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Phosphorescent and thermally activated delayed fluorescence (TADF) blue organic light-emitting diodes (OLEDs) 
have been developed to overcome the low efficiency of fluorescent OLEDs. However, device instability, originating 
from triplet excitons and polarons, limits blue OLED applications. Here, we develop a phosphor-sensitized TADF 
emission system with TADF emitters to achieve high efficiency and long operational lifetime. Peripheral carbazole 
moieties are introduced in conventional multi-resonance–type emitters containing one boron atom. The triplet 
exciton density of the TADF emitter is reduced by facilitating reverse intersystem crossing, and the Förster reso-
nant energy transfer rate from phosphor sensitizer is enhanced by high absorption coefficient of the emitters. The 
emitter exhibited an operational lifetime of 72.9 hours with Commission Internationale de L’Eclairage chromaticity 
coordinate y = 0.165, which was 6.6 times longer than those of devices using conventional TADF emitters.

INTRODUCTION
Thermally activated delayed fluorescence (TADF) (1–2) and phos-
phorescent (3–5) organic light-emitting diodes (OLEDs) have been 
developed as candidates of next-generation blue OLEDs and as al-
ternatives to fluorescent OLEDs having low external quantum effi-
ciencies (EQEs). In the TADF mechanism, organic molecules absorb 
thermal energy to transform nonemissive triplet excited states (T1) 
into singlet excited states (S1) that can radiatively relax to the ground 
state. Here, the energy gap between the lowest S1 and the lowest 
T1 (E_ST) must be minimized for efficient emission (should be 
<0.2 eV). A small energy gap is achieved by spacing spatially sep-
arated and twisted donor and acceptor moieties. In addition, 
strong vibronic coupling between T1 and Tn (n > 1) as well as high 
spin-orbit coupling between singlet and triplet states is required 
(6–8). Donor-acceptor (D-A)–type blue TADF materials have been 
developed, owing to their design versatility and relatively short de-
layed fluorescence lifetime (~1 s) (9–10). However, D-A–type 
blue TADF emitters are unsuitable to develop commercialized 
top-emitting OLEDs requiring narrow emission spectra (11–12). 
To overcome this problem, recently developed boron- derived multi-
ple resonance (MR)–type TADF emitters (13–19) could be considered 
promising candidates of narrow-emitting materials owing to their 
more rigid chemical structures than those of D-A–type TADF 
emitters. They are suitable replacements for fluorescent emit-
ters as they exhibit a color coordinate of full width at half maxi-
mum (FWHM) < 20  nm and high EQE  >  15%; however, they 
demonstrate poor device stability owing to long-lived excitons having 
high-energy triplet state.

To achieve long device lifetime with high efficiency, a device struc-
ture that harvests triplet excitons using a sensitizer was proposed 

(20–21). To date, all studies have focused on sensitizers rather than 
the final TADF emitters, neglecting the characteristics of the final 
emitters that substantially affect device performance. Only the well-
known t-DABNA (2,12-di-tert-butyl-5,9-bis(4-(tert-butyl)phenyl)-
5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de]anthracene) and 
v-DABNA (N7,N7,N13,N13,5,9,11,15-octaphenyl-5,9,11,15-tetrahydro- 
5,9,11,15-tetraaza-19b,20b-diboradinaphtho[3,2,1-de:1′,2′,3′-
jk]pentacene-7,13-diamine) have been used without any emitter 
modifications for the triplet exciton harvesting the TADF system 
(22–31). t-DABNA has a suitable light emission spectrum for appli-
cation as pure blue OLEDs; however, they exhibit a relatively short 
device lifetime. Although v-DABNA has a longer device lifetime than 
t-DABNA, it cannot achieve pure-blue emission owing to its red- 
shifted peak wavelength. Therefore, further studies on the MR-type 
TADF emitter for the singlet exciton–harvesting TADF OLED are 
essential.

Developing a well-arranged device architecture is necessary to 
simultaneously achieve high efficiency and long device lifetime in 
deep-blue OLEDs using TADF emitters. Because both high-energy 
and long-lived triplet excitons and polarons in TADF emitters gen-
erally decrease device lifetime and EQE, controlling their quantities 
is essential for achieving high performance of the OLEDs. Recently, 
phosphor-sensitized TADF (PST) systems have been developed, 
which use an efficient TADF blue emitter (TBE) combined with 
phosphor sensitizer (PS) (22). The emission path is roughly divided 
into two processes: Prompt decay emission stems from singlet state 
emitter transferred from the PS and delayed decay emission from 
excitons up-converted from inevitably populated triplet states in the 
emitter. The efficient and stable blue emitter is one of the most im-
portant factors for a high-performance blue PST system.

