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ABSTRACT: High efficiency green thermally activated delayed fluorescence device with a quantum efficiency above 20% was
developed using a bipolar host material, 3-(furo[2,3-b:5,4-b’]dipyridin-3-yl)-N,N-diphenylaniline (3TPAPFP), derived from
furodipyridine core structure. The furodipyridine based 3TPAPFP showed a singlet and triplet energy for efficient energy transfer
to thermally activated delayed fluorescent dopant, (4s,6s)-2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN), and bipolar
charge transport properties for balanced hole and electron density. A high quantum efficiency of 21.2% was achieved in the
fluorescent device using the 3TPAPFP host doped with 4CzIPN dopant at a very low doping concentration of 1%.

B INTRODUCTION

External quantum efficiency (EQE) is one of important device
performances of organic light-emitting diodes (OLEDs), and
there have been a lot of studies to improve the EQE of OLEDs.
In most cases, phosphorescent OLEDs has been studied to
enhance the EQE of OLEDs because of the 4-fold higher EQE
of phosphorescent OLEDs than that of fluorescent OLEDs."
Theoretically, phosphorescent OLEDs can utilize both singlet
and triplet excitons for light emission, whereas fluorescent
OLEDs can use only singlet excitons for light emission.
Therefore, it was very difficult to achieve high EQE above 10%
in fluorescent OLEDs.”* However, thermally activated delayed
fluorescence (TADF) has been reported recently, and high
EQE of 19.3% was reported in green fluorescent OLEDs.
Two types of delayed fluorescence, triplet fusion and TADF,
have been reported to enhance the EQE of fluorescent OLEDs.
Both processes use up-conversion of triplet excited state to
singlet excited state for extra light emission in addition to
singlet emission of common fluorescent OLEDs. Theoretical
maximum internal quantum efliciency of triplet fusion device is
62.5% because two triplet excitons can be converted into one
singlet exciton,”” whereas that of the TADF device is 100%
because all triplet excitons can be converted into singlet
exciton.” Therefore, the TADF OLEDs can be comparable to
phosphorescent OLEDs in terms of EQE and are promising as
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the fluorescent OLED device, which can compete with
phosphorescent OLEDs even though the current EQE of the
TADF OLED:s is still not comparable to that of phosphorescent
OLED:s.

Several TADF materials have been developed,®®™"” and
(4s,65)-2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile
(4CzIPN) was effective as a green TADF emitter.” The
4CzIPN emitter showed very small singlet and triplet energy
difference and efficient up-conversion of triplet excitons into
singlet excitons. The 4CzIPN emitter was doped into a 4,4'-
di(9H-carbazol-9-yl)biphenyl (CBP) host material, and a high
quantum efficiency of 19.3% was achieved in green TADF
device by optimizing the device structure. However, the CBP
host is not an ideal host material for the 4CzIPN device
because of the rather strong hole transport properties and
incomplete energy transfer at low doping concentration.
Therefore, it is strongly required to develop new host materials
that can improve the EQE of 4CzIPN device. Ideal host
materials for the TADF dopant much have high singlet and
triplet energy for energy transfer, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
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Scheme 1. Synthetic Scheme of 3TPAPFP and 4TPAPFP
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molecular orbital (LUMO) for exciton blocking, large overlap
of the host PL emission with dopant absorption and bipolar
charge transport properties for charge balance.

In this work, two host materials, 3-(furo[2,3-b:54-b']-
dipyridin-3-yl)-N,N-diphenylaniline (3TPAPFP) and 4-(furo-
[2,3-b:5,4-b’]dipyridin-3-yl)-N,N-diphenylaniline (4TPAPFP),
were developed as bipolar host materials for the 4CzIPN TADF
emitter. The 4CzIPN emitter was doped into the host
materials, and a high EQE of 21.2% at very low doping
concentration of 1% was demonstrated using 3TPAPFP:4C-
zIPN emitting layer. This is the first work reporting above 20%
EQE in fluorescent OLED device.

