. 6%. This investigation presents a general approach to

realize high-performance solution-processed electroluminescence.
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1 Introduction

In recent years, there has been an increasing re-
search on organic light-emitting diodes (OLEDs)"".
Due to the fascinating features, such as spontaneous
emission, flexibility, wide color gamut, wide viewing
angles, and rapid response, OLEDs have been wide-
ly recognized as the next generation of advanced dis-

[4-6]

play technology™. OLEDs will be widely applied in

terminal products such as solid-state lighting, TV,

[7-10]

smartphones, tablets, and so on For display ap-
plications, how to simultaneously achieve high effi-
ciency, high color purity, and low efficiency roll-off
is still an appealing issue that needs to be addressed
urgently.

To achieve high efficiency, it is necessary to
achieve high utilization ratio of excitons"'""”. Under
the electric field, an organic emitter typically gener-
ates 25% singlet excitons and 75% triplet excitons,
according to the spin statistics. Fluorescent materi-
als typically utilize only 25% of the electrically gen-
eration excitons, i. e., singlets, resulting in a rela-
tively low exciton utilization rate. In contrast, phos-
phorescent molecules, benefiting from the heavy at-
om effect, can enhance spin-orbit coupling and thus
achieve 100% utilization efficiency of excitons™.
With the molecular engineering, researchers have
designed and synthesized numerous thermally acti-
vated delayed fluorescence (TADF) molecules and

. 4-
hot-exciton molecules"*"”

The triplet excitons of
these molecules, due to their ability to convert triplet
excitons into singlet excitons, can be harvested for
photon generation. With the multiple resonance
(MR) effects in TADF molecules, the unity utiliza-
tion of triplet excitons and bright emission with the
narrow spectral bandwidth could be simultaneously
achieved. In 2016, Hatakeyama et al. firstly pro-

posed the molecular design strategy of MR-TADF"",

W LUl AL ZE IR BMIE RER SO A HL AL A

Such molecules generally exhibit a very high photo-
luminescence quantum yield (PLQY) and a small full-
width at half-maximum (FWHM) less than 40 nm,
which is advantageous for improving color puri-

[19-20]

ty In recent years, the development of MR-

P22 leading to the cre-

TADF materials is booming
ation of highly efficient and narrowband OLEDs.
Sensitization strategies represent another effec-
tive approach to achieve highly efficient and low effi-
ciency roll-off OLEDs™'. The key to this approach
lies in the selection of the sensitizers. After captur-
ing excitons by sensitizers, the emitters can generate
photons via energy transfer from sensitizers to emit-
ters, thereby increasing the proportion of singlet exci-
tons of TADF molecules®™™'. Sensitizers generally
exhibit PLQYs and rapid radiative transition rates.
The common sensitizers for OLEDs currently in-
clude TADF molecules, hot exciton molecules, and

[26-29] .
. Moreover, triplet-

phosphorescent molecules
triplet annihilation (TTA) is an effective mechanism
for exciton utilization. In such process, two triplet
excitons can combine with each other to form a high-
energy singlet exciton™. According to the character-
istics of such molecules, this mechanism plays a sig-
nificant role in improving the efficiency roll-off un-
der high current conditions””. For TADF molecules
as sensitizers, excitons in the triplet states undergo a
rapid reverse intersystem crossing (RISC) process,

32 o .
B2 In a sensitized

transforming into singlet excitons
emitting layer, Forster resonance energy transfer
(FRET) frequently plays a dominant role in radiative

¥ For instance, the theoretical upper limit of

emission
exciton utilization ratio for fluorescent molecules is only
25%, with a maximum device efficiency of ca. 5%.
However, by employing sensitization approach, it is pos-
sible to surpass the efficiency limitations of fluorescent
molecules and achieve 100% exciton utilization™.

Many highly efficient hyperfluorescent devices have
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been realized based on this method™. Introducing
phosphorescent molecules as sensitizers in the
emissive layer of OLEDs is another method to fully
utilize excitons owing to the FRET process from the
triplet state of phosphor-sensitizer to the singlet state
of the emitter™”. At present, OLED based on Ir
(II') and Pt( II ) complexes based sensitizers have
been demonstrated™ ™.

