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Recently, triplet harvesting via a thermally activated delayed fluorescence (TADF) process has been
established as a realistic route for obtaining ultimate internal electroluminescence (EL) quantum efficiency
in organic light-emitting diodes (OLEDs). However, the possibility that the rather long transient lifetime of
the triplet excited states would reduce operational stability due to an increased chance for unwarranted
chemical reactions has been a concern. Herein, we demonstrate dual enhancement of EL efficiency and
operational stability in OLEDs by employing a TADF molecule as an assistant dopant and a fluorescent
molecule as an end emitter. The proper combination of assistant dopant and emitter molecules realized a
“one-way” rapid Forster energy transfer of singlet excitons from TADF molecules to fluorescent emitters,
reducing the number of cycles of intersystem crossing (ISC) and reverse ISC in the TADF molecules and
resulting in a significant enhancement of operational stability compared to OLEDs with a TADF molecule as
the end emitter. In addition, we found that the presence of this rapid energy transfer significantly suppresses
singlet-triplet annihilation. Using this finely-tuned rapid triplet-exciton upconversion scheme, OLED
performance and lifetime was greatly improved.

electroluminescence (EL), flexibility, lightweight, and the possibility of solution processing and low-cost

manufacture, they are fascinating for advanced full-color flat-panel displays and lighting applications. In
particular, improvement of the internal EL quantum efficiency (1) is a fundamental issue since one singlet
exciton is generated for every three triplet excitons in the event of carrier recombination’. Thus, #;,, is limited to as
low as 25% when using highly emissive fluorescent molecules even if their photoluminescence (PL) quantum
yields (@py) are nearly 100%.

To improve #;,, by harvesting triplet excitons, several unique routes have been proposed. The most well
established route is the utilization of room-temperature phosphorescence emitters, such as iridium (Ir) or
platinum (Pt) complexes, as an emissive dopant. Since the presence of heavy metals such as Ir and Pt induces
mixing between the singlet state (S;) and the triplet state (T;) due to spin-orbital coupling, phosphorescence-
based OLEDs (PHOS-OLEDs) can achieve an ultimate #);,, of nearly 100% even at room temperature®°. Another
potential route to generate singlet excitons that has been reported is triplet-triplet annihilation (TTA)”"°.
However, the maximum fraction of triplets that can be converted to singlets by the TTA process is 50%, resulting
in an upper limit for the radiative exciton production efficiency (1) of less than 62.5% (= 25% + 75% X 0.5)'".

In our recent works, on the other hand, we demonstrated an alternative route to harvest triplet excitons by
utilizing a thermally activated delayed fluorescence (TADF) process'*™', i.e., “TADF-OLEDs”. In the TADF
process, generated triplet excitons can be thermally upconverted into an S; state through reverse intersystem
crossing (RISC) because of a small energy gap (AEgsr) between the S; and T; states, and light emission can be
extracted as a delayed fluorescence from the S, state. Based on a sophisticated molecular design, we have reported
a series of highly efficient OLEDs with TADF emitters demonstrating #;,, of nearly 100%".

S ince organic light-emitting diodes (OLEDs) possess extremely attractive properties such as highly efficient

| 5:8429 | DOI: 10.1038/srep08429 1


mailto:adachi@cstf.kyushu-u.ac.jp
mailto:adachi@cstf.kyushu-u.ac.jp

Furthermore, we recently designed a novel device architecture
with the proper combination of TADF molecule as a singlet exciton
generator and fluorescent molecule as an end emitter, i.e., TADF-
assisted fluorescence, hereafter abbreviated as “TAF-OLED”, that
enables #;,,; of nearly 100% from conventional fluorescent emitters
and has great potential for improving operational stability".
However, the operational stability is still unsatisfactory compared
to state-of-the-art fluorescence-based OLEDs (FLU-OLEDs). Since
very few reports on the operational stability of OLEDs incorporating
TADF molecules are available'®, guidelines for obtaining high opera-
tional stability in these devices are desired.

