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Highly efficient organic light-emitting diodes
(OLEDs) containing a new emitter material named
DACT-II are developed. DACT-II allows all the electri-
cally excited triplet excitons, which are normally dissi-
pated as heat, to be converted into singlet excitons by re-
verse intersystem crossing. In addition, photolumines-
cence quantum Yyield of DACT-II is 100%, which allows
DACT-II-based OLEDs to realize an internal quantum ef-
ficiency of 100%. Although these features guarantee that
DACT-II displays outstanding performance, DACT-II
also has other advantages as an emitter for OLEDs, in-
cluding favorable molecular orientation for effective light
out-coupling, small roll-off, high thermal stability, and
high performance over a wide temperature range. Results
on boron-containing emitters, solution-processable emit-
ters, and host-free solution-processable emitters are also
described. In addition, recent results on charge transport
simulation will be presented if time permits.

1. Introduction

People obtain information through sight, smell, touch,
taste, and hearing. Among the senses we have, most infor-
mation is gathered by sight, so displays and other visual aids
are important for every scene of our daily life. After their pi-
oneering work on the electroluminescence (EL) from organic
materials,! Tang and VanSlyke? successfully fabricated or-
ganic light-emitting diodes (OLEDs) with an external EL
quantum efficiency (EQE) of 1%. EQE is expressed as fol-
lows

EQE =IQE X 7ou= X % DL X Tout (1)

where IQE is internal EL quantum efficiency, 7o is the light
out-coupling factor, £ is the exciton generation factor result-
ing in photons, yis the carrier balance ratio of holes and elec-
trons, and @p is the photoluminescence (PL) quantum yield
(PLQY). Focusing on f, electronic excitation generates 25%
lowest excited singlet excitons (S;) and 75% lowest triplet ex-
citons (T;). Because T normally result in heat, only S; can be
converted into light in normal fluorescent OLEDs. Therefore,
s limited to 25%. Obviously, use of T is a key to increase
f. T can be converted into light by introducing heavy atoms,
typically Ir or Pt, into emitter materials to theoretically pro-
vide S of 100%.>* However, these heavy atoms are unevenly
distributed around the world, which may cause dispute. Re-
cently, a new type of emitter with a theoretical S of 100% that
functions through thermally activated delayed fluorescence

(TADF) has been reported by Adachi’s group.’ T, are con-
verted into light via reverse intersystem crossing (RISC) from
Ti to Si. Despite that, the TADF materials consist only of
abundant atoms such as H, C, and N. Research on TADF is
now snowballing, provoked by their successful results. Here,
we present a design concept to develop efficient TADF ma-
terials. Recently developed TADF materials with excellent
performance based on this concept are also introduced.

2. Molecular design concept

Effective up-conversion of T; to S; can be realized by
minimizing the S;-T; energy gap, AEst. When AEst becomes
comparable to thermal energy (~26 meV at room tempera-
ture), Ty are thermally activated to S;, which then decay
through delayed fluorescence rather than normal fluorescence
from S, to So. This process is called TADF. AEsr is expressed
as

AEgr =

1
fe— |<PH0M0(X2)<PLUM0(X1)>
2 1

2

where x; and X, denote the coordinates of electrons in the
HOMO and LUMO, respectively. Equation (2) indicates that
spatial separation of HOMO and LUMO is effective to mini-
mize AEsr. Therefore, molecules in which electron-donating
and -accepting moieties are chemically bonded are good can-
didates as efficient TADF materials. Inclusion of spacer
groups and/or highly twisted conformation between the donor
and acceptor decrease HOMO-LUMO overlap, further low-
ering AEst. However, following the RISC process from T to
S1, TADF materials need to undergo radiative decay from S,
to So. The rate constant for radiative decay, £, is related to the
transition dipole moment from S; to So, w10, and w0 is de-
scribed by the HOMO and LUMO distributions as follows

2 <(pHOMO (X1)@rumo (X2)

H1o = {@romo X)|—ex|@rumo (X)), 3)

where X is a coordinate in three-dimensional space. Equa-
tion (3) shows that well-separated HOMO-LUMO distribu-
tions make w10 and k- small; some overlap between the
HOMO and LUMO is necessary to obtain large k. Therefore,
the small AEsr and large uio required for efficient TADF are
seemingly in a trade-off relationship. However, the different
dependence of AEst and u190 on the HOMO-LUMO overlap
allows us to reconcile these two factors.
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3. Experimental procedure

To design new materials, the candidates should be synthe-
sizable and not contain heavy atoms. When devices are fabri-
cated by vacuum deposition, the candidates should vaporize
before they decompose. When devices are fabricated by wet

processes, the candidates should be soluble in organic solvents.