B EXPERIMENTAL SECTION

General Information. 3-Bromo-N,N-diphenylaniline, 4-bromo-
N,N-diphenylaniline, bis(pinacolato)diboron, [1,1’-bis-
(diphenylphosphino)ferrocene]dichloropalladium(II) (Pd(dppf)Cl,),
tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba),), and 2-dicyclo-
hexylphosphino-2’,6’-dimethoxybiphenyl (S-Phos) (P&H Tech Co.)
were used without further purification. Potassium acetate
(CH;COOK), potassium phosphate (K;PO,) (Aldrich Chem. Co.),
and 1,4-dioxane (Duksan Sci. Co.) were also used as received. Toluene
was distilled over sodium and calcium hydride. 3-Chlorofuro[2,3-b:5,4-
b’]dipyridine was synthesized according to the method reported in the
literature."®

The 'H and "*C nuclear magnetic resonance (NMR) was recorded
on an Avance 500 (500 MHz) spectrometer. Fluorescence
spectrophotometer (HITACHI, F-7000) and ultraviolet—visible
(UV—vis) spectrophotometer (Shimadzu, UV-2501PC) were used to
measure photoluminescence (PL) spectra and UV—vis spectra. Low
temperature PL measurement of the synthesized materials was carried
out at 77 K using a dilute solution of the materials. The differential
scanning calorimeter (DSC) measurements were performed using a
Mettler DSC 822e under nitrogen at a heating rate of 10 °C/min to
measure the melting point (T,,) and glass transition temperature (T,).
The mass spectra were recorded using a JEOL JMS-700 spectrometer
in FAB mode and elemental analysis were recorded using a CE
instrument Flash 2000. The HOMO energy levels were measured with
a cyclic voltammetry (CV). CV measurement of organic materials was
carried out in acetonitrile solution with tetrabutylammonium
perchlorate at 0.1 M concentration. Ag was used as the reference

electrode and Pt was the counter electrode. Organic materials were
coated on carbon electrodes and were immersed in electrolyte for
analysis. Oxidation and reduction scans of the materials were
separately carried out and reduction scans were carried out after
nitrogen bubbling. The delayed PL spectra of the organic films was
measured using a pulsed Nd—YAG laser (355 nm) as the excitation
light source and a monochromator attached with a photomultiplier
tube was used as the optical detector system.

Synthesis. Synthetic scheme of the 3TPAPFP and 4TPAPFP
compounds are described in Scheme 1.

N,N-Diphenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
ylaniline (1). 3-bromo-N,N-diphenylaniline (10 g, 30.84 mmol),
bis(pinacolato)diboron (9.40 g, 37.01 mmol), CH;COOK (9.08 g,
92.52 mmol), and Pd(dppf)Cl, (0.76 g, 0.93 mmol) were dissolved in
1,4-dioxane under nitrogen atmosphere. The reaction mixture was
stirred and refluxed for 24 h. The mixture was filtered, diluted with
ethyl acetate, and washed with distilled water. The organic layer was
dried over anhydrous MgSO, and evaporated in vacuo to give the
crude product. The extract was evaporated to dryness, affording a
solid, which was further purified by column chromatography by ethyl
acetate/n-hexane.

Yield 73%, "H NMR (500 MHz, CDCL,): 5 7.59 (s, 1H, J = 2 Hz),
749 (d, 1H, J = 3.75 Hz), 7.26 (t, 1H, ] = S Hz), 7.21 (t, 4H, ] = 5.5
Hz) 7.17 (d, 1H, ] = 5.75 Hz), 7.04 (d, 4H ] = 3.75 Hz), 6.96 (t, 2H, J
= 4.83 Hz), 1.30 (s, 12H). MS (FAB) m/z: 371 [(M + H)"].

N,N-Diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
ylaniline (2). 4-Bromo-N,N-diphenylaniline (10 g 30.84 mmol),
bis(pinacolato)diboron (9.40 g, 37.01 mmol), CH;COOK (9.08 g
92.52 mmol), and Pd(dppf)Cl, (0.76 g, 0.93 mmol) were dissolved in
1,4-dioxane under nitrogen atmosphere. The reaction mixture was
stirred and refluxed for 24 h. The mixture was filtered, diluted with
ethyl acetate, and washed with distilled water. The organic layer was
dried over anhydrous MgSO, and evaporated in vacuo to give the
crude product. The extract was evaporated to dryness, affording a
solid, which was further purified by column chromatography by ethyl
acetate/n-hexane.