As mentioned above, MR-TADF molecules are
very attrative due to their characteristics of high effi-
ciency and high color purity. However, the mole-
cules often possess long exciton lifetime, which
would lead to serious efficiency roll-off under high
driving current™”. The issue could be addressed by
introducing the sensitizers with short exciton life-
time'*'. So far, the majority of high-performance MR-
TADF OLEDs have been fabricated by vacuum depo-
sition. Nevertheless, this processing technique is as-
sociated with the expensive equipment, complicated
procedures, and low material utilization™*!. Solu-
tion processing is an alternative method for large-ar-
ea OLED mass production, offering unique advantag-
es such as operation at room temperature and atmo-
spheric pressure, as well as material saving. It repre-
sents a more cost-effective approach for commercial-
ization. However, it is challenge to design and dem-
onstrate the solution-processed high-performance
MR-TADF OLEDs with the simplified structures.

Herein, we proposed an effective strategy of em-
ploying the blue tetradentate platinum phosphores-
cent complex PtON1 as a phosphor-sensitizer for the
solution-processed blue MR-TADF OLEDs with high
efficiency, alleviated efficiency roll-off and narrow-
band emission. PtON1 features the outstanding
emission characteristics with a high PLQY and a
short exciton lifetime, which are highly required as a
sensitizer. When using the blue MR emitter of Cz-
BN with the expanded conjugation skeleton, the max-
imum external quantum efficiency (EQE) of the so-
lution-processed OLED reached 13. 2%, and the effi-
ciency roll-off was only 25.8% at a brightness of
1 000 cd/m’. To further enhance device efficiency
and suppress Dexter energy transfer (DET) between

the sensitizer and guest emitter, the tert-butyl-modi-

fied CzBN, i. e. , BCzBN, was utilized as the emitter.
Following sensitization, the maximum EQE was fur-

ther increased to 13. 6%.

2  Experiment

2.1 Materials

The modified hole injection layer, i. e., PEDOT:
PSS-HJ-1 was purchased from Jinghang Optoelectron-
ics (Shenzhen) Corporation. The electron injection
material lithium 8-hydroxyquinolinolate (Liq) was pur-
chased from Xi’”an Polymer Light Technology Corpora-
tion. The host materials 1, 3-bis ( carbazol-9-yl) ben-
zene (mCP), the electron transporting materials 1,3,5-
tri (m-pyrid-3-ylphenyl) benzene (TmPyPB), and the
hole blocking layer bis[2- (diphenylphosphino ) phenyl]
ether oxide (DPEPO) were purchased from Lumines-
cence Technology Corporation. The phosphor-sensitiz-
er (PtON1) and MR-TADF emitters (CzBN and BCz-
BN) were synthesized by our group according to litera-
ture. All the purchased materials were used as re-
ceived without further purification.
2.2 Photophysical Measurement

UV-Vis absorption spectra were recorded on a
Shimadzu UV-2700 spectrophotometer. Photolumi-
nescence (PL) spectra were processed on a Hitachi
F-4600 fluorescence spectrophotometer. The tran-
sient PL. decay curves were obtained by FluoTime
300 (PicoQuant GmbH) with a Picosecond Pulsed
UV-LASER (LASER375) as the excitation source.
The absolute PLQYs were performed with a Quantau-
rus-QY measurement system (€9920-02, Hamamat-
su Photonics), and all the samples were excited at
300 nm.
2.3 Transient PL Spectra Fitting Method

7, and 7 represent the prompt and decay fluo-
rescence lifetimes, respectively, which were deter-
mined from the transient PL decay spectra based on

the following below equations:

I(t) — Ale(frl‘r,) +Aze(f‘r/rz) + A3€(_T/T‘), (1)
S AT}

— i z’ 2

r =200 e

where (1) is the fitted function of the measured tran-
sient PL. decay spectra, A; is the constants for life-

time 7;, and the average lifetime 7, is calculated
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from Eq. (2).
2.4 Device Fabrication and Characterization
The indium-tin oxide (ITO) coated glasses were
used as the substrates. Firstly, the substrates were
cleaned by ultrasonic treatment in acetone and ultra-
sonic ethanol, consecutively. Afterwards, the sub-
strates were dried with N, and treated in a UV-ozone
chamber for 20 min. The PEDOT: PSS-HJ-1 was
spin-coated at 4 000 r/min on the ITO substrates and
then annealed at 120 °C for 10 min inside the N,-
filled glovebox. The emissive layer was prepared by
mixing the mCP (10 mg/mL), PtON1 (5 mg/mL)
and MR-TADF (CzBN, BCzBN) (1 mg/mL) in chlo-
robenzene solution to meet the weight ratio of 99:0:
1,94:5:1,79:20:1 and 69:30: 1, then spin-coated
at 1 000 r/min for 30 s onto the hole injecting layer
PEDOT: PSS-HJ-1, and then annealed at 50 C for
10 min. The other layers, including DPEPO (10 nm),
TmPyPB (50 nm), Lig(1 nm), and Al (100 nm) were
consecutively thermally evaporated in a high vacuum
chamber. Afterwards, all the devices were tested at

ambient air after encapsulation with UV-curable resin.