Therefore, here, we report novel MR-type TADF emitters to 
achieve high efficiency and long device lifetime of deep-blue OLEDs. 
Peripheral carbazoles are introduced into the emitter to reduce trip-
let exciton and trapped charge within emissive layer (EML). The 
carbazole derivatized emitter is expected to have mitigating effects 
in terms of triplet and polaron-related device degradation. The 
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emitters exhibit high molar extinction coefficient, fast reverse inter-
system crossing, and weak hole trapping characteristics. In addition, 
bulky peripheral derivatives can supress Dexter energy transfer from 
nearby molecules such as sensitizer and host to the emitter. PST de-
vices made with this emitter show 6.6 times longer device lifetimes 
than that of systems using the conventional TADF emitter in bottom- 
emitting devices (24). Moreover, five times enhancement in device 
lifetime with 25.5 cd A−1 is observed in top-emitting devices. To our 
best knowledge, the highest reported top-emissive device perform-
ances were obtained.

RESULTS
Molecule design and photophysical properties
Our TADF molecular design strategy for the PST system was in-
tended to mainly achieve high color purity, high efficiency, and long 
operational lifetime by facilitating Förster energy transfer (32–33) 
and suppressing Dexter energy transfer from the exciplex host and 
PS to the TBEs. This is because the increase in the number of rela-
tively long-lived triplet excitons on the TADF emitter decreases the 
device stability and generates a large efficiency roll-off by deactiva-
tion processes, such as triplet-triplet annihilation (TTA) and singlet- 
triplet annihilation (STA) (34). To verify our concept, we designed 
MR-type TADF emitters having narrow FWHM, high photolumines-
cence quantum yield (PLQY), and small Stokes’ shift. These emitters 
are required to meet four conditions: (i) The highest occupied molecu-
lar orbital (HOMO) energy difference between emitter and the host 
(or PS) should be minimized to reduce the number of triplet excitons 
and polarons on the TADF emitter generated by direct hole trapping. 
(ii) Sufficiently large molar extinction coefficient of the emitter is 
required for efficient Förster energy transfer through a large spec-
tral overlap between the TBE and PS. (iii) They must exhibit small 
singlet-triplet splitting energy (E_ST) and high spinning-orbit cou-
pling constant to facilitate reverse intersystem crossing from the 
triplet to S1 (35–37). (iv) Dexter energy transfer (38–39) from host 
and sensitizer should be blocked to minimize loss path through 
triplet state. Boron- based MR-type TADF emitters bearing peripheral 
electron-donating carbazole moieties (TBE01 and TBE02) were 
found to meet these requirements and were thus synthesized as 
shown in Fig. 1A (see also fig. S1). For comparison, t-DABNA, the 
well-known MR-type TADF emitter in the sensitizing system, was 
prepared. The chemical structures of these emitters were identified 

by 1H and 13C nuclear magnetic resonance (NMR) spectroscopy 
(figs. S2 to S9).

To gain insight into the geometrical and electronic properties 
of TADF emitter at the molecular level, the HOMO and the lowest 
unoccupied molecular orbital (LUMO) were calculated with time- 
dependent density functional theory (TDDFT) and the B3LYP/6-311G** 
method, which provide an orbital interpretation of locally excited 
transition. As shown in Fig. 1 (B and C), the frontier orbitals of the 
TADF molecules consisting of rigid polycyclic aromatic framework 
are efficiently separated by the MR effects of the nitrogen and boron 
atoms. This obvious spatial separation of the frontier orbitals of the 
newly designed emitters afforded smaller calculated E_ST values 
than that of t-DABNA (t-DABNA, TBE01, and TBE02 have E_ST 
values of 0.47, 0.44, and 0.42 eV, respectively; table S1), allowing for 
an efficient RNA-induced silencing complex. In addition, the large 
oscillator strengths of the S0-S1 transition of the emitters can lead to 
large molar extinction coefficients (t-DABNA, TBE01, and TBE02 
have molar extinction coefficients of 0.22, 0.30, and 0.44 eV, respec-
tively; table S2), enabling efficient energy transfer between PS and 
TADF emitter.