In the early stage of OLED:s starting in 1950’s, emitter layers were
composed of fluorescent molecules that can harvest only singlet
excitons. Advances in molecules exhibiting room temperature phos-
phorescence since 1998 led to achievement of nearly 100% radiative
decay from triplet excited states. From 2012, newly invented TADF
molecules allow for 100% upconversion from triplet into singlet
states, leading to nearly 100% of excited states contributing to radi-
ative decay from singlet states. Now, more than 50 years after the first
observation of EL from fluorescent molecules, TAF-OLEDs have
realized emission from conventional fluorescence molecules utilizing
nearly 100% of the created excitons.

In this report, we establish basic guidelines for enhancing the
stability of TAF-OLEDs: the TADF assistant dopant should have a
high RISC rate constant (kgysc) and Forster resonance energy trans-
fer (FRET) from the TADF molecules to the fluorescent emitters
should be a rapid, one-way process. Meeting these criteria reduces
the number of cycles of intersystem crossing (ISC) and RISC in the
TADF molecule, enabling high operational stability and high #pqg at
high luminances through reduced triplet populations and the sup-
pression of a bimolecular recombination processes.

Results

Energy transfer process. Figure 1(a) shows schematic illustrations of
the energy transfer systems for TADF-OLEDs (left) and TAF-
OLEDs (right), highlighting that light is emitted from TADF mole-
cules and fluorescent molecules, respectively, in each system. In this
work, we used (2s,4r,6s)-2,4,5,6-tetrakis(3,6-dimethyl-9H-carbazol-
9-yl) isophthalonitrile (4CzIPN-Me)'® as an assistant dopant and
2,8-di[t-butyl]-5,11-di[4-(t-butyl) phenyl]-6,12-diphenylnaphthacene
(TBRb) as a fluorescent emitter. Since this combination showed a
large spectral overlap between the absorption spectrum of TBRb and
the PL spectrum of 4CzIPN-Me (Fig. 1(b)), efficient FRET of singlet
excitons from the exciton donor (4CzIPN-Me) to the exciton
acceptor (TBRDb) is possible even at a TBRb concentration of 0.65
mol% due to a rather large Forster transfer radius (Ro)" of ~7.4 nm.
In this study, to prevent direct energy transfer of the triplet excitons
from 4CzIPN-Me to TBRb via Dexter energy transfer, 4CzIPN-Me
and TBRb were doped into a 3,3-di(9H-carbazol-9-yl)biphenyl
(mCBP) host matrix at finely-tuned concentrations of 6.3 mol%
and 0.65 mol%, respectively, minimizing the number of adjacent
4CzIPN-Me and TBRb molecules (see Supplementary note). As
host, mCBP was chosen for its wide energy gap and high triplet
energy of 2.9 eV, which confines triplet excitons to the dopant
molecules™.

To confirm that energy transfer occurs from the 4CzIPN-Me
molecules to the TBRb emitters, transient PL decay curves were
measured for 0.65mol%-TBRb: 6.3mol%-4CzIPN-Me: mCBP and
6.3mol%-4CzIPN-Me: mCBP co-deposited films (Supplementary
Figure 2). Identical emission spectra for the delayed and prompt
components, which originate from TBRb, were observed in the
0.65mol%-TBRb: 6.3mol%-4CzIPN-Me: mCBP film. In addition,
the delayed emission intensity is reduced in the film with
0.65mol% TBRb compared to that of the film without TBRb, indi-
cating that singlet excitons of 4CzIPN-Me are promptly transferred
to the S, state of TBRb via FRET as opposed to via the reabsorption of

4CzIPN-Me emission by TBRb, in which case the delayed emission
intensities would be nearly the same.

Furthermore, the energy transfer efficiency from an energy donor
to an energy acceptor can be estimated by

E=1— Foa . (1)
Fp

Here, E is the energy transfer efficiency and Fpa and Fp are the
spectral @p; at the same wavelength for donor emission in a matrix
with and without acceptor molecules, respectively. As shown in
Supplementary Figure 3, the spectral @p; of donor molecules at a
wavelength of 500 nm was significantly reduced by the presence of
acceptor molecules, indicating efficient energy transfer with an E of
~0.8 calculated from Fpy of ~7.9 X 107* nm™ ! and F, of ~3.3 X
107° nm™".

