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Abstract: Organic light-emitting diodes (OLEDSs) are of high interest for display, biomedical,
and solid-state lighting applications. But, costs and color purity are still issues with OLED
technology. The development of triplet harvesting emitters with a thermally activated delayed
fluorescence (TADF) mechanism mends these problems to some extent, owing to their ability
to produce both singlet and triplet excitons. In addition, the recent development of
hyperfluorescent OLEDs (HF-OLED) based on TADF and fluorescence emitter couples have
attracted a lot of attention, realizing high efficiency, good stability, and narrow emission. In this
mini-review, we comprehensively documented the molecular design principles of
hyperfluorescence emitters, their fundamental photophysics, and the advances in their
applications in OLEDs. Finally, the future perspectives of hyperfluorescence emitters and

OLEDs are envisaged.
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1. Introduction

The fundamental development of new emitters for organic light-emitting diodes
(OLEDs) has always grabbed a lot of attention.'? Since they play an important role in
developing efficient OLEDs in terms of color purity, efficiency, and stability; key
aspects for applications in displays, biomedical, and solid-state lighting.'! Fig. 1a
displays the multilayered architecture of OLEDs and their mechanisms allowing direct
charge injection, transport, and recombination to form emitting excitons.” According to
the principle of spin statistics, the excitation of the emitter leads to the formation of 25%
singlet excitons and 75% triplet excitons.® The emitters based on small molecules present
in the active layers of OLEDs are broadly classified into three types, such as
fluorescence, phosphorescence, and thermally activated delayed fluorescence (TADF)
emitters (Fig. 1b).> 122" Their basic photophysical properties are well reported in many
excellent reviews and literatures.?®3 The first generation of OLEDs are based on
fluorescent emitters (emission comes only from the S; state after excitation), which
harvest only 25% of singlet excitons and therefore reach 25% of maximum internal
guantum efficiency (IQE), since 75% of triplet excitons are dark. The external quantum
efficiency (EQE) of an OLED device depends on IQE and relates to each other as

follows: °

TIEQE = TIIQE X nout = (y X le X (DPL) X nout (1)

Where,nIQE and n,, ., denote the internal quantum efficiency and the light-out-coupling
efficiency, respectively. Eg. 1 revealed that nIQEdepends on y (charge balance factor of
injected holes and electrons), m, (efficiency of radiative exciton production), and
@p; (photoluminescence quantum yield). In case of fluorescence emitters, 1, is strongly

limited, since the 75% of electrically generated dark triplet excitons. Therefore, there
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was a search for techniques/emitters to harvest them, that is, the development of second
and third generation of emitters. The Second generation of OLEDs are based on
phosphorescent emitters (e.g., Iridium(l11) and Platinum (1) complexes) that harvest

both singlet and triplet excitons, reaching 100% of maximum 771QE-24’25’39_41 Though it

overwhelms the limitations of conventional fluorescent OLEDs, its broad emission
renders the poor color purity of the devices. In addition, sustainability and cost concerns
are always present when using rare-earth materials. The third generation of OLEDs
based on TADF organic emitters with a very small singlet-triplet energy gap (AEsT),
which produces both singlet and triplet excitons through an efficient triplet to singlet up-

conversion process, enables them to reach 100% of ’71QE-15 The TADF emitters

significantly enhanced the OLED performance, promising low-cost and sustainable
emitters. However, the wide emission spectra of TADF emitters still limit the low color
purity of the devices, and the long-lived excitons are leading to degradation processes

that reduce the MgoE and device stability.

It is in this context that the hyperfluorescence (HF) emitters are emerging. Indeed,
they have been referred to as the fourth generation on OLED active layers. 4% HF is
defined as the emission mechanism that combines two different emitters, such as TADF
and fluorescence emitters (Fig. 1c). As stated, TADF molecules have a small energy gap
(AEsT) between the singlet and the accepting triplet energy states. This permits the up-
conversion of excited energy from accepting triplet to singlet states, which provides
efficient emission from the singlet state.®! However, if the excited energy produced by
the TADF emitter is harvested by a fluorescent molecule following the Forster
resonance energy transfer (FRET) process, this will emit four times more photons than
conventional fluorescence at the same excitation conditions.*® In addition, HF emitters

