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ABSTRACT: On the basis of a D-π-A structural strategy incorporating diphenylamine as an
electron-donor and 1,3,5-triazine as an electron-acceptor with a short benzene π-conjugated
feature, 4-(4,6-diphenoxy-1,3,5-triazin-2-yl)-N,N-diphenylaniline (POTA), a novel blue
fluorophor with high triplet energy level has been designed and synthesized to achieve
high performance single-emitting-layer (single-EML) fluorescence and phosphorescence
hybrid white organic light-emitting diodes (F−P hybrid WOLEDs). POTA exhibits efficient
blue electrofluorescence and excellent host features for green and red phosphorescent
devices. The single-EML RGB F−P hybrid WOLED based on POTA and green/red
complexes shows a maximum total power efficiency of 59.8 ± 1.0 lm W−1 and a maximum
total external quantum efficiency of 24.7 ± 0.7%, representing the highest efficiencies among
single-EML RGB WOLEDs. Moreover, these performances are comparable with multiple-
EML RGB WOLEDs even based on p-i-n structures, providing verification of the high
performance and simple structure of single-EML RGB F−P hybrid WOLEDs.
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■ INTRODUCTION

White organic light-emitting device (WOLED) technique has
attracted much attention because of its great potential in solid-
state lighting and displays.1 Many innovative device architec-
tures have been devised using various material systems to
achieve high performance WOLEDs.2 Among them, the
fluorescence and phosphorescence hybrid WOLED (F−P
hybrid WOLED), which can separately utilize the singlet
excitons with a blue fluorescent emitter and the triplet excitons
with green, orange, and red phosphorescent dopants, is
considered an ideal candidate.3 Compared with traditional
fully phosphorescent WOLEDs, the F−P hybrid WOLEDs
replace the blue phosphorescent dopant with a highly efficient
blue fluorescent emitter. F−P hybrid WOLEDs are not only
able to harvest 100% internal quantum efficiency due to the
complete utilization of singlet and triplet excitons, but also
achieve better performance since blue fluorescent emitters are
typically more stable than blue phosphors.3b,c They also have
the potential for higher efficiency because there is nearly no
exchange energy loss from the singlet excitons to the triplet
excitons.3a Therefore, F−P hybrid WOLEDs are considered to
be the best pathway for realizing high performance WOLEDs.

Generally, white light is formed in WOLEDs by two
complementary colors or three primary colors (red, green,
and blue).2b As the backlight of full-color displays, white light
would be separated into red (R), green (G) and blue (B) color
by the color filters. For solid-state lighting applications, white
light with an entire visible region spectrum provides better high
color-rending capability for objects.1c Thus, adopting an RGB-
emitter system is clearly preferable to realize white light
emission that has high efficiencies and high light qualities.4 In
the past decade, great progress has been made in high
performance RGB F−P hybrid WOLEDs with multiemitting-
layer (EML).3a,b,5 For example, in 2006, Forrest’s group
constructed an F−P hybrid WOLED by doping a blue
fluorophor and green/red phosphors into CBP in separate
emitting-layers, showing a maximum total external quantum
efficiency (EQE) and power efficiency (PE) of 18.7% and 37.6
lm W−1, respectively.3a In 2007, Leo and his co-workers
reported an F−P hybrid WOLED with higher performance by
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doping an orange phosphor into a blue fluorophor 4P-NPD
and a green phosphor into 1,3,5-tris(N-phenylbenzimidazol-2-
yl)benzene (TPBI). Their p-i-n structured white device
exhibited a total PE of 57.6 lm W−1 at a brightness of 100 cd
m−2.3b However, these multi-EML F−P hybrid WOLEDs are
complicated, expensive, and difficult to reproduce. Moreover,
the solution process, the next generation process for low-cost
and large-area manufacturing,1b,6 cannot be realized on such
complicated multi-EML F−P hybrid WOLEDs. Therefore,
realizing high performance single-EML RGB F−P hybrid
WOLEDs has become increasingly important.3c,7