Yield 61%, 'H NMR (500 MHz, CDCL,): 6 7.66 (d, 2H, ] = 4.25
Hz), 7.24 (t,4H, ] = 5.17 Hz), 7.10 (d, 4H, ] = 4 Hz), 7.03 (t, 4H, ] =
4.83 Hz) 1.33 (s, 12H). MS (FAB) m/z: 371 [(M + H)*].

3-(Furo[2,3-b:5,4-b’]ldipyridin-3-yl)-N,N-diphenylaniline
(3TPAPFP). N,N-diphenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)aniline (1) (2.18 g S5.87 mmol), 3-chlorofuro[2,3-b:5,4-b’]-
dipyridine (3) (1 g 4.89 mmol), K;PO, (3.11 g, 14.67 mmol), and S-
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Phos (0.3 g, 0.73 mmol) were dissolved in toluene and distilled water
under bubbling with nitrogen for 30 min. Pd,(dba); (0.14 g, 0.1S
mmol) was added to the solution, and the resulting solution was
refluxed for 24 h under nitrogen atmosphere. The mixture was diluted
with ethyl acetate and washed with distilled water. The organic layer
was dried over anhydrous MgSO, and evaporated in vacuo to give the
crude product. The extract was evaporated to dryness, affording a
white solid, which was further purified by column chromatography by
ethyl acetate/n-hexane.

Yield = 74%. T, = 67 °C. T,, = 219 °C. '"H NMR (500 MHz,
CDCL): § 8.61 (s, 1H, ] = 2.5 Hz), 8.51 (d, 1H, J = 3.25 Hz), 8.33 (s,
1H, J = 2.5 Hz), 8.28 (d, 1H, J = 4.75 Hz), 7.37 (m, 3H), 7.27 (m,
SH), 7.16 (d, 4H, ] = 3.75 Hz), 7.12 (d, 1H, ] = 4.75 Hz), 7.0 (t, 2H,
] = 4.83 Hz). 3C NMR (500 MHz, CDCL;): § 162.1, 161.1, 148.8,
147.7, 147.6, 146.5, 1387, 133.6, 130.5, 130.0, 129.4, 128.7, 124.5,
1232, 123.1, 122.3, 121.3, 119.8, 115.6, 115.4. MS (FAB) m/z: 414
[(M + H)*]. Anal. Calcd for C,gH;oN;0: C, 81.34; H, 4.63; N, 10.16;
0, 3.87. Found: C, 81.03; H, 4.64; N, 10.02; O, 3.94.

4-(Furo[2,3-b:5,4-b’1dipyridin-3-yl)-N,N-diphenylaniline
(4TPAPFP). N,N-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)aniline (2) (2.18 g 5.87 mmol), 3-chlorofuro[2,3-b:5,4-b’]-
dipyridine (3) (1 g, 4.89 mmol), K;PO, (3.11 g, 14.67 mmol), and S-
Phos (0.3 g, 0.73 mmol) were dissolved in toluene and distilled water
while bubbling with nitrogen for 30 min. Pd,(dba); (0.14 g 0.1S
mmol) was added to the solution, and the resulting solution was
refluxed for 24 h under nitrogen atmosphere. The mixture was diluted
with ethyl acetate and washed with distilled water. The organic layer
was dried over anhydrous MgSO, and evaporated in vacuo to give the
crude product. The extract was evaporated to dryness, affording a
white solid, which was further purified by column chromatography by
ethyl acetate/n-hexane.