display a strong and narrow-band emission, contrary to the broad emission of TADF
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emitters. Therefore, HF has been established as a promising approach to designing
OLEDs with high color purity and enhanced stability.*?%° The study of HF emitters and
their optoelectronic applications is progressing with momentum. In this mini-review, we
systematically documented the molecular design principles of HF emitters, their

fundamental photophysical requirements, and the advances in HF-OLED.
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Fig. 1 (a) Multilayered architecture of OLEDs: Hole transport layer (HTL) and Electron
transport layer (ETL); (b) Photophysical processes of different emitters; and (c) Mechanism of

hyper-fluorescence with TADF sensitizer and fluorescence emitter.

2. Strategies for designing hyperfluorescent emitters

The emitting layer of HF-OLED contains a TADF emitter, a fluorescent emitter, and/or
a host. Therefore, the design of each material is crucial (Figs. 2-5), which is briefly
depicted as follows:

TADF emitter acts as a sensitizer, which plays an important role in harvesting the

singlet excitons of fluorescence emitters. Therefore, the TADF emitters should have an
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efficient RISC rate (krisc) from Ty to Si. In addition, the TADF emitters should have a
high ®p__in thin film. The fluorescent emitter must feature a high ®p. and a small Stokes’
shift for efficient energy transfer. Furthermore, an efficient FRET (high krret) process
requires the maximum overlap between the absorption spectrum of the fluorescence
emitter and the emission spectrum of the TADF emitter. Finally, the first singlet excited
state (S1) of the fluorescence emitter must be below that of the S; state of the TADF
emitter (Fig. 1c). The concentration of two emitters is also crucial for efficient HF
behavior. Typically, a doping strategy is followed, in which a high amount of TADF
emitter and a lesser amount of fluorescence emitter in the active layer is required.
Concerning the host material, it is required to feature higher energy (singlet and triplet)
than the fluorescence and TADF emitters to prevent reverse energy transfer. Moreover,
it is also very important to prevent Dexter energy transfer (DET) among triplet states to
avoid loss of triplet exciton, which is achieved through efficient krisc, and the use of less
doping concentrations of emitters. Finally, a key requirement is to control carrier
trapping, which is essential to forbid the formation of triplet exciton in the dopant
fluorescence emitter.**%1The implementation of bulkier groups in fluorescence emitter
IS the most suitable approach to control it. In the last few years, resonance (MR)-TADF
terminal emitters have been greatly used in HF-OLEDs. Concerning the current use of
MR-TADF terminal emitters, they should have short-range charge transfer

characteristics, a small Stoke shift and efficient krisc.
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Strategies for designing hyper-fluorescent emitters
v High kg,sc for TADF emitter
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Fig. 2 Plausible conditions for designing of efficient hyper-fluorescent molecules.
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Fig. 3 Chemical structures of host materials.

The FRET processes are evaluated by using simple following mathematical

equations:>356

e _ 1 (R o
FRET_T_? (2)

F

where 1 is the prompt fluorescence lifetime, Ro is the Forster radius, at which the energy
transfer efficiency is 50% and R denotes the average intermolecular distance between

fluorescence dopant and TADF emitter.
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where, n, % and @ are the refractive index of the medium, dipole orientation factor, the

prompt quantum yield of the TADF emitter, respectively.

Jr = f Fy(Dea(OA dA (4)

where, Fp(A) accounts the normalized emission spectrum of TADF emitter and ea())
accounts the molar extinction coefficient of the fluorescence dopant, respectively.

A few representative examples of successful TADF/fluorescence emitter
combinations are described as follows: F1 is one of the best fluorescence emitters used
for the development of narrow-emitting HF-OLED (Fig. 5).5%6263 The emitter F1/MR-
T1 exhibits a strong absorption band at 457 nm and a sharp fluorescence band at 468
nm, with full width at half maximum (FWHM) of about 14 nm in toluene. This is related
to the combined effect of its polycyclic structure and the multiple resonance (MR) effect
of the boron and nitrogen atoms.%* In addition, F1 exhibits a ®p. of 74% in toluene. In
fact, F1 and its derivatives are also TADF active and recently been employed in many
HF-OLED as terminal emitters with MR-TADF characteristics (discussed later).
Therefore, a suitable TADF material with a close emission to that of the absorption
spectrum of fluorescence emitter F1/ MR-T1 is essential for the construction of an
efficient HF device.

