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For the first time, double blue emitting layers have been functioned as the main exciton generation zone to achieve high-performance
three-color phosphorescent white organic light-emitting diodes (WOLEDs). The WOLED exhibits the maximum forward-viewing
external quantum efficiency (EQE) and power efficiency (PE) of 21.2% and 50.0 lm/W, respectively. Even at 1000 cd/m2, the
forward-viewing EQE and PE are as high as 18.0% and 32.5 lm/W, respectively, indicating low efficiency roll-off. Besides, the
WOLED shows a maximum luminance of 81156 cd/m2. Moreover, by manipulating the excitons distribution, a WOLED can achieve
a high color rendering index of 80. The findings may provide a new opportunity to achieve high-efficiency, high-luminance and low
efficiency roll-off WOLEDs.
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As about 25% of the global electricity is consumed for light-
ings, causing 1.9 GT of CO2 emissions, organic light-emitting diodes
(OLEDs) are being actively studied to reduce the energy demand be-
cause of their outstanding characteristics, such as high efficiency, low
power consumption and flexibility.1–5 To date, based on the adopted
emitters, four types of white OLEDs (WOLEDs) have been reported,
such as fluorescent WOLEDs, thermally activated delayed fluorescent
(TADF) WOLEDs, fluorescent/phosphorescent hybrid WOLEDs and
phosphorescent WOLEDs.6–8 In the case of fluorescent WOLEDs,
their efficiencies are very low (i.e., <30 lm/W) due to the nonra-
diative triplet excitons. On the other hand, TADF WOLEDs, hybrid
WOLEDs and phosphorescent WOLEDs can theoretically achieve
100% internal quantum efficiency (IQE), since TADF and phospho-
rescent materials can harvest both singlet and triplet excitons.9–11

Therefore, the last three kinds of WOLEDs have greater potential to
the commercialization. However, the development of TADF WOLEDs
is still in its infancy stage, since they usually exhibit low luminance
and serious efficiency roll-off.12–14 Thus, the efficiency at the practi-
cal luminance level (e.g., 1000 cd/m2) is not high enough. For hybrid
WOLEDs, i) if the triplet energy (T1) of blue fluorophors is lower than
that of phosphors, the introduction of interlayers between fluorescent
and phosphorescent emitting layers (EMLs) is required, which un-
doubtedly increases the complexity, and such hybrid WOLEDs fail to
achieve 100% IQE;15–17 ii) if the T1 of blue fluorophors is higher than
that of phosphors, although the structures can be simple, it is difficult
to synthesize such blue fluorophors.18–20 Therefore, the full utilization
of phosphors can be an alternative strategy to obtain high-efficiency
phosphorescent WOLEDs.21–23

Generally, mixing two complementary colors (i.e., blue/orange
and blue/red) or three primary colors (blue/green/red) are two ways to
generate white emissions. Compared with three-color WOLEDs, two-
color WOLEDs show simpler characteristics, such as short fabrication
process and simplified device engineering. However, since only two
emitters are adopted, the color rendering index (CRI) of two-color
WOLEDs is usually low, which cannot satisfy the demand of most
of lighting applications.24–26 Thus, although structures of three-color
WOLEDs are more complicated, high CRI can be obtained by adjust-
ing the light emission intensity of each emitter, which is more favor-
able to the real-life industrialization.27–29 However, the investigation

zE-mail: lyd66@163.com; l.baiquan@mail.scut.edu.cn

of three-color WOLEDs lags behind that of two-color WOLEDs, in-
dicating urgent efforts are required to study the effect of three-color
WOLEDs. Besides, there are still only a few high-efficiency three-
color WOLEDs in the literature.

In order to boost the efficiency, the thoughtful design and under-
standing of the EML may be the room for further enhancing the perfor-
mance of three-color WOLEDs. As a matter of fact, there are some rep-
resentative reported three-color WOLEDs. For example, Zhang et al.
fabricated a three-color single-EML WOLED, achieving a maximum
forward-viewing power efficiency (PE) of 33.7 lm/W and 14.4 lm/W
at 1000 cd/m2.30 Ma et al. doped three different color guests in the
same host mCP to form a three-color WOLED, obtaining a maximum
forward-viewing PE of 41.3 lm/W.31 They also used a hybrid struc-
ture combined with p-i-n doping techniques to establish a three-color
WOLED, yielding a maximum forward-viewing PE of 41.7 lm/W.32

Li et al. used a yellow delayed fluorescent material with adjustable
color coordinates to organize a three-color WOLED, producing a
maximum PE of 28.9 lm/W.33 Previously, we also developed a se-
ries of three-color WOLEDs by dint of rational emitter selection and
device structure.34–38 However, despite some high-performance three-
color WOLEDs have been reported, there are still some problems to
be solved: i) the maximum efficiency of three-color WOLEDs is not
high enough (e.g., only very few devices can exhibit the maximum
forward-viewing PE ≥50.0 lm/W), indicating that excitons are not ef-
fectively manipulated; ii) the efficiency at high luminance is low (e.g.,
the forward-viewing efficiency is often < 30 lm/W at 1000 cd/m2),
limiting the practical applications.

