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Enhancement of Förster energy transfer from thermally activated
delayed fluorophores layer to ultrathin phosphor layer for high color
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Fluorescence/phosphorescence hybrid white organic light-emitting devices (WOLEDs) based on double emitting
layers (EMLs) with high color stability are fabricated. The simplified EMLs consist of a non-doped blue thermally ac-
tivated delayed fluorescence (TADF) layer using 9,9-dimethyl-9,10-dihydroacridine-diphenylsulfone (DMAC-DPS) and
an ultrathin non-doped yellow phosphorescence layer employing bis[2-(4-tertbutylphenyl)benzothiazolato-N,C2’] iridium
(acetylacetonate) ((tbt)2Ir(acac)). Two kinds of materials of 4,7-diphenyl-1,10-phenanthroline (Bphen) and 1,3,5-tris(2-N-
phenylbenzimidazolyl) benzene (TPBi) are selected as the electron transporting layer (ETL), and the thickness of yellow
EML is adjusted to optimize device performance. The device based on a 0.3-nm-thick yellow EML and Bphen exhibits
high color stability with a slight Commission International de l’Eclairage (CIE) coordinates variation of (0.017, 0.009) at a
luminance ranging from 52 cd/m2 to 6998 cd/m2. The TPBi-based device yields a high efficiency with a maximum external
quantum efficiency (EQE), current efficiency, and power efficiency of 10%, 21.1 cd/A, and 21.3 lm/W, respectively. The ul-
trathin yellow EML suppresses hole trapping and short-radius Dexter energy transfer, so that Förster energy transfer (FRET)
from DMAC-DPS to (tbt)2Ir(acac) is dominant, which is beneficial to keep the color stable. The employment of TPBi with
higher triplet excited state effectively alleviates the triplet exciton quenching by ETL to improve device efficiency.

Keywords: white organic light-emitting devices, non-doped emitting layers, thermally activated delayed fluo-
rescence, color stability
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1. Introduction

White organic light-emitting devices (WOLEDs) have
great potential applications in displays and solid-state
lighting,[1–6] owing to their favorable properties, such as high
efficiency, high resolution, and potential realization on flexi-
ble substrates. To obtain highly efficient WOLEDs, a key re-
quirement is that all electrically generated excitons, i.e., both
singlet and triplet excitons, must be employed for radiative
decay.[7,8] During the past few decades, various approaches
to fully harness excitons have been raised. Phosphorescent
WOLEDs have shown very high efficiencies, owing to the the-
oretical 100% internal quantum efficiency of the phosphores-
cent emitters. However, these devices are limited by the lack
of high-performance blue emitters, which are not stable to en-
sure a long device life-time.[9] With the purpose of generat-
ing highly efficient and stable white light, hybrid WOLEDs
adopting blue fluorescent materials and green/red or yellow
phosphorescent materials have been widely employed, due to

excellent stability of fluorophores and high efficiency of phos-
phors. Generally speaking, to achieve high quantum efficiency
for hybrid WOLEDs, mutual quenching between fluorescent
and phosphorescent materials should be prevented. One com-
mon strategy is to insert an interlayer between the fluorescence
and phosphorescence emissive layers (EMLs) to reduce the
triplet loss on the blue emitter because of its low and non-
radiative triplet state (T1).[1,10,11] However, using an interlayer
has numerous disadvantages that will limit the device quantum
efficiency and power efficiency, besides, the additional fabri-
cation step for an interlayer will cause an adverse impact on
the commercial applications.[12] Under the conditions that use
blue fluorophores with high T1, even if the triplet excitons are
trapped by blue fluorophores, they can still be transferred to
the phosphors with lower T1, which can still achieve 100%
internal quantum efficiency in such devices.[13,14] Therefore,
the interlayer can be avoided. Zhang and Lee et al. demon-
strated hybrid WOLEDs with a max external quantum effi-
ciency (EQE) of 21% and a low turn-on voltage of 3.4 V em-
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ploying new blue fluorophores with high T1.[14] Though these
surpass the blue conventional fluorophores with high T1, there
still exists a problem that the emission spectra have to be ad-
justed carefully, as the singlet excitons created in blue fluo-
rophores can be transferred to phosphors resulting in insuffi-
cient blue emission, which is required for balanced white light,
because triplet excitons cannot be used by blue phosphors.[12]