In single-EML F−P hybrid WOLEDs, green/red phosphors
are directly doped into a blue fluorophor, which acts as both the
blue emitter and the host material for the phosphorescent
dopants. With this arrangement, the blue fluorophor must
simultaneously achieve an efficient blue fluorescence emission
and a triplet energy level (T1) higher than 2.4 eV for sensitizing
the green phosphor. However, common blue fluorophors
cannot realize such high T1 due to their large singlet−triplet
splitting (ΔEST),

5d and blue fluorophors with T1 higher than
2.4 eV are rarely reported. Considering that the singlet energy
level (S1) should be between 2.6 and 2.9 eV for blue
fluorescence emission and T1 must be higher than 2.4 eV to
fit the energy level of green phosphors, the ΔEST of the blue
fluorophor should be smaller than 0.5 eV. To achieve such a
small ΔEST, the blue fluorophor should have a minimal overlap
between the HOMO/LUMO,8 whereas too small an overlap
will reduce the fluorescence efficiency.9 These contradictory
requirements can be appropriately managed in a molecule by
using a suitable π-conjugation group to bridge an electron-
donating group to an electron-accepting group (D-π-A). In
such a molecule, the HOMO and LUMO would be located
mainly on the electron-donating group and the electron-
accepting group respectively, and the overlap between the
HOMO and LUMO would be nearly equal in the π-bridging
group. Thus, we can optionally adjust the bulk of the overlap by
switching the bridging groups to achieve efficient blue
fluorophors that have high T1s. Compared with the similar
structure D−A bipolar host materials which have been widely
used in phosphorescent OLEDs recently,10 D-π-A compounds
can not only provide balanced hole and electron flows, but also
remarkably improve their poor fluorescent efficiency by
appropriately increasing the overlap between the HOMO/
LUMO.9

According to such a design strategy, in this work we report
on a novel triazine/amino-based D-π-A blue fluorophor 4-(4,6-
diphenoxy-1,3,5-triazin-2-yl)-N,N-diphenylaniline (POTA).
The short and direct benzene π-conjugated linkage between
the electron donor diphenylamine and the acceptor 1,3,5-
triazine endows the POTA with efficient blue fluorescent
emission and a high T1 of 2.44 eV. The nondoped blue
fluorescent device based on POTA exhibits a maximum EQE of
4.2 ± 0.3% and the phosphorescent devices containing POTA
as host material show maximum EQEs as high as 17.1 ± 0.2%
for green and 18.8 ± 0.2% for red. These excellent
electroluminescent (EL) results demonstrate POTA as an
excellent blue fluorophor as well as an outstanding host
material for phosphorescent dopants. The single-EML RGB F−
P hybrid WOLED based on POTA realizes a maximum total
EQE of 24.7 ± 0.7%, a maximum total PE of 59.8 ± 1.0 lm
W−1, and a PE of 31.3 ± 0.3 lm W1− at a luminance of 1000 cd
m−2, representing the highest efficiencies found among single-
EML RGB WOLEDs. The efficiencies are also higher than in

multi-EML RGB F−P hybrid WOLEDs even those having p-i-n
structures.

■ EXPERIMENTAL SECTION
General Procedures. NMR spectra were determined on a Bruker

Advance-400 spectrometer with chemical shifts reported as ppm. Mass
spectrum data were obtained with a Finnigan 4021C GC-MS
spectrometer. Absorption and photoluminescence spectra were
recorded with a Hitachi UV−vis spectrophotometer U-3010 and a
Hitachi fluorescence spectrometer F-4500, respectively. Cyclic
voltammetry was performed on a CHI660E electrochemical analyzer.

Synthesis. Commercially available reagents were used without
purification. The synthetic route of POTA is outlined in Scheme 1.