The ultraviolet-visible (UV-vis) absorption and photoluminescent 
(PL) spectra of the emitters (TBE01 and TBE02) are shown in fig. S10. 
Both TBE01 and TBE02 show major absorption peaks at 447 nm, 
which is attributable to the short-range charge transfer transition 
from the B-N–containing core. The broad absorption band assigned 
to the -* transition in the peripheral carbazole moieties is also 
clearly observed in the high-absorbance regions (300 to 350 nm). 
Moreover, the molar extinction coefficient of the emitters gradually 
increases with the increasing peripheral carbazole moieties in the 
order of TBE02 (5.6 × 104 M−1 cm−1) > TBE01 (3.9 × 104 M−1 cm−1) > 
t-DABNA (2.3 × 104 M−1 cm−1) (fig. S11.) The optical bandgaps (Eg) 
of TBE01, TBE02, and t-DABNA, as determined from the absorp-
tion onset wavelength, were estimated to be very similar and were 
approximately 2.68, 2.68, and 2.70 eV, respectively. Upon excitation 
at 342 nm, the PL spectra of TBE01 and TBE02 at 298 K display in-
tense deep-blue emissions centered at 459 nm with a bathochromic 
shift of ~3 nm, compared to that of t-DABNA. As expected, both 
TBE01 and TBE02 exhibit extremely small Stokes’ shift of 12 nm and 
a narrow FWHM of 21 nm, resulting from the reduced vibronic cou-
pling and the suppressed vibrational relaxation in the rigid boron- 
based MR-type TADF emitter. In contrast, at the sub-EHOMO levels, 
the resonance-donating effect of the carbazole group is dominant, 

Fig. 1. Molecular structures and frontier molecular orbitals. (A) Molecular structures of TBE01 and TBE02. (B) Calculation result of the energies of the HOMO/LUMO 
singlet orbitals of TBE01 and TBE02. (C) Calculated triplet spin density distributions of the lowest excited triplet states of TBE01 and TBE02.



Kim et al., Sci. Adv. 8, eabq1641 (2022)     14 October 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 9

and the level is shallower than that where the effect is weak. In par-
ticular, TBE02 shows a resonance-donating effect up to the EHOMO-2 
level because more carbazole moieties are introduced than those in 
TBE01. Owing to the shallowly formed EHOMO-n level, the electron 
transition from the sub-EHOMO level to the LUMO level could be fa-
cilitated (table S2 and figs. S12 and S13).

The low-temperature photoluminescence spectra obtained at 
77 K were used to determine the triplet energies (ET) of TBE01 and 
TBE02 (fig. S10). Considering that the highest-energy phosphores-
cence peak corresponds to the T1 → S0 transition, the ET values of 
the two emitters were estimated to be ~2.54 and 2.56 eV, respectively. 
The E_ST values of TBE01 and TBE02 (~0.16 and 0.14 eV, respec-
tively) were slightly smaller than that of t-DABNA (0.21 eV). More-
over, TBE01 and TBE02 show rather high PLQYs of 91.1 and 89.1%, 
respectively (Table 1). This may be as a result of the reduced ex-
change energy between the S1 and T1 states by the more extended 
-conjugate system and the improved radiative recombination by 
the increased oscillation strength (f value) based on the effect of the 
peripheral electron-donating carbazole moieties. Förster radius from 
the sensitizer to the emitters are calculated to be 4.5, 4.2, and 3.7 nm 
for TBE02, TBE01, and t-DABNA, respectively (random orientation 
is assumed for simplicity). The photophysical characteristics of PS,  
Platinum(II) [2-[3-[3-[3,5-bis(1,1-dimethylethyl)phenyl]-1H- 
benzimidazol-1-yl-κC2]phenoxy-κC2]-9-[4-(1,1-dimethylethyl)-2-
pyridinyl-κN]-9H-carbazolato(4-)-κC1] (PtON-TBBI), examined here 
is summarized in fig. S14 and table S3.

Figure 2A shows the PL decay curves of TBE doped onto the ex-
ciplex host materials. The decay curves indicate the typical TADF 
emission process because the curve is clearly separated into a dis-
tinctive, prompt, and delayed emission component. The rISC rate 
constant (krISC) from the triplet to S1 of the emitters are 0.27 × 104, 

