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We demonstrated highly efficient and color stable single-emitting-layer fluorescent WOLEDs using blue
thermally activated delayed fluorescent material of bis[4-(9,9-dimethyl-9,10-dihydroacridine)phenyl]sul
fone (DMAC-DPS) as host and traditional orange fluorescent material of (5,6,11,12)-tetraphenyl-naphtha
cene (rubrene) as dopant. At a low dopant concentration of 0.6 wt%, we achieved the efficient white emis-
sion that comprised of blue host and orange dopant. The maximum current efficiency, power efficiency
and external quantum efficiency were 20.2 cd A~', 15.9Im W' and 7.48%, respectively. Besides, the
Commission Internationale de I'Eclairage coordinates were almost the same with the increased voltage,
Single-emitting-layer which shifted from (0.359, 0.439) to (0.358, 0.430) as the voltage rose from 5 V to 8 V. The achievement of
Delayed fluorescence so high efficiency was attributed to the efficient up-conversion of DMAC-DPS triplet excitons and efficient
TADF energy transfer from host to dopant by Forster transfer mechanism. The more detailed working mecha-
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nism was also argued.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the appearance of thermally activated delayed
fluorescent (TADF) materials open up a new research field involved
with organic light emitting diodes (OLEDs) [1-3]. An important
feature of this kind of material is the small singlet-triplet energy
splitting (AEs_t) [4-6], which employs the triplet excitons could
up-convert to the singlet excited state (S;) via efficient reverse
intersystem crossing (RISC). Finally, 100% singlet excitons could
be harvested by radiative transition theoretically. Adachi and
coworkers have pioneered various highly efficient TADF materials
with the emission of blue, green and red [7-9].

On the other hand, except for as the fluorescent emitter, the
TADF material has another new application, that is, as the host of
electroluminescence (EL) devices thanks to their intrinsic small
AEs_t. In generally, it is well recognized that under electrically
excitation, the ratio of singlet and triplet excitons formed on host
is 1:3 [10,11]. In theory, the TADF host could transfer 100% singlet
excitons to dopant owing to the existence of efficient RISC process.
Nakanotani et al. reported fluorescence-based OLEDs that realized
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external quantum efficiencies as high as 13.4-18% for blue, green,
yellow and red emission by utilizing TADF molecules as assistant
dopants to form the cascade energy transfer scheme [12]. Qiu group
demonstrated high-efficiency yellow fluorescent OLEDs with the
external quantum efficiency (EQE) of 12.2% using TADF materials
of 2,4-diphe-nyl-6-bis(12-phenylindolo)[2,3-a]carbazole-11-yl-
1,3,5-triazine (DIC-TRZ) as the sensitizing host [13]. These reports
were exciting and realized the highly efficient fluorescent OLED
with traditional fluorescent emitters.

In terms of above mentioned progress, we expect to design
white OLEDs (WOLEDs) with a simple single-emitting-layer struc-
ture in which blue TADF material and traditional orange fluores-
cent material as the host and dopant, respectively. WOLEDs that
derived from both the emissions of host and dopant would be
demonstrated through an incomplete energy transfer from the
blue TADF host to orange fluorescent dopant. The similar
single-emitting-layer structures WOLEDs had been developed
many years, and the emitting layer (EML) was composed of blue
fluorescent host and orange fluorescent dopant or blue fluorescent
host and orange phosphorescent dopant commonly [14-18].
Phosphor doped WOLEDs could achieve 100% internal quantum
efficiency (IQE) due to the separated transfer channel of singlet
and triplet excitons [14,15]. But the devices suffered from the high
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cost with heavy metal of Iridium and instable white spectra with
increased voltages [15,16]. Fluorophor doped WOLEDs had the
advantage of low cost and high stability, but the limit of 5% EQE
could not satisfy the requirement of practical application [17,18].
But the TADF host made it possible for highly efficient fluorophor
doped WOLEDs. The 75% triplet excitons produced on TADF host
could up-convert to its S;, then the total singlet excitons of >25%
would transfer to S; of dopant by Forster energy transfer process.
Besides, the Dexter energy transfer between triplet excited state
(T¢) of host and dopant could be suppressed effectively by decreas-
ing the doped concentration [19]. Because the >25% singlet exci-
tons are harvested through efficient RISC, the WOLEDs of >5%
EQE would be achieved expectedly.

