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High efficiency white organic light emission devices were demonstrated with phosphor material dye bis[2-(4-tertbutylphen-
yl)benzothiazolato-N,C2]iridium (acetylacetonate) and ultrathin layer structure. The ultra thin layer be composed of 4,4-bis[N-
1-naphthyl-N-phenyl-amino]biphenyl (NPB) or 4,4-N,N-dicarbazole-biphenyl : NPB mixed layer with blue light emission. The
emission spectra of devices could be adjusted by different phosphor doping concentrations and ultra thin layer structure. Warm
white light emitting device could be obtained with 5wt% doping concentration and power efficiency of 9.93 lm/W at 5V. Pure
white light with Commission Internationale de l’Eclairage (CIE) coordinates of (0.33, 0.30) and external quantum efficiency of
4.49% could be achieved with ultra thin layer device structure and 3wt% phosphor doped device.

1. Introduction

Organic light-emitting diodes (OLEDs) represent a promis-
ing technology for large, flexible, flat-panel displays, and solid
state lighting [1–3]. Especially the use of phosphorescent dyes
offers a means of achieving high light-emission efficiency, as
emission may result from both singlet and triplet states [4].
The application of phosphor has allowed to increase device
electroluminescence (EL) external quantum efficiency (QE)
up to nearly 20% photos/carriers equivalent to near 100%
internal quantum efficiency [5]. However, the efficiency of
white OLEDs (WOLEDs) is still lower than required in dis-
plays or solid-state lighting. Although some phosphorescent
OLEDswith green or red light emission have shown very high
power efficiency, but high efficient phosphorescent materials
with blue light emission were still a deficiency for WOLEDs.
Using blue light fluorescent material combining yellow light
phosphorescent material to obtain white light is a suitable
method, because the rate of blue light in the whole white
spectra is much lower than green or red color.

Most of WOLEDs devices were composed of several
doping layers. Efficient white OLEDs were reported by
Reineke et al. and Cheng et al. with three doped layers in

the whole devices structure [6, 7], and also some organic
devices with white light emission included two doped layers
[8, 9]. Doping process about organic materials with accurate
weight rate is uneasy to control. Ultrathin layer instead
of doping structure has been reported in some OLEDs in
order to decrease the doping difficulty of coevaporating
organic materials and improve the stability and reproducibil-
ity of the devices [10–12]. Some fluorescent materials have
been widely used in ultrathin layer devices, for exam-
ple, 5,6,11,12-tetraphenylnaphtacene (rubrene) [13] and 4-
(dicyanomethylene)-2-methyl-6-(p-dimethyl aminostyryl)-
4H-pyran (DCM) [14]. WOLEDs using a trimeric phenylen-
vinylene derivative 2,5,2,5-tetrakis(4-biphenylenevinyl)-
biphenyl (TBVB) as a blue light-emitting layer and ultrathin
5,6,11,12-tetraphenylnaphthacene as a yellow light-emitting
layer, shows a maximum luminance of 4025 cd/m2, current
efficiency of 3.2 cd/A, and Commission Internationale de
l’Eclairage (CIE) coordinates of (0.33, 0.34) at 4000 cd/m2
[15]. High efficiency white phosphorescent organic device
doped with greenish-blue and red-emitting dye with a power
efficiency of 10 lm/W at a current density of 0.01mA/cm2 and
CIE coordinates of (0.35, 0.36) has also been achieved [16].
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Figure 1: Device structure of organic devices and energy level diagram of relevant materials used in this study. The doping concentration of
(t-bt)

2
Ir(acac) was 𝑥wt% and ultrathin layer was 𝑦 layer (1 nm), 𝑥 = 3 for device A and B, 𝑥 = 5 for device C and D, 𝑦 = CPB :NPB (1 : 1) for

device A and C, and 𝑦 = NPB for device B and D.