Currently, a remarkable breakthrough on the thermally
activated delayed fluorescence (TADF) materials by Adachi
and co-workers affords a new way to make the more effi-
cient blue fluorophores with high T1 practicable.[15,16] Blue
TADF fluorophores can allow both electro-generated sin-
glet and triplet excitons light emission through thermal up-
conversion of the lowest T1 to singlet state (S1) since the en-
ergy gap between S1 and T1 (∆EST) is sufficiently small, which
leads to the potential for achieving 100% internal emission
efficiency.[17–19] Moreover, the recycling of triplet excitons
can realize an adequate blue fluorescent emission, which can
match better with yellow or red/green emission to obtain high
performance hybrid WOLEDs. Therefore, hybrid WOLEDs
using blue TADF fluorophores can further simplify the struc-
ture and reduce the triplet loss, which is superior to these us-
ing conventional blue fluorophores with high T1. Usually, blue
TADF materials are doped into the host materials to decrease
triplet exciton quenching.[20] However, among problems with
doping methods is the difficulty of control of the relative
guest–host doping concentration accurately and selecting a
host whose energy level matches well with the dopants. These
problems have been more complicated in hybrid WOLEDs,
as doping in each EML needs to be optimized separately
for balanced white emission and improved efficiency.[21] To
loosen the bottlenecks of doping method, the non-doped tech-
nology is practically helpful. As a number of studies re-
ported, non-doped OLEDs can be free of any kind of dop-
ing through all the function layers, which results in a simple
manufacturing process and an excellent reproducibility.[22–24]

Both non-doped all-fluorescent WOLEDs[25] and non-doped
all-phosphorescent WOLEDs[21,26] have been reported. How-
ever, so far, little work on the non-doped hybrid WOLEDs has
been carried out.

In this work, we propose an easily realized strategy to fab-
ricate highly efficient hybrid WOLEDs. The hybrid WOLEDs
based on non-doped EMLs with high efficiency have been
designed by employing a blue TADF emitter and a yellow
phosphorescence emitter. The blue TADF emitter consist-
ing of a kind of blue TADF fluorophores 9,9-dimethyl-9,10-
dihydroacridine-diphenylsulfone (DMAC-DPS) that is insen-
sitive to the doping ratio and exhibits high quantum effi-
ciency has been reported,[27,28] and hybrid WOLEDs using
DMAC-DPS as blue fluorophores have already exhibited high
performance.[29,30] So, pure DMAC-DPS can be used as blue

EML for non-doped hybrid WOLED, which affords an effec-
tive way to realize high performance, and has merits of simpli-
fied fabrication process, repeatability improvement, and cost
reduction.

2. Experimental detail
Indium tin oxide (ITO) coated glass substrates with a

sheet resistance of 10 Ω/sq were cleaned in an ultrasonic bath
with detergent water, acetone, deionized water, and isopropyl
alcohol, respectively. Pre-cleaned ITO was treated with oxy-
gen plasma under a pressure of 25 Pa for 5 min after it was
dried in nitrogen gas flow. The organic functional layer and
metallic cathode were subsequently deposited without break-
ing the vacuum, while keeping the pressure of the order of
magnitude 10−4 Pa and 10−3 Pa, respectively. The deposi-
tion rate and the thickness of the thin films were in situ moni-
tored using a quartz crystal oscillator mounted to the substrate
holder. The organics and metal oxide were evaporated at the
rate of 1 Å/s except that the evaporation rate of ultrathin layer
is 0.05 Å/s, and the metals were evaporated at the rate in a
range 9 Å/s–11 Å/s. The overlap between ITO and Mg:Ag
electrodes was 0.2 cm2, which is the active emissive area of
the devices. The current density–voltage–luminance (J–V –L)
characteristics were tested with a Keithley 4200 source and a
luminance meter. Both electroluminescence (EL) spectra and
CIE coordinates of the devices were recorded with a spec-
trophotometer OPT-2000. All the measurements were per-
formed in air at room temperature without encapsulation.

