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High performance hybrid white organic light-emitting diodes (WOLEDs) were fabricated by

inserting a planar heterojunction interlayer between the fluorescent and phosphorescent emitting

layers (EMLs). The maximum external quantum efficiency (EQE) of 19.3%, current efficiency of

57.1 cd A�1, and power efficiency (PE) of 66.2 lm W�1 were achieved in the optimized device

without any light extraction enhancement. At the luminance of 1000 cd m�2, the EQE and PE

remained as high as 18.9% and 60 lm W�1, respectively, showing the reduced efficiency-roll. In

order to disclose the reason for such high performance, the distribution of excitons was analyzed

by using ultra-thin fluorescent and phosphorescent layers as sensors. It was found that the hetero-

junction interlayer can efficiently separate the singlet and triplet excitons, preventing the triplet

excitons from being quenched by the fluorescent emitter. The introduction of the heterojunction

interlayer between the fluorescent and phosphorescent EMLs should offer a simple and efficient

route to fabricate the high performance hybrid WOLEDs. Published by AIP Publishing.
https://doi.org/10.1063/1.5000894

Organic light-emitting diodes (OLEDs) are considered to

be promising candidates for commercial lighting and display

applications owing to their numerous advantages such as a long

lifetime, high efficiency, and simple preparation.1–10 In a stan-

dard hybrid white organic light-emitting diode (WOLED), the

singlet and triplet excitons can be used by fluorescent and

phosphorescent materials, respectively, which can theoretically

achieve 100% internal quantum efficiency (IQE). However, a

blue fluorescent emitting layer (EML) needs to be close to

the exciton recombination zone, because the diffusion length

of singlet excitons is far below that of triplet excitons.1,11–13

Compared with the triplet level of yellow or green

phosphorescent dopants, fluorescent materials such as p-bis

(p-N,N-diphenyl-aminostyryl) benzene (DSA-ph), 4,40-bis

[2-{4-(N,N-diphenylamino) phenyl}vinyl]biphenyl (DPAVBi),

and 2,20,7,70-tetrakis(2,2-diphenylvinyl)spiro-9,90-bifluorene

(Spiro-DPVBi)14–18 with a lower triplet level inevitably

quench the triplet excitons in the exciton recombination zone,

giving rise to low external quantum efficiencies (EQEs). In

order to alleviate this negative effect, a kind of functional

layer called interlayer has been employed in conventional

hybrid WOLEDs.8,15,18–25

A single hole or electron transport layer can work as a

simplest interlayer,8,19–22 which is easy to fabricate but can-

not simultaneously provide sufficient blue emission by sepa-

rating the fluorescent EML from the exciton recombination

zone. Quenching can also occur in the triplet transfer process

from the exciton recombination zone to the fluorescent emit-

ter with a lower lying non-radiative triplet level.

A mixed interlayer by blending hole and electron trans-

port materials together has been demonstrated to be able to

control the position of the exciton recombination zone and

manage the singlet and triplet excitons by adjusting the pro-

portion of the two transport materials.8,15,18,23–25 The mixed

interlayer can effectively prevent triplet quenching in a fluo-

rescent emitter. Nevertheless, the proportions and the thick-

nesses of such a mixed interlayer have to be precisely

controlled, which renders the device fabrication process both

cumbersome and difficult to reproduce.

Here, we used a simple planar heterojunction composed

of a hole transport material N,N0-diphenyl-N,N0-bis(1-naph-

thylphenyl)-1,10-biphenyl-4,40-diamine (NPB) and an

electron transport material bis[2-(2-hydroxyphenyl)-pyridi-

ne]beryllium (Bepp2) as the interlayer to fabricate high effi-

ciency hybrid WOLEDs. With the structure optimization, the

resulting hybrid WOLEDs exhibited maximum efficiencies

of 19.3%, 57 cd A�1, and 66 lm W�1 and retained 18.9%,

55.9 cd A�1, and 60 lm W�1 at 1000 cd m�2, respectively,

without any outcoupling structures. Based on further investi-

gations, such a high performance can be ascribed to the posi-

tive effect of the planar heterojunction on the different

excited states, owing to the desirable singlet and triplet levels

of NPB and Bepp2.