OLED characteristics. The energy diagram of the fabricated OLEDs
is shown in Fig. 1(c) (device architecture details can be found in the
Methods section). In addition to the TAF- and TADF-OLEDs, FLU-
OLEDs with only TBRb as emitter, and no 4CzIPN-Me, doped into
an mCBP host were also made for reference. The performance of the
three devices, TAF-OLED (red), TADF-OLED (blue), and FLU-
OLED (black), are summarized in Table 1 and Fig. 2. While the
FLU-OLED showed a maximum external EL quantum efficiency
(neqr) of 4 = 1% at 7 cd m™?, the TADF-OLED with 4CzIPN-Me
as an emitter showed the highest npqg of 21.0 = 1% at 185 cd m ™2,
indicating that 7, approaches 94 ~ 100% using a ®@p; of 74 * 3%
measured for a 6.3mol%-4CzIPN-Me: mCBP co-deposited film and
assuming an ideal charge balance factor of unity and a light out-
coupling efficiency of 20~30%"*.

On the other hand, in the TAF-OLED with 4CzIPN-Me as an
assistant dopant, the emission from 4CzIPN-Me was significantly
reduced, and the device exhibited light emission mainly originating
from TBRD (Fig. 2(b)) with a high #gqg of 19.1 * 1% at 20 cd m 2,
indicating high #, of 78.6 ~ 100% using a ®p;, of 81 * 3% from a
0.65mol%-TBRb: 6.3mol%-4CzIPN-Me: mCBP co-deposited film
and clearly confirming that the TAF-OLED overcame the upper
limit of 1, = 25% assumed for fluorescent emitters. In addition,
although #gqp rapidly drops to 62.5% of its maximum value at
800 cd m~? in the FLU-OLED, the TAF-OLED maintained high
NEQE of 17.5 = 1%, 16.7 = 1%, 14.1 = 1%, and 12.5 = 1% even at
high practical luminances of 500, 1,000, 5,000, and 10,000 cd/m?
corresponding to 92%, 87%, 74%, and 65% of the maximum #gqg,
respectively. These high values indicate that the exciton annihilation
process is significantly suppressed in the TAF-OLED compared to
the FLU-OLED (Fig. 2(a)).

The npqr of 19.1 £ 1% is the highest efficiency in OLEDs with a
classical fluorescent molecule as the end emitter. The slightly lower
Neqe than for the TADF-OLED is probably due to holes injected
from the TAPC hole transport layer into the emitter layer (EML)
being directly trapped by TBRb molecules because of the shallower
highest occupied molecular orbital (HOMO) level of TBRb
(—5.4 eV) compared to that of 4CzIPN-Me (—5.9 eV) (see
Fig. 1(c)). In fact, a slight increase of the driving voltage for the
TAF-OLED compared to that of the TADF-OLED was observed
(Fig. 2(b) inset), supporting the proposal of partial direct trapping
on the TBRb molecules.

Device operational stability. Although the TADF- and TAF-
OLEDs had comparable #gqp, the operational lifetimes of these
OLEDs were pronouncedly different. Figure 2(c) compares the EL
intensity of the TADF- and TAF-OLEDs as a function of time
operated at a constant current starting at an initial luminance of L,
= 1,000 cd m~> We found that the operational lifetime LT50, which
is defined as the time when the luminance drops to 0.5 of the initial
luminance, of the TAF-OLED was 3,775 hours and is over 2.5 times
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Figure 1| Energy diagram. (a) Schematic illustration of the conceived energy transfer mechanism for the 4CzZIPN-Me (assistant dopant):TBRb
(fluorescent emitter) system under electrical excitation (right). The left figure shows a conventional energy diagram for 4CzIPN-Me as emitter. (b) PL
spectra of a 11mol%-4CzIPN-Me:mCBP co-deposited film and TBRb solution (CH,Cl,, 107> mol L™"). The dashed line indicates the absorption
spectrum of the TBRb solution (CH,Cl,, 10~ mol L™"). The Forster radius was obtained from the overlap of the PL spectrum of the exciton donor and the
absorption spectrum of the exciton acceptor based on the assumptions of random molecular orientation and a refractive index of 1.8 for the mCBP
medium. (c) Energy diagram of the OLEDs used in this work. HOMO levels were measured by photoelectron spectroscopy (Riken Keiki, AC-3). Energy
gaps were estimated from the absorption edges of neat films.