In this paper, for the first time, double blue EMLs have been
functioned as the main exciton generation zone to achieve high-
performance three-color phosphorescent WOLEDs. By dint of the
new exciton-harvesting structure, the three-color WOLED can ex-
hibit the maximum forward-viewing external quantum efficiency
(EQE) and PE of 21.2% and 50.0 lm/W, respectively. Even at the
illumination-relevant luminance of 1000 cd/m2, the forward-viewing
EQE and PE are as high as 18.0% and 32.5 lm/W, respectively, in-
dicating very low efficiency roll-off. Besides, the WOLED shows
a maximum luminance of 81156 cd/m2. To the best of our knowl-
edge, the maximum efficiencies, the efficiencies at 1000 cd/m2

and the maximum luminance are among the best WOLEDs. More-
over, by manipulating the excitons distribution, a WOLED can
achieve a CRI as high as 80, meeting the requirement of indoor
lighting.
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Figure 1. Schematic device structures of the three-color WOLED and the
chemical structure of emitters.

Results and Discussion

Device structures and fabrication.—As shown in Fig. 1, the
WOLED (W1) has the configuration of ITO/ MeO-TPD: F4-
TCNQ (100 nm, 1: 4%)/ NPB (15 nm)/ TCTA(5 nm)/ TCTA:
Ir(MDQ)2(acac) (5 nm, 1: 10%)/ TCTA: FIrpic (2 nm, 1: 7%)/
26DCzPPy: FIrpic (4 nm, 1: 20%)/ 26DCzPPy: Ir(ppy)3 (1 nm, 1:
6%)/ TmPyPB (50 nm)/ LiF(1 nm)/ Al (200 nm), where ITO is in-
dium tin oxide, MeO-TPD is N, N, N’,N’- tetrakis(4-methoxyphenyl)-
benzidine, F4-TCNQ is tetrafluoro-tetracyanoqino dimethane, NPB
is N,N’-di(naphthalene-1-yl)-N,N’-diph enyl-benzidine, TCTA is
4,4’,4’’-tri(9-carbazoyl) triphenylamine, Ir(MDQ)2(acac) is Iridi-
um(III)bis(2-methyldi-benzo-[f,h]quinoxaline)(acetylacetonate), FIr-
pic is iridiu m(III)bis[(4,6-difluo-rophenyl)-pyridinato-N,C2 is
26DCzPPy is 2,6-bis(3-(carbazol-9-yl)phenyl)pyridine, Ir(ppy)3 is
tris(2-phenylpyridinne)iridium(III), TmPyPB (1,3,5-tri(m-pyrid-3-yl-
phenyl)benzene and the the doping percentage is controlled by the
thickness. All materials were commercially bought. Without breaking
the vacuum, all material layers were thermally deposited at a base
pressure of 2 × 10−7 Torr. For the doping layers, deposition rates of
host and guest were controlled by their correspondingly independent
quartz crystal oscillators. After preparation under a nitrogen atmo-
sphere using epoxy glue and glass lids, all devices were encapsulated
immediately. The Commission International de I’Eclairage (CIE) co-
ordinates, correlated color temperature (CCT), CRI and electrolumi-
nescent (EL) spectra were recorded via a Konica Minolta CS2000
spectra system. The emission area of all devices is 3 × 3 mm2 as
defined by the overlapping area of the anode and cathode. By utilizing
a computer-controlled source meter (Keithley 2400) and multime-
ter (Keithley 2000) with a calibrated silicon photodiode, the current
density (J)-voltage (V)-luminance properties were recorded simulta-
neously.