The fabricated hybrid WOLED structure was given as:
ITO/MoO3 (8 nm)/TAPC (40 nm)/mCP (10 nm)/DMAC-
DPS (10 nm)/(tbt)2Ir(acac) (X nm)/Bphen (40 nm)/Mg:
Ag (100 nm). Therein, to reduce the operating voltage,
molybdenum trioxide (MoO3) was used as the hole in-
jecting layer, while 1,1-bis((di-4-tolylamino)phenyl) cyclo-
hexane (TAPC), 3,5’-N,N’-dicarbazole-benzene (mCP), and
4,7-diphenyl-1,10-phenanthroline (Bphen) were employed
as the hole transporting layer (HTL), exciton blocking
layer (EBL) and electron transporting layer (ETL). Pure
DMAC-DPS acted as blue EML while ultrathin bis[2-(4-
tertbutylphenyl)benzothiazolato-N,C2’] iridium (acetylaceto-
nate) ((tbt)2Ir(acac)) was used as yellow EML, where X nm
represents 0.1 nm, 0.3 nm, 0.5 nm, and 0.7 nm for device
W1, device W2, device W3, and device W4, respectively. The
ultrathin (tbt)2Ir(acac) layer forms partial film which can be
considered as a dope-type device in which the (tbt)2Ir(acac) is
doped into DMAC-DPS and Bphen simultaneously in a low
doping concentration.[31] Figure 1 shows the molecular struc-
tures of materials used and the energy level diagram of the
device. DMAC-DPS has a highest occupied molecular orbital
(HOMO) energy level of 5.9 eV along with a lowest unoc-
cupied molecular orbital (LUMO) energy level of 2.9 eV,[29]

which is the same as that of mCP and Bphen, respectively.
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These matched energy levels, which are responsible for the
low turn-on voltage of all the devices, can promote charge car-
rier transport into the EMLs, but the hole transport through the
TAPC HTL prior to transport across the mCP EBL, and the
electron transport across the Bphen ETL. Moreover, DMAC-

DPS has bipolar charge transfer property due to the 9, 9-
dimethyl-9, 10-dihydroacridine (DMAC) donor, and diphenyl-
sulfone (DPS) acceptor groups in its chemical structure as
shown from Fig. 1(b), which facilitates both holes and elec-
trons to transport and recombine in the EMLs.
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Fig. 1. (color online) (a) Schematic energy level diagram of the WOLEDs. (b) Chemical structures of used materials.

3. Results and discussion
The thickness of (tbt)2Ir(acac) is increased from 0.1 nm

to 0.7 nm in order to adjust the ratio of blue emission to yel-
low emission so as to obtain white emission and optimize de-
vice performance. Figure 2(a) shows the J–V –L characteris-
tics of the devices W1–W4. We find that J–V curves of devices
with increasing the thickness of (tbt)2Ir(acac) from 0.1 nm,
0.3 nm, 0.5 nm, to 0.7 nm are almost overlapped. It means
that the current density is independent on (tbt)2Ir(acac) layer
thickness. If a decreased current density is observed when
the thickness of (tbt)2Ir(acac) layer is increased, the emis-
sion mechanism is dominated by charge trapping and direct
exciton formation, since the emitters will trap charge carri-
ers and change the current density. On the other hand, if
there is little influence of layer thickness on the J–V charac-
teristics, the charge trapping effect may be limited.[23,32] Al-
though the HOMO of (tbt)2Ir(acac) is shallower than DMAC-
DPS and Bphen, the hole-trapping effect on yellow ultrathin
EML is negligible. So, the independence of J–V curves on
the dye concentration means that host-guest energy transfer
dominates the main emission mechanism of devices W1–W4.
Table 1 summarizes the power efficiency (PE, lm/W), current
efficiency (CE, cd/A), and EQE (%) characteristics of devices
from Fig. 2. As we can see, device W2 with optimized thick-

ness of 0.3 nm (tbt)2Ir(acac), which has the highest luminance
of 8273 cd/m2, has maximum current efficiency of 21.7 cd/A,
power efficiency of 25.7 lm/W, and EQE of 6.8%.

The energy transfer and white light emission process of
devices W1–W4 are described schematically in Fig. 3. Specif-
ically, these processes can be discussed as follows: (i) un-
der electrical excitation, the excitons are formed in DMAC-
DPS. (ii) As mentioned above, energy transfer dominates the
emission process in devices W1–W4. To DMAC-DPS, firstly,
prompt fluorescent is generated by deactivation of the directly
formed S1 state to the ground state (GS). Then, the T1 state can
be up-converted into S1 state via reverse intersystem crossing
(RISC) because of a small ∆EST , causing the delayed fluores-
cence. (iii) The S1 energy of the DMAC-DPS is transferred to
(tbt)2Ir(acac) through Förster energy transfer (FRET). The T1