longer than that of the TADF-OLED (LT50 = 1,470 hours) while the Although the electrochemical stability of the final emitter, i.e.,
voltage-rise curves are almost the same for both OLEDs as shown in ~ TBRb, will also affect the operational stability of the TAF-OLED,
the inset of Fig. 2(c). the enhanced stability while maintaining a high ngqg for the TAF-

Table 1 | Device performance of the tested OLEDs

Performance at 1,000 cd m~2

EML Turn-on voltage [V] ~ Max. e [%]  Max. CE [ed A7) CIE® Voltage [V]  #eqe [%] CE[cd A-']  LT50 [hour]
TBRb 6.0 4.0 13 (0.43,0.51) 100 2.5° 7.9b 5
4CzIPN-Me 3.8 21.0 73 (0.37,0.58) 6.6 19.7 68 1,472
TBRb: 4CzIPN-Me 4.0 19.1 62 (0.43, 0.54) 7.5 16.7 56 3,775

“The CIE were obtained at 500 cd m2.
“These values were obtained at 800 cd m~2.

| 5:8429 | DOI: 10.1038/srep08429 3



Q

N
Q,
T

External EL quantum efficiency (%)

-
(=]
G

-
o
T
_O:.:

%)

o

[o2)

T
3

10°

o
~
T

Current density (mA cm”

o
N
T

02 4 6 8101214
Voltage (V)

1 . 1 . 1 4.
500 600 700 800
Wavelength (nm)

Normalized EL intensity (arb. unit) O
5
T

o
o

(2]

=y
o
my

o
©

o
e

o©
3

0.0 . . . o
0 1000 2000 3000 4000
®az. Operation time (hour)

4CzIPN-Me

2000
Operation time (hour)

o
o
T

Normalized EL intensity (arb. unit)

F 4CZIPN-Me ¥

0 1000

o
o

4000

3000

Figure 2 | OLED performance. (a) External EL quantum efficiency as a
function of luminance for the tested OLEDs. The black, blue and red circles
showed the device performance for the OLEDs with TBRb only (FLU-
OLED), 4CzIPN-Me only (TADF-OLED) and TBRb:4CzIPN-Me (TAF-
OLED), respectively. (b) Normalized EL spectra of the OLEDs with
4CzIPN-Me as emitter (blue, TADF-OLED) and 4CzIPN-Me as assistant
dopant (red, TAF-OLED) at 500 cd m ™. Inset: Current density — voltage
characteristics of these devices (coloured accordingly). (c) Operational
stability of the tested OLEDs. Initial luminance is set to 1,000 c¢d m ™ for all
devices. The injected current density is constant at 1.9 mA cm ™2 and

2.1 mA cm? for the OLEDs with 4CzIPN-Me as emitter (TADF-OLED)
and as assistant dopant (TAF-OLED), respectively. Inset: Voltage rise
curves for the tested devices (coloured accordingly).

OLED compared to the TADF-OLED is mainly attributed to rapid
FRET from 4CzIPN-Me to TBRD since carrier recombination still
mainly occurs on the TADF molecules in the TAF-OLED. We note
that the operational stability (LT50 = 3,775 hours) of the TAF-
OLED with 4CzIPN-Me as an assistant dopant was also significantly
longer than that of an OLED with the phenoxazine derivative 2-
phenoxazine-4,6-diphenyl-1,3,5-triazine (PXZ-TRZ)" as assistant
dopant (950 hours for an initial luminance of 1,000 cd m™ and
194 hours operated at a constant current density of 10 mA
cm %)Y, suggesting that the electrochemical stability of the assistant
dopants also affects the operational stability. Since the long lifetime
nature of triplet excitons has been suspected as a cause of device
degradation®, an assistant dopant with a short triplet lifetime may
decrease the chance for chemical degradation.