The EL spectra and the current density-voltage-lumi-
nance (J-V-L) characteristics were simultaneously re-
corded by a PR735 fluorescence spectrophotometer
and a computer-controlled source meter (Keithley

2400).

3 Results and Discussion

In order to investigate the phosphorescent sensi-
tization strategy for enhancing exciton utilization, im-
proving device efficiency, and alleviating efficiency
roll-off, the energy transfer mechanisms of the phos-
phor-sensitized emitting layer are schematically de-
picted in Fig. 1(b). Meanwhile, the chemical struc-
tures of the host, the phosphor-sensitizer, and the
emilters are shown in Fig. 1(a). Herein, PION1 was
employed as the sensitizer'™, while CzBN and BCz-
BN were two narrowband MR-TADF molecules™.
For MR-TADF materials, their long triplet exciton
lifetimes could be magnituded of tens or even hun-
dreds of microseconds. This would lead to signifi-
cant exciton quenching and thus result in low exci-

ton utilization.

(
*) Host Sensitizer (@O) o
7 \
Q‘N\)QN o S _\ . FRET
SavRS e -
\
mCP PION1 i E 5,
DET o
- T
MR-TADF Emitter
A ; N
B’
B’ N, N:
Ao+ oY s
mCP PON1 MR-TADF

BCzBN CzBN

Fig.1 (a) Chemical structures of the molecules used in the emitting layers. (b) Schematic diagram of energy transfer mecha-

nisms in the sensitized system

As shown in Fig. 1(b), the key aspect of energy
transfer was FRET from PtON1 to MR-TADF mole-
cules. In the PtON1 sensitized OLED, the T, energy
level of mCP is 2. 91 eV, which is higher than the S,
energy level of PtON1 (2. 82 eV). Meanwhile, the T,
energy level of PtON1 (2. 74 eV) is higher than the S,
energy level of CzBN (2.59 eV) and BCzBN (2. 49
eV ), respectively. The singlet excitons of mCP could
be transferred to the singlet excitons of PtON1 through
long-range FRET processes. Since PtON1 exhibits

more efficient radiative decay from the triplet state, an
additional channel of FRET turns to be possible and
more efficient, right from the triplet state of the sensi-
tizer to the singlet state of MR-TADF molecule assisted
by the well-matched spectral overlap shown in Fig. 2.
This is because the sensitizer PtON1 displayed exciton
lifetime of only a few microseconds, much shorter than
the MR-TADF emitters. Therefore, Dexter energy
transfer is inefficient as the terminal emitter is slightly

doped. The triplet excitons in the sensitizer can
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quickly transfer to the MR-TADF emitters under

photoexcitation or electroexcitation. This not only
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enhances the exciton utilization but also suppresses

efficiency loss at high brightness.
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300 K) , respectively. The cases of PtON1 were provided for comparison. Normalized PL spectra of the sensitized films
with CzBN(c¢) and BCzBN(d). The PL spectra of the binary host: guest films with PtON1 and the MR-emitters were pro-

vided as reference, respectively

To demonstrate the potential for more effective
FRET between the PtON1 and the emitter, it was
necessary to ensure a significant overlap between the
PL spectrum of the phosphor-sensitizer and the ab-
sorption spectra of the emitters. Meanwhile, main-
taining appropriate molecular distance between the
sensitizer and the guest molecule was crucial to in-
hibit non-radiative DET processes. The intermolecu-
lar distance can be regulated by controlling the sen-
sitizer doping concentration or introducing guest mol-
ecules with sterically hindering groups. The ultravio-
let-visible (UV-Vis) absorption and photolumines-
cence (PL) spectroscopy of the sensitizer PtON1 and
the MR-TADF molecules CzBN and BCzBN were de-
picted in Fig. 2(a) and 2(b). The large overlap be-
tween the PL spectrum of PtON1 and the absorption
spectrum of CzBN or BCzBN indicated potentially
FRET from PtONI1 to the MR-TADF emitters. To