Yield = 62%. T, = 74 °C. T,, = 242 °C. '"H NMR (500 MHz,
CDClLy): 6 8.68 (s, 1H, J = 2.5 Hz), 8.51 (d, 1H, J = 3.25 Hz), 8.38 (s,
1H, J = 2.5 Hz), 8.29 (d, 1H, J = 4.50 Hz), 7.49 (d, 2H, J = 4.25 Hz),
7.39 (t, 1H, J = 4.17 Hz), 7.29 (t, 4H, ] = 5.33 Hz), 7.19 (d, 2H, ] =
425 Hz), 7.15 (d, 4H, ] = 4 Hz), 7.06 (t, 2H, ] = § Hz). *C NMR
(500 MHz, CDCly): § 162.1, 160.8, 148, 147.6, 147.4, 146.1, 133.5,
131, 1304, 129.4, 128.2, 128, 124.7, 123.6, 123.3, 119.8, 115.7, 115.4.
MS (FAB) m/z: 414 [(M + H)*]. Anal. Calcd for CysH;yN;0: C,
81.34; H, 4.63; N, 10.16; O, 3.87. Found: C, 81.35; H, 4.69; N, 10.10;
O, 3.86.

Device Fabrication and Measurements. The device structure of
the TADF OLEDs was indium tin oxide (ITO, 50 nm)/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, 60
nm)/4,4'-cyclohexylidenebis[ N,N-bis(4-methylphenyl)aniline]
(TAPC, 20 nm)/1,3-bis(N-carbazolyl)benzene (mCP, 10 nm)/
3TPAPFP or 4TPAPFP:4CzIPN (25 nm)/diphenylphosphine oxide-
4-(triphenylsilyl)phenyl (TSPO1, 35 nm)/LiF (1 nm)/Al (200 nm).
Hole-only device structure was ITO (50 nm)/PEDOT:PSS (10 nm)/
3TPAPFEP or 4TPAPFP (100 nm)/TAPC (10 nm)/Al, and electron-
only device structure was ITO (50 nm)/Ca (10 nm)/3TPAPFP or
4TPAPFP (100 nm)/LiF (1 nm)/Al (100 nm). TADF OLED with
CBP as a host was also fabricated as a standard device, and the device
structure was ITO (50 nm)/PEDOT:PSS (10 nm)/TAPC (20 nm)/
mCP (10 nm)/CBP:4CzIPN (25 nm, 5%)/TSPO1 (35 nm)/LiF (1
nm)/Al (200 nm). PL measurement of the 4CzIPN-doped 3TPAPFP
and 4TPAPFP films was carried out using fluorescence spectropho-
tometer (HITACHI, F-7000), and transient PL measurement was
performed using a pulsed Nd—YAG laser (355 nm) as the excitation
light source and an intensified charge-coupled device (ICCD) as a
detector. Current density—voltage characteristics of the hole-only and
electron-only devices were measured using Keithley 2400 source
measurement unit, and the device performances of the TADF OLEDs
were characterized by Keithley 2400 source measurement unit and CS
1000 spectroradiometer. Lambertian distribution of light emission was
confirmed in all quantum efficiency measurement.

B RESULTS AND DISCUSSION

The 4CzIPN emitter possesses a singlet energy of 2.45 eV,
triplet energy of 2.40 eV, the highest occupied molecular orbital
(HOMO) of —5.80 eV, the lowest unoccupied molecular
orbital (LUMO) of —3.40 eV, and ultraviolet—visible (UV—vis)
absorption edge of 472 nm."” Therefore, the host materials for
the 4CzIPN emitter should have higher singlet and triplet
energy, deeper HOMO level, and shallower LUMO level than
4CzIPN for energy transfer and little exciton quenching. In
addition, the photoluminescence (PL) emission wavelength of
the host materials should be shorter than the UV—vis
absorption edge of 4CzIPN for efficient energy transfer from
the host materials to the 4CzIPN dopant. Moreover, bipolar
host materials may be effective to balance holes and electrons in
the 4CzIPN device.

The 3TPAPFP and 4TPAPFP host materials were designed
to show bipolar charge transport properties, high singlet and
triplet energy, appropriate HOMO/LUMO level, and PL
emission for energy transfer by combining a triphenylamine
moiety with a furodipyridine moiety. The furodipyridine moiety
is an electron transport unit because of high electron deficiency
by the two electron deficient pyridine units and possesses a
high triplet energy.'® The triphenylamine moiety is a hole
transport unit because of strong electron donating character of
aromatic amine and has a high triplet energy. Therefore, the
combination of triphenylamine with furodipyridine may
produce bipolar host materials with bipolar charge transport
properties and high triplet energy. In addition, the donor—
acceptor structure of the host materials may reduce the singlet
energy while keeping the high triplet energy of the host
materials, which may be beneficial for energy transfer to the
4CzIPN dopant.