However, ultrathin mixed fluorescent layer with blue light
emission emitterwas seldomreported as emitter inWOLEDs.

In this work, we demonstrated a WOLEDs using a low
ionization potential phosphorescent material bis[2-(4-tert-
butylphenyl)benzothiazolato-N,C2]iridium (acetylactonate)
[(t-bt)

2
Ir(acac)] doped in 4,4-N,N-dicarbazole-biphenyl

(CBP) as yellow light emission layer and 4,4-bis[N-1-naph-
thyl-N-phenyl-amino]biphenyl (NPB) or mixed CBP :NPB
as blue light emission layer. The ultrathin blue emission layer
could effectively block the transmission of electron and limit
the emission zone of devices. High efficiency WOLEDs with
blue and yellow lights combined could be obtained with this
ultrathin layer structure.

2. Device Fabrication

ITO-coated substrate with a sheet resistance of ∼15Ω/◻
was ultrasonically cleaned with water, acetone, ethanol, and
deionized water for 20min each step. Prior to organic layer
deposition, ITO-coated glass was treated by oxygen plasma
for 2min and then loaded into an organic vacuum evapo-
ration chamber with a pressure of 10−7 Torr. The multilayer
organic films were subsequently deposited at a rate of 0.3–
1 Å/s without breaking the vacuum. Then, the substrate with
organic layers was transported to metal evaporation chamber
to evaporate 1 nm LiF layer and 100 nm Al cathode.

The device structure is ITO/NPB (40 nm)/CBP : (t-
bt)
2
Ir(acac) (20 nm, 𝑥wt%)/𝑦 layer (1 nm)/BCP (10 nm)/Alq

(20 nm)/LiF (1 nm)/AL (100 nm) (𝑥 = 3 for devices A and B,
𝑥 = 5 for devices C and D, 𝑦 = CPB :NPB (1 : 1) for devices A
and C, and 𝑦 =NPB for devices B and D).The layer thickness
and deposition rate of organic and inorganic materials were
monitored in situ by oscillating quartz thickness monitors.
EL spectra and CIE coordinates of the devices weremeasured
with a PR650 spectra colorimeter.The luminance (𝐿) current
density (𝐽) bias voltage (𝑉) characteristics were recorded
simultaneously with the measurement of EL spectra by com-
bining the spectrometer with a Keithley 2400 programmable

voltage-current source. All measurements were performed at
room temperature under ambient circumstance.

Figure 1(a) shows the structure of five layer organic device
which used tris(8-quinolinolato)aluminum (Alq) as elec-
tron transporting layer and 2,9-dimethyl,-4,7-diaphenyl,1,10-
phenanthroline (BCP) as hole-blocking layer. The phosphor
of (t-bt)

2
Ir(acac) was synthesized in our group and doped

in CBP as yellow light emitter [17]. The first 40 nm NPB
acted as hole transporting layer and the second thin NPB or
CBP :NPB mixed layer was used as blue light emission layer.
The energy level diagram of relevant materials used in device
was also shown in Figure 1(b).

3. Experiment Results

In order to identify the possibility of white light emission
combining NPB with blue light emitting and (t-bt)

2
Ir(acac)

with yellow light emitting, the electroluminescence (EL)
spectra of NPB and phosphor dye were tested and shown
in Figure 2. The EL spectra of NPB and iridium com-
plex material could be obtained with the device structure
of ITO/CuPc/NPB/BCP/Alq/LiF/AL and ITO/NPB/CBP : (t-
bt)
2
Ir(acac)/BCP/Alq/LiF/AL, respectively. From the spectra,

the tristimulus values and CIE coordinates of NPB emission
were calculated to be (52.61, 53.09, 164.05) and (0.195, 0.197),
also these of (t-bt)

2
Ir(acac) dye were (54.94, 55.84, 3.99) and

(0.479, 0.486). The CIE coordinates of EL spectra were in
good accordance with the test result from PR650 spectra
colorimeter. The ideal white emission could be obtained
by accurately matching the rate of NPB and (t-bt)

2
Ir(acac),

which was predicted from CIE 1931 Chromaticity Diagram.
And also, some papers have been reported to achieve white
OLEDs using NPB as blue light emission materials with
different device structures [18, 19].