Another aspect that can affect device stability is the thin-film
morphology. Although partial crystallization was observed in a
0.65mol%-TBRb:mCBP film after storage in a nitrogen atmosphere
for a few days, no changes of film morphology were observed in
6.3mol%-4CzIPN-Me:mCBP and 0.65mol%-TBRb:6.3mol%-4CzIPN-
Me: mCBP films, suggesting that crystallization is well suppressed
for the films doped with 6.3 mol% 4CzIPN-Me (see Supplementary
note).

Exciton dynamics in TAF-OLEDs. Focusing on the electrically-
driven degradation of the devices, the operation mechanism for
enhancing the device stability in the TAF-OLED was studied in
more detail. An important factor that may enable an enhancement
of operational stability is the decrease of ISC/RISC cycles, and
thereby the triplet population, due to the presence of rapid energy
transfer via a Forster process. In the case of the TADF-OLED, triplet
excitons that are electrically generated on 4CzIPN-Me are promptly
converted to the S; state through RISC with a rate constant of krjsc =
7.7 X 10° s, which is realized due to the small AEgr = 0.05 eV (see
Supplementary note). The singlet excitons then have two possible
decay pathways: (1) radiative decay from the S; state to the ground
state (So) with a radiative decay rate of kf =25X 10" s7} or (2) ISC
back to the T state of 4CzIPN-Me with a rate constant of kjsc = 4.1
X 107 s~. The triplet excitons resulting from ISC can subsequently
upconvert again, and these competitive decay and upconversion
processes will be repeated until all of the excitons finally decay as
light emission or heat dissipation.

On the other hand, when fluorescent molecules, i.e., TBRb, are
added to the mixed matrix, i.e., TAF-OLEDs, an additional decay
path from the singlet excited state, i.e., FRET from the S; state of
4CzIPN-Me to the S; state of TBRb, is now available. In this case, the
singlet and triplet density dynamics of 4CzIPN-Me under optical
excitation can be described by

dNs

T — kg Ns — k2 Ns — kiscNs + krisc Nt + P, (2)

dNt
VT kNt — krisc Nt + kiscNs, (3)
where kg is the rate constant of energy transfer from a TADF mole-
cule to a fluorescent emitter, Ng and Ny denote the singlet and triplet
densities, respectively, and P is the density of singlet excitons gener-
ated by optical excitation. Since the rate constant of FRET,

kgr= (I/TD) (RS/R6>, where 1 is radiative decay time of donor

molecular and R is the average distance between donor and acceptor
molecules (~4.6 nm for this TAF film), is nearly two orders of mag-
nitude faster than those of the ISC and RISC processes, i.e., > 10° s,
singlet excitons created on 4CzIPN-Me are immediately transferred
to the S, state of TBRb, reducing the chance for ISC. Furthermore,
this energy transfer is exothermic and a one-way process energet-
ically, i.e., the singlet excitons of TBRb cannot return to the S; state of
4CzIPN-Me.
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Figure 3(a) and (b) show numerically calculated Ng and Nt on
4CzIPN-Me without FRET and with FRET for different kgt by using
Egs. 2 and 3. By adding fluorescent molecules at a concentration of
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Figure 3 | Calculated singlet and triplet exciton densities. Dependence of
calculated singlet density (a) and triplet density (b) in a 6.3mol%-4CzIPN-
Me:mCBP co-deposited film on the rate constant of energy transfer (kgr)
as a function of time. The exciton density is calculated using Egs. (2) and
(3) with kisc = 4.1 X 107 57", kisc = 7.7 X 10° s”'and k¥ = 2.5 X 107 57"
and k% = 2.0 X 10° s". (c) The calculated singlet (blue lines) and triplet
(red lines) exciton densities in a 6.3mol%-4CzIPN-Me:mCBP co-
deposited film under electrical excitation as a function of time with (kg =
10° 577, solid lines) or without (kgr = 0 s™', dashed lines) Forster energy
transfer using Egs. (4) and (5).

only 0.65mol%, corresponding to kg = 10° s™*, the singlet density
quickly decreases after excitation, leading to N that is four orders of
magnitude lower (~10" cm™) and Ny that is one order of mag-
nitude lower (~10'® cm™?) than those without FRET about 10 ns
after a short pulse excitation of 1 ns. This indicates that the number
of ISC/RISC cycles would be significantly reduced, leading to a
decrease of triplet exciton population on 4CzIPN-Me.