prove complete FRET process, the PL spectra were
further recorded from the films of mCP: 5% (wt, the
same below) PtON1:1% CzBN or BCzBN and mCP:
5% PtON1 (Fig. 2(c) and 2(d). In the doped films,
the main emission peak of PtON1 was located at 461
nm with a FWHM of 57 nm, since its PL spectrum
was quite broad ranging from 420 nm to 600 nm. The
emission peaks of the films with mCP: CzBN and mCP:
BCzBN were located at 483 nm and 490 nm, respec-
tively. In the sensitized films, the PL spectra of the
films were narrowed down to 32 nm and 29 nm, re-
spectively. The PL spectra of the PtON1 sensitized
CzBN and BCzBN films were almost identical to that
of the MR emitters, respectively. This indicated that
the complete energy transfer had occurred between
PtON1 and CzBN, as well as PtON1 and BCzBN. The
detailed photophysical data for PtON1, CzBN and
BCzBN were compared in Tab. 1.

Tab.1 The photophysical properties of the phosphorescent sensitizer and MR-TADF emitters

Materials PL,, /om" S,/T /eV" HOMO/LUMO/eV* PLQY/%" 7 /7,/(ns/s)” b/ (10 7)1
CzBN 483 2.59/2. 47 -5.62/-2.91 99 6.7/52.8 1.69
BCzBN 490 2.49/2.38 -5.55/-2.90 95 5.8/98.3 1.48
PtON1 461 2.82/2.74 -5.29/-2.26 82 N.A./2.2 N. A.

“Photoluminescence peak wavelength measured in the doped film with a host of mCP. "These values were obtained from the literature

“HOMO: highest occupied molecular orbital and LUMO: lowest unoccupied molecular orbital. These values were obtained from the literature

[44-45]

[44-45]

“Measured in the doped mCP film. “Prompt and delayed fluorescence (or phosphorescence for PLON1) lifetime measured in the doped mCP films.

f . . .
Reverse intersystem crossing rate constant. N.A.: not available.
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Furthermore, as shown in Fig. 3(a) and 3(b), the
PL spectra and PLQY of mCP:x% PtON1:1% CzBN
or BCzBN films (x = 0, 5, 20, 30) were tested (also
shown in Tab. S1). Even with a high doping con-
centration up to 30%, the PL emission primarily
originated from the radiative processes of CzBN and
BCzBN, respectively, further confirming complete
energy transfer between PtON1 and the guest mole-
cules. Nevertheless, the higher PtON1 concentration
led to a slight red-shift in emission and a slight
spectral broadening. In the mCP:PtON1: CzBN films,
the emission peaks red-shifted from 483 nm to 489 nm,
accompanied with the slight enlarged FWHM to
35 nm. In contrast, in the mCP: PtON1: BCzBN films,

(a) 5000 F
. mCP: PtON1 : CzBN
5 4000 - +99:0:1
= ~94:5:1
g 30001 +79:20:1
g - 69:30:1
£ 2000 |
—
=9

1000 |

O P W s L

400 450 500 550 600
A/nm
10°

(¢) mCP: PtON1 : CzBN
= 107 —99:0:1

= —94:5:1

§ 102 —79:20:1

= —69:30:1

g 1073 EX: 373 nm
= 1 EM: 510 nm
=

z

107

0 300

107

600
t/ps

the PL peak wavelength shifted from 490 nm to
494 nm. As the PtON1 weight ratio increased from
0% to 30%, the PL intensity of mCP: PtON1: (CzBN
or BCzBN) gradually decreased, possibly due to the
concentration quenching of PtON1 itself. The PLQYs
of mCP: 1% (CzBN and BCzBN) films was as high as
99% and 95%, respectively. However, for mCP:30%
PtON1:1%(CzBN and BCzBN) films, the PLQY de-
creased to 83% and 84% (see Tab. S1). Additionally,
the PL spectra of PtON1 in mCP with different doping
concentrations were tested. At the doping concen-
tration of 5%, 20%, and 30%, the peak wavelengths
were observed at 461, 464, 468 nm, respectively (see
Fig. S1).

