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Improvement of electro-optic performances in white organic light
emitting diodes with color stability by buffer layer and

multiple dopants structure
Zhi-Qi Kou(寇志起)†, Yu Tang(唐宇), Li-Ping Yang(杨丽萍), Fei-Yu Yang(杨飞宇), and Wen-Jun Guo(郭文军)
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A series of white phosphorescent OLED devices with buffer layer and multiple dopant structure is investigated in order
to obtain better electro-optic performances and color stability. The color coordinate and color stability are related to the
location of multiple dopants layer, and the optimized location can compensate for the change of the blue emission intensity
under a high voltage and stabilize the spectrum. The electro-optic performances and color stability can be further improved
by changing the composition and thickness of the buffer layer between the emitting layer and the electron transport layer.
In device B2, the distance from multiple dopant layer to buffer layer is 2 nm and the thickness of buffer layer is 5 nm,
the maximum luminance, current density, and power efficiency can reach 9091 cd/m2, 364.5 mA/cm2, and 26.74 lm/W,
respectively. The variation of international commission on the illumination (CIE) coordinate of device B2 with voltage
increasing from 4 V to 7 V is only (0.006, 0.004).

Keywords: organic light emitting diodes, multiple dopants layer, buffer layer, color stability

PACS: 78.60.Fi, 85.60.jb, 73.21.Ac DOI: 10.1088/1674-1056/27/10/107801

1. Introduction
White organic light emitting diodes (WOLEDs) have at-

tracted tremendous attention for their many applications in
full-color flat-panel displays and solid state lighting, due to
their advantages including light weight, high resolution, flexi-
bility, and large area back light.[1–3] In order to meet the wider
commercial applications, WOLEDs with high efficiency, low
cost, and high color stability are prerequisite.[4,5]

In the past two decades, WOLEDs have been signifi-
cantly developed by various approaches, including new ma-
terial innovation and device structure optimization and so on.
The phosphorescent materials are often used as emitters be-
cause they can harvest both singlet and triplet excitons and
achieve an internal quantum efficiency of 100% in principle.[6]

In WOLED devices, three primary or two complementary col-
ors’ emitters are usually incorporated and distributed in the
emitting layer (EML).[7,8] For higher performance WOLEDs,
many device structures have been reported. Although the un-
doped WOLED device has advantages of simple structure and
low cost, the efficiency and efficiency roll-off become worse
due to a severe concentration quenching effect.[9–11] Color
stable and high efficient WOLEDs with doping structure are
usually based on two kinds of device structures, including a
single emitting layer with multiple dopants (SEML-MD),[12]

and a multiple emitting layer with single dopant (MEML-
SD).[13–16] Kim et al. realized a high performance single emit-
ting layer with three color dopant WOLED with a maximum
luminance of 37810 cd/m2 at 11 V and a luminous efficiency

of 48.10 cd/A at 5 V,[12] but the emission is not stable with
increasing driving voltage and it is not easy to precisely con-
trol the doping process for optimum doping concentration ra-
tio among three dopants.[17] For the MEML-SD WOLED de-
vice, Chen and Han reported color-stable WOLED devices
by using the mixed-host EML structure, which can alleviate
the shift of recombination zone and obtain better charge bal-
ance, but CIE (1931) coordinates of their devices are far from
the white light region.[13,14] Liu et al. achieved a pure white
OLED device with CIE coordinate of (0.33, 0.38) at a lumi-
nance of 10000 cd/m2 by using a hybrid emitting structure,
but the device shows a poor color stability, the CIE coordinate
changes from (0.50, 0.42) to (0.33, 0.38) with the increase of
luminance from 10 cd/m2 to 10000 cd/m2.[15] Hence, high ef-
ficiency and color stability WOLEDs with simplified structure
and easy fabrication should be further studied.