We used a blue fluorescent material DSA-ph and an

orange phosphorescent material iridium bis(4-phenylthieno

[3,2-c]pyridinato-N,C20)acetylacetonate (PO-01) to fabricate

a series of color-complementary hybrid WOLEDs. NPB
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doped with 15 wt. % MoO3 and Bepp2 doped with 3.0 wt. %

Li2CO3 were used as the hole transport layer and electron

transport layer, respectively, to improve the device perfor-

mance. 10 nm-thick 4,40-cyclohexylidenebis [N, N-bis(p-tolyl)

aniline] (TAPC) and Bepp2 served as electron and hole

blocking layers, respectively, to confine carriers and exci-

tons. NPB doped with 5 wt. % PO-01 and Bepp2 doped with

2.5 wt. % DSA-ph acted as the orange phosphorescent EML

and blue fluorescent EML, respectively. The planar hetero-

junction consisting of NPB and Bepp2 layers between two

EMLs was used as the interlayer. The final structure of

the hybrid WOLEDs is as follows: ITO/MoO3 (10 nm)/

NPB:15% MoO3 (50 nm)/TAPC (10 nm)/NPB:5% PO-01

(5 nm)/NPB (x nm)/Bepp2 (y nm)/Bepp2:2.5% DSA-ph

(5 nm)/Bepp2 (10 nm)/Bepp2:3% Li2CO3 (35 nm)/Li2CO3

(1 nm)/Al.

As shown in Fig. 1(a), the exciton recombination zone

in the series of the hybrid white devices should locate at the

interface between NPB and Bepp2 layers due to the high

hole and electron mobilities of NPB and Bepp2, respec-

tively.26,27 The triplet energy level of DAS-ph (T1 � 2.0 eV)

is lower than that of most of the phosphorescent materi-

als,7,28 and it can play the role of the efficient quenching site

for triplet excitons in PO-01 molecules. In order to mitigate

the aforementioned issue, we introduced a planar heterojunc-

tion interlayer composed of a NPB layer and a Bepp2 layer

between the blue fluorescent EML and the orange phospho-

rescent EML. By considering the fact that the triplet level of

Bepp2 (2.6 eV) is higher than that of NPB (2.3 eV),29–31 most

triplet excitons can be blocked in the NPB layer and finally

transfer from NPB to the orange phosphorescent layer for

radiative decay. Moreover, the singlet energy levels of NPB

and Bepp2 are approximately equal.32 Singlet excitons at the

interface between NPB and Bepp2 can diffuse to both NPB

and Bepp2 sides and be used by dopants via F€orster energy

transfer. Therefore, we can use this kind of interlayer to sep-

arate the fluorescent layer and the phosphorescent layer and

manipulate the singlet and the triplet excitons efficiently.

To illustrate the effect of the interlayer, the devices with

different thicknesses of NPB and Bepp2 layers have been

studied. As shown in Fig. 1(b), we first fixed the thickness of

the NPB layer at 5 nm and varied the thicknesses of Bepp2

layers from 0 to 3 nm named D1 to D4. Figures 2(a) and 2(b)

show the current density-luminance-voltage (J-L-V) charac-

teristics and EL efficiencies, respectively. It can be seen that

all the turn-on voltages of the four devices are about 2.6 V in

Fig. 2(a), meaning that the minor thickness change of elec-

tron transport layer Bepp2 in the planar heterojunction does

not affect the electrical property of the fabricated devices, at

least in this range of 0–3 nm owing to the high electron

mobility of Bepp2.