(b)
5000 |- mCP: PtON1 : BCzBN
3 R -99:0:1
5 4000 ~04:5:1
B i +79:20:1
= 3000 ~69:30+1
Q
£ 2000
—
& 1000
0 1
400 450 500 550 600
A/nm
0
(d) 10 mCP: PLONT : BCZBN
10! —99:0:1
g 10 —94:5:1
£ 107 —79:20:1
E —69:30:1
R EX: 373 nm
'Té 10 EM: 510 nm
(=]
Z 10—5 n
10 - :
0 300 600 900 1200
t/ws

Fig.3 PL spectra of the emitting layers with different sensitizer concentrations, mixed with the guest emitters of CzBN (a) and

BCzBN (b) , respectively. Transient PL spectra of the sensitized films with CzBN (¢) and BCzBN (d) , respectively, de-

tected at 510 nm under the excitation of 373 nm UV light

To investigate the excited states decay process in
the films without and with the sensitizer, the transient
PL decay curves were measured and shown in Fig. 3(c)
and 3(d), respectively. As PtON1 doping concentration
increased from 0% to 30%, the prompt lifetime gradually
increased, and the delayed lifetime decreased, which
clearly verified the proposed luminescent mechanisms
shown in Fig. 1(b). The extended prompt decay life-
time indicated the exciton transfer from the triplet state
of PtON1 to the singlet state of MR-TADF emitter.
Concurrently, the shortened delayed lifetime was

presumably due to the promoted triplet up-conversion

of the MR-TADF emitter via RISC process, in the
perturbation of the fast decay of PtON1.
Experimentally, for the PtON1 sensitized CzBN
films, the delayed lifetime changed from 52.8 s to
24.2 s, and for the PtON1 sensitized BCzBN films,
it dropped solidly from 98.3 s to 57.4 ps. In the
30% PtON1 sensitized CzBN and BCzBN systems, the
rates of FRET (kpger) were 1.1 X 10° s and 3.2 X
10° s7', respectively, significantly surpassing the rates
of kpiscfor the MR emitters. To demonstrate efficient
FRET, we chose 450 nm as the detection wavelength

to monitor the changes of the exciton lifetime of
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PtON1. At this wavelength, there was almost no emis-
sion from CzBN and BCzBN, while PtON1 still dis-
played strong emission. As shown in Fig. S2, we ex-
amined the transient PL decays of mCP:30% PtON1
and mCP: 30% PtON: 1% (CzBN and BCzBN), re-
spectively. The averaged exciton lifetime of mCP:
30% PtON film was 1.6 ws, and those of the PtON1
sensitized CzBN and BCzBN films were shortened to
564.9 ns and 259.5 ns, respectively. This further
confirmed the effective FRET process between the
sensitizer and the emitters. It is because the emission
of PtON1 was efficiently quenched at the presence of
the MR-TADF. Additionally, the transient PL spectra
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3| mo =
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£ =

= =
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of mCP: PtON1 in film at higher doping concentra-
tions indicated the faster radiative decay of the triplet
excitons(see Fig. S3).

To evaluate the electroluminescence (EL) of PtON1,
the solution-processed OLEDs were fabricated based on
the general configuration of indium tinoxide (ITO)/
modified poly( 3,4-ethylenedioxythiophene ) -doped poly
(styrene sulfonate) (PEDOT: PSS-HJ-1) (50 nm)/mCP:
(5% for Device A1, 10% for Device A2, 20% for Device
A3, and 30% for Device A4, respectively) PLON1/DPEPO
(10 nm)/TmPyPB (50 nm)/Liq(1 nm)/Al (100 nm).
The device structure was illustrated in Fig. 4(a). The EL

data had been summarized in Tab. 2.

1LOF
mCP: PtON1
Z08} ---95:5
g -4+-90:10
Z o6l ~-80:20
g +-70:30
<5]
T 04r 4
T“ |
£ 02 j
=)
z /
0E" s R — = =
400 500 600 700 800

A/mm

10'

mCP:PtON1
*-95:5 480:20
“4-90:10 <+-70:30

External quantum efficiency/%

0.01 0.1 1 10
Current density/(mA -cm™)

Fig.4 (a)Energy level alignment of the devices. EL performance of the devices A1-A4, respectively. Normalized EL spectra(h) ,

current density-voltage(c), luminance-voltage curves(d), and external quantum efficiency-current density curves(e)

Tab.2 Summary of the EL data of the devices A1-A4 with different doping concentrations of PtON1 in mCP

Device V.V EQE,, "% CE,, /(ed-A™) A'mm CIE (x, y)* FWHM/nm
Al 5.5 8.4 16. 8 476 (0.19, 0.28) 92
A2 5.5 12.3 25.3 477 (0.19, 0.30) 91
A3 5.0 17.9 37.3 478 (0.19, 0.31) 93
A4 4.0 14.3 14.3 480 (0.20, 0.34) 101

‘Driving voltage at 1 ¢d/m*. "Maximum EQE. ‘Maximum current efficiency. ‘EL peak wavelength. “The Commission International de I’ Eclairage

(CIE) 1931 color coordinates recorded at 8 V. "Full-width at half-maximum of EL spectrum.