The 3TPAPFP and 4TPAPFP host materials were
synthesized by Suzuki coupling reaction between boronic
ester of diphenylaniline and 3-chlorofuro[2,3-b:5,4-b’]-
dipyridine as shown in Scheme 1. The 3-chlorofuro[2,3-b:5,4-
b’]dipyridine intermediate was prepared according to the
synthetic procedure reported in other work."” Synthetic yields
of 3TPAPFP and 4TPAPFP were 74% and 62%, respectively,
after vacuum train sublimation. The chemical structure of the
host materials was confirmed by chemical analysis, and highly
pure compound with a purity of 99.9% was used for
characterization and device fabrication.

Molecular simulation of 3TPAPFP and 4TPAPFP was
carried out to study the HOMO and LUMO distribution of
the host materials. Figure 1 shows the HOMO and LUMO
distribution of 3TPAPFP and 4TPAPFP calculated by Gaussian
09 program using density functional theory of B3LYP with 6-

3TPAPFP 4TPAPFP

HOMO

LUMO

e

Figure 1. HOMO and LUMO distribution of 3TPAPFP and
4TPAPFP.
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31G* basis sets. The HOMO of 3TPAPFP and 4TPAPFP was
localized on the triphenylamine moiety, whereas the LUMO
was dispersed over the PFP moiety. The HOMO and LUMO
were isolated in the molecular structure because of donor—
acceptor structure of 3TPAPFP and 4TPAPFP. This indicates
that the 3TPAPFP and 4TPAPFP host materials may show
bipolar charge transport properties and small singlet and triplet
energy difference. In addition to the small singlet and triplet
energy difference, narrow bandgap is also induced by the
donor—acceptor character of the hosts, which is advantageous
to reduce the driving voltage of the device and to optimize the
device performances at low doping concentration by managing
the light emission mechanism.

Figure 2 shows UV—vis absorption, solid PL, solid PL in
polystyrene (PS) and low temperature PL emission spectra of
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Figure 2. UV—vis, solid PL, solid PL in PS (3% doping), and low
temperature PL spectra of 3TPAPFP and 4TPAPFP. Low temperature
PL measurement was carried out in tetrahydrofuran solvent.

3TPAPFP and 4TPAPFP. UV—vis absorption of 4TPAPFP was
observed at long wavelength compared to that of 3TPAPFP
due to strong n—z* and 7—a* absorption of the triphenyl-
amine unit linked to furodipyridine through the para position.
Singlet and triplet energies of the 3TPAPFP and 4TPAPFP
host materials were calculated from the maximum emission
peak of solid PL in PS and low temperature PL. Both singlet
and triplet energies of 4TPAPFP were lowered compared to
those of 3TPAPFP because of a large extension of conjugation
through para linkage compared with the meta linkage of
3TPAPEFP. Singlet/triplet energies of 3TPAPFP and 4TPAPFP
were 3.02/2.82 eVand 2.88/2.63 eV, respectively. The singlet—
triplet energy differences of 3TPAPFP and 4TPAPFP were only
0.20 and 0.25 eV, which were much lower than those of other

host materials and would be helpful to lower the driving
voltage. The singlet energies of 3TPAPFP and 4TPAPFP were
reduced in the pure solid film because of the strong
intermolecular interaction, as can be seen in the bathochromic
shift of the solid PL emission. The solid PL emission of
3TPAPFP and 4TPAPFP was well overlapped with the UV—vis
absorption of 4CzIPN, which is extended to 472 nm, which
indicates that 3STPAPFP and 4TPAPFP can transfer energy to
the 4CzIPN dopant.

The HOMO/LUMO levels of 3TPAPFP and 4TPAPFP
were measured by CV from oxidation and reduction curves.
The HOMO/LUMO levels of 3TPAPFP and 4TPAPFP were
—5.90/-3.02 eV and —5.88/—2.98 eV, respectively. The
transport bandgaps from the HOMO/LUMO levels were
2.88 and 2.90 eV for 3TPAPFP and 4TPAPFP. The strong
donor—acceptor character reduced the bandgap of the host
materials, which is beneficial to lower the driving voltage of the
devices.