Kwon and co-workers selected TADF emitters T1 and T2 (Fig. 4); they contain an
acceptor-donor-acceptor backbone with an oxygen-bridged boron acceptor, which

usually resulted in a deep blue emission upon photoexcitation. Indeed, their emission
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Fig. 4 Chemical structures of the TADF emitters.
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maximum is placed at ~ 445 nm, which is close to the absorption of F1.%3 T1and T2 also
exhibit high ®p. of > 95% in pristine thin-films. The OLED active layer composition
was prepared by mixing 25 wt % of T1 or T2 with 1 wt% of F1 resulting in a high krrer
of 7.50 x 107 and 7.48 x 10”s ™%, respectively. These properties of the TADF/fluorescence

emitter couple featured an efficient HF-OLED (see below).>?

a0 A0
s¥seonsle ot 9 NG
0 Q PRRE
F1 F3 F4
o o ¢ o & RN
ggg OO0 FF Pesooo
S SUVE TN gL
A F5 F6 F7 F8
O30 O O ooeo
O 8 O : SO OO XQNO\K
F9 F10 Fl11 F12

Fig. 5 Chemical structures of fluorescence emitters.

Fig. 6 Chemical structures of host materials.
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Concerning the low-energy part of the visible spectrum, the Kwon group reported a
red HF-OLED combining F2 and a TADF emitter T3 (Figs. 4 and 5).>” Owing to the
sharp emission and high ®p. of BODIPYS, they selected a BODIPY-based red emitting
fluorescence emitter F2 (emission maximum at 620 nm), featuring a high ®p. of 99%
and a small FWHM of 31 nm in solution. However, the deep lowest unoccupied
molecular orbital (LUMO) of 3.83 eV may induce electron trapping directly on BODIPY
in the emissive layer. Therefore, a TADF emitter with deep LUMO would be best for
these BODIPY-based fluorescence emitters, which help reduce the trapping of electrons
in the emissive layer. Thus, they selected a TADF emitter T3 (Fig. 5) that possesses a
deep LUMO (3.9 eV) along with better spectral overlap with the absorption spectrum of
F2 and the emission spectrum of T3. In addition, a high ®p. of 98% and high krret Of
5.10 x 107 s "1 were obtained for 0.7% doped films. Therefore, the selection of the T3

and F2 combination resulted in an efficient HF-OLED (see below).%’

3. Hyperfluorescent OLEDs

There was a continuous success in designing HF-OLEDs after the first examples
reported by the Adachi group.*® Using a suitable host and the right choice of TADF-
fluorescence emitter couple , such as T4:F3, T5:F4, T6:F5, and T7:F6 (Figs 3-5), they
succeeded to fabricating Dblue-, green-, yellow-, and red-emitting HF-OLEDs,
respectively (Table 1).4° With the limit of ~15-50 wt% doping concentrations of TADF
emitters and 1 wt% of fluorescence emitter, the maximum EQE of the blue-, green-,
yellow-, and red-emitting HF-OLEDs were 13.4%, 15.8%, 18.0%, and 17.5%,
respectively.*® There was a huge increase in EQE compared to conventional fluorescent
emitters in all devices, demonstrating the EQE-enhancing role of HF emitters. No doubt,
this approach demonstrates a path for designing several new HF emitters using