2-Chloro-4,6-diphenoxy-1,3,5-triazine. Cyanuric chloride (1.840 g,
10 mmol) was dissolved in acetone (100 mL) and cooled to 0 °C. In a
separate flask, phenol (1.880 g, 20 mmol) was reacted with NaOH
(0.800 g, 20 mmol) in water (100 mL) to form a clear aqueous
solution. Then the aqueous solution was added drop by drop to the
cyanuric chloride solution. After stirring at 0 °C for 8 h, the mixture
was poured into water (100 mL) to form white precipitate. The white
precipitate was filtered and washed with water and then ethanol. The
product was purified by recrystallization with hexane to produce a
white solid. Yield: 73%. 1H NMR (400 MHz, CDCl3, δ): 7.43−7.36
(m, 4H), 7.28 (dd, J = 7.8, 1.4 Hz, 2H), 7.17−7.11 (m, 4H). HRMS
(EI, m/z): [M] + calcd for C15H10ClN3O2, 299.0462; found: 299.0546.

4-(4,6-Diphenoxy-1,3,5-triazin-2-yl)-N,N-diphenylaniline (POTA).
Toluene (12 mL), ethanol (6 mL), and 2 M aqueous Na2CO3 (9 mL)
were added to a mixture of 2-chloro-4,6-diphenyl-1,3,5-triazine (0.536
g, 2 mmol), 4-(diphenylamino)phenylboronic acid (0.578 g, 2 mmol),
and tetrakis(triphenylphosphine)platinum (0.234 g, 0.2 mmol). The
mixture was refluxed for 8 h under a nitrogen atmosphere. When
cooled to room temperature, the mixture was extracted with
dichloromethane and dried over Na2SO4. After the solvent had been
removed under reduced pressure, the residue was purified by column
chromatography on silica gel using dichloromethane/petroleum ether
(4:1) as the eluent to produce a yellow solid. Yield: 66%. 1H NMR
(400 MHz, DMSO-d6, δ): 7.99 (d, J = 8.8 Hz, 2H), 7.45 (t, J = 4.0 Hz,
4H), 7.39 (t, J = 8.0 Hz, 4H), 7.28 (t, J = 8.4 Hz, 6H), 7.19 (t, J = 7.4
Hz, 2H), 7.15−7.13 (m, 4H), 6.96 (d, J = 8.8 Hz, 2H). 13C NMR (100
MHz, CDCl3, δ): 175.81, 173.50, 153.30, 152.80, 147.35, 131.39,
130.39, 130.20, 127.34, 126.78, 126.58, 125.39, 122.49, 120.81. HRMS
(EI, m/z): [M] + calcd for C33H24N4O2, 508.1899; found, 508.1793.

Quantum Calculation. Theoretical calculation of the compound
was carried out using the Gaussian-03 program. Density functional
theory (DFT) B3LPY/6-31G(d) was used to determine and optimize
the structure.

Device Fabrication and Measurement. ITO-coated glasses with
a sheet resistance of 30 Ω per square were used as substrates. The
substrates were first cleaned with isopropyl alcohol and deionized
water, then dried in an oven at 120 °C, treated with UV-ozone, and
finally transferred to a deposition system with a base pressure of about
1 × 10−6 Torr. Thermally evaporated organic materials were
sequentially deposited at a rate of 1−2 Å s−1 onto the ITO substrates.
The cathode was completed by thermal deposition of LiF at a
deposition rate of 0.1 Å s−1, and then capped with Al metal deposited
at a rate of 10 Å s−1. EL luminescence, spectra, and CIE color
coordinates were measured with a Spectrascan PR650 photometer,
and the current−voltage characteristics were measured with a
computer-controlled Keithley 2400 SourceMeter under ambient
atmosphere.