In this paper, we fabricate a series of white phosphores-
cent OLED devices with multiple emitting layers with multi-
ple dopant (MEML-MD) structure and buffer layer between
EML and electron transport layer (ETL). The MEML is com-
prised of single dopant (FIrpic) EML and multiple dopants
EML (FIrpic: PO-01). Compared with the three-dopant EML
device, the two-dopant EML device has the fabrication process
that is easy to control. The location of multiple-dopant EML
can affect the CIE coordinate. The buffer layers are formed
by mixing electron transport material (TPBi) and hole trans-
port material (TCTA) with different ratios. Different carrier
transport properties of TPBi and TCTA will affect the carrier
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injection balance, and then influence the recombination zone
extension and color stability.[18] We achieve high performance
WOLEDs with pure white emitting and superior color stabil-
ity by adjusting the location of multiple dopants in EML and
mixed ratio of TPBi in the buffer layer.

2. Experiment
Prior to the deposition of organic layers, the substrates

with indium tin-oxide (ITO) were cleaned by ultrasonic bath
for 15 min in each of the following processes: detergent,
deionized water, isopropyl alcohol. All layers were grown by
thermal evaporation at a base pressure of < 5×10−5 Pa with-
out breaking the vacuum. The host materials were grown on
the substrates at a rate of 1 Å/s, and the dopant and mixed host
were both grown at a rate of 2 Å/s. The current density, lu-
minance, efficiency, and electroluminescence (EL) spectrum
were obtained using a Keithley 2400 digital power and a
PR655 spectrometer.

In all of the devices, the iridium-bis-(4,6,-difluorophenyl-
pyridinato-N,E)-picolinate (FIrpic) was used as blue dopant
and the iridium(III) bis (4-phenylthieno[3,2-c] pyridinato-

0 N,E) acetylace- tonate (PO-01) was used as orange
dopant. The concentration ratios of FIrpic and PO-
01 were fixed at 8% and 1%, respectively. The host
material in EML was 4,4’,4’-tris(Ncarbazolyl) triph- eny-
lamine (TCTA). The buffer layer was a mixture of
TCTA and 2, 2’,2”-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi) in a certain proportion. The 1, 1-
bis (di-4-tolylaminophe-nyl) cyclohexane (TAPC) and 1,3,5-
tri (m-pyrid-3-ylphenyl) benzene (TmPyPB) were chosen as
the hole transport layer (HTL) and ETL. The hole injec-
tion layer (HIL) and electron injection layer (EIL) were of
1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HAT-CN)
and 8-hydroxyquinolinolato lithium (Liq), respectively. The
basic structures of devices are as follows: ITO (100 nm)/HAT-
CN (10 nm)/TAPC (40 nm)/TCTA: 8%FIrpic ((10-x) nm)/
TCTA: 1%PO-01: 8%FIrpic (5 nm)/TCTA: 8%FIrpic (x
nm)/TCTA1−y: TPBiy (5 nm)/TmPyPB (30 nm)/Liq (2 nm)/Al
(100 nm). The detailed structures of EML and buffer layer are
listed in Table 1. The basic structure diagram and energy level
diagram of WOLEDs are shown in Fig. 1. The energy levels
of organic materials are obtained from Refs. [19] and [20].

Table 1. Detailed structures of EMLs and buffer layers.

Device EML 1 EML 2 EML 3 Buffer layer

A1 TCTA: 8%FIrpic(10 nm) TCTA: 1%PO-01: 8%FIrpic(5 nm)
A2 TCTA: 8%FIrpic(10 nm) TCTA: 1%PO-01: 8%FIrpic(5 nm) 1/2TCTA: 1/2TPBi(5 nm)
A3 TCTA: 8%FIrpic(8 nm) TCTA: 1%PO-01: 8%FIrpic(5 nm) TCTA: 8%FIrpic(2 nm) 1/2TCTA: 1/2TPBi(5 nm)
A4 TCTA: 8%FIrpic(6 nm) TCTA: 1%PO-01: 8%FIrpic(5 nm) TCTA: 8%FIrpic(4