energy of the DMAC-DPS almost cannot be transferred to the
T1 of (tbt)2Ir(acac) with Dexter energy transfer, because Dex-
ter energy transfer can be blocked by increasing the distance
between the donor and the acceptor molecule, which is caused
by the thin (tbt)2Ir(acac) layer.[32,33] (iv) Energy transition for
the yellow phosphor happens from the S1 state to T1 state at a
high rate of speed through spin–orbit coupling (SOC) induced
by the heavy metal effect,[34] and yellow phosphorescence is
emitted by relaxation of the T1 state to the GS.
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Fig. 2. (color online) (a) Current density–voltage–luminance (J–V –L) characteristics of devices W1–W4. (b) Power efficiency–current density–current
efficiency (PE–J–CE) characteristics of the devices W1–W4. (c) External quantum efficiency–current density (EQE–J) characteristics of the devices W1–
W4.

Table 1. EL characteristics of devices W1–W5.

Devices Turn-on voltage/V Max. L/(cd/m2) Max. CE/(lm/W) Max. PE/(cd/A) Max. EQE/% CIE@(100, 1000, and 5000 cd/m2)

W1 2.8 6314 19.6 16.5 6.1 (0.26, 0.35) (0.26, 0.34) (0.27, 0.34)

W2 2.8 8273 25.7 21.7 6.8 (0.31, 0.40) (0.32, 0.41) (0.32,0.40)

W3 2.7 6184 23.1 18.4 6.0 (0.27, 0.36) (0.31, 0.39) (0.34, 0.40)

W4 2.7 5825 18.8 18.1 5.5 (0.31, 0.38) (0.33, 0.39) (0.36, 0.42)

W5 3.1 9377 21.3 21.1 10.0 (0.38, 0.43) (0.43, 0.45) (0.44, 0.45)
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Fig. 3. (color online) Energy transfer and light emission process of devices W1–W4.

When taking practical applications into account, excel-
lent color stability is as crucially important as high efficiency
for the WOLED. The normalized EL spectra of the four de-
vices W1–W4 at different voltage are shown in Figs. 4(a)–
4(d). It is clearly seen that the yellow emission at 552-nm
peak and 600-nm shoulder is originated from (tbt)2Ir(acac),
while the blue emission peak at 470 nm is originated from
non-doped DMAC-DPS. The four devices show CIE of (0.25,
0.34), (0.32, 0.41), (0.31, 0.39), and (0.33, 0.39) at a lumi-
nance of 1000 cd/m2, respectively. As we can see, it is of
great interest to note that devices W1 and W2 exhibit excel-
lent color-stability, showing no significant dependence on the
drive voltage. Device W2 with CIE coordinates of (0.32, 0.41)

exhibits excellent spectra stability with negligible shift in CIE

coordinates of (0.017, 0.009) when the luminance increases

from 52 cd/m2 to 6998 cd/m2, which is probably due to the

saturation of FRET from DMAC-DPS layer to (tbt)2Ir(acac)

layer even in low voltage with thinner yellow layer. How-

ever, for devices W3 and W4, the intensity of yellow emis-

sion sharply increases relative to the blue emission with the

voltage increasing. With relatively thicker yellow layer, the

FRET from DMAC-DPS to (tbt)2Ir(acac) is not sufficient at

low voltage, and rises to saturation with the increasing volt-

age. It is the reason why yellow emission increases with the

voltage increasing in devices W3 and W4.
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Fig. 4. (color online) EL spectra of device (a) W1, (b) W2, (c) W3, (d) W4. The unit a.u. is short for arb. units.
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Fig. 5. (color online) (a) EL spectra of device W5 at various biases. (b) J–V –L characteristics of devices W2 and W5. (c) PE–J–CE
characteristics of the devices W2 and W5. (d) EQE–J characteristics of the devices W2 and W5.