theTADF-fluorescence emitter couple and their fruitful applications in OLEDs.#>0
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However, a low EQE (13.4%) was observed for the first blue HF-OLED based on the
T4:F3 emitter couple (Table 1). This might be attributed to the incomplete FRET from
the TADF emitter to the fluorescent emitter, as the TADF emitter (T4) emits at longer
wavelength than the fluorescence emitter (F3), decreasing the spectral overlap Jr (eq. 4).
In contrast, Lee group reported a HF-OLED showing improved EQEs, which contain a
deep blue TADF emitter (T8) and fluorescence emitter (F3).>° At 50 wt.% doping
concentration of T8 and 0.1 wt.% doping concentration of F3, a deep blue HF-OLED
was fabricated with host DPEPO (Table 1). This resulted in an improved EQE reaching
a value of 18.1%. These studies suggest that the choice of the T8:F3 couple is better
than the T4:F3 couple for blue HF-OLED (Figs. 4 and 5). Further studies revealed that
a blue HF-OLED constructed using a T8:F3 couple without a host exhibits EQE of 15.4
%.°! As the next steps, another TADF emitter T9 was used to sensitize the blue emission
of F3. Similar to the previous works, a solution-processed efficient blue HF-OLEDs was
prepared, reaching an EQE of 18.8 % using a bulkier host DPOBBPE (Table 1).°2 These
findings revealed that the nature of the host plays a vital role f in the device’s
performance by controlling Dexter energy transfer; the bulkier the host, the lesser will
be the Dexter energy transfer. Kwon group recently developed two more blue-emitting
TADF emitters, T1 and T2 (Fig. 4). Both emit deep blue emissions and exhibit high
®p.. HF-OLEDs were fabricated using F1 as a dopant with host DBFPO.> The blue
HF-OLEDs achieved using the T1:F1 and T2:F2 couple exhibit impressive EQE of
38.8% and 37.3%, respectively. In addition, the EL spectra of the both blue HF-OLEDs
featured a FWHM of 19 nm.>3 Very recently Kwon group reported one blue HF-OLED
using T10 as quadrupolar donor-acceptor-donor type TADF emitter and F1 as a
fluorescence emitter in DBFPO host (Fig. 3) . The HF-OLED device fabricated with
this combination exhibits high EQEs of 43.9% of with x/y CIE chromaticity coordinates

of 0.12/0.16.%2 This significant increase was attributed to the successful control of the
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DET process through efficient Krisc and shielded LUMO in T10. In addition, the HF-
OLED constructed using the T10:F1 couple displays an EL peak maximum at 473 nm
with a narrow FWHM of 21 nm.®? These investigations suggest an efficient HF-OLED
could be developed by the proper selection of host, TADF emitter, and fluorescence
terminal emitter.

Besides blue HF-OLEDs, there were a few efforts to develop other (green, red, and
white) HF-OLEDs (Table 1). In detail, an efficient green HF-OLED fabricated using
TADF emitter T11, fluorescence emitters F7 and F8 with mCP host (Figs. 3-5).>* The
EQEs were 13.5% and 14.6% for T11:F7 and T11:F8 couple emitter, respectively. Here,
it could be noted that, EQE of only ~5% was obtained using the traditional Alg3 host
with TADF emitter T11 and fluorescence emitters F7 and F8.%* This indicates the crucial
role of the host towards high EQEs. Yellow HF-OLEDs with the TADF emitter T12 and
yellow emitting fluorescence emitter F5 (Figs. 4 and 5), which feature a good overlap
of the emission spectrum of T12 with the absorption spectrum of F5, featured a
maximum EQE of 19.1% using the mCBP host.>® Finally, red HF-OLEDs were
prepared mixing T13 or T14 with F6 and CBP host.>® The device composed of T13:F6
exhibited a maximum EQE of 8 % and x/y CIE chromaticity coordinates of 0.61/0.38.
The device performance with the T14:F6 couple was lower than that of device with the
T13:F6; this might be due to their different TADF behavior owing to the presence of
different donor groups in T13 and T14.5¢ However, the EQE of the devices with T13:F6
couple was higher than those with each component.>® Recently, another red HF-OLED
was reported using red-emitting BODIPY-based fluorescence emitter F2 and TADF
emitter T3 (Table 1).°"The fabricated HF-OLED with T3 and F2 shows EQEs of 19.4%.
The device exhibits an EL peak maximum at 617 nm with x/y CIE chromaticity
coordinates of 0.64/ 0.36 and a FWHM of 44 nm. In addition, the device shows a longer

device lifetime of 954 h at 3000 cd m~2.%" Wang group reported a red HF-OLED using
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TADF emitter T15 and conventional red fluorescence emitter F6 (Table 1). The HF-
OLED fabricated using this combination resulted in a maximum EQE of 16.4% and x/y
CIE chromaticity coordinates of 0.65/0.35.%°