Device design strategy.—To guarantee that high-performance
three-color WOLEDs can be developed, we have adopted several
strategies. First, a novel exciton-harvesting structure is designed by
using the double blue EMLs instead of a single blue EML as the
main exciton generation zone (i.e., TCTA: FIrpic/ 26DCzPPy: FIr-
pic), which is unlike previous reports. For example, the yellow EMLs
are sandwiched by blue EMLs in Su’s two-color WOLED,39 while
only single blue EML is used in Leo’s device.21 Besides, although the
double-EML structure has been demonstrated to effectively enhance
the performance of monochromatic OLEDs,40–42 it has not yet been
used to develop three-color WOLEDs so far. By dint of the double blue
EMLs, the exciton generation zone can be greatly broadened, reducing
the efficiency roll-off. As a result, high efficiency at high luminance
can be achieved. Meanwhile, the double blue EMLs are sandwiched
by red and green EMLs (contrast to Su’s device39), which can harvest

Figure 2. (a) Forward-viewing EQE and PE of W1 as a function of luminance.
Inset: the EL spectrum at 1000 cd/m2. (b) Current density and luminance of
W1 as a function of voltage.

the excitons that are not consumed by blue EMLs, maximizing the
exciton use efficiency.

Performance of the three-color WOLED.—Based on the above
considerations, high-performance three-color WOLEDs can be ex-
pected. As displayed in Fig. 2a, the maximum forward-viewing EQE
and PE of W1 are 21.2% and 50.0 lm/W, respectively. At the display-
relevant luminance of 100 cd/m2, the forward-viewing EQE and PE
are 19.4% and 40.9 lm/W, respectively. Even at the illumination-
relevant luminance of 1000 cd/m2, the forward-viewing EQE and PE
are as high as 18.0% and 32.5 lm/W, respectively, indicating very
low efficiency roll-off.1–15 Since illumination sources have been gen-
erally represented by the total emitted power,15 the maximum total
PE of W1 is 85 lm/W, which only slightly decreased to 69.5 lm
W−1 at the practical luminance of 1000 cd/m2. In fact, the efficiency
has almost overtaken the fluorescent lamps (with typical PE of 40-
70 lm/W) at 1000 cd/m2, demonstrating the advantage of our novel
WOLED.

In addition, the CIE coordinates of W1 is (0.35, 0.48) at
1000 cd/m2, which well locates within the white color region.1–5

The CRI is 67, which is higher than that of representative three-
color WOLEDs.30 Besides, according to Gnade’s report, the CRI>60
is acceptable for applications.43 Therefore, it is easily seen that our
WOLED is promising for the practical use. Furthermore, the CCT is
5125 K, which is close to that of sunlight at noon.34 As shown in Fig.
2b, the turn-on voltage is 3.2 V (>1 cd/m2), and the voltage is 3.85 and
4.45 V at 100 and 1000 cd/m2, respectively, which are among the low-
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Figure 3. The charge/exciton confining structure for device W1 and the
schematic diagram of EL procedures. The gray filled rectangle is the main
exciton generation zone.

est three-color phosphorescent WOLEDs. Remarkably, the maximum
luminance is 81156 cd/m2, which is among the highest WOLEDs.

Origin of the high performance.—The working mechanism of
three-color WOLEDs.—Galvanized by the superior properties ob-
tained from the novel WOLED, we then make a comprehensive in-
vestigation in order to reveal the origin of high performance. First, to
effectively manage the excitons, suitable hosts have been employed.
As shown in Fig. 3, 26DCzPPy is selected, because: i) the T1 is
2.71 eV, satisfying FIrpic (2.65 eV) and Ir(ppy)3 (2.4 eV),24 which
cannot only prevent the reverse energy transfer from FIrpic/ Ir(ppy)3

to 26DCzPPy but also confine triplets in the whole EML, effectively
enhancing the efficiency; ii) the similar hole and electron mobility
[∼10−5 cm2/(V s)] can broaden the excitons recombination zone and
achieve balanced charges transport for the recombination procedure,
leading to the high efficiency and low efficiency roll-off.24 iii) the
lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) of 26DCzPPy are 2.65 eV and 6.05 eV,
respectively, well matching with those of nearby layers to diminish
the charge transport barrier, which can lower the driving voltages and
further boost the efficiency. TCTA is chosen, since i) its T1 (2.76 eV) is
higher than that of Firpic and Ir(MDQ)2(acac) (2.0 eV),27 prohibiting
the reverse energy transfer; ii) it also functioned as the hole transport
layer (HTL), which can reduce the heterojunction between HTL and
EML, enhancing the performance.3

Next, the utilization of charges/excitons confining structure has
a substantial influence on ensuring the performance. NPB/TCTA is
selected as the stepwise HTL, which cannot only give an effective hole
injection due to the matched HOMOs, but also effectively confine
excitons/electrons in the EML because of the high T1 and p-type
property of TCTA.27 On the other hand, TmPyPB is chosen as the
electron transport layer (ETL) because of: i) its high electron mobility
[10−3 cm2/(V s)],24 resulting in an enhanced charge balance due to the
effective electron injection; ii) a higher T1 (2.75 eV) than the host and
guests in the nearby EML, confining triplets. iii) a deep HOMO of
6.7 eV, the big difference in HOMO levels (0.55 eV) between TmPyPB
and the guest FIrpic (or 0.65 eV between TmPyPB and 26DCzPPy),
reducing the hole leakage. Therefore, both charges and excitons can
be well confined within the EML via this excellent confining structure,
enhancing the efficiency and reducing the efficiency roll-off.