In this paper, we chose bis[4-(9,9-dimethyl-9,10-dihydroacridi
ne)phenyl]sulfone (DMAC-DPS) as blue TADF host and (5,6,11,12)
-tetraphenyl-naphthacene (rubrene) as orange fluorescent dopant,
respectively. DMAC-DPS is an highly efficient blue TADF material
with small AEs_t of 0.08 eV in m-bis(N-carbazolyl)benzene (mCP)
film [9]. Rubrene is a very traditional orange fluorescent material.
By the optimal dopant concentration, we achieved highly efficient
white emission with the current efficiency, power efficiency and
EQE of 20.2cdA™!, 15.91lm W~! and 7.48%, respectively; mean-
while, the WOLEDs exhibited stable EL spectra and the
Commission Internationale de I'Eclairage (CIE) coordinates chan-
ged only from (0.359, 0.439) to (0.358, 0.430) when the voltages
increased from 5V to 8 V. The high EQE of above 5% indicates effi-
cient RISC of DMAC-DPS host and efficient Forster energy transfer
from DMAC-DPS to rubrene, which is confirmed from the transient
photoluminescence (PL) decay measurement.

2. Experiments methods

Indium tin oxide (ITO) coated glass substrates were cleaned
routinely and treated with ultraviolet-ozone for 15 min before
loading into a high vacuum deposition chamber (~3 x 10~%Pa).
The organic materials were purchased commercially without fur-
ther purification. Absorption spectrum was measured with UV-
VIS-NIR scanning spectrophotometer (Shimadzu, UV-3101PC).
Steady-state PL and EL spectra were measured with F7000 and
OPT-2000 spectrophotometer, respectively. Transient PL decay
was measured with a combination of Nd-YAG laser (pulse width
of 10 ns, repetition frequency of 10 Hz), spectrograph (HJY, Triax
550) and oscilloscope (Tektronix, TDS3052B). The electrical charac-
teristics of the WOLEDs were measured with a Keithley model
2400 power supply combined with a ST-900 M spot photometer
and were recorded simultaneously with measurements. EQE was
calculated from the current density, luminance and spectra data.
All measurements were carried out at room temperature and
under ambient conditions without any protective coatings.

3. Results and discussion

Fig. 1 shows the PL spectrum of DMAC-DPS and absorption
spectrum of rubrene. We see that the PL peak of DMAC-DPS lies
at 470 nm, as reported in Ref. [9]. The large spectral overlap
between host PL spectrum and dopant absorption spectrum indi-
cates the energy transfer from S; of DMAC-DPS to S; of rubrene
by Férster mechanism could take place efficiently. The device
structures of our single-emitting-layer fluorescent WOLEDs are
ITO/M0o0O;  (3nm)/TCTA (20 nm)/host: 0.6 wt%  rubrene
(15 nm)/Bphen (40 nm)/LiF (1 nm)/Al, where the host are
DMAC-DPS and 4,4'-bis(9-ethyl-3-carbazo-vinylene)-1,1’-biphenyl
(BCzVBi), and the corresponding devices are referred as Device A
and Device B, respectively. Here, hole transport layer (HTL) and
electron transport layer (ETL) are TCTA (4,4',4”-tri(N-carbazolyl)tr
iphenylamine) and Bphen (4,7-diphenyl-1,10-phenanthroline),
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Fig. 1. The PL spectrum of DMAC-DPS and absorption spectrum of rubrene.

respectively. As a reference, we chose BCzVBi as the common blue
fluorescent host.

Fig. 2 shows the energy level diagram and electrical character-
istics of the optimized WOLEDs with current density, luminance,
current efficiency, power efficiency and EQE curves. From
Fig. 2(a), we can see that Device A exhibits a lower turn-on voltage
of 2.48 V than Device B with 2.98 V. This could be understood by
the almost zero of carrier injection barrier from the electron and
hole transport layers to EML. Fig. 2(b) shows the energy level dia-
gram of the WOLEDs. The lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) levels of
DMAC-DPS are 2.92 eV and 5.92 eV, respectively [9]. The LUMO
of ETL (Bphen) is 3.0 eV, only 0.08 eV electron injection barrier pre-
sents at EML/ETL interface. Similarly, the HOMO of TCTA that acts
as HTL is 5.90 eV, a lower hole injection barrier of 0.02 eV exists at
HTL/EML interface. Besides, the separated donor and acceptor units
on DMAC-DPS molecule would balance the transport of electron
and hole in EML. Therefore, Device A shows the extremely low
turn-on voltage. Fig. 2(c) and (d) plot the current efficiency, power
efficiency and EQE curves. The maximum current efficiency, power
efficiency and EQE of Device A are 20.2cdA™!, 15.9Im W~ and
7.48%, respectively. Even at the luminance of 1000 cd m~2, the effi-
ciencies can still remain at 19.8 cdA™!, 14.7lmW~! and 7.31%,
respectively. While Device B with traditional blue fluorescent
material of BCzVBi as the host only obtain a relative low maximum
current efficiency, power efficiency and EQE of 11.1cdA},
6.91m W~ and 3.72%, respectively. Table 1 summarizes the data
of the two WOLEDs in this paper.