Recently, HF-OLEDs with MR-TADF materials as terminal emitters have been
developed rapidly owing to their strong and narrow emission.®®"* MR-TADF materials
(Fig. 6) are fused polycyclic aromatic compounds with suitably placed electron-deficient
and electron-rich centers, enabling their HOMO and LUMO separation on different
atoms due to the opposite resonance/mesomeric effects.’”*’® This reduces AEst and
triggers TADF emission. The rigid frameworks and short-range charge transfer features
of MR-TADF materials make them ideal candidates for OLEDs realizing narrow
emission with high color purity and high efficiency.®®"*The following are some
representative examples of this class of HF -OLEDs. Adachi group used TADF emitter
T16 to sensitize the narrow emission of MR-TADF emitter MR-T1 (Figs. 4 and 6).%3
The presence of a bulky m-terphenyl (instead of carbazole) unit at the para-position of
T16 triggers a greenish-blue emission at ~ 475 nm in solution, which is close to the
absorption maximum of MRT1, enabling efficient energy transfer between them. In thin
film with 0.5 wt.% of MR-T1 and 20 wt.% of T16 the emission maximum observed at
485 nm with a ®p. of 86%. High krisc i.e., 9.2x10° st in thin-film, attested an excellent
TADF behavior. Moreover, a high FRET efficiency of about 64% from T16 to MR-T1,
indicates an efficient excited energy transfer from T16 to MRTL1. This combination
resulted in an efficient narrow-emitting (FWHM = 19nm) HF-OLED with a maximum
EQE of 41% and good stability (Table 1).%3 Zhang group reported a blue HF-OLED
using the T17: MR-T1 couple.” The donor-void-acceptor structural feature of T17
justifies its high ®p of 92% and displays an emission maximum at 440 nm in toluene.
The HF-OLED fabricated with 30 wt% TADF sensitizer T17 and 1 wt% MR-TADF

emitter MR-T1, resulted in a maximum EQE of 20.6% with a narrow FWHM of 21 nm
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that has x/y CIE chromaticity coordinates of 0.140/0.195.3 In parallel, many researchers
exploited B, N doped MR-TADF terminal emitters in HF-OLEDs to achieve narrow
emission with high efficiencies and high color purity. Kwon group reported a modified
MR-TADF emitter (MR-T2) by attaching the tert-butyl group to the MR-T1 core.®” As
mentioned earlier, incorporating bulky groups into the backbone of the terminal emitter
can effectively inhibit the DET process and increase ®p.. In thin film, MR-T2 displayed
a ®pL of 91.9%. This increase in ®p. compared to MRT1 is due to the addition of the
tert-butyl group. MR-T2 showed a short delayed lifetime of 2.93 us, and krisc of 2.54
x 10° st Therefore, they have selected a suitable TADF emitter, T18 to sensitize the
blue emission of the MR-TADF emitter, MR-T2.%” The thin film obtained with 30 wt.%
T18 and 1% of MR-T2 has a ®p. of 97.3% and a kerer of about 7.77x 107 s, This
indicates efficient energy transfer from T18 to MR-T2. Therefore, the blue HF-OLED
fabricated with the MR-T2:T18 combination exhibits a maximum EQE of 40.7% along
with a narrow FWHM of 19 nm and x/y CIE chromaticity coordinates of 0.12/0.15.%7
Zysman-Colman group reported a different B, N doped MR-TADF emitter, MR-T3.
They have fabricated a HF-OLED using a T19: MR-T3 couple with a DPEPO host,
which has an EQE of 15% with a FWHM of 49 nm and x/y CIE chromaticity coordinates
of 0.15/0.10.%® Another blue HF device was fabricated based on TADF sensitizer T20
and MR-TADF emitter MR-T4 combination.” With an aim of developing an efficient
TADF emitter, a sterically congested TADF emitter, T20 with multiple donor groups
was developed. The presence of multiple donor-acceptor moieties in the same molecule
supported the orbital mixing of LE and CT states, ensuing a high krisc of 2.36 x 106 s71.
Hence, the HF-OLED obtained with the T20: MR-T4 combination records an EQE
maximum of 32.5%, a FWHM of <30 nm and x/y CIE coordinates chromaticity of
0.13/0.12."* Very recently, the Lee group reported an MR-TADF emitter MR-T5, a