The current density-voltage characteristics of four organ-
ic devices were depicted in Figure 3, and the current density
increased with the driving voltage increasing and then came
to saturation state at near 13V. It is obvious that the current
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Figure 2: Normalized EL spectra of NPB and (t-bt)
2
Ir(acac) ma-

terial, the emission spectra were testing results of organic device
structure ITO/CuPc/NPB/BCP/Alq/LiF/AL and ITO/NPB/CBP : (t-
bt)
2
Ir(acac)/BCP/Alq/LiF/AL, respectively.

density of devices with high doping concentration (device C
and D) was higher than that with low doping concentration
(devices A and B) at the same driving bias, which could be
caused by the energy level of different materials. As shown in
Figure 1(b), the highest occupied molecular orbital (HOMO)
level of (t-bt)

2
Ir(acac) dyewas 1.1 eVhigher than theCBPhost

HOMO level of 6.3 eV, and the lowest unoccupied molecular
orbital (LUMO) level was 0.1 eV higher than the CBP LUMO
level of 3.0 eV [20]. The low ionization potential phosphores-
cent material could promote not only the injection of hole
and electron into CBP host, but also the energy transmission
from exciton to emittermolecules. So that the current density
of devicewith 5%dye dopedwas higher than that of 3%doped
device. To the same doping phosphor device, the current
density of device withmixed thin layer was higher than single
NPB layer (𝐽A > 𝐽B, 𝐽C > 𝐽D). NPB was a typical hole
transporting material with very low electronic mobility and
electron blocking function. Meanwhile, the LUMO energy
level of NPB was 0.7 eV higher than that of CBP, which would
set a barrier for the electron transporting. So, the current
density of device with mixed thin layer was higher than
the pure NPB thin layer at same forward biases. Moreover,
the thin NPB layer with 1 nm thickness could not form an
effective blocking layer for electron.The 30 nmNPB thin film
was deposited on the cleaned glass substrate coated with ITO
thin film in vacuum evaporation chamber at a pressure of
10−7 Torr. The surface roughness of NPB film was tested with
atomic force microscope SPA-400 and shown in the inset of
Figure 5. The peak to valley value of pure 30 nm NPB film
was 5.24 nm from the atomic forcemicroscope test result.The
1 nm NPB in those devices acted as blue light emission and
very weak electron blocking function.

The voltage versus power efficiency of four devices was
also indicated in Figure 3. The 5wt% doping concentration
devices (devices C and D) showed higher power efficiency
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Figure 3:The current density-voltage-power efficiency characteris-
tics of four organic devices (device A, B, C and D).

than the 3wt% doping concentration ones (devices A and B).
There were more phosphorescent molecules in the 5% doped
device, which illustrated more emitting center in CBP host
layer. Both singlet and triplet state excitons could be utilized
in the emissive process of OLEDs with phosphor material, so
that the power efficiency of 5% doped devices (devices C and
D) were higher than 3% doping concentration devices. But
immoderate phosphor doping concentration would lead to
obviously triplet-triplet annihilation phenomena and reduce
the power efficiency of phosphor OLEDs. To the same
doping concentration device, the maximum power efficiency
of device with CBP :NPB mixed thin layer is higher than
the pure NPB thin layer device (𝜂Amax > 𝜂Bmax, 𝜂Cmax >
𝜂Dmax). But the efficiency of devices with mixed thin layer
dropped down faster than the pure NPB thin layer as shown
in Figure 3. In the case of electrophosphorescence device,
the long lifetime of emitting triplet excitons could cause the
quantumefficiency roll-off phenomena in organic device [21].
When the organic device was at very low current density, the
triplet exciton concentration in emission layer was too low to
give rise to triplet-triplet fusion, so that the annealing phe-
nomena could be ignored. The triplet exciton concentration
increased linearly with the recombination current density.
The monomolecular and bimolecular quenching process
such as triplet-triplet annihilation or triplet-charge carrier
dropped down the device efficiency obviously at high current
density [22].Themaximumpower efficiency of 9.93 lm/W for
device C with the insetting mixed thin layer device structure
and 7.42 lm/W for device D with pure NPB thin layer could
be achieved.