Considering that DMAC-DPS has a T1 of 2.7 eV,[29]

TAPC with a T1 of 2.87 eV is adopted as the HTL and

mCP with a T1 of 2.9 eV[35] is used as the EBL. Although

Bphen ETL exhibits a higher T1 of 2.5 eV[36] than that of

(tbt)2Ir(acac) (T1 = 2.2 eV),[37] it is still lower than that of

DMAC-DPS. We assume that the mediocre performance of

Bphen devices is probably due to the excitons formed in

DMAC-DPS partly diffusing into the Bphen ETL and quench-

ing with the cathode.[38] To investigate the effect of ETL

on the device performance, TPBi was used as the ETL and

EBL since it has higher T1 and relatively decent electron

mobility in device W5, wherein the configuration was given

as: ITO/MoO3 (8 nm)/TAPC (40 nm)/mCP (10 nm)/DMAC-

DPS(10 nm)/(tbt)2Ir(acac)(0.3 nm)/TPBi (40 nm)/Mg:Ag

(100 nm). Figure 5 shows the EL spectra at different volt-

ages and the comparison of electrical characteristics between

Bphen device and TPBi device. We had found that, with

0.3 nm (tbt)2Ir(acac), W5 has maximum CE of 21.1 cd/A, PE

of 21.3 lm/W and EQE of 10% from Table 1. In addition to

the electron mobility of TPBi (∼ 3.3×10−5 cm2·V−1·s−1)[39]
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being lower than that of Bphen (∼ 10−4 cm2·V−1·s−1),[36] it
can be seen from Fig. 1 that the electron injection barrier from
cathode to TPBi (1 eV) is higher than that to Bphen (0.8 eV),
so the turn-on voltage of W5 (3.1 V) as shown in Fig. 5(b) is
higher than that of W2 (2.8 V), which is in agreement with the
lower power efficiency of W5.

To further investigate the effect of different electron trans-
porting materials on electrical performance of the hybrid
WOLEDs, EQE characteristics are studied. The formulas we
used to calculate the EQE are taken from previous work by
Suzuki,[40] and the external quantum efficiency (ηex) can be
expressed as Eq. (1)

ηex =
Np

Ne
, (1)

where Np is the number of photons emitted externally from
the hybrid WOLED devices and Ne is the number of elec-
trons injected into it within unit time. Np can be obtained from
the measured luminance and EL spectrum, which can be ex-
pressed as Eq. (2)

Np = π ·A
780∫

380

I(λ ) ·λ
683 ·hc

dλ , (2)

where λ is the wavelength, and I(λ ) is the relative EL inten-
sity at each wavelength. h is the Planck constant, and c is the
velocity of light. Ne is related to current Ie (A) flowing into the
hybrid WOLED devices and can be expressed as Eq. (3)

Ne =
Ie

e
(s−1), (3)

where e is the electron charge. From Eqs. (1), (2), and (3),
maximum EQE of devices have been calculated, which are
shown in Fig. 5(d). Compared with W2, the maximum EQE
has been improved by 50% in device W5. In addition, TPBi
has a T1 of 2.8 eV,[39] which is higher than that of both DMAC-
DPS and (tbt)2Ir(acac), so the formed excitons can be well
confined in the DMAC-DPS and (tbt)2Ir(acac) EMLs rather
than diffusion into the ETL, and energy loss can be effectively
avoided. By increasing the applied voltage from 4 V to 9 V, as
learned from Fig. 5(a) the blue intensity is slightly decreased,
and the CIE coordinates of the devices range from (0.38, 0.43)
to (0.43, 0.45), and warm white emission is obtained. Thus, it
can further prove that high-efficiency hybrid WOLEDs could
be obtained by using a non-doped structure.

4. Conclusion
In summary, we have fabricated simplified hybrid

WOLEDs with non-doped EMLs consisting of a blue TADF
EML and an ultrathin yellow phosphorescent EML. The

DMAC-DPS with concentration independent property enables
itself to act as a highly efficient non-doped EML. Meanwhile,
its bipolar transport property is beneficial to broaden charge
recombination zone. The thickness of ultrathin (tbt)2Ir(acac)
layer has influences on not only EL spectra stability, but also
luminance characteristics and efficiencies via FRET. A max-
imum PE and CE of 25.7 lm/W and 21.7 cd/A, respectively,
have been achieved by the optimized (tbt)2Ir(acac) thickness
of 0.3 nm, along with almost stable CIE coordinate of (0.32,
0.41) from 52 cd/m2 to 6998 cd/m2. As Bphen is replaced by
TPBi as ETL material, the device obtains a highest maximum
EQE of 10%, since TPBi with higher T1 can block excitons dif-
fusing into ETL. The results indicate that the blue TADF emit-
ter DMAC-DPS could be an effective alternative to replace the
conventional blue fluorophores in hybrid WOLEDs, which can
simplify device fabrication and improve reproducibility. This
work provides a new applicable route for developing high-
performance WOLEDs.
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