0.51 × 104, and 1.03 × 104 s−1 for t-DABNA, TBE01, and TBE02, 
respectively (table S4). The krISC value substantially increased upon 
the addition of peripheral carbazole moieties. The high krISC of 
TBE02 might be ascribed to the smaller E_ST compared with those 
in t-DABNA and TBE01. Furthermore, we investigated the transient 
PL decay curves of the films wherein the PS and TBE are codeposited 
into exciplex host material (Fig. 2B). The efficient Förster energy 
transfer from triplet state of the sensitizer to singlet state of the 
emitter decreases the decay time of the PST system, while Dexter 
energy transfer increases the decay time of the system (22, 29). Dexter 
energy transfer increases the number of the triplet exciton in the 
emitter after the transfer, which results in a slow deactivation of the 
excited states as the depopulation of the triplet excitons on the TADF 
emitter occurs mainly via uphill reverse intersystem crossing. This 
suggests that the emission decay time of the phosphor-sensitized 
TBE could be substantially shorter than that of the TBE without PS if 
Förster energy transfer is efficient (40). TBE02 displays the shortest 
decay time as shown in Fig. 2B because TBE02 allows the most effi-
cient Förster energy transfer and the highest krISC among the emitters 
examined here. Intensity-averaged decay time of t-DABNA, TBE01, 
and TBE02 in this PST system are 11.2, 9.3, and 7.2 s, respectively. 
The decreased decay time is advantageous because it contributes to 
the reduction in the exciton concentration and the concomitant im-
provement of the operational lifetime of the device (41). To study the 
structure- property relationship in the energy transfer system, TDDFT 
calculations for the lowest excited triplet state were performed. As 
shown in Fig. 1C, triplet spin density distribution of TBE is mainly 
localized on the B-N core. The terminal substituents, such as carbazole, 
biphenyl, and t-butyl (42), not only increase intermolecular distance 
between TADF emitter and the neighboring molecules but also re-
duce their orbital overlaps (20). Carbazole moiety of length 6.84 nm 

Table 1. Photophysical and electrochemical properties of the emitters (t-DABNA, TBE01, and TBE02).  

Compound abs* (nm) em
† (nm) FWHM† (nm) PLQY‡ (%) ΔE_ST (eV) Eg

§ (eV) EHOMO
|| (eV) ELUMO

¶ (eV)

t-DABNA 444 456 21 99.3 0.21 2.70 −5.12 −2.42

TBE01 447 459 21 91.1 0.16 2.68 −5.21 −2.53

TBE02 447 459 21 89.1 0.14 2.68 −5.29 −2.61

*Measured in dilute toluene solution (1.0 × 10−5 M).   †Measured in dilute toluene solution (1.0 × 10−6 M).   ‡Measured in dilute toluene solution under 
nitrogen (1.0 × 10−5 M).   §Estimated from the absorption edge.   ||Measured from DPV scanning.   ¶Estimated from HOMO and bandgap (Eg) energies.

Fig. 2. Transient PL decay profiles. (A) t-DABNA, TBE01, and TBE02 (0.4 wt %) doped on the SiCzCz:SiTrzCz2 host films. (B) PS (13 wt %) was codeposited with 0.4 wt % 
emitter in the SiCzCz:SiTrzCz2 host films. Mixing ratio of HT to ET host was 6.5:3.5. a.u., arbitrary units.
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can help avoid intermolecular Dexter energy transfer as the Dexter 
energy transfer decreases exponentially with distance between donor 
and acceptor.

The electrochemical behaviors of TBE01 and TBE02 were inves-
tigated (fig. S15) by differential pulse voltammetry (DPV). Because 
nitrogen has higher electronegativity than carbon (although carba-
zole is generally an electron-donating group), it will withdraw more 
electrons from the B-N–containing core, leading to deeper HOMO 
levels in TBE01 and TBE02 (43). Considering the oxidation peak po-
tential, the HOMO levels were measured to be approximately −5.21 
and −5.29 eV, respectively, which were deeper than those of t-DABNA 
(Table 1). We compared the current density and voltage in the hole- 
only devices for the three TBEs. The EML of the devices comprised 
the exciplex host and TBE. The current density of the devices in-
creases as the HOMO level of the TBEs decreases, as shown in Fig. 3. 
The TBE with a deeper HOMO level, corresponding to a shallower 
trap energy, resulted in a higher current density at the same applied 
voltage. Direct hole trapping into the emitters would be decreased 
for TBE01 and TBE02 because HOMO energy difference between 
emitter and host is decreased from 0.38 eV for t-DABNA to 0.29 and 
0.26 eV for TBE01 and TBE02, respectively (Fig. 4). Therefore, the 
increased current density of the device with TBE02 represents the 
less-effective direct hole trapping on TBE02, compared to that on 
other TBEs. The direct charge trapping by the TBEs could increase 

the triplet exciton population on the emitter and the triplet-polaron 
quenching (TPQ), which could explain device degradation (43–45).

To confine the high-energy excitons of a pure blue emitter that 
uses triplet excitons, the host or the sensitizer must have a higher 
triplet energy than the emitter (20). In addition, we use exciplex host 
to have low-efficiency roll-off and broad recombination zone com-
pared to single host system (46). Moreover, the excitons generated 
in the exciplex host should be transferred to both the singlet state of 
the emitter or PS through Förster energy transfer. It is desirable for 
the exciplex host to have a short exciton lifetime and high photolu-
minescence quantum yield to prevent Dexter energy transfer from 
the triplet state of the exciplex host to the triplet state of the final 
TADF emitter.