The luminance-voltage characteristics of four devices and
external quantum efficiency (EQE) of device B were shown
in Figure 4. The luminance of device increased quickly with
the forward bias and achievedmaximum value or breakdown
at higher voltage. The EQE was an important parameter
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Figure 4: The luminance-voltage characteristics of four organic
devices External power efficiency of device B was setting in the right
bar of figure at different forward biases.

for evaluating the performance of organic device, but it is
uneasy to test because of the difficult about collecting and
detecting all the photons emitted from a given organic device.
Simple method about calculating EQE has been reported
with some device characteristics including emission spectra,
current density, luminance, and so on [23–25]. The EQE of
device B at different voltages was revealed in Figure 4. The
EQE value at 6V for device B was 4.49% and dropped down
slowly to 3.84% at 12V bias, which was higher than the
3.58% of device A and 2.29% of device C at 12V bias. The
sequence inconformity between power efficiency and EQE
for the organic devices was caused by the different EL spectra
of organic devices.

The white light emission spectrum could be adjusted by
the doping concentration of phosphor dye in host material.
The emitting spectra of four devices at 12 V were shown
in Figure 5, and those spectra were normalized with the
spectrum intensity at 560 nm. The emission peak of (t-
bt)
2
Ir(acac) was 560 nm with a shoulder peak at 598 nm and

the emission peak of NPB was near 440 nm, which could be
identified by the spectra curve shown in Figure 2 and others
reports [18, 19]. If removing the 1 nm ultrathin layer from the
device is done, there would be a very weak emission peak
near 440 nm coming fromNPBhole transporting layer, and it
could be ignored compared with emission of phosphor dye.
The hole was superfluous carriers for most organic devices
because that the hole injection and transporting was much
easier than electron, so that the emission zone stayed near
the hole blocking layer BCP in the four devices. This would
promote the emission from ultrathin layer. The spectra of
both emissive materials in Figure 5 and current density curve
in Figure 3 clearly indicated that the ultrathin layer limited
the emission zone of devices and affected the emitting light
fromdevices. FromFigure 5, the spectra emitted by phosphor
material of four devices were nearly the coincident, but the
rate ofNPB emission changed observably for different doping
concentration and thin layer material devices. Devices A
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Figure 5: Normalized EL spectra of four organic devices at 12V
bias (normalized with the emission peak at 560 nm, device A: 3 wt%
doping andmixed CPB :NPB thin layer; device B: 3 wt% doping and
pure NPB thin layer; device C: 5 wt% doping and mixed CPB :NPB
thin layer; device D: 5wt% doping and pure NPB thin layer).
The inset was the AFM testing result of 30 nm NPB film on glass
substrate.

and B indicated more suitable emission spectra for pure
white OLED, and the high doping concentration devices
(devices C and D) showed white-yellow light emitting at 12 V
driving voltage. The spectra could be changed by the doping
concentration of phosphor dye in CBP host.