Considering these factors, we designed new materials com-
posed of donor and acceptor segments. AEst and uio are im-
portant parameters for designing TADF materials, as ex-
plained above. Therefore, the first screening was calculation
of AEst and 0. We calculated AEst and 1o for candidate ma-
terials composed of donor and acceptor segments. Not only
the selection of the segments, but also their linkage is im-
portant; insertion of a spacer group (or not), how to link the
segments (bonded at a para-, meta-, or ortho-position in the
case of benzene rings), and torsion angles (by inserting bulky
groups at the ortho-position) were considered. Only candi-

dates with small AEst and large uio were selected for synthesis.

The second screening was experimental PLQY and
TADF investigation of the synthesized candidates. We meas-
ured the PLQY of purified candidates. PLQYs of solutions
and solids are normally different, and those of doped and neat
films also differ. The PLQY of doped films (or neat films
when the device is host-free) is one of the four factors in eq.
(1), @pr. TADF character was confirmed by transient PL de-
cay measurements under O,-free conditions. If delayed fluo-
rescence was observed in addition to normal fluorescence and
the intensity of delayed fluorescence increases with rising
temperature, the material has TADF character; AEst is com-
parable to thermal energy at measured temperatures. For
these materials, f in eq. (1) can exceed 25%; indeed, S of
100% was realized for several materials. We fabricated de-
vices using such TADF materials.

4. Results and discussion

On the basis of the above molecular design concept, we
developed a TADF material named DACT-11.>° DACT-II is
composed of electron-donating diphenylaminocarbazole
(DAC) and electron-accepting triphenyltriazine (T) groups.
The calculated torsion angle (&) for the chemical bond be-
tween these groups is 48°. The HOMO and LUMO of DACT-
IT are localized on DAC and T groups, respectively; such
HOMO-LUMO separation results in small AEsr, but the
HOMO-LUMO overlap is still large enough to obtain large
0. As expected from quantum chemical calculations, exper-
imentally obtained AEst and PLQY for doped films of DACT-
II were 9 meV and 100%, respectively. AEst is much smaller
than thermal energy at room temperature (26 meV), which
allowed highly efficient RISC. These results suggested that
DACT-II should be an excellent emitter for TADF OLEDs, so
we fabricated devices based on DACT-II. A maximum EQE
0f 29.6% was obtained. With an out-coupling sheet, a device
with a maximum EQE of 41.5% was achieved.

The high EQEs of DACT-II-based OLEDs confirmed that
DACT-II is a leading TADF material. DACT-II has further
excellent features as follows.

1) Composed only of C, H, and N.

2) Large PLQY of 100%, as described above.

3) Small AEst of 9 meV, as described above. The AEsr is
much smaller than thermal energy at room temperature of 26
meV, which allow highly efficient RISC of 100%.

4) Favorable molecular orientation. DACT-II tends to orient
parallel to the substrate with an order parameter S of —0.3,
even though DACT-II molecules in the emitter layer are in an
amorphous state. Such molecular orientation increases light
out-coupling, enhancing EQE.

5) Small roll-off. DACT-II-based OLEDs showed only slight
roll-off, with EQEs of 26.9% and 21.8% even at 500 and
3,000 cd m 2, respectively. With an out-coupling sheet, EQEs
were 37.6% and 30.7% at 500 and 3,000 cd m2, respectively.
6) High thermal stability. The glass transition temperature of
DACT-II thin films was 192 °C at a heating rate of 500 K s*.
7) High performance over a wide temperature range. The
PLQY of DACT-II of 100% at room temperature is preserved
even at low temperature; it is 98% at 200 K.

8) Of course, DACT-II has appropriate HOMO and LUMO
energy levels that are compatible with those of standard sur-
rounding materials.

Optical simulation indicated 7. of the DACT-II-based
OLEDs without out-coupling sheets was 29.0+0.9%, indicat-
ing an IQE of 29.6/29.0x100~=100%. Our detailed analysis
shows that diphenylamino groups play an important role in
both the TADF character and molecular orientation of
DACT-II. The equivalent molecule without diphenylamino
groups does not exhibit TADF character and has random mo-
lecular orientation.

In addition to our development of TADF OLEDs contain-
ing DACT-II, we will present our results on boron-containing
TADF molecules,” solution-processable TADF molecules,?
and host-free solution-processable TADF molecules.” We
will also describe our recent results on charge transport sim-
ulation'® if time permits.
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