The stable exciplex host, PS, and TBE are important materials for 
the sensitizing system. Furthermore, preferably, efficient Förster 
energy transfer, rather than Dexter energy transfer, must occur into 
TBE. Therefore, we selected a host and PS that were recently reported 
to exhibit extremely high device performance (47). The exciplex 
host, composed of 9-(3-(triphenylsilyl)phenyl)-9H-3,9′-bicarbazole 
(SiCzCz) and 9,9′-(6-(3-(triphenylsilyl)phenyl)-1,3,5-triazine-2,4-
diyl)bis(9H-carbazole) (SiTrzCz2), was used: SiCzCz for the hole 
transport (HT)–type host and SiTrzCz2 for the electron transport 
(ET)–type host (for more information, please refer to the “Synthesis 
and properties of host materials” section in the Supplementary Ma-
terials and fig. S16). The bicarbazole donor unit was introduced in 
SiCzCz to induce a shallower HOMO level compared to that of the 
mono-carbazole analog, reducing the hole injection barrier between 
the adjacent HT layer and EML. In general, the ET host requires an 
electro-deficient group to achieve a suitable LUMO level for elec-
tron injection from the adjacent electron-transporting layer. Previ-
ous reports have confirmed the effectiveness of triazine (48–49) and 
cyano (50) groups as the blue exciplex host. The chemical structure 
of SiTrzCz2 selected here includes a carbazole unit attached to tri-
azine, which confers a bipolar character, making it advantageous 
for reducing the driving voltage of the device. Both HT and ET host 
materials have the triphenylsilyl (TPS) group to efficiently suppress 
the triplet exciton quenching process of the exciplex. A bulky TPS 
group might maintain adequate intermolecular distance between host 
materials, reducing TTA (51) and TPQ (52). Moreover, the evaporated 
exciplex host film has a low E_ST value (0.1 eV) and short exciton 
lifetime (5.4 s; tables S5 and S6 and figs. S17 and S18) with good 

Fig. 3. Current-voltage profiles of the hole-only devices. The fabricated hole- 
only devices have a structure of ITO/BCFN + HAT-CN/BCFN/SiCzCz/ SiCzCz:SiTrzCz2 
(6.5:3.5) + emitter (0.4 wt %)/LiF/Al.

Fig. 4. Comparison of HOMO energy levels. (A) Conventional system. (B) PST system.
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quantum yield (PLQY: 55%); therefore, the exciplex host can harvest 
triplet exciton efficiently because of its TADF characteristics (53).

Last, to allow enhanced exciton harvesting to TBE, in the sensitiz-
ing system, a sensitizer having a shorter maximum luminous wave-
length than that of the TADF emitter is required. However, only a 
few studies have been conducted on deep-blue sensitizers with high 
stability, and the materials exhibiting long operational lifetime char-
acteristics mostly have red-shifted wavelength. The use of sensitizing 
materials with low emission energy levels is limited because of the 
spectral overlap with the emitter. If the spectral overlap is small, the 
probability of Förster energy transfer is lowered, and device effi-
ciency reduction is inevitable. The phosphor material, PtON-TBBI, 
selected here has a short PL wavelength of 454 nm and a narrow 
FWHM of 24 nm with excellent material stability (see figs. S19 to S25 
and table S3). Cyclometalated tetradentate Pt(II) complexes with 
N-heterocyclocarbene ligands exhibit narrow FWHM because of the 
substantial ligand-centered electrophosphorescence. PtON-TBBI 
has an N-3,5-di-tert-butyl phenyl fragment in carbine that allows a 
strong bond formation with Pt-Ccarbene and its modulation and fa-
cilitates the effective electron donation from the benzimidazolium 

carbene to the metal center. Therefore, PtON-TBBI can serve as a 
stable sensitizer in the proposed sensitizing system, resulting in the 
acceleration of the Förster energy transfer from the T1 of the PS to 
the S1 of TBE.