Then, since blue (FIrpic), green (Ir(ppy)3) and red
(Ir(MDQ)2(acac)) emitters are phosphorescent materials, both
singlet and triplet excitons can be harnessed for emission. Addition-
ally, the total thcikness of the four EMLs is as thin as 12 nm, which
can lower the voltage, improving the efficiency.6

Finally, the novel exciton-harvesting EML structure is significant
to the high performance. Due to the existed energy barriers coupled
with the fact that TCTA is a p-type material and 26DCzPPy exhibits

Figure 4. Forward-viewing EQE and PE of W2 as a function of luminance.
Inset: the EL spectrum at 1000 cd/m2.

high electron mobility,6 it can be easily inferred that the main exciton
generation zone is located at the TCTA/26DCzPPy interface, which is
effectively broadened via the double blue EML, reducing the triplet-
triplet annihilation and efficiency roll-off.3 In turn, the reduction in
triplet-triplet annihilation can effectively enhance the efficiency.3 For
the excitons (singlets and triplets with a ratio of 1: 3) in the main
exciton generation zone, they are firstly harvested by FIrpic to furnish
the blue emission. For the unused excitons, they will be harvested
by the surrounded red and green EMLs, since the energy levels of
Ir(ppy)3 and (Ir(MDQ)2(acac) are lower than those of FIrpic. As a
result, the red and green emission occurred from the combined effects
of efficient energy transfer from FIrpic and exciton formation by direct
charge trapping on Ir(ppy)3 and (Ir(MDQ)2(acac).6 Therefore, a white
emission is obtained from the above EL process, as illustrated in
Fig. 3.

Energy transfer between EMLs.—To further understand the emis-
sion mechanism of W1, the energy transfer between EMLs is studied.
As shown in Fig. 2a inset, the green emission intensity is the strongest,
although only 1 nm green EML is used. On the other hand, despite the
thickness of red EML is 5 times thicker than that of green EML, the red
intensity is much lower than green intensity and only slightly stronger
than the blue intensity. Therefore, these facts suggest that the green
EML plays a vital role in the performance, which can be explained as
follows. Although the main exciton generation zone is located at the
TCTA/26DCzPPy interface, holes can still be easily transported to the
green EML due to the bipolar property of 26DczPPy, and meet elec-
trons to form excitons, which can be harvested by Ir(ppy)3 to enhance
the green emission. However, due to the unipolar characteristic of
TCTA, electrons are relatively difficult to reach the red EML. Hence,
the direct exciton formation on Ir(MDQ)2(acac) is inefficient, and the
red emission is mainly originated from the energy transfer from FIr-
pic. For the green EML, both direct exciton formation on Ir(ppy)3 and
the energy transfer from FIrpic are very effective, leading to the strong
green intensity.

To further clarify the effect of green EML, a thicker green EML
(3 nm) has been used to fabricate device W2. To keep the total thick-
ness of EMLs to be constant, the blue EML 26DCzPPy: FIrpic has
been decreased to 2 nm. As a result, the EML structure of W2 is TCTA:
Ir(MDQ)2(acac) (5 nm,10%)/ TCTA: FIrpic (2 nm,7%)/ 26DCzPPy:
FIrpic (2 nm, 20%)/ 26DCzPPy: Ir(ppy)3 (3 nm, 6%), where other
layers of W2 is the same as those of W1. As shown in Fig. 4 inset,
the green intensity of W2 has been further intensified while the blue
intensity has been weakened compared with W1. This is because more
excitons are harvested by Ir(ppy)3 due to the increased thickness of
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Figure 5. The EL spectrum of W3 at 1000 cd/m2.

green EML.6 Besides, since Ir(ppy)3 is more efficient than FIrpic and
Ir(MDQ)2(acac), the increased green intensity renders the fact that the
efficiency of W2 is higher than that of W1. For example, the forward-
viewing PE at 1000 cd/m2 is 40.2 lm/W, which is 24% higher than that
of W1. However, the CIE coordinates of W2 is (0.37, 0.51), which is
somewhat greenish due to the intensified green emission. Therefore,
these facts not only suggest that the device performance is very sen-
sitive to the green EML, but also imply that how to manipulate the
excitons distribution is a key factor to guarantee the high-performance
three-color WOLEDs.

