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Purely organic phosphor sensitization for
efficiency improvement in yellow fluorescent
organic light-emitting diodesf
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Utilization of a purely organic based room-temperature phosphorescent (RTPH) emitter as a sensitizer

was studied by employing it in yellow fluorescent organic light-emitting diodes (OLEDs). The RTPH

sensitizer can harvest radiative triplet excitons and would transfer them to the yellow fluorescent dopant

for efficient fluorescence, just like a conventional phosphorescent sensitizer. The selected RTPH material
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was 3-(9H-carbazol-9-yl)-10-(p-tolyl)-10H-phenoselenazine (PSez9Cz), which emits at 507 nm by
phosphorescence, and the fluorescent dopant was 2,8-di-tert-butyl-5,11-bis(4-tert-butylphenyl)-6,12-
diphenyltetracene (TBRb). The maximum external quantum efficiency of the yellow fluorescent OLEDs

was increased from 2.8% to 8.1% by co-doping 10 wt% of RTPH sensitizer and 0.8 wt% of fluorescent

rsc.li/frontiers-materials

Introduction

Organic light-emitting diodes (OLEDs) are electroluminescent
devices with the process of charge recombination and energy
relaxation from the excited state to the ground state. Singlet
and triplet excitons are generated at a ratio of 1:3 and the
emission mechanism can be distinguished by the origin of the
excited state for light emission.’™ In the case of fluorescent
OLEDs, they use only 25% of singlet excitons for emission,
wasting 75% of triplet excitons, resulting in low device
efficiency.® For efficient utilization of both singlet and triplet
excitons and corresponding high efficiency in OLEDs, phos-
phorescent and thermally activated delayed fluorescent (TADF)
OLEDs have been developed. In the case of phosphorescent
OLEDs (PHOLEDs), heavy metal atoms such as iridium (Ir) or
platinum (Pt) in the emitters strongly induce spin orbit cou-
pling (SOC), converting singlet excitons into triplet excitons by
intersystem crossing (ISC) and then utilizing all triplet excitons
for light emission."*” However, those heavy metals are rare and
high-cost materials, and phosphor material design is also
limited. To overcome this limitation, TADF and room tempera-
ture phosphorescent (RTPH) emitters have been investigated as
highly efficient emitters utilizing 100% of radiative excitons. In
the TADF emitters, triplet excitons are harvested through
minimized singlet-triplet energy splitting and reverse
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dopant due to efficient Forster energy transfer from the RTPH sensitizer to the dopant.

intersystem crossing.®” In the case of RTPH emitters, organic

based RTPH emitters can induce SOC using high atomic
number atoms such as halogens, sulfur, and selenium, and
then emit light by triplet exciton relaxation.®™”

Despite 100% exciton utilization, TADF emitters generally emit
from a charge transfer (CT) state through a twisted donor and
acceptor structure, inducing a broad emission spectrum and low
color purity. To tackle both high color purity and efficient exciton
utilization, hyper-fluorescence'® > or multi-resonance TADF***®
OLEDs have been studied and developed. In particular, in the case
of hyper-fluorescence, the TADF material works as a sensitizer and
exciton harvester, and transfers 100% of singlet excitons through
Forster energy transfer, improving the low efficiency of fluorescent
OLEDs. Similarly, there were some OLED sensitization cases with
phosphorescent dopant as a sensitizer due to its 100% exciton
utilization and allowed triplet to singlet Forster energy transfer.”®>®
However, utilization of the RTPH emitter as a sensitizer was rarely
reported although there have been several works about RTPH
OLEDs."*™"