Device performance
The PST system of indium tin oxide (ITO)/1,4,5,8,9,11-Hexaazat-
riphenylenehexacarbonitrile (HAT-CN) (10 nm)/N-([1,1′-biphenyl]-
4-yl)-9,9-dimethyl-N-(4-(9-phenyl-9H-carbazol-3-yl)phenyl)- 
9H-fluoren-2-amine (60 nm)/SiCzCz (5 nm)/SiCzCz:SiTrzCz2 + PS + 
TBEs (EML 30 nm)/2SiTrzPh (5 nm)/2SiTrzPh:Liq (5:5, 31 nm)/LiF 
(1.5 nm)/Al (80 nm) was fabricated; the structure is shown in 
Fig. 5A. BCFN and mSiTrz were introduced on the basis of previous 
reports (see fig. S26) (54). The EML comprised PS (PtON-TBBI) and 
TBEs (t-DABNA, TBE01, and TBE02) doped onto the exciplex 
host (SiCzCz:SiTrzCz2 = 65:35%) with a doping concentrations of 
13 weight % (wt %) PS and 0.4 wt % TBEs (the bottom-emissive 
device) or 1.0 wt % TBEs (the top-emissive device). Device 1 con-
sisted of the exciplex host with only the PS, device 2 comprised 
the exciplex host with the PS and t-DABNA, device 3 was made up 

Fig. 5. OLED characteristics of the bottom-emissive devices. (A) Energy level diagram for PST-OLEDs. (B) EL spectra, (C) external EL quantum efficiency versus luminance 
plots, and (D) luminance versus time plots for the following devices: PS only, PtON-TBBI (13 wt %); device 1, PtON-TBBI (13 wt %) + t-DABNA (0.4 wt %); device 2, PtON-
T BBI (13 wt %) + TBE1 (0.4 wt %); device 3, PtON-TBBI (13 wt %) + TBE2 (0.4 wt %); device 4.

Table 2. Bottom-emissive device performances of TBEs with same host and PS at 1000 nit. All lifetimes displayed here are averaged value for three sample. 
SD of devices 1, 2, and 3 are 0.5, 0.7, and 0.5 hours, respectively. 

Bottom-emissive device Voltage (V) CE (cd A−1) CIE-y EQE (%) LT95 (hours) Roll-off (%)

Device 2 5.6 26.2 0.171 23.7 19.8 17.7

Device 3 5.6 27.1 0.165 25.4 42.3 12.4

Device 4 5.5 27.7 0.165 25.8 72.9 11.4

Reference (10) 4.2 36.0 0.200 24.0 11.0 –
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of the exciplex host with the PS and TBE01, and device 4 consisted 
of the exciplex host with the PS and TBE02. The performances of 
these devices were evaluated. Figure 5B shows the electrolumines-
cence (EL) spectrum for each bottom- emissive device. The PST 
devices have a relatively larger spectral width than TBEs because 
a part of emission is originated from the sensitizer. For example, 
emission spectrum of the device 4 exhibits similar emitter–to– 
sensitizer emission ratio of 55:45% (fig. S27.). Compared to device 1, 
the device manufactured by coevaporating the PS and TBEs, t-DABNA, 
TBE01, and TBE02 showed a decreased FWHM and improved color 
purity and current efficiency. Figure 5 (C and D) and Table 2 show 
the differences among devices 2, 3, and 4; these data help to clearly 
identify how the improvement of the TADF emitter affects the char-
acteristics of the device. EQE and device lifetime at 1000 cd m−2 of 
devices 2, 3, and 4 were 23.7% and 19.8 hours, 25.4% and 42.3 hours, 
and 25.8% and 72.9 hours in the bottom- emissive device, respec-
tively. The PST system based on devices 3 and 4 exhibited extremely 
improved operational lifetimes that were 2.1 and 3.7 times higher 
than that of device 2 (conventional system) in the bottom-emissive 
device, respectively. Furthermore, the lifetime of device 4 is 6.6 times 
higher than that of previously reported device (24). Reduction of 
efficiency roll-off according to decrease of decay lifetime reflects 
mitigating of TPQ or TTA during device operation (Fig.  5C and 
Table 2). Material stability of the final emitters does not seem to be 
responsible for lifetime differences of PST devices examined here. 
Electrochemical and photochemical stability is not matching with 
device lifetime as explained in figs. S28 to S30. The advantage of the 
PST system is highlighted by the result of the top-emissive device (Fig. 6 
and Table 3). The current efficiency calibrated by the Commission 

Internationale de L’Eclairage (CIE)-y color coordinate, CIE-y, and the 
device lifetime of devices 1, 2, 3, and 4 were 301.0 cd A−1 CIE-y−1, 
0.069, and 547.8 hours (LT50: an operational lifetime to 50% initial 
luminance); 320.9 cd A−1 CIE-y−1, 0.051, and 135.2  hours; 387.2 cd A−1 
CIE-y−1, 0.064, and 290.6 hours; and 441.4 cd A−1 CIE-y−1, 0.058, 
and 681.5 hours in the top- emissive device, respectively. The current 
density for the top-emissive device lifetime evaluation was calculated 
by considering the blue CIE-y to achieve the white color coordinate 
(0.298 and 0.318). These results indicate the optimal device perform-
ance reported to date for blue OLEDs.