In the case of electrical excitation, the equations (2) and (3) can be
revised as

dN:
d_ts = — kgrNs — k¥ Ng — kisc Ns + krisc Nt +]/4de> (4)

dN-
= = — KNt —kuscNr +kiseNs+gge: ()

where ] is the injected current density, d is the recombination zone
thickness, and e is the electron charge. When the number of excitons
generated by short electrical excitation (pulse width = 1 ns) is the
same as that generated by the optical excitation (10*° cm™s™ ") at t =
0's, i.e., P = J/de, one order of magnitude higher N7 (~10" cm™)
than that of optical excitation is generated due to the higher branch-
ing ratio of triplet excitons, with the N5 and Nt dynamics plotted in
Fig. 3(c). Comparing with TADF, a dramatic decrease of the singlet
exciton density for TAF was also observed for electrical excitation
within the first tens of nanoseconds, while an appreciable decrease of
triplet excitons at a faster rate was identified on a ps-order time scale.
In addition, the reduction of Ng (from ~2.5 X 10'® cm ™ to ~8.2 X
10 cm®) and Ny (from ~1.8 X 10* cm ™ to ~8.0 X 10" cm?)

N,
was also confirmed for steady-state conditions, i.e., d—ts =0 and
dN-
d—tT =0. Thus, while the reduction of Ny by including FRET is

weaker for electrical excitation than for optical excitation, the
TAF-system clearly provides a way to reduce Nt in OLEDs.

Suppression of exciton annihilation process. A decrease in Nt and
triplet exciton lifetime can have repercussions not only for
operational stability but also for the exciton annihilation processes
that lead to a decrease of #;,, at high luminances. In our previous
study, we clarified that the annihilation processes in TADF-OLEDs
can be described by a combination of singlet-triplet annihilation
(STA) and TTA*. How strongly each exciton annihilation process
influences 7;,; as luminance increases in different TADF-OLEDs can
be compared by considering the estimated critical current densities
Jrr and Jsr where the initial luminance decays by half via TTA and
STA, respectively, calculated by ref. 24

- EddjpromptkfkRISC (6)
kTT kST ’

where kpr and kgr (in unit of cm?® s™!) are the rates of TTA and STA,
respectively, and @pompe is the prompt component of the PL
efficiency. Considering these relationships, a TAF-system can be
shown to suppress exciton annihilation in OLEDs.

We compared the roll-off characteristics in TAF- and TADF-
OLEDs by using 4,5-di(9H-carbazol-9-yl)phthalonitrile (2CzPN)
as the TADF molecule since 2CzPN-based OLEDs show rather
strong roll-off characteristics as reported in our previous study*.
To confirm that bimolecular interaction occurs in 2CzPN, we first
measured the transient PL of 7.2mol%-2CzPN in an mCBP host
matrix under pulse excitation with a rather long width of 500 ps,
ie, quasi steady-state excitation, and an excitation power of
~1.5 kW/cm®. We also prepared a reference film of 6.3mol%-
4CzIPN-Me doped into an mCBP host.

The PL characteristics and Jablonski diagrams of 2CzPN and
4CzIPN-Me are summarized in Table 2 and Fig. 4(a), respectively
(see Supplementary note for details on the calculation of the rate

2
edPpromptkpisc
2

Jst
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Table 2 | PL characteristics and rate constants of TADF molecules

TADF molecule AEsy [eV] Total PL efficiency [%)] Dorompt [%] Pdelayed [%] Tp [Ns] 74 [1s] K [107s71] KL [10°s7"] kisc[107 s7"] kpisc [10° s77]

4CzIPN-Me 0.05 74 38 36 15 20 2.5 2.0 4.1 7.7
2CzPN 0.299 85 50 35 17 265 2.9 0.01 2.9 0.054