The achievement of so high EQE for Device A indicates that the
triplet excitons produced on DMAC-DPS host could up-convert to
its Sy easily due to the presence of small AEs_t, and then the singlet
excitons are transferred partly to rubrene by Forster transfer mech-
anism. While for Device B, because a large AEs_t of BCzVBi mole-
cule (>0.2 eV) [20] and a low dopant concentration of 0.6 wt%,
the up-conversion of triplet excitons from T; to S; and Dexter
energy transfer from BCzVBi to rubrene would not be so efficient
so that the triplet excitons on BCzVBi would be only
non-radiative transition to ground state, which lead to the low EL
efficiency. In terms of above performance comparison between
Device A and B, the most perfect energy transfer and EL emission
processes in this system are described schematically, as shown in
Fig. 3. The Dexter energy transfer between T; of host and dopant
could be minimized by an extremely low dopant concentration
(0.6 wt%). In terms of theory, we could achieve 20% EQE supposing
the 100% IQE and 20% coupled out efficiency. But in fact, we only
earn the EQE of 7.48%, which is far away from the theoretical upper
limit. One hand, we consider the increase of non-radiative decay



210

B. Zhao et al./Organic Electronics 23 (2015) 208-212

(a) w0 —— (b iw
* . —=" < 10000 2.6eV 26ev ———°
350 —=n—Device A P
B —e— Device B /l ./ 2.92 eV 3.0eV 3.0eV
< 300 32ev [(R08_
£ 300 - | e
o L 1000 'E 3.2eV
T 250 = TCTA BCzVBi:
-~ | A DMAC-DPS: TCTA | 0.6wt%
> @ o rubrene
£ 200k o 0.6wt%
g [ 100 % rubrene Bphen Bphen
[
RE ]S E
[
| 3 5.4V
3 L 5.4V
50 000 OO0
59ev  5.92eV 5.9 eV
"
S 1 6.4 eV 6.4 eV
(c) (d)10
[ /l—\.\
I\-\
_10t 100__ -
< < e ®
< 3 . g ey
3 £
2 o £ I
> -——n - = —n—Device A
Q o
- ® -
S * Ly " 5 @ f
% 1 r o] [
E = e -
[ —n—Device A i g .
5 f —e— Device B 2 /
(&) [ ]
o1l .0 A il 0.1 (1) [ S PO Ll iicil
1 10 100 1 10 100

Current density (mA cm?)

Current density (mA cm?)

Fig. 2. The energy level diagram and electrical characteristics of the optimized WOLEDs. (a) Current density-voltage-Luminance, (b) the energy level diagram, (c) current

efficiency-current density-power efficiency and (d) EQE-current density.

Table 1
The summary on EL data of Device A and Device B in this paper.

Von® r]c,Max./r]P-Max./EQEMaxb 71000/ Mp1000/EQE 1000 1c,10,000/Mp1 o,ooo/I‘ZQJ‘:10,000d
V] [cd A1 ImW!/%] [cd AT ImW!/%] [cd A YImW'/%]
Device A 2.48 20.2/15.9/7.48 19.8/14.7/7.31 7.8/3.6/2.90
Device B 2.98 11.1/6.9/3.72 10.8/6.3/3.64 7.1/3.0/2.37
¢ Turn-on voltage.
b Current efficiency (1), power efficiency (np) and EQE at maximum.
€ e 11p and EQE at 1000 cd m~2.
4 e, np and EQE at 10000 cd m 2.
rate due to the high host concentration reduces the RISC efficiency;
on the other hand, the Dexter energy transfer between T; of host
and dopant must occurs partly, which is disadvantageous and RISC Forster
should be prevented in this system. In addition, the LUMO of ,%—_\
rubrene is close to the LUMO of DMAC-DPS, so the trap of electron S1 1= - T,(DMAC-DPS) S,
could be suppressed efficiently. But the HOMO of rubrene is far ?f(BCzVBi T,

away from the HOMO of DMAC-DPS and the hole could be trapped
by rubrene molecule. Therefore, the trap process cannot be avoided
completely in this system, which also influences the EL perfor-
mance of WOLEDs [21].