In this work, we describe RTPH emitter application as a
phosphor sensitizer of a fluorescence emitter for improved
efficiency in fluorescence OLEDs. A RTPH emitter of 3-(9H-
carbazol-9-yl)-10-(p-tolyl)-10H-phenoselenazine (PSez9Cz) was
selected as a phosphor sensitizer and 2,8-di-tert-butyl-5,11-
bis(4-tert-butylphenyl)-6,12-diphenyltetracene (TBRb) was a
final fluorescent emitter. The yellow fluorescent OLEDs showed
enhanced maximum external quantum efficiency (EQE) of 8.1%
compared to 2.8% of the conventional fluorescent OLED with-
out the RTPH sensitizer, proving the potential of the RTPH
material as a sensitizer.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig.1 (a) UV-vis absorption, PL spectrum and molecular structure of
PSez9Cz. The absorption spectrum was measured using THF solution.
Photoluminescence spectra were measured using 10 wt% PSez9Cz doped
mixed host film at room temperature without and with a delay time of
0.5 ms. The mixed host was composed of mCP and TSPO1 (50:50).
(b) TRPL curves of the 10 wt% PSez9Cz doped mixed host film. Detection
wavelength was 513 nm. (c) EQE-luminance curves of PSez9Cz RTPH
OLEDs. Device structure was ITO (50 nm)/PEDOT:PSS (60 nm)/TAPC
(10 Nnm)/TCTA (10 nm)/PCzAC (5 nm)/mCP (5 nm)/mixed host: PSez9Cz
(25 nm: x wt%)/TSPO1 (5 nm)/TPBi (40 nm)/LiF (1 nm)/AL (200 nm). Doping
concentration was 5, 10, 20, and 30 wt%.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Results and discussion

The main purpose of this work is to apply the RTPH emitter as a
sensitizer of a fluorescent emitter and to improve the EQE of
the fluorescent OLEDs. For efficient Forster energy transfer
from the RTPH sensitizer to the fluorophore, spectrum overlap
between sensitizer emission and fluorophore absorption is
required. The selected sensitizer, PSez9Cz, has phenoselena-
zine as the main SOC inducing chromophore'*™® and carba-
zole as a secondary chromophore. The synthesis and chemical
characterization of the PSez9Cz emitter are described in the
ESIt (Fig. S1). Basic photophysical data of PSez9CZ are in
Fig. 1(a), and Table 1. The ultraviolet-visible (UV-vis) absorption
spectrum showed n-n* absorption peaks at 234 nm and
287 nm, and n-n* absorption peak at 333 nm. The photolumi-
nescence (PL) spectrum was obtained using a 10 wt% PSez9Cz
doped mixed host film. The mixed host was composed of mCP
and TSPOL1 at a ratio of 50:50 to block back energy transfer
from the RTPH emitter to the hosts and to balance carriers in
the electroluminescence (EL) devices. The phosphorescence
spectrum was collected at room temperature after a delay time
of 0.5 ms. Both fluorescence and phosphorescence spectra
showed almost the same shape and peak wavelength, indicat-
ing that PSez9Cz has only one emission process. Also, as shown
in Fig. 1(b), a long excited state lifetime of 0.96 ms was
measured in the transient photoluminescence (TRPL) by
phosphorescence as confirmed by temperature dependent
TRPL data in Fig. S2 (ESIt). As the temperature increased
from 100 K to 300 K, the decay intensity was gradually
decreased by the thermal energy induced quenching process.

Table 1 Photophysical properties of PSez9Cz

Jrrer’ Er°  HOMO/LUMO? PLQY® Tpppy®
Japs” (nm)  (nm)  (eV) (eV) (%)  (ms)

PSez9Cz 234, 287, 333 512 2.42 —5.49/-2.06 56.7 0.96

¢ Absorption spectrum peak of PSez9Cz measured in THF solution.
b 10 wt% PSez9Cz doped mixed host film at room temperature after a
delay time of 0.5 ms. The mixed host was composed of mCP and TSPO1
50:50. ¢ Calculated singlet and triplet energy of PSez9Cz from phos-
phorescence peaks. ¢ HOMO and LUMO energy level measured with
cyclic voltammetry (CV). ¢ Measured using 10 wt% PSeBBz doped mixed
host film.