“IThe singlet and triplet energy levels of 2.95 eV and 2.66 eV were estimated from the onset of fluorescence and phosphorescence spectra, respectively.
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Figure 4 | Bimolecular annihilation characteristics. (a) The chemical structures and energetic process diagrams of 4CzZIPN-Me and 2CzPN. (b) PL
transient characteristics for 6.3mol%-4CzIPN-Me (red circles) or 7.2mol%-2CzPN (black circles) doped mCBP films. The films were pumped with a laser
diode (excitation power of ~1.5 kW/cm?) with pulse width of 500 s at an excitation wavelength of 405 nm. The blue solid line indicates the time profile
of the excitation beam. Inset: Close-up of PL transient signals immediately after excitation. For 2CzPN, the PL intensity rapidly decays to a steady-state
intensity of 43% of the peak intensity within the initial 50 ps of excitation time. (¢) Normalized external EL quantum efficiency as a function of injected
current density for the 2CzPN-based OLEDs with (red squares) or without (black squares) 0.65mol%-TBRb. The OLED structure was ITO (100 nm)/
HAT-CN (10 nm)/TAPC (30 nm)/7.2mol%-2CzPN:mCBP (30 nm)/T2T (10 nm)/Alqs (55 nm)/LiF (0.8 nm)/Al (100 nm). The solid lines correspond
to the qr calculated based on the exciton annihilation model. Inset: The actual external EL quantum efficiency as a function of injected current density
for the tested OLEDs (coloured accordingly).
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constants). While both co-deposited films show comparable @p; and
similar kigc and kf of the order of ~ 107 s™', 2CzPN possesses a
smaller kgjsc of ~10° s7" due to its large AEgr of ~ 0.29 eV. This
smaller kgsc for 2CzPN is expected to lead to a larger triplet popu-
lation since triplets will not be upconverted to singlets as quickly as
for 4CzIPN-Me.

If the triplet population created by the balance between ISC from
S; to T and RISC from T, to S; is large enough to induce strong
triplet-triplet absorption, the PL intensity will significantly decrease
with increasing excitation time via STA as has been demonstrated for
4-(dicyanomethylene)-2-methyl-6-julolidyl-9-enyl-4H-pyran
doped into tris(8-hydroxyquinoline)aluminum (Alg;)*. In fact, we
observed a clear dependence of the PL decay characteristics on the
krisc values as shown in Fig. 4b. In the case of 2CzPN, a significant
decrease of the PL intensity within the initial 50 ps of quasi steady-
state optical excitation was clearly observed, indicating that a large
population of triplet excitons on the T, state of 2CzPN due to the
small kgjsc is inducing a reduction of the exciton density via bimo-
lecular interaction during long pulse excitation.

This optical behavior is consistent with the rapid drop of ngqg with
an increase of injected current density in the OLED with 7.2mol%-
2CzPN as an emissive dopant (Fig. 4(c)), resulting in a 50% decrease
of gqE from the maximum at as low as 3 mA cm™?. Fortunately, the
TAF scheme provides a path for “one-way” triplet energy transfer
from TADF molecules to end emitters, thus decreasing Nt on the
TADF molecules and relaxing the bimolecular annihilation. In fact,
when 0.65mol%-TBRb was added into a 7.2mol%-2CzPN:mCBP
matrix as an exciton acceptor to form a TAF-OLED, the experi-
mental current density at 50% luminance was calculated to be ~6-
times higher (~18 mA cm™?) than that of the corresponding TADEF-
OLED.

By fitting the model in Ref. 24 to the device characteristics in
Fig. 4(c), the best agreement between experimental data and modeled
curves were obtained with kgt = 5 X 1072 cm® s and kpp = 2.5 X
107" cm?® s for the TADF-OLED and kst = 6 X 107" cm’s™ ' and
krr =5 X 107" cm?® s7! for the TAF-OLED. The reduction of kgy
and krr by one order of magnitude for the TAF-OLED compared to
the TADF-OLED indicates that bimolecular annihilation can also be
reduced by employing a TAF-system, which is attributed to rapid
FRET decreasing the number of ISC/RISC cycles and, subsequently,
the triplet population. In addition, we note that the observation of kg
that is about three orders of magnitude larger than krr suggests that
STA is the most dominant bimolecular annihilation process for exci-
tons in OLEDs with TADF molecules.