sterically shielded and rigid emitter based on triptycene-fused B,N core. In doped film,
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MR-T5 exhibits an emission maximum at 463 nm with a ®p_ of 99%.%° They have
selected a suitable TADF emitter, T21, which effectively sensitizes the emission of MR-
T5. The thin film with 20 wt% T21 and 2 wt% MR-T5 with mCBP:DPEPO exhibits
a high keret of about 4-6x107 st. The HF-OLED with T21: MR-T5 showed a maximum
EQE of 27.5% and a FWHM of 29nm.%° Moreover, the Zysman-Colman group reported
a new acceptor-free MR-TADF molecule, MR-T6. MR-T6 exhibits weak TADF with a
®p 0f 67% and an emission maximum at 441 nm in 3 wt% PMMA film.®8The HF device
obtained with 35 wt% T22 and 1 wt % MR-T6, reached a maximum EQE of 16.5%,
with deep-blue x/y CIE chromaticity coordinates of 0.15/0.11.%8 Recently, same group
reported green and red HF-OLEDs based on MR-TADF emitter MR-T7 and MR-T8,
respectively.”® MR-T7 with triphenylamine donor groups showed green emission at 551
nm with FWHM of 58 nm and ®p. of 93%, while MR-T8 with diphenylamine donor
groups showed a red emission at 617 nm with FWHM of 56 nm and ®p. of 60% in the
2 wt% mCP doped films. A green HF-OLED fabricated using 2 wt% MR-T7 as emitter
and 10wt% TADF sensitizer T11, recorded a high maximum EQE of 30 % with x/y CIE
chromaticity coordinates of 0.424/0.551. Also, a red HF OLED fabricated using 2wt%
MR-T8 as emitter and 10 wt% TADF sensitizer T11 and recorded a high maximum
EQE of 18% with x/y CIE chromaticity coordinates of 0.585/0.396 (Table 1).”°

There is also increasing interest in designing novel organic-based emitters for the
fabrication of white OLED (WOLED).”"%They are developed with low cost and have
exhibited notable merits of high efficiency. The WOLED device is characterized by the
x/y CIE coordinates of 0.33/0.33. Normally, white light is produced by the simultaneous
blue, green, and red missions, or the addition of two complementary emissions.8 7788
This is usually possible with organic emitters that exhibit dual/multiple/broad
emissions.”® In the case of HF-WOLEDs, the white light is obtained by combining the

emissions of both TADF and fluorescence emitters, which covers the complete visible
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range (400-800 nm).8%% Fig. 7 depicts the co-emission mechanisms of the
hyperfluorescent emitters to produce white light emission. Here, the TADF emitter
performs a dual role, acting itself as a blue emitter and a sensitizer for fluorescence
emitter. A HF-WOLED was developed with T23 as blue TADF emitter, and F5 as a
yellow fluorescent emitter.°°Both T23 and F6 (Figs. 4 and 5), were co-doped with 0.05%
doping concentration, and the HF-WOLED device constructed in DPEPO host exhibits
x/ly CIE coordinates of 0.28/0.35 and high EQE of 15.5%.%°1Similarly, another HF-
WOLED developed using a TADF emitter T23 and orange-emitting rubrene (F9)
without any host, reached EQEs of 7.48%. In addition, stable EL spectra were recorded
with the change of the x/y CIE coordinates of 0.36/0.41 to 0.36/0.43 with increase in
voltage from 5 V to 8 V.9 Friend and coworkers reported a HF-WOLED by using a sky-
blue TADF emitter T24, complemented by yellow and red emitting fluorescence
emitters F5 and F1, the device resulted in a high EQE of 21.8% with x/y CIE coordinates
of 0.43/0.45.%8 Very recently, the Xu group reported an ultra-thin bilayer concept for the
design of HF-WOLED, where a emissive layer contains an ultrathin layer of blue
fluorescence emitter (F3), and a layer of TADF emitter (T25 or T26) doped with a
yellow fluorescence emitter (F5).%¢ The efficiency of these HF-WOLEDs is highly
sensitive to the thickness of the layers. At the thinness of 0.1nm of blue emitter layer,
the device exhibits dual band EL spectra with x/y CIE coordinates of 0.40/0.50. The
maximum EQE values of 20.9%, and 11.8 % are reported for the devices using TADF
emitters T25 and T26, respectively.*® Similarly, the Tang group recently reported a HF-
WOLED using a yellow emitter F5 , blue emitter F11 and a TADF emitter, T6 with a
pure hydrocarbon host, SF4-TPE.*® They witnessed with an increase in thickness of the
blue layer, the EL intensity becomes stronger and the HF-WOLED constructed using 10
nm thickness of the blue layer exhibited maximum EQE of 17.6% and x/y CIE