Table 2 Device performance of PSez9Cz RTPH OLEDs

QE (%) PE Im W ) CE (cdA™)

[300 cd m™?] [Max] [300 cd m *] [Max] [300 cd m 2] [Max]
5% 1.7 11.7 2.3 273 54 39.1
10% 1.5 114 2.1 26.7 5.0 37.9
20% 1.4 10.4 2.0 27.2 4.5 34.6
30% 0.8 89 1.1 23.3 2.6 29.7

Device structure: ITO (50 nm)/PEDOT:PSS (60 nm)/TAPC (10 nm)/TCTA
(10 nm)/PCzAC (5 nm)/mCP (5 nm)/mixed host:PSez9Cz (25 nm:
X Wt%)/TSPO1 (5 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm). Doping
concentration was 5, 10, 20, and 30 wt%.

Mater. Chem. Front., 2022, 6,1982-1988 | 1983
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Fig. 2 (a) UV-vis absorption spectra of TBRb and fluorescence spectra of
10 w¥% PSez9Cz doped in the mixed host with and without TBRb dopant.
The doping concentration of the fluorescent dopant was 0.5, 0.8, and
1 wt%. The mixed host was composed of mCP and TSPO1 in 50:50.
(b) TRPL curves of 10 wt% PSez9Cz doped in the mixed host with and
without TBRb dopant. The detection wavelength was 560 nm for the
fluorescence emission peak.

The photoluminescence quantum yield (PLQY) of 56.7% was
obtained in the 10 wt% PSez9Cz doped mixed host film
(Table 1). These results suggest that PSez9Cz is a highly efficient
RTPH emitter. Compared to the previous mPhSe RTPH emitter, "
the PLQY was significantly enhanced by introducing a carbazole
group, which behaves as an auxochromophore for efficient emis-
sion while maintaining RTPH character of the emission. As shown
in Fig. 1(c) and Table 2, high EQE of 11.4% was obtained in the
PSez9Cz device. Even though efficiency roll-off is serious in all
devices due to its long triplet lifetime inducing triplet-triplet
annihilation or triplet-polaron quenching, the high EQE of the
PSez9Cz may allow it to be used as the sensitizer of the fluorescent
emitter to harvest the singlet excitons by Forster energy transfer.
The high EQE exceeding the theoretical limit of the conventional
fluorophore (~ 5%) proves that PSez9Cz effectively harvests triplet
excitons for phosphorescence.

To confirm the suitability of PSez9Cz as the sensitizer of
yellow-emitting TBRb, overlap between the absorption spec-
trum of TBRb and emission spectrum of PSez9Cz was investi-
gated. As described in Fig. 2(a), the spectrum overlap between

1984 | Mater. Chem. Front., 2022, 6,1982-1988
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TBRb absorption and PSez9Cz emission was significant, and
the PSez9Cz and TBRb co-doped film showed dominant yellow
fluorescence of TBRb, indicating efficient energy transfer from
PSez9Cz to TBRb.

The energy transfer was further analyzed by monitoring the
TRPL of the PSez9Cz and TBRb co-doped film. In the TRPL
curves of Fig. 2(b) and Fig. S3 (ESIt), ns scale fast decay and ms
scale slow decay were detected. Comparing the decay of the co-
doped film with that of TBRb and PSez9Cz, the fast decay is due
to TBRb emission and the slow decay is due to PSez9Cz
emission. The energy transfer from the PSez9Cz to TBRb
induced the quick decay of the TBRb, while the incomplete
energy transfer delivered the slow decay of PSez9Cz. The
increase of TBRb doping concentration from 0.5% to 1.0%
accelerated the decay of PSez9Cz because of more efficient
energy transfer from PSez9Cz to TBRb at high doping concen-
tration. As described in Fig. 3, the triplet exciton energy in the
RTPH sensitizer can be transferred not only through Forster
energy transfer but also through Dexter energy transfer
although Forster energy transfer is preferred for efficient
emission.