Scheme 1. Synthetic Route and Chemical Structure of POTA
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■ RESULTS AND DISCUSSION
Synthesis. The intermediate of 2-chloro-4,6-diphenoxy-

1,3,5-triazine was prepared from the reaction between cyanuric
chloride and phenol with the existence of sodium hydroxide
(Scheme 1).11 Then, the chlorine-substituted 1,3,5-triazine unit
was attached to the 4-position of triphenylamine using a
palladium-catalyzed cross-coupling reaction to give POTA in
good yield.11a,12 The chemical structure of POTA was fully
characterized by 1H NMR and 13C NMR spectroscopy and
mass spectrometry.
Optical Properties. The UV−vis absorption and photo-

luminescence (PL) spectra of POTA in dilute cyclohexane
solution were investigated (Figure 1 and Table 1). The

absorption peak at 295 nm is associated with the diphenylamine
centered n-π* transition,13 while the longer wavelength peak at
378 nm can be attributed to the intramolecular charge transfer
(ICT) transition from the electron-rich diphenylamine moiety
to the electron-deficient 1,3,5-triazine core. POTA shows a
deep blue emission in a dilute cyclohexane solution with a peak
at 422 nm and a shoulder peak at 437 nm, which are attributed
to the n-π* transition and ICT transition, respectively. To
prove that POTA undergoes an ICT transition, we measured
the PL spectra of POTA in solvents with different polarity
(Figure 1). POTA displays strong solvatochromaticity such that
the emission spectrum exhibits a clear bathochromic shift from
nonpolar cyclohexane to higher polar toluene, dichloromethane
(DCM), acetone, and dimethylformamide (DMF).14 The
fluorescent quantum yield (Φf) of POTA in cyclohexane
solution was determined to be 0.75 using 9,10-diphenylan-
thracence (Φf = 0.90 in cyclohexane solution)15 as a standard.

The fluorescence and phosphorescence spectra of POTA in 2-
methyltetrahydrofuran glass at 77 K were also determined, with
peaks at 443 and 508 nm, respectively (Figure 1 and Table 1).
Accordingly, the S1 and T1 of POTA are calculated to be 2.80
and 2.44 eV, respectively, indicating that POTA has a small
ΔEST of 0.36 eV.10d Additionally, the T1 of POTA is higher
than the triplet energy of common green phosphorescent
dopants such as fac-tris(2-phenylpyridine) iridium (Ir(ppy)3)
(2.41 eV),16 ensuring that POTA can be used as a host material
for green phosphors. POTA’s high fluorescent quantum yield
and suitable S1 and T1 indicate that POTA is a potential host
material for single-EML RGB F−P hybrid WOLEDs.

Theoretical Calculations and Electrochemical Proper-
ties. To better understand POTA’s structure−property
relationship at the molecular level, quantum chemical
calculations were employed at the B3LYP/6-31G(d) theoretical
level (Figure 2). In the ICT transition-based POTA, the

HOMO is primarily located on the electron-rich diphenylamine
unit and benzene π bridge, whereas the LUMO mostly sits on
the electron-deficient 1,3,5-triazine group and benzene π
bridge. The overlap in the POTA molecule between the
HOMO and LUMO is limited on the benzene π bridge, which
tallies with our assumption and results in a small ΔEST of 0.36
eV and a high fluorescence efficiency of 0.75. To measure the
experimental values of the HOMO/LUMO energy levels, we
investigate the electrochemical property of POTA using a
three-electrode cell (Figure S1 of the Supporting Information,
SI). During the anodic scan, POTA undergoes a quasi-
reversible oxidation curve, originating from its electron-rich
diphenylamine unit. Upon the cathodic sweep, POTA also

Figure 1. (a) UV−vis absorption and PL spectra of POTA in dilute
cyclohexane solution at room temperature, and the fluorescence and
phosphorescence spectra of POTA in 2-methyltetrahydrofuran at 77
K. (b) PL spectra of POTA in different solvents at room temperature.