According to the CE and PE versus luminance shown in

Fig. 2(b), D3 and D4 with 2 nm and 3 nm Bepp2 exhibit the

maximum CE and PE of 51.6 cd A�1 and 60.4 lm W�1 and

51.8 cd A�1 and 59.9 lm W�1, respectively. At the luminance

of 1000 cd m�2, the PE values are still as high as

51.5 lm W�1 and 51.0 lm W�1. In contrast to D3 and D4, the

CEs at the luminance of 1000 cd m�2 are only 18.6 cd A�1

and 39.4 cd A�1 for D1 and D2 with 0 and 1 nm Bepp2 as the

interlayer. The maximum EQE values of four devices are

10.5%, 13.8%, 17.9%, and 17.8%, respectively [Fig. S1(a)

and supplementary material, Table S1]. It is clearly shown

that the thickness of Bepp2 is the critical factor for achieving

high performance devices. Although Bepp2 has a high triplet

energy level about 2.6 eV, the device with the thickness of

the Bepp2< 2 nm cannot prevent the triplet excitons transfer-

ring from NPB to DSA-ph via Dexter energy transfer, which

can lead to triplet quenching in the blue fluorescent EML.

With the increasing thickness of Bepp2, the blocking effect

of Bepp2 turns to be more obvious. When the thickness of

Bepp2� 2 nm, it can keep most of the triplet excitons staying

in NPB and prevent the triplet quenching in the fluorescent

EML. The triplet excitons can diffuse to orange phosphores-

cent EML and be used by PO-01 molecules via Dexter

energy transfer.

All devices exhibit high EL spectral stability with the

luminance increasing from 1000 cd m�2 to 10 000 cd m�2

(supplementary material, Fig. S2). From D1 to D4, the

Commission Internationale del’�Eclairage (CIEx,y) coordi-

nates at the luminance of 1000 cd m�2 are (0.38,0.43),

FIG. 1. (a) Schematic diagram of the structure with energy levels and electrolu-

minescence (EL) processes of the resulting hybrid WOLEDs. (b) Detailed struc-

ture parameters of the planar heterojunction interlayer in the hybrid WOLEDs.

FIG. 2. EL performances of D1 to D4.

(a) Current density–luminance–voltage

characteristics. (b) Current efficiency

(CE) versus luminance and power effi-

ciency (PE) versus luminance.
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(0.42,0.46), (0.44,0.47), and (0.44,0.47), respectively. The

thickness of Bepp2 in D1 is 0 nm, and the exciton generation

zone is at the interface between the fluorescent layer and the

NPB layer; thus. the singlet excitons can directly be har-

vested by blue fluorescent molecules, leading to the highest

blue emission ratio. Meanwhile, with the most triplets

quenching, the maximum EQE of D1 is only 10.5%. The

blue emission intensity decreases along with the increase in

the thickness of Bepp2. Since the diffusion length of singlet

excitons is relatively short than that of triplet excitons, the

singlet exciton density decreases rapidly with the increasing

distance from the exciton recombination zone to fluorescent

EML, making the blue emission intensity controllable by the

thickness of Bepp2.

Then, as shown in Fig. 1(b), we fixed the thickness of

Bepp2 at 2 nm and varied the thicknesses of NPB with 2 nm,

3 nm, 5 nm, and 7 nm, named D5 to D8, respectively. Figure 3

shows their EL performances, demonstrating that the four

devices also have the same turn-on voltages with slightly dif-

ferent current densities. As shown in Fig. 3(b), D5 achieved

the maximum CE and PE of 57.1 cd A�1 and 66.2 lm W�1,

respectively, and can still retain 60 lm W�1 at the luminance

of 1000 cd m�2. With the structure of D5, very low driving

voltages of 3.0 V, 3.4 V, and 3.8 V are obtained for the lumi-

nance of 1000 cd m�2, 5000 cd m�2, and 10 000 cd m�2,

respectively.

The thickness of the NPB layer represents the distance

between the exciton generation zone and phosphorescent

EML. Different from the blocking characteristic of Bepp2

discussed above, the triplet excitons can efficiently transfer

from NPB to PO-01 via Dexter energy transfer. The device

with a 7 nm-thick NPB layer still shows a high performance.