The phosphor sensitized fluorescent OLEDs were fabricated
to confirm the potential of the RTPH emitter as a sensitizer.
The device structure and molecular structure of the organic
materials are described in Fig. 4. The doping concentration of
PSez9Cz was 10 wt% and those of TBRb were 0.5 wt% for Device
A and B, 0.8 wt% for Device C and D, and 1 wt% for Device E
and F. The devices were divided into a sensitizer free group
(Device A, C and E) and a sensitized group (Device B, D and F).

The device performances and EL spectra of the TBRb devices
are described in Fig. 5 and Fig. S4 (ESIt) and Table 3. Overall,
the device EQE was improved by about 3-4 times in the RTPH
sensitized group. As shown in Fig. 5(a), the maximum EQE was

e )

RTPH Sensitizer Dopant

(PSez9Cz) (TBRb)

S, ,\ d
T,
S,
T,
Se So

T D 2

Forster energy transfer

— Intersystem crossing

Dexter energy transfer Fluorescent emission

Non-radiative decay

Fig. 3 Scheme of the energy transfer process in the RTPH sensitized
fluorescent EML.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 4 Device structure of RTPH sensitized yellow fluorescent OLEDs and molecular structures of organic layer materials. The doping concentrations of

TBRb were 0.5, 0.8 and 1 wt%, and that of PSez9Cz was 10 wt%.

increased from 2.8% to 8.1% for Device C and D, and from
2.8% to 7.6% for Device E and F.

Although the EQE was enhanced by the sensitization
approach, the maximum current density and luminance values
were relatively low. There are several reasons for the low
luminance of the TBRb devices in this work. First, the mixed
host of this work has relatively low hole and electron mobility
compared to other hosts reported in the TBRb device. We used
the mCP:TSPO1 host to harvest triplet excitons of the pure
organic phosphor. The low mobility of mCP and TSPO1 is
responsible for the low current density and accompanying
low luminance. Second, hole and electron trapping by the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

TBRb dopant in the mCP:TSPO1 host limits the current density
and luminance. Third, the instability of mCP and TSPO1 host at
high current density limits the current density. Fourth, the long
triplet exciton lifetime of the PSez9Cz significantly quenches
excitons at high luminance, limiting the maximum luminance.
The EL spectra described in Fig. 5(b) showed dominant yellow
fluorescence with a weak shoulder corresponding to sensitizer
emission, inducing blue shift of the color coordinate by 0.02
due to the RTPH emission.

Although the Forster energy transfer from the RTPH sensi-
tizer to TBRb was not complete and the maximum values of
device performance were relatively low, the singlet exciton

Mater. Chem. Front., 2022, 6,1982-1988 | 1985
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Fig. 5 (a) EQE-Luminance curve and (b) EL spectra curves at 500 cd m~2

of RTPH sensitized yellow hyperfluorescent OLEDs.

harvesting of TBRb by Forster energy transfer from the PSez9Cz
enhanced the EQE of the TBRb devices.

The degree of EQE enhancement by Forster energy transfer
was calculated by deconvoluting the EL spectra using the EL
spectra of pure PSez9Cz and TBRb. The deconvoluted EL
spectra and relative contribution of the PSez9Cz and TBRb
are described in Fig. S5 and Table S1 (ESIt). The EQE of the
RTPH sensitized device was higher than the simple sum of the
PSez9Cz and TBRb EQE, indicating that the EQE enhancement
was obviously derived from Forster energy transfer from the
RTPH sensitizer to TBRb.
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Conclusions

In conclusion, highly efficient PSez9Cz was developed as the
RTPH emitter achieving high EQE over 10% through improved
PLQY by the secondary auxochromophore. In addition, the
potential of PSez9Cz as the sensitizer of TBRb was also con-
firmed. Efficient energy transfer from the PSez9Cz to TBRb was
observed and the EQE of yellow fluorescent OLEDs was
enhanced from 2.8% to 8.1%. Therefore, the RTPH emitter
can be utilized not only as the emitter but also as the sensitizer
for fluorescent OLEDs.