Discussion

In summary, we demonstrated that both high electroluminescence
efficiency and enhanced operational stability could be achieved in
TAF-OLEDs by introducing an assistant dopant having a rather
large krisc~10°, 4CzIPN-Me. Furthermore, suppression of exciton
annihilation was demonstrated via efficient and rapid triplet-
singlet upconversion. We believe that development of TADF assist-
ant dopants having even larger kgisc will further improve OLED
performance.

Methods

Materials. The materials 4,4’ -cyclohexylidenebis[N,N-bis(4-methylphenyl)
benzenamine] (TAPC) and 2,8-di[t-butyl]-5,11-di[4-(t-butyl)phenyl]-6,12-diphenyl
naphthacene (TBRb) were purchased from Luminescence Technology Corp. Tris(8-
hydroxyquinolinato)aluminum (Alqs) was used as received from Nippon Steel
Chemical Co., Ltd. Dipyrazino(2,3-£:20,30-h]quinoxaline-2,3,6,7,10,11-
hexacarbonitrile (HAT-CN) and 3,3-di(9H-carbazol-9-yl)biphenyl (mCBP) were
purchased from NARD Institute, Ltd. (2s,4r,6s)-2,4,5,6-tetrakis(3,6-dimethyl-9H-
carbazol-9-yl)isophthalonitrile (4CzIPN- Me), 4,5-di(9H-carbazol-9-
yl)phthalonitrile (2CzPN), and 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine (T2T) were
synthesized according to reported procedures.

Sample preparation and optical characterization of organic thin films. Organic
solid-state films with thicknesses of 100 nm were grown by thermal evaporation.
Organic deposition was performed under vacuum at pressures of below 5 X 10 Pa.
PL quantum efficiency was measured with an absolute PL quantum yield
measurement system (C11347-01, Hamamatsu Photonics) under the flow of nitrogen
gas with an excitation wavelength of 337 nm. Emission lifetimes and
phosphorescence spectrum of 4CzIPN-Me were measured using a streak camera
(C4334, Hamamatsu Photonics) and cryostat (Iwatani Industrial Gases Co.) with a
nitrogen gas laser (KEN-X, Usho Optical Systems Co., Ltd.) as an excitation light
source under a pressure of about 3 Pa.

Fabrication of OLEDs. Organic layers were formed by thermal evaporation. We
prepared a TAF-OLED structure of ITO (100 nm)/HAT-CN (10 nm)/TAPC

(30 nm)/0.65mol%-TBRb:6.3mol%-4CzIPN-Me:mCBP (30 nm)/T2T (10 nm)/Alqs
(55 nm)/LiF (0.8 nm)/Al (100 nm). As references, OLEDs with an EML of either
0.65mol%-TBRb:mCBP (FLU-OLED) or 6.3mol%-4CzIPN-Me:mCBP (TADF-
OLED), i.e., 4CzIPN-Me as the emitter, were also examined. Effective device areas of
1 mm? were defined on the patterned-ITO substrates by a polyimide insulation layer
using a conventional photolithography technique. After device fabrication, devices
were immediately encapsulated with glass lids using epoxy glue in a nitrogen-filled
glove box (O, < 0.1 ppm, H,O < 0.1 ppm). Commercial calcium oxide desiccant
(Dynic Co.) was included in each encapsulated package.

Characterization of OLEDs. The current density-voltage-luminance characteristics
of the OLEDs were evaluated using a source meter (Keithley 2400, Keithley
Instruments Inc.) and an absolute external quantum efficiency measurement system
(€9920-12, Hamamatsu Photonics). Each EL spectrum was collected by an optical
fiber connected to a spectrometer (PMA-12, Hamamatsu Photonics). The
reproducibility of device performance of the presented devices was confirmed by
measuring over four different samples. The operational lifetime was measured using a
luminance meter (SR-3AR, TOPCON) at a constant DC current. All measurements
were performed in ambient atmosphere at room temperature.
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