Table 1. Physical Properties of POTA

λabs/λem (nm)a 295 378/422 437
Φf
b 0.75

λfluo/λphos (nm)c 443/508
S1/ T1 (eV)

d 2.80/2.44
ΔEST (eV)e 0.36
E1/2

ox/E1/2
red (V)f 0.67/−2.15

HOMO/LUMO (eV)g −5.41/−2.59
Eg/Eg

opt (eV)h 2.82/2.84
aMeasured in dilute cyclohexane solution at room temperature.
bMeasured in dilute cyclohexane solution, using 9,10-diphenylan-
thracence (Φf = 0.90 in cyclohexane solution) as a standard.
cFluorescence and phosphorescence spectrum peaks measured in 2-
methyltetrahydrofuran at 77 K. dS1, singlet energy level, calculated
from the fluorescence peak at 77 K; T1, triplet energy level, calculated
from the phosphorescence peak at 77 K. eΔEST, Singlet−triplet energy
difference, ΔEST= S1 − T1.

fE1/2
ox, half-wave oxidation potential vs Fc/

Fc+; E1/2
red, half-wave reduction potential vs Fc/Fc+. gHOMO =

−E1/2ox − ESCE and LUMO = −E1/2red − ESCE, the energy level of SCE
(ESCE) is 4.74 eV vs vacuum level.21 hEg, energy band gap, calculated
from the CV; Eg

opt, calculated from the absorption spectrum.

Figure 2. Calculated spatial distributions of the HOMO/LUMO of
POTA.
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exhibits a quasi-reversible reduction curve, which can be
attributed to electron-deficient 1,3,5-triazine moiety. The
reversible oxidation and reduction behavior of POTA implies
that it has potential for efficient hole and electron transport.13

The HOMO/LUMO energy levels of POTA are estimated
from the half-wave potentials of the oxidation and reduction
curves (relative to vacuum level),10d which are −5.41 eV and
−2.59 eV, respectively. Calculated from the HOMO/LUMO
energy levels, the energy band gap (Eg) value of 2.82 eV is
obtained for POTA, similar to the result estimated from the
optical absorption edges of solid film on quartz substrate
(Table 1). The rather narrow Eg with its suitable HOMO/
LUMO energy levels is beneficial for lessening the driving
voltage and augmenting the PE of the OLEDs.17

Electroluminescence Performance. A nondoped blue
fluorescent OLED (device B) was first fabricated with a device
structure of ITO/NPB (30 nm)/TCTA (10 nm)/POTA (30
nm)/TPBI (30 nm)/LiF (1.5 nm)/Al. In this device, ITO
(indium tin oxide) and LiF/Al are the anode and the cathode,
respectively; NPB (4,4′-bis[N-(1-naphthyl)-N-phenyl amino]-
biphenyl) is the hole-transporting layer (HTL); TCTA
(4,4′,4″-tris(N-carbazolyl)triphenylamine) is the exciton-block-
ing layer; and TPBI serves as the electron-transporting layer
(ETL), the hole-blocking layer and the exciton-blocking layer.
The nondoped blue device based on POTA exhibits stable blue
fluorescent spectra at different luminance with peaks at 472 nm
and CIE coordinates of (0.15, 0.26) (SI Figure S2 and Table 2).
The maximum PE, current efficiency (CE) and EQE of device
B are 5.0 ± 0.3 lm W−1, 5.9 ± 0.4 cd A−1 and 4.2 ± 0.3%,
respectively (Figure 3 and Table 2). Considering the 5%
theoretical limit in fluorescent devices,18 POTA is deemed to
be an outstanding blue fluorophor.
Green and red phosphorescent devices based on POTA were

then constructed to testify the host properties of POTA for
green and red phosphors. They have a configuration of ITO/
NPB (30 nm)/TCTA (10 nm)/POTA: 2 wt % Ir(ppy)3 or 6
wt % Ir(2-phq)3 (30 nm)/TPBI (30 nm)/LiF (1.5 nm)/Al
(device G and R). Herein, Ir(2-phq)3 is tris(2-phenylquino-
line)iridium. Device G exhibits a maximum EQE of 17.1 ±
0.2%, a maximum PE of 52.3 ± 0.1 lm W−1 and a maximum CE
of 57.6 ± 0.8 cd A−1 (Figure 3 and Table 2). Similarly, device R
also gives a high performance with a maximum PE of 28.1 ± 0.2
lm W−1, a maximum CE of 36.7 ± 0.3 cd A−1 and a maximum
EQE of 18.8 ± 0.2%. Considering the 20% theoretically limit
for EQE in phosphorescent devices,18,19 both devices exhibit
extremely high EQEs, indicating that POTA can not only
sensitize a triplet emission of green phosphor, but also achieve
excellent host performance for phosphors.
POTA was finally applied in a single-EML RGB F−P hybrid