Fig. 4 exhibits the EL spectra of Device A and Device B. It is well
known that the spectral stability of WOLEDs is very significance for
the application either displays or solid state lighting. To our great

> ~§<\Dexter -7
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Fig. 3. The most perfect energy transfer and EL emission processes in this system.
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Fig. 4. The EL spectra of Device A and Device B.

surprise, Device A with DMAC-DPS as the host shows excellent
spectral stability and the emissive sub-bands of host blue and
guest orange could also be recognized clearly. Meanwhile, Device
A get a stronger emission of blue and better CIE coordinates com-
pared to Device B. The white EL spectra of Device A are less chan-
ged with increased voltages. The CIE coordinates of Device A shift
from (0.359, 0.439) to (0.358, 0.430) as the voltage rises from 5V
to 8V. The excellent spectral stability with increased voltages
could be ascribed to balanced injection, transport and recombina-
tion of electron and hole [22]. The interface barriers at HTL/EML
and EML/ETL are almost zero in Device A, which resulted in the bal-
anced injection of carriers. Besides, the design of donor-acceptor
units in DMAC-DPS molecule balanced the transport of carriers in
EML. The balanced injection and transport lead to the balanced
recombination of electrons and holes. Therefore, the WOLEDs offer
a desirable spectral stability, which is in favor of displays and solid
sate lighting applications.

In order to further understand the energy transfer process in
Device A, the transient PL decay characteristics were measured.
Fig. 5 plots the PL spectrum and transient PL decay curve of
0.6 wt% rubrene doped into DMAC-DPS film. We can see that the
PL spectrum of the mixed film comprises two emission peaks,
457 nm and 549 nm, which are assigned to the emissions from
DMAC-DPS host and rubrene dopant, respectively. Fig. 5(b) depicts
the transient PL decay curves of doped film mentioned above
under different emission peaks. DMAC-DPS is a TADF material with
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Fig. 5. The PL spectrum and transient PL decay curve of the film of DMAC-DPS:
0.6 wt’% rubrene.

charge transfer feature, which has two excited state lifetimes of
prompt and delayed components [9]. In our case, monitoring the
emission peaks of DMAC-DPS, a prompt component of 43 ns and
a delayed component of 1.04 us are also observed clearly. But the
delayed component we measured is shorter compared to that
reported in Ref. [9] (3.1 pus), which may be result from the increase
of concentration quenching. Besides, rubrene is a general fluores-
cent material with a very short lifetime of several nanoseconds,
but we also observed a similar two lifetime components comprises
of 61.6 ns and 1.17 ps from the emission of rubrene in the film of
DMAC-DPS: 0.6% rubrene, respectively. Based on the two PL com-
ponents from the emission of rubrene, we could confirm that the
emission of rubrene stems from an efficient energy transfer from
DMAC-DPS host, including the energy transfer of delayed compo-
nent. We also carried out the transient PL decay of mixed film of
BCzVBi: 0.6 wt% rubrene, but there is only one prompt component
under the two emission peaks. Such a result would further prove
that the efficient RISC processes exist in Device A and the energy
transfer from DMAC-DPS to rubrene under electrically excitation
is also proved by the transient PL decay measurement.

4. Conclusions

In conclusion, we fabricated single-emitting-layer fluorescent
WOLEDs utilizing TADF material of DMAC-DPS as blue fluorescent
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host and traditional material of rubrene as orange fluorescent
dopant. Through the incomplete energy transfer from DMAC-DPS
to rubrene, the simple WOLEDs achieved the emissions of host
and dopant simultaneously and exhibited high current efficiency,
power efficiency and EQE with 20.2cd A™!, 15.9Im W~ and
7.48%, respectively. Meanwhile, the WOLEDs exhibited stable EL
spectra and the CIE coordinates changed only from (0.359, 0.439)
to (0.358, 0.430) when the voltage increased from 5V to 8 V. The
achievement of so high efficiency was attributed to efficient
up-conversion of triplet excitons and efficient Forster energy trans-
fer from DMAC-DPS to rubrene, which were proved from the tran-
sient PL decay measurement. Our design provides a very promising
technology for developing WOLEDs and higher efficiency could be
demonstrated as long as more efficient blue TADF materials are
selected or synthesized and better device structures are designed.
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