DISCUSSION
We demonstrated a well-designed blue TADF OLED device using 
the exciplex host and PS. The exciplex host, PS, and TADF as a final 
emitter were optimally selected to create a near-ideal environment 
to suppress the triplet exciton– and polaron-initiated degradation 
processes while maximizing exciton utilization.

A boron-derivative MR-type TADF emitter was designed to achieve 
high color purity, high efficiency, and long operational lifetime. The 
TBE with a narrow FWHM, high PLQY, and small Stokes’ shift fea-
tured the following four characteristics: (i) TBE exhibited a high mo-
lar extinction coefficient for efficient Förster energy transfer via a 
large spectral overlap between the TBE and PS. The Förster radii of 
TBE increased from 3.6 nm (t-DABNA) to 4.5 nm (TBE02) on adding 
carbazole derivatives. The spectral comparison of these emitters in-
dicates that absorbance is directly associated with the electron-rich 
carbazole moieties originating from the strengthened MR effect 
of the B-N–containing core through increased oscillator strength 

Fig. 6. OLED characteristics of the top-emissive devices. (A) Color coordinate–corrected current efficiency versus luminance plots and (B) luminance versus time plots 
for the following devices: PS only, PtON-TBBI(13 wt %); device 1, PtON-TBBI(13 wt %) + t-DABNA(1.0 wt %); device 2, PtON-TBBI (13 wt %) + TBE1(1.0 wt %); device 3, 
PtON-TBBI (13 wt %) + TBE2 (1.0 wt %); device 4.

Table 3. Top-emissive device performances of the TBEs with same host and PS. All device lifetimes displayed here are averaged value for three samples. SD 
of devices 1, 2, and 3 are 0.3, 0.2, and 1.7 hours, respectively. 

Device Voltage (V) EQE (%) CIE-y CE (cd A−1 y−1) LT95 (hours) LT50 (hours) Luminance* (cd m−2)

Device 1 6.5 18.9 0.069 301.0 35.8 547 1527

Device 2 6.6 18.4 0.051 320.9 6.2 135.2 1113

Device 3 6.0 24.2 0.064 387.2 16.3 290.6 1399

Device 4 5.6 26.6 0.058 441.4 33.3 681.5 1260

*Measurement luminance condition.
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between HOMO and LUMO (table S2). (ii) Small E_ST between T1 
and S1 of the TBE facilitates krISC from the triplet to S1. (iii) Triplet 
spin density shows that carbazole moieties can work as a spacer for 
interrupting Dexter energy transfer from nearby molecules into the 
emitters. (iv) The EHOMO and ELUMO levels of TBE01 and TBE02 
having carbazole moieties are deeper than those of t-DABNA be-
cause the inductive withdrawing effect is dominant owing to the 
high electronegativity of the nitrogen atom of the carbazole unit. The 
hole-only devices show the subsequent increase of hole current 
according to the HOMO level. HOMO energy of the TBE was simi-
lar to that of the host (or the PS), which reduces the number of 
triplet excitons and polarons on the TBE generated by direct hole 
trapping.

The exciplex host, which is composed of SiCzCz as the HT host 
and SiTrzCz2 as the ET host, has an energy level of 3.02 eV, which is 
sufficient to transfer energy to the PS. Simultaneously, the exciplex 
host has a low E_ST of 0.1 eV with a short exciton lifetime of 5.4 s 
and a high PLQY of 0.55. Owing to this TADF characteristic, the 
exciplex host could maximize triplet exciton harvesting. PtON-TBBI 
exhibiting a narrow FWHM and excellent stability was implemented 
as a PS. Its suitable photocharacteristics enhanced Förster energy 
transfer from the triplet state of the sensitizer to the singlet state of the 
TADF emitter, resulting in low triplet exciton density in the EML.

Controlling the number of the triplet excitons and polarons gen-
erated on the TBEs facilitated the improvement of the operational 
lifetime by 6.6 times longer than that of the previously reported in 
the bottom-emitting OLEDs. We achieved state-of-the-art device per-
formances with a device lifetime of 72.9 hours (LT95) at 1000 cd m−1 
and an EQE of 25.8% in the bottom-emitting OLEDs and 681 hours 
(LT50) at 1260 cd m−1, a color coordinate–corrected current efficiency 
of 441 cd A−1 CIE y−1, and Commission Internationale de L’Eclairage 
chromaticity coordinate y of 0.058 in the top-emitting OLEDs.