WOLED (device W1) with a configuration of ITO/NPB (30
nm)/TCTA (10 nm)/POTA: Ir(ppy)3: Ir(2-phq)3 (30 nm)/
TPBI (30 nm)/LiF (1.5 nm)/Al. In the EML, the

concentrations of Ir(ppy)3 and Ir(2-phq)3 have been optimized
to 0.2 and 0.3 wt %, respectively. At such low doping
concentrations, it is likely that some blue fluorophor molecules
will find no phosphorescent molecules within their 3 nm
vicinity (the diffusion length of a singletexciton); while
phosphorescent dopant molecules will exist within 100 nm
(the diffusion length of a triplet exciton).3a,c Therefore, singlet
excitons will be reserved on the blue fluorophors and utilized

Table 2. Electroluminescence Properties of the Devices

Von
a [V]

PE/CE/EQEb [lm W−1/ cd A−1/ %] CIE(x, y)c

maximum @1000 cd m−2

device B 3.1 5.0 ± 0.3/5.9 ± 0.4/4.2 ± 0.3 2.6 ± 0.3/4.8 ± 0.3/3.4 ± 0.2 (0.15, 0.26)
device G 3.0 52.3 ± 0.1/57.6 ± 0.8/17.1 ± 0.2 38.4 ± 0.4/51.9 ± 0.1/15.2 ± 0.2 (0.28, 0.63)
device R 2.9 28.1 ± 0.2/36.7 ± 0.3/18.8 ± 0.2 26.8 ± 0.4/36.7 ± 0.3/18.8 ± 0.2 (0.55, 0.44)
device W1 2.8 59.8 ± 1.0/57.2 ± 0.9/24.7 ± 0.7 31.3 ± 0.3/40.6 ± 0.3/18.3 ± 0.2 (0.41, 0.46)
device W2 2.9 60.5 ± 0.9/60.4 ± 0.9/25.1 ± 0.5 32.3 ± 2.0/44.3 ± 0.9/20.0 ± 0.6 (0.34, 0.45)

aTurn-on voltage. bMaximum power efficiency, current efficiency and external quantum efficiency. cEstimated at 1000 cd m−2.

Figure 3. PE-EQE-luminance plots of (a) device B, (b) device G, and
(c) device R.
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for blue fluorescence; whereas the triplet excitons will transfer
to the dopant molecules for green and red phosphorescence,
resulting in white emission. Owing to the suitable HOMO/
LUMO and singlet/triplet energy levels (SI Figure S4), small
injection barriers exist between the HTL/ETL and EML, and
excitons are effectively limited in the EML. Thus, the device
W1 has a low turn-on voltage of 2.8 V (Figure 4a and Table 2).

As shown in Figure 4b and SI Table S1, warm light emission
was realized in this device, and the CIE coordinates show
moderate blue-shift from (0.44, 0.48) to (0.36, 0.44) when the
luminance increases from 100 to 10 000 cd m−2, which may due
to the triplet−triplet annihilation at high current densities. As
illumination sources are generally characterized by their total
emitted power,3a,20 device W1 realizes a maximum total PE of
59.8 ± 1.0 lm W−1, a maximum total CE of 57.2 ± 0.9 cd A−1

and a maximum total EQE of 24.7 ± 0.7%. The total
efficiencies maintain at 31.3 ± 0.3 lm W1−, 40.6 ± 0.3 cd A−1

and 18.3 ± 0.2% even at brightness of 1000 cd m−2. Our

POTA-based single-EML RGB F−P hybrid WOLED repre-
sents the highest efficiencies among single-EML RGB
WOLEDs with hybrid emitters or all phosphors. Furthermore,
such high performance is also comparable with the multiple-
EML RGB F−P hybrid WOLEDs even based on p-i-n
structures (Table 3).