Effects of host in green EML.—Since the green EML has a great
influence on the performance, the effect of host in green EML has
been investigated. By replacing 26DCzPPy with GH054 (bought from
Nichem company), device W3 has been fabricated. Hence, the green
EML structure of W3 is GH054: Ir(ppy)3 (1 nm, 6%), where other
layers of W3 is the same as those of W1. As shown in Fig. 5, only
strong green emission can be observed with the CIE coordinates of
(0.31, 0.60), while both blue and red emissions are almost disappeared,
leading to no white emission. This phenomenon can be explained as
follows. Although the T1 of GH054 is higher than that of Ir(ppy)3, it
is lower than that of 26DCzPPy and FIrpic,44 resulting in the fact that
high-energy excitons in the double blue EMLs are easily transferred to
the green EML. Besides, since most of excitons are transferred to the
green EML, almost no excitons can be harvested by Ir(MDQ)2(acac)
from the energy transfer, further demonstrating the above analysis that
the red emission in W1 is mainly originated from the energy transfer
from FIrpic. Therefore, although the green EML is as thin as 1 nm,
the host in green EML can vastly manipulate the excitons distribution,
which is significant to the performance.

High-CRI WOLEDs.—Based on the above analyses, by manipu-
lating the excitons distribution, the device performance can be regu-
lated. Thus, high CRIs may be expected, if more balanced blue, green
and red emission can be achieved.45 Towards this end, the green emis-
sion should be decreased, while the blue and/or red intensity should
be enhanced. Since excitons are easily harvested by Ir(ppy)3 in our
exciton-confining structure, a thinner green EML is required for the
balanced emission. Therefore, the thickness of green EML has been
decreased to 0.3 nm in device W4, which can render more excitons
to be harnessed by blue and red EMLs, improving the blue and red
emission. On the other hand, the thickness of red EML has been in-
creased to 5.7 nm, which keeps the total thickness of EMLs to be same
as that of W1. Meanwhile, due to the increased red EML, more exci-
tons can be harvested by Ir(MDQ)2(acac), further enhancing the red
emission.46–48 The EML structure of W4 is TCTA: Ir(MDQ)2(acac)
(5.7 nm,10%)/ TCTA: FIrpic (2 nm,7%)/ 26DCzPPy: FIrpic

Figure 6. (a) Forward-viewing EQE and PE of W4 as a function of luminance.
Inset: the EL spectrum at 1000 cd/m2. (b) The comparison for the spectra of
W1, W2, W3 and W4.

(4 nm, 20%)/ 26DCzPPy: Ir(ppy)3 (0.3 nm, 6%), where other lay-
ers of W4 is the same as those of W1. As expected, more balanced
emission is achieved in W4 (Fig. 6a inset). Remarkably, a high CRI
of 80 is achieved, which can meet the requirement of indoor lighting
(CRI ≥80),1–5 demonstrating the successful manipulation of excitons
distribution. Besides, since FIrpic is a sky-blue emitter (∼472 nm), it is
challenging for FIrpic-based three-color WOLEDs to show high CRI
≥80,49 which further indicates the advantage of our novel exciton-
harvesting structure. The CIE coordinates is (0.43, 0.42) with a CCT
of 3235 K, locating the warm-white region. However, the efficiency
of W4 is not as high as that of W1. For instance, the forward-viewing
EQE and PE are 11.4% and 15.0 lm/W at 1000 cd/m2, respectively,
lower than those of W1. These phenomena can be attributed to the
reduced green emission and greatly enhanced red emission, since
Ir(MDQ)2(acac) is much less efficient than Ir(ppy)3. However, it is
deserved to point out that the efficiency of W4 can be high enough, if
more efficient red emitter can be obtained.

Conclusions

In summary, double blue EMLs, for the first time, have been func-
tioned as the main exciton generation zone to obtain high-performance
three-color phosphorescent WOLEDs. The WOLED can exhibit the
maximum forward-viewing EQE and PE of 21.2% and 50.0 lm/W,
respectively. Even at 1000 cd/m2, the forward-viewing EQE and PE
are as high as 18.0% and 32.5 lm/W, respectively, indicating very low
efficiency roll-off. Besides, a maximum luminance of 81156 cd/m2 is
obtained. To our knowledge, these values are among the state-of-the-
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art WOLEDs. Moreover, by manipulating the excitons distribution,
a WOLED can achieve a high CRI of 80. Such results may pro-
vide a new opportunity to achieve high-efficiency, high-luminance
and low efficiency roll-off WOLEDs, which will be beneficial to the
design of both material and device structure for high-performance
WOLEDs.
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