Solid PL of the 4CzIPN-doped 3TPAPFP and 4TPAPFP
films was measured to study the energy transfer from the
3TPAPFP host to 4CzIPN dopant. Figure 3 shows PL spectra
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Figure 3. PL spectra of 3TPAPFP:4CzIPN, 4TPAPFP:4CzIPN, and
4CzIPN in PS and pure 4CzIPN films.

of 4CzIPN-doped 3TPAPFP and 4TPAPFP films. Doping
concentration of 4CzIPN was 3 wt %. PL emission spectra of
4CzIPN-doped in PS and pure 4CzIPN film were also added to
compare the PL emission of the 4CzIPN-doped 3TPAPFP and
4TPAPFP films with that of 4CzIPN. The 3TPAPFP:4CzIPN
film showed typical emission of 4CzIPN at 506 nm, whereas
the 4TPAPFP:4CzIPN film showed broad featureless emission
with a peak maximum at 543 nm. This result indicates that the
energy transfer from the 3TPAPFP host to the 4CzIPN dopant
is efficient, whereas the energy transfer from the 4TPAPFP host
to the 4CzIPN dopant is poor. The energy transfer efficiency of
3TPAPFP:4CzIPN was 92.0% and PL quantum efficiency was
83 + 4%. The emission of the 4TPAPFP:4CzIPN film was
shifted to the PL emission wavelength of the solid PL emission
of the pure 4CzIPN film. Considering the fact that the PL
emission wavelengths of 4CzIPN-doped PS film and pure
4CzIPN film are around 507 and 555 nm, the broad emission
of the 4TPAPFP:4CzIPN film is due partly to 4CzIPN
emission and partly to exciplex formation between 4TPAPFP
and 4CzIPN by strong intermolecular interaction, which is
induced by strong donor—acceptor character of 4TPAPFP as
can be confirmed by solvatochromic effect of the host materials
(Supporting Information Figure S1). Considering the fact that
the solvatochromic effect is similar in the two host materials,
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the different exciplex formation is originated by geometrical
effect of the molecular structure. It was reported that the para
configuration induces more intermolecular interaction than
meta configuration because of geometrical effects.”**' There-
fore, the exciplex formation between host and highly polar
4CzIPN was significant in the 4TPAPFP:4CzIPN film. The
exciplex formation was relatively weak in the 3TPAPFP:4C-
zIPN film.

To confirm singlet emission by reverse intersystem crossing
from triplet state to singlet state, delayed fluorescence of the
3TPAPFP:4CzIPN film was measured. Delayed PL spectra of
the 3TPAPFP:4CzIPN film are shown in Figure 4. Delay time

1.2

1,
=
=
5 08 f\
=
i 14
< 06 - H
£
]
§ 04 ;
=
=
02 j
0 ‘

400 450 500 550 600 650 700 750
‘Wavelength (nm)

Figure 4. Delayed PL spectrum of 3TPAPFP:4CzIPN film (delay time
1 us).

was 1 ps. The 3TPAPFP:4CzIPN film showed delayed PL
emission at the same wavelength of the room temperature PL
emission of 3TPAPFP:4CzIPN film, implying reverse inter-
system crossing from triplet state to singlet state as reported in
Adachi’s work.> The 3TPAPFP host activated the TADF
emission of 4CzIPN through efficient energy transfer and little
triplet exciton quenching. The high singlet and triplet energies
of the 3TPAPFP host suppressed exciton quenching of
4CzIPN.

Transient PL measurement of the 4CzIPN-doped 3TPAPFP
film was carried out to investigate the light emission process of
the 3TPAPFP:4CzIPN film. Figure S shows transient PL curve
of the 3TPAPFP:4CzIPN film. Excited state lifetime of the
delayed fluorescence was calculated from the transient decay
curve of the film, and it was 5.0 us. The lifetime of the
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Figure S. Transient PL spectrum of 3TPAPFP:4CzIPN film.

3TPAPFP:4CzIPN film was similar to that of 4CzIPN,
indicating efficient energy transfer and TADF emission of the
4CzIPN dopant.’