MATERIALS AND METHODS
Bottom-emissive OLEDs incorporating the PST system were fabri-
cated through a configuration of ITO /BCFN:HAT-CN (100 Å)/
BCFN (600 Å)/SiCzCz (50 Å)/SiCzCz:SiTrzCz2 + PS + TBE (300 Å, 
13% + 0.4%)/2SiTrzPh (50 Å)/2SiTrzPh:Liq (310 Å)/LiF (15 Å)/Al 
(1000 Å). Top-emissive OLEDs incorporating the EF system were 
fabricated with a configuration of ITO/BCFN:HAT-CN (100 Å)/
BCFN (1000 Å)/SiCzCz (50 Å)/SiCzCz:SiTrzCz2 + PS + TBE (400 Å, 
13% + 1.0%)/2SiTrzPh (50 Å)/2SiTrzPh:Liq (310 Å)/Yb (15 Å)/Ag:Mg 
(120 Å)/capping layer (CPL). The structure of the EL device is shown 
in Fig. 5A. On the ITO substrate, p-doped BCFN was first deposited 
as a hole- injecting material. A hole-transporting material, BCFN, 
and the exciplex host doped with 13% of the PS with TBE and 2SiTrzPh:Liq 
as the blue-emitting and mixed layers as an electron-transporting 
material, respectively, were sequentially deposited, followed by depo-
sition of Yb, AgMg as the cathode, and CPL as the capping layer. 
Thereafter, the devices were encapsulated with a thin glass plate 
epoxy adhesive.

All chemicals were purchased from Sigma-Aldrich Co., Tokyo 
Chemical Industry Co., or Strem Chemicals Inc. and were used with-
out further purification. The 1H NMR and 13C NMR spectra were 
recorded on a Bruker ASCEND 500 instrument at 500 MHz using 
CDCl3 as the solvent.

Liquid chromatography–mass spectrometry (LC-MS)–ion trap–
time of flight data were recorded on a Thermo Fisher Scientific 

Ultimate 3000 spectrometer. The following LC-MS conditions were 
used: acetonitrile and methanol as mobile phase solvents, a flow rate 
of 0.1 ml min−1, anhydrous tetrahydrofuran (THF) as the sampling 
solvent, and the ACQUITY CSH C18 column (1.7 m, 2.1 mm by 
100 mm, Waters). Heated electrospray ionization was coupled with MS.

High-resolution MS was conducted on the LTQ Orbitrap Elite 
system (Thermo Fisher Scientific, USA) equipped with tandem ion 
trap and Orbitrap systems and coupled with an ultrahigh pressure 
liquid chromatography device. After the sample was separated on 
the analysis column (Symmetry C18 column, 300 Å, 3.5 m, 4.6 mm 
by 150 mm, Waters) using acetonitrile as an eluent in the absence of 
additional acid at 45°C oven temperature, atmospheric pressure 
chemical ionization was conducted at the ionization source at 380°C 
[sheath gas flow rate, 35 arbitary; discharge current, 4 A; S-lens radio 
frequency (RF) level, 50]. The MS scans were acquired at an Orbitrap 
resolution of 120,000 for mass/charge ratio ranging from 50 to 2000.

UV-vis spectra were obtained on a Shimadzu UV-1800 system, 
and the PL spectra for the solution states were achieved on a Horiba 
FluoroMax instrument. The UV-vis absorption and room temperature 
PL emission spectra were obtained using a dilute toluene solution 
(1 × 10−5 and 1 × 10−6 M, respectively), whereas the triplet energy 
values were recorded using a dilute THF solution (1 × 10−5 M, 77 K) 
after a delay of 1 s.

The energy levels were measured using DPV. Each material was 
dissolved in anhydrous N,N-dimethylformamide or dichloromethane 
with 0.1 M tetrabutylammonium hexafluorophosphate as an elec-
trolyte to measure the oxidation data used to estimate energy levels 
of the HOMO. A platinum rod and platinum wire were used as the 
working and counter electrodes, respectively, and Ag/AgNO3 was 
used as the pseudo reference electrode. All solutions were purged with 
nitrogen for 10 min before each experiment.

The NMR spectra (1H and 13C) were recorded on a Bruker Advance 
500 MHz spectrometer. The 1H and 13C chemical shifts were reported 
as  in units of parts per million, referenced to the residual solvent. 
Splitting patterns are denoted as singlet (s), doublet (d), triplet (t), 
quartet (q), multiplet (m), and broad (br). DFT simulations were per-
formed using the B3LYP functional and 6-311G** basis set for TBE01, 
TBE02, and t-DABNA to investigate the sub-electronic energy levels 
and intramolecular electron orbital distributions (see fig. S12.).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq1641
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