The white light emission spectrum could also be adjusted
by ultrathin layer structure. From Figure 5, in 3wt% doped
devices (devices A and B), the luminous intensity of NPB
emission of device B was stronger than that of device A at
12Vbias, whichwas caused by the difference of ultrathin layer
material. The component of thin layer structure in device A
was CBP :NPB (1 : 1, 1 nm), and that of device Bwas pureNPB
(1 nm), which indicated that the quantity and probability of
NPB emission in device Bwas higher than deviceA.The same
phenomenon occurred in the 5wt% doped devices (devices
C and D), but the difference about the NPB emission radio
was not so obvious. Not only the thin layer structure, but also
the electrical properties of thin layer material could affect the
emitting characteristics of organic devices. Comparing with
the spectra of four organic devices, the 3wt% doped devices
shown more balance white light in a wide driving bias range
than the 5wt% doped devices. As an example, the spectra
of device B and corresponding CIE coordinates at different
biases (6–12V) were shown in Figure 6. The CIE coordinates
were located at the white light zone, although it would slightly
drop down with the increase of driving voltage. CIE (0.33,
0.30) was achieved with device B at 11 V forward bias. The
spectra of device B were not so stable because that the blue
light emissive layer was so thin and near to the emissive zone.
The probability of blue light emitting from NPB increased
at high electronic field intensity and concentration excitons,
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Table 1: Some detailed characteristics of four organic devices (different doping concentrations and ultra thin layer structures), including
maximum luminance, CIE coordinates, and power efficiency.

Device 𝐿max (cd/m
2) at voltage 𝐿 (cd/m2) at 𝐽 = 10mA/cm2 CIE (𝑥, 𝑦) at voltage 𝜂max (lm/W) at voltage

A 6290 at 11 V 900 (0.34, 0.30) at 11 V 5.15 at 4V
B 5390 at 15V 710 (0.33, 0.30) at 11 V 3.32 at 5V
C 7430 at 13V 260 (0.40, 0.36) at 13 V 9.93 at 5V
D 6590 at 10V 600 (0.39, 0.36) at 13 V 7.42 at 6V
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Figure 6: Emission spectra of device B at different biases (6–12V)
and the inset was the CIE coordinates (𝑥 and 𝑦) of corresponding
spectra.

which could be found in some other white light emission
devices [26, 27].

In order to analyze the differences of four devices,
some other characteristics of four devices such as maximum
power efficiency, maximum luminance, luminance at certain
current density, CIE coordinate, maximum efficiency were
shown in Table 1. The maximum power efficiencies of device
B (3.32 lm/W) and device D (7.42 lm/W) were lower than
device A (5.15 lm/W) and device C (9.93 lm/W), respectively.
Warm white light (CIE (0.40, 0.36)) could be obtained in
deviceCwith high power efficiency, and purewhite light [CIE
(0.34, 0.30)] could be achieved in device A with maximum
power efficiency of 5.15 lm/W at 4V. There was obvious CIE
coordinates shift between 3wt% and 5wt% doped devices,
which was in accordance with the device spectra shown in
Figure 5. The energy level of (t-bt)

2
Ir(acac) caused it more

suitable to accept the energy transmission from excitons than
NPB, so that more phosphor dye participated in the emitting
process instead of NPB in high doping concentration device.
If increasing the doping concentration to 8wt% is done, high
efficiency yellow light emission device could obtained, but it
is hard to get a balanced white light spectra with the NPB
ultrathin layer structure.

4. Conclusion

In summary, high efficiency WOLEDs using (t-bt)
2
Ir(acac)

doped in CBP as yellow light emission layer and pure NPB or
mixed CBP :NPB ultrathin layer as blue light emission layer
were demonstrated in this paper. The nondoped ultrathin
blue emission layer could effectively block the transmission
of electron and limit the emission zone of devices. The
spectra, power efficiency, CIE coordinate could be adjusted
by changing the doping concentration of phosphor dye or
the material of thin layer structure. Warm white light with
9.93 lm/W power efficiency and CIE (0.39, 0.36), and pure
white light with 4.49% external QE andCIE (0.33, 0.30) could
be obtained with ultrathin layer device structure. Further
efficiency bright white OLEDs can be anticipated using the
ultrathin layer device structure with high efficiency blue light
emission material.
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