Based on the basic photophysical properties of 3TPAPFP
and 4TPAPFP, they were evaluated as the host materials for the
4CzIPN dopant. The device structure was indium tin oxide
(ITO, SO nm)/poly(3,4 ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS, 60 nm)/4,4'-
cyclohexylidenebis[ N,N-bis(4-methylphenyl)aniline] (TAPC,
20 nm)/1,3-bis(N-carbazolyl)benzene (mCP, 10 nm)/
3TPAPFP or 4TPAPFP:4CzIPN (25 nm)/diphenylphosphine
oxide-4-(triphenylsilyl)phenyl (TSPO1, 35 nm)/LiF (1 nm)/
Al (200 nm). The doping concentrations of 4CzIPN were 1%
and 2% in the 3TPAPFP and 4TPAPFP devices, respectively,
after optimizing the doping concentration. Figure 6 shows
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Figure 6. Current density—voltage—luminance curves of 3TPAPFP,
4TPAPFP, and CBP devices.

current density—voltage—luminance curves of 3TPAPFP and
4TPAPFP devices doped with 4CzIPN in comparison with that
of the CBP device. As the device performances of the
3TPAPFP and 4TPAPFP devices were optimized at 1% and
2% doping concentrations, respectively, the device perform-
ances at optimum doping concentration were compared.
Device data at other doping concentrations of 3TPAPFP
devices are appended in Figure S2 in Supporting Information.
Optimum doping concentration of the CBP device was 5%.
The 4TPAPFP device showed higher current density than the
3TPAPFP device because of high electron current density of
the 4TPAPFP device as shown in single carrier device data of
3TPAPFP and 4TPAPFP (Figure 7) and intermolecular charge
transfer complex formation between 4TPAPFP and 4CzIPN.
Although the current density of the 3TPAPFP device was lower
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Figure 7. Current density—voltage curves of hole-only and electron-
only devices of 3TPAPFP and 4TPAPFP.
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than that of the 4TPAPFP device, both devices showed higher
current density than the CBP device because of bipolar charge
transport properties of the host materials, low energy barrier for
charge injection due to shallow HOMO and deep LUMO
levels, and intermolecular charge transfer complex formation
originated by donor—acceptor character of the materials. The
luminance was also high in the 4TPAPFP device because of
high current density.

Quantum efficiency—current density curves of 3TPAPFP and
4TPAPFP devices are shown in Figure 8. The quantum
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Figure 8. Quantum efficiency—luminance curves of 3TPAPFP,
4TPAPFP, and CBP devices.

efficiency of the 3TPAPFP device was higher than that of the
4TPAPFP device, and the maximum quantum efficiency of the
3TPAPFP device was 21.2%. The quantum efficiency of the
3TPAPFP device was higher than that of the CBP device with
the same 4CzIPN dopant. In particular, the quantum efficiency
of the 3TPAPFP device was much higher than that of the CBP
device at high luminance. The high quantum efficiency of the
3TPAPFP device can be explained by the bipolar charge
transport properties, efficient energy transfer from the
3TPAPFP host to the 4CzIPN dopant, activation of delayed
fluorescence, and charge and exciton confinement in the
emitting layer. As shown in the single carrier device data, the
3TPAPFP host showed bipolar charge transport properties
because of hole transport type triphenylamine and electron
transport type PFP units. The bipolar charge transport
properties of 3TPAPFP host balanced holes and electrons in
the emitting layer and improved the quantum efliciency of the
3TPAPFP device. Efficient energy transfer from the 3TPAPFP
host to the 4CzIPN dopant also improved the quantum
efficiency of the 3TPAPFP device. Singlet and triplet energy
transfer from the 3TPAPFP to 4CzIPN was efficient as
confirmed by PL measurement. In addition, the 3TPAPFP host
activated the TADF emission of 4CzIPN as presented in
transient PL spectrum, resulting in high quantum efficiency
above 20%. Other than these, blocking of charge leakage due to
high energy barrier for charge leakage induced by narrow
bandgap of the host materials, suppression of singlet and triplet
exciton quenching by host, and charge transport material were
also important factors for the high quantum efliciency. Device
performances are summarized in Table 1.