Compared to the devices with the thicknesses of NPB above

3 nm, D5 with 2 nm NPB obtains the highest EQE of 19.3%,

and even at 1000 cd m�2, the EQE remains at a high value of

18.9% [supplementary material, Fig. S1(b) and Table S2].

Considering the fact that the diffusion length of singlet exci-

tons is much shorter than that of triplet excitons, if the

distance between the exciton generation zone and phospho-

rescent EML is beyond the singlet exciton diffusion length,

the large amount of singlet excitons would be lost in the

NPB layer. When the distance between the exciton genera-

tion zone and phosphorescent EML is within the singlet exci-

ton diffusion length, the singlet excitons at the NPB side can

be utilized by phosphorescent materials. Moreover, all of

the devices maintain stable warm white emission from

1000 cd m�2 to 10 000 cd m�2 (supplementary material,

Figs. S3 and S4).

To further demonstrate the effect of the planar hetero-

junction interlayer, we inserted 0.1 nm DSA-ph and PO-01

sensitive layers into the different positions in the NPB/Bepp2

heterojunction interface to detect the singlet and triplet exci-

ton densities. There is no obvious holes trapped by PO-01

molecules in the NPB layer, and both DSA-ph and PO-01

molecules have a slight effect on the electron transfer in the

Bepp2 matrix (supplementary material, Fig. S5).

Therefore, we fabricated the devices with a uniform struc-

ture of ITO/MoO3 (10 nm)/NPB:15%MoO3 (50 nm)/TAPC

(10 nm)/NPB (10 nm)/Bepp2 (15 nm)/Bepp2: 3%Li2CO3

(35 nm)/Li2CO3 (1 nm)/Al.

As shown in Fig. 4(a), for the four devices named

T1-T4, the distance between the DSA-ph sensor and the inter-

face of NPB/Bepp2 is 0 nm, 1 nm, 2 nm, and 3 nm, respectively.

The EL intensities of four devices at the same voltage

(4.0 V) are shown in Fig. 4(b). Since DSA-ph can only utilize

the singlet excitons, the EL intensities should correspond to

the singlet exciton densities at different positions. The maxi-

mum intensity of blue emission is obtained in T1, implying

that the density of singlet excitons at the interface position is

the highest. With the increasing distance of the sensor away

from the interface in Bepp2, the EL intensity reduces gradu-

ally. We also obtained roughly half of the maximum inten-

sity when the distance increases to 2 nm, proving the

efficient energy transfer of the singlet excitons from the exci-

ton generation zone to fluorescent EML.

FIG. 3. EL performances of D5 to D8.

(a) Current density–luminance–voltage

characteristics. (b) CE versus lumi-

nance and PE versus luminance.

FIG. 4. Positions of DSA-ph and PO-01 sensors and the corresponding EL

intensities at 4.0 V.
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In Fig. 4(c), we inserted a 0.1 nm PO-01 sensitive layer

at three different positions in the interlayer to study the exci-

ton distribution, named T5 to T7. The EL intensities of three

devices at 4.0 V can be seen in Fig. 4(d), the maximum EL

intensity of orange emission is achieved in T6, and T5 exhib-

its a slightly lower EL intensity of orange emission but much

higher than that of T7. This indicates that the triplet excitons

can be efficiently transferred in NPB whereas be strongly

blocked by Bepp2.

We used a planar heterojunction of NPB/Bepp2 as the

interlayer located between fluorescent blue EML and phos-

phorescent orange EML to fabricate the high efficiency

hybrid WOLEDs. With the desirable singlet and triplet

energy levels of NPB and Bepp2, the singlet and triplet exci-

tons can be separated at the interface between NPB and

Bepp2; thus, the quenching caused by the triplet of the fluo-

rescent material can be alleviated effectively. The resulting

hybrid OLEDs achieved a stable warm white emission and a

high performance of 19.3%, 57 cd A�1, and 66 lm W�1. At

the luminance of 1000 cd m2, they still retain 18.9%, 55.9 cd

A�1, and 60 lm W�1, respectively. Our results offer a simple

route to realize high performance hybrid WOLEDs.

See supplementary material for the experimental

method.
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