At a low doping concentration of 5%, the device
A1 with PtON1 as guest emitter displayed a EL peak
at 462 nm with a broad FWHM of 91 nm. As the dop-

ing concentration of PtON1 increased, the EL spec-

trum was gradually red-shifted, following an increase
in FWHM (see Fig. 4(b)). Fig. 4(¢) and 4(d) pre-
sented the current density-voltage (J-V) and lumi-

nance-voltage (L-V) characteristics of the devices A1-
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A4, respectively. The current density gradually in-
creased with the increasing doping concentration of
PtON1. As shown in Tab. 2, the turn-on voltage was
5.5V for the device A1 with 5% PtON1 and then de-
creased to 4.0 V for the case with 30% PtONI1 in
mCP. The improvement was likely attributed to the
high mobility of PtON1. At a concentration of 20%, i.
e., the device A2, the maximum EQE reached
17.9%. As indicated in Tab. 2 and Fig. 4 (¢), the
overall EL. performances have been remained at high
doping concentration of PtON1, which would ease the
device fabrication and reduce batch-to-batch deviation.

To exemplify the performance of PtON1 as the
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sensitizer, the solution-processed OLEDs with the
blue MR-TADF emitter of CzBN were fabricated
firstly while the organic materials (see Fig. 5(a))
above the emissive layer were consecutively evapo-
rated to guarantee the excellent morphology and
charge transport. The device structure was identical
to the previous one mentioned above, except for the
emissive layer, which was composed of mCP: (0%
for Device B1, 5% for Device B2, 20% for Device
B3, and 30% for Device B4, respectively) PtON1:
1% CzBN. The doping concentration of the MR-
TADF emitter was fixed at 1% due to the serious

concentration quenching effect.
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(a)Chemical structures of thermally evaporated organic materials used in this investigation. (b) Normalized EL spectra of

the devices B1-B4 with mCP: PtON1 (0%, 5%, 20%, and 30%, respectively) : CzBN as the emitting layers. Current

density(c¢) and luminance(d) vs. driving voltage curves. (¢) EQE vs. luminance curves of the devices

Fig. 5(b)=5(e) compared the EL spectra, J-V-L
characteristics, and EQE-J curves of the devices B1-B4
with CzBN. The EL spectra were basically consistent
with their PL spectra of films under photoexcitation,
manifesting completely energy transfer from PtON1 to
CzBN. Upon increasing the doping concentration of the
sensitizer PtON1, the peak wavelength of the device
with CzBN was shifted from 480 nm to 486 nm, followed
with the enlarged FWHMs from 29 nm to 36 nm. This
was due to aggregation and intermolecular interaction of
the sensitizer. As the doping concentration of PtONT in-
creased, the current density increased. The device B4
with 30% PtON1: 1% CzBN in mCP achieved the low-

est turn-on voltage of 4.5 V, attributed to excellent

As shown in
Fig. 5(e), the device B4 obtained the maximum EQE of
13.2% and the lowest efficiency roll-off of 25. 8% at

charge transport properties of PtONT.

1 000 cd/m’, demonstrating superior performance, com-
pared with those of the device B1 without the sensitizer.
The alleviation of the efficiency roll-off of the device B4
was mainly attributed to the sensitization by PtONI,
which reduced the exciton lifetime and accelerated the
triplet harvesting. Thereby, the alleviated efficiency roll-
off was achievable.