coordinates of 0.39/0.39.%°
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Table 1. Details of active layer composition, HF-OLED performances (CEmax: Maximum current efficiency, PE max: Maximum power
efficiency); AeL: emission maxima of electroluminescence and FWHM: full width at half maximum.

Host Composition of TADF (T): terminal Device Performance References
emitter? AeL/FWHM xly CIE EQE (%) CE max PE max
(nm) co-ordinates (cd A1) (ImwT)

DPEPO 15 wt% T4:1 wt% F3 - 0.17/0.30 13.4 27.0 18.0 (49)
mCP 50 wt% T5:1 wt% F4 - 0.29/0.59 15.8 45.0 47.0 (49)
mCBP 25 wt% T6:1 wt% F5 - 0.45/0.53 18.0 60 58 (49)
CBP 15 wt% T7:1 wt% F6 - 0.61/0.39 17.5 25 28 (49)
DPEPO 50 wt% T8:0.1 wt% F3 - 0.15/0.22 18.1 24.3 18.4 (50)
- T8:0.3 wt% F3 - 0.15/0.23 15.4 23.7 23.4 (51)
DPOBBPE 25 wt% T9:1 wt% F3 - 0.14/0.20 18.8 29.1 14.3 (52)
DBFPO 25 wt% T1:1 wt% F1 473/19 0.12/0.15 38.8 30.0 - (53)
DBFPO 25 wt% T2:1 wt% F1 473/19 0.12/0.15 37.3 28.3 - (53)
DBFPO 30 wit% T10:1 wt% F1 473/21 0.12/0.16 43.9 36.6 - (62)
mCP T11:0.5 wt% F7 - 0.44/0.55 135 - 53.4 (54)
mCP T11:0.5 wt% F8 - 0.44/0.54 14.6 - 46.1 (54)
mCBP 6.3 mol% T12:0.65 mol% F5 - 0.43/0.54 19.1 62 - (55)
CBP 15 wt% T13:2 wt% F6 610, 666, 724 0.61/0.38 6.65 10.15 - (55)
CBP 15 wt% T14:2 wt% F6 - 0.62/0.37 3.62 5.21 - (56)
- 30 wi% T3:0.7 wt% F2 617/44 0.64/0.36 19.4 26.0 - (57)
mCBP 25 wit% T17:1 wt% F6 610, 647, 710 0.65/0.33 215 27.4 - (65)
mCBP 20 wt% T16:0.5 wt% MR-T1 470/19 0.13/0.16 41 23 72 (63)
mCP 30 wt% T17:1 wt% MR-T1 471/21 0.14/0.20 20.6 24.1 - (73)
DBFPO 30 wt% T18:1 wt% MR-T2 474/19 0.12/0.15 40.7 31.6 - (67)
DPEPO 25 vol% T19:1 vol% MR-T3 -149 0.15/0.10 15 - - (48)
DPEPO 40 wt% T20: 2 wt% MR-T4 -129 0.13/0.12 325 - - (72)
mCBP:DPEPO 20 wit% T21: 2 wt% MR-T5 462/29 0.14/0.13 275 28.5 29.8 (69)
DPEPO 35 wt% T21: 1 wt% MR-T6 - 0.15/0.11 16.5 - - (68)
mCP 10 wt% T11: 1 wt% MR-T7 556/70 0.42/0.55 30 106 111 (70)
mCP 10 wt% T11: 1 wt% MR-T8 615/61 0.56/0.40 17.9 35 37 (70)
- 10 wt% T27:1 wt% (S,S)-F10 536 - 215 72.1 69.8 (104)