The efficient energy transfer optimized the quantum
efficiency of the 3TPAPFP device at a very low doping
concentration of 1% compared with 5% of CBP device in other
work® and in our experiment. The low optimum doping
concentration can be explained by the device structure with
little energy barrier for charge injection. Energy transfer

Table 1. Device Performances of CBP, 3TPAPFP, and
4TPAPFP Devices”

driving maximum quantum
voltage quantum efficiency color
%) efficiency (%) (%)b coordinate
CBP 72 + 01 17.1 + 0.3 68 +02  (021,0.53)
3TPAPFP 5.5 + 0.1 212 + 04 188 +03  (0.19,043)
4TPAPFP 5.6 + 0.1 66+ 02 44+03  (0340.50)

“Three samples were used for the statistical measurement of the data.
YData was measured at 500 cd/m>

dominates the light emission of the 3TPAPFP device because
there is no energy barrier for hole injection from mCP to
3TPAPFP or for electron injection from TSPOI1 to 3TPAPFP
as shown in energy level diagram in Figure 9. Therefore, the
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Figure 9. Energy level diagram of 3TPAPFP:4CzIPN devices.

device performances are optimized at a doping concentration of
1%, which minimizes exciton quenching. As reported in other
works,”* the device performances cannot be optimized at low
doping concentration if charge trapping dominates the light
emission process. The strong donor—acceptor character, which
induces small singlet—triplet energy gap and narrow bandgap,
enabled the development of the TADF device with very low
optimum doping concentration of 1%. The optimum doping
concentration of the 4CzIPN device was similar to that of
common green fluorescent OLED:s.

In addition to the high quantum efficiency and low optimum
doping concentration, efficiency roll-off was significantly
improved in the 3TPAPFP device compared with CBP device.
The quantum efficiency at 500 cd/m” of the 3TPAPFP device
was 18.8% compared with the maximum quantum efficiency of
21.2%, and the efliciency reduction from the maximum
quantum efficiency was only 11%. However, the quantum
efficiency of the CBP device was sharply dropped, and the
quantum efficiency at S00 cd/m* was only 6.8% compared with
maximum quantum efficiency of 17.1%. The bipolar charge
transport properties of the 3TPAPFP host improved the
efficiency roll-oft of the 3TPAPFP device. The poor quantum
efficiency of the 4TPAPFP device is due to strong exciplex
formation between 4TPAPFP host and 4CzIPN, as shown in
the PL spectra of the 4CzIPN-doped 4TPAPFP film.

Electroluminescence (EL) spectra of CBP, 3TPAPFP, and
4TPAPFP devices doped with 4CzIPN are shown in Figure 10.
EL emission peak of 3TPAPFP:4CzIPN was shifted to a short
wavelength compared to that of the CBP:4CzIPN device
because of the low optimum doping concentration of 1%,
whereas the emission peak of the 4TPAPFP:4CzIPN device
was shifted to a long wavelength due to exciplex emission from
the device. No host emission from 3TPAPFP was observed in
the EL spectra, which proves efficient energy transfer of the
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Figure 10. Electroluminescence spectra of 3TPAPFP:4CzIPN,
4TPAPFP:4CzIPN, and CBP:4CzIPN devices.

3TPAPFP:4CzIPN device. The color coordinates of the
CBP:4CzIPN, 3TPAPFP:4CzIPN, and 4TPAPFP:4CzIPN
devices were (0.21, 0.52), (0.19, 0.43), and (0.36, 0.52),
respectively.

B CONCLUSIONS

In conclusion, highly efficient green TADF OLEDs with a
quantum efliciency above 20% were developed using 3TPAPFP
host material with a singlet and triplet energy for efficient
energy transfer and bipolar charge transport properties for
balanced hole and electron density. The 3TPAPFP device
doped with the 4CzIPN dopant showed a high quantum
efficiency of 21.2%, a low optimum doping concentration of
1%, and a small efficiency roll-off of 16%. Therefore, it was
proven that TADF OLEDs would show comparable device
performances to phosphorescent OLEDs. It is expected that the
quantum efficiency of the 4CzIPN device can be improved by
developing better host materials for the TADF dopant.
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