In phosphorescence-sensitized OLEDs, the dis-
tance between the PtON1 and the MR emitter signifi-
cantly influenced the DET process. Therefore, DET
can be inhibited by using BCzBN with the steric
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hindrance effect, aiming to reduce energy loss. BCz-
BN and CzBN had the similar molecular skeleton.
As shown in Fig. S4, the devices were constructed
with 1% BCzBN as the MR-TADF emitter. As
shown in Fig. S4(a), the EL spectrum of the device
C1 without PtON1 is almost identical to that of the
device C2. The EL spectra of the devices C3-C4
were slightly red-shifted. In Fig. S4(b) and S4(c¢),
with the increasing concentration of PtON1, the ten-
dency in current density and brightness for the devic-
es C1-C4 were similar to those of the devices B1-
B4, which were related to the enhanced charge trans-
port at the presence of PtONT.

Moreover, owing to the steric hindrance of the
peripheral groups in BCzBN, the distance between the

sensitizer and MR-TADF emitter was increased, sup-

pressing DET between PtON1 and the MR-TADF
emitter. When PtON1 was fixed at 30%, the sensitized
device realized the maximum EQE of 13.6%. How-
ever, the FWHM was slight enhanced to 36 nm due to
the bathochromic shift of PtON1 as the high doing
concentration. Compared with the device C1 with
PtON1, the devices C2-C4 rendered the alleviated
efficiency roll-offs at 1 000 cd/m? (see Tab. 3). The
exciton utilization efficiency was estimated and com -
pared in Tab. 3. For example, the exciton utilization
efficiency of the devices B4 and C4 are 53. 0% and
54. 0%, respectively. This indicates that the low ex-
citon utilization efficiency limits the device efficiency
although the PLQY of the emissive layer is high. Most
likely, it is attributed to the imbalance of charge carrier

injection into the emissive zone.

Tab.3 Summary of the EL data of the device series B1-B4 and C1-C4

Device  V.'/N  EQE,'/% CE_/(cd-A") A'nm  CIE (x,y)* FWHM"nm Roll-off/% 0.,.1%
B1 6.5 10.7 17.5 480 (0.12, 0.29) 33 N. A. 36.0
B2 6.0 10. 4 18.7 482 (0.12, 0.32) 36 53.8 36.9
B3 5.0 12.9 24.8 486 (0.13, 0.30) 39 43.4 50.6
B4 4.5 13.2 25.9 486 (0.13,0.36) 40 25.8 53.0
Cl1 6.5 11.8 22.2 488 (0.11, 0.38) 33 N.A. 41.4
C2 6.0 10.2 19. 8 488 (0.11, 0.39) 33 62.7 38.2
C3 5.0 11.7 24.3 492 (0.12, 0.40) 36 49.6 44. 8
C4 4.5 13.6 28.9 492 (0.12, 0.43) 36 45.6 54.0

‘Driving voltage at 1 ¢cd/m”. "Maximum value of external quantum efficiency (EQE). “Current efficiency (CE). "EL peak wavelength. “The Com-

mission International de I’ Eclairage (CIE)1931 color coordinates recorded at 10 V. 'Full width at half-maxima of EL emission. *Efficiency roll-off

at 1 000 cd/m”. N.A.: not available. "Exciton utilization efficiency assuming the ideal charge balance and an out-coupling efficiency of 0.3.

4  Conclusion

In summary, we have demonstrated the efficient
solution-processed blue narrowband OLEDs with the
alleviated efficiency roll-offs by introducing the PtON1
phosphorescent sensitization with the short exciton life-
time. In addition, the intermolecular distance regulat-
ed by either the sensitizer doping concentration or ste-
ric hindrance effect of the guest molecule is useful to
promote FRET. The detailed TRPL analysis reveals
the phosphorescent sensitizer PtON1 efficiently facili-
tated the faster FRET process, converting triplet exci-
tons to singlet excitons, in contrast to the slow RISC
process on the MR emitter itself. This approach miti-

gates energy loss caused by exciton quenching, conse-

quently enhancing exciton utilization efficiency. The
solution-processed narrowband blue device exhibited
the small FWHM less than 40 nm, high EQE of
13. 2%, and small efficiency roll-off of 25. 8% when
PtON1 was used to sensitize CzBN. Moreover, inhibit-
ing DET process from sensitizer to MR-TADF emitter
BCzBN with the steric hindrance groups turns to be
feasible. Consequently, the efficiency of the PtONI1-
sensitized BCzBN device was further improved to
13. 6%. This provides a cost-effective route to regulate

the electroluminescent performance of OLEDs.

Supplementary Information and Response Letter are
available for this paper at: http:/cjl. lightpublishing. ¢n/
thesisDetails#10. 37188/CJL. 20240049.
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