- 10 wt% T27:1 wt% (R,R)-F10 536 - 20.4 67.9 68.2 (104)

3 Terminal emitters are either fluorescence emitters (F) or MR-TADF emitters (MR-T)
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Fig. 7 Depicting the co-emission mechanism for white light emission with fluorescence
emitter and TADF combination as hyperfluorescence mechanism.

Finally, there are a few more interesting examples with further features, such as
circularly polarized electroluminescence.!®-1% Here, Chen et al. reported circularly
polarized OLED based on hyperfluorescence mechanism.% In detail, they have used
chiral fluorescence emitters (F12; Fig. 5) with |gum| is about 2.5x10°2 and TADF
sensitizer (T27; Fig. 4) in the active layer. The green HF-OLEDs fabricated using
enantiomers (S,S)-F10 and (R,R)-F10 exhibit EQE of 21.5% and 20.4%, respectively.1%*
Interestingly, these efficiencies of HF- OLEDs are much higher compared to reported

fluorescence OLEDs.

4. Conclusion and future prospective

Significant advances in solid-state lighting technology have been made with the
appealing use of new hyperfluorescent active layers and their respective OLEDs. Here,
the Foster resonance energy transfer (FRET) between a TADF and fluorescent emitter
plays a primary role in the device efficiency of blue-, green-, red- as well as white-
emitting HF-OLEDSs. In addition, circularly polarized HF-OLEDs using chiral emitters
are also possible. In contrast to fluorescent OLEDs, all-hyperfluorescent OLEDs have

high color purity (owing to their narrow emission) and significantly enhanced EQEs.
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Today, there are still challenges/difficulties in the development of HF emitters and
devices. For instance, the device lifetime is still limited, while the design of pure deep
blue emitters is still necessary. To further improve the performance of HF-OLED, a
twisted donor-acceptor based TADF emitter should be designed to achieve 100% triplet
to singlet excitonic conversion by efficient reverse intersystem crossing. This might also
reduce the use of high doping concentrations of TADF emitters. The efficient RISC and
low doping concentration of TADF emitter will, in addition, help to avoid Dexter energy
transfer from triplet excitons. In this line, the fluorescence emitters should be designed
with sterically hindered bulky groups to minimize the Dexter energy transfer. In
addition, Monkman group revealed that the rate of DET is very difficult to get from
photophysical measurements in thin film.1% Therefore, it is the biggest challenge to
quantify rate of DET in thin film and hence a suitable technique should be developed for
the calculation of DET rate in thin film. Moreover, the selection of suitable host materials
for OLED is also a big challenge because it is very difficult to design high triplet energy
host materials. In this context, the recent work of the Bryce group should be followed,
which provides molecular design directions for obtaining very high triplet energy host
materials.1® Recently , it was observed that phosphine oxide-free hosts perform better
in OLEDs and therefore, the design of new phosphine oxide-free hosts and their use in
devices should be investigated.'®” Most of the reported MR-TADF emitter exhibits weak
TADF emission and therefore, the design of efficient MR-TADF terminal emitters with
high krisc is further required to have efficient HF-OLEDs. Finally, dyads based on
covalent/non-covalent emitters could be explored; since they have the capacity to control
distance towards an enhanced FRET process.

In the meantime, the design of HF-based light-emitting electrochemical cells (LECs)
should be established.1%110 | ECs consist of a blend of an ion-electrolyte and an emitter

in the active layer. Thus, combining Fluorescence/TADF based HF systems is feasible,
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but the effect of the ion-induced local electric fields on the FRET and DET processes
needs to be studied. Overall, we believe that HF emitters in solid-state lighting
applications can achieve significant breakthroughs in efficiency and lifetime in the near

future and therefore facilitate commercialization.
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