Experimental section
Measurement

Fluorescence and phosphorescence spectra of materials were
collected with a fluorescence spectrometer (LS55, PerkinElmer).
Absorption spectra of the RTPH sample were measured with a
UV-vis spectrometer (V-730 Spectrophotometer, JASCO). TRPL
of the RTPH samples was obtained with a fluorescence lifetime
spectrometer (C11367 Quantaurus-Tau, Hamamatsu Photonics,
Japan) equipped with an ultraviolet-light-emitting diode
(280 nm) source system and temperature dependent TRPL
was measured by controlling the temperature with a cryostat
(Oxford, Optistat DN2).

Device fabrication and analysis

Indium-tin oxide (ITO, 50 nm) coated glass washed in acetone,
diluted water, and hot isopropyl alcohol was used as a substrate of
the devices. The ITO substrate was modified by ultraviolet ozone
treatment before deposition of the hole injection layer. The sensi-
tized devices (B, D, F) were fabricated with the following device
structure.: ITO (50 nm)/poly(3,4-ethylenedioxythiophene)-poly(styr-
enesulfonate) (PEDOT:PSS) (60 nm)/4,4"-cyclohexylidenebis[N,N-
bis(4-methylphenyl)benzenamine] (TAPC) (10 nm)/tris(4-carbazoyl-
9ylphenyl)amine (TCTA) (10 nm)/9,9-dimethyl-10-(9-phenyl-9H-
carbazol-3-y1)-9,10-dihydroacridine ~ (PCzAC) (5 nm)/1,3-bis(N-
carbazolyl)benzene (mCP) (5 nm)/Host:PSez9Cz:TBRb (25 nm:
50 wt% : 10 wt% : x wt%)/diphenylphosphine oxide-4-(triphenylsilyl)-
phenyl (TSPO1) (5 nm)/1,3,5-tris(1-phenyl-1H-benzimidazol-2-
yl)benzene (TPBi) (40 nm)/LiF (1 nm)/Al (200 nm). The host was a
mixture of mCP and TSPO1 at a ratio of 50:50. The doping
concentrations of TBRb were 0.5, 0.7, and 1 wt%. The reference
device (A, C, E) structure was ITO (50 nm)/PEDOT:PSS (60 nm)/TAPC
(10 nm)/TCTA (10 nm)/PCzAC (5 nm)/mCP (5 nm)/mixed

Table 3 Device performance of RTPH sensitized yellow hyperfluorescent OLEDs

EQE (%) PE Im W) CE(cd AT
[500 cd m™?] [Max] [500 cd m™?] [Max] [500 cd m™?] [Max] Color coordinate (x, y)
Device A 1.8 2.5 2.0 4.8 5.1 7.7 (0.43, 0.48)
Device B 3.4 9.6 4.4 22.0 11.1 31.9 (0.42, 0.54)
Device C 2.0 2.8 2.5 5.5 6.5 9.2 (0.46, 0.52)
Device D 3.6 8.1 4.5 18.8 11.7 26.9 (0.44, 0.53)
Device E 1.9 2.8 2.2 5.4 6.1 9.2 (0.47, 0.51)
Device F 3.5 7.6 43 17.1 11.6 25.2 (0.45, 0.53)
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host: TBRb (25 nm : x wt%)/TSPO1 (5 nm)/TPBi (40 nm)/LiF (1 nm)/
Al (200 nm). All organic materials were thermally deposited at
1 A s7' under a high vacuum condition (~10~" torr), and LiF
and Al were deposited at 0.1 As™ and 1 A s, respectively. After the
deposition of the cathode, the devices were protected from oxygen
and moisture by encapsulation with a cover glass, CaO getter, and
epoxy adhesive. Device performances were evaluated with a Keithley
electrical source unit and a spectroradiometer (CS-2000, Konica
Minolta) for current density, luminance, and EQE measurements.
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