To further prove that the performance of this single-EML
device structure could keep up with the multi-EML for F−P
hybrid WOLEDs, we fabricated a POTA-based multiple-EML
RGB F−P hybrid WOLED (device W2) with a structure of
ITO/NPB (30 nm)/TCTA (10 nm)/POTA (8 nm)/POTA: 2
wt % Ir(ppy)3 (6 nm)/POTA: 2 wt % Ir(2-phq)3 (8 nm)/
POTA (8 nm)/TPBI (30 nm)/LiF (1.5 nm)/Al, which is a
typical device structure in multi-EML F−P hybrid WOLED-
s.3a,21 Device W2 also shows warm white light emission (SI
Table S1) with a maximum total CE of 60.4 ± 0.9 cd A−1, a
maximum total PE of 60.5 ± 0.9 lm W1− and a maximum total
EQE of 25.1 ± 0.5% (SI Figure S5 and Table 2). The
efficiencies of device W1 are equally matched with device W2.
The single-EML F−P hybrid WOLED based on POTA
performs as highly as the multiple-EML, while the former has
a simpler structure and better economy.

■ CONCLUSIONS
In summary, a novel blue fluorophor POTA has been designed
and synthesized by using a D-π-A structural strategy
incorporating diphenylamine as an electron-donor and 1,3,5-
triazine as an electron-acceptor with a short benzene π-
conjugated feature. POTA simultaneously exhibits an efficient
blue fluorescence emission, a high T1 of about 2.44 eV, and
appropriate HOMO/LUMO energy levels. The excellent EL
performances demonstrate that POTA is an excellent blue
fluorophor as well as an outstanding host material for
phosphorescent dopants. The single-EML RGB F−P hybrid
WOLED based on POTA shows a maximum total PE of 59.8 ±
1.0 lm W−1 and a maximum total EQE of 24.7 ± 0.7%, the
highest efficiencies among the single-EML RGB WOLEDs.
These performances are also comparable with multiple-EML
RGB WOLEDs, even those with p-i-n structures. Moreover,

Figure 4. (a) Current density-luminance-voltage characteristics, (b)
the EL spectra, and (c) PE-EQE-luminance plots of device W1.

Table 3. Summary of Recently Reported High Performance
RGB WOLEDs

maximum @1000 cd m−2

PE/CE/EQE
[lm W−1/ cd A−1/ %]

PE/CE/EQE
[lm W−1/ cd A−1/ %]

ref 5aa −/−/− 14.8/25.0/10.7d

ref 5ba 46.8/−/16.5 −/−/−
ref 21a 57.3/−/21.8 24.4/−/−
ref 4bb 52.3/−/−e 35.2/−/−
ref 3bc 57.6/−/20.3e 37.5/−/16.1
ref 3a.c 37.6/−/18.7 23.8/−/18.4d

ref 5cc 32.0/30.2/13.4e 27.1/30.8/13.7
ref 21f 28.6/−/21.0 22.1/−/−

device W1 59.8 ± 1.0/57.2 ± 0.9/
24.7 ± 0.7

31.3 ± 0.3/40.6 ± 0.3/
18.3 ± 0.2

device W2 60.5 ± 0.9/60.4 ± 0.9/
25.1 ± 0.5

32.3 ± 2.0/44.3 ± 0.9/
20.0 ± 0.6

aSingle-EML F−P hybrid WOLEDs. bSingle-EML fully phosphor-
escent WOLEDs. cMultiple-EML F−P hybrid WOLEDs with p-i-n
structures. dAt 500 cd m−2. eAt 100 cd m−2. fMultiple-EML F−P
hybrid WOLEDs.
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this work provides verification of the high performance and
simple structure of single-EML RGB F−P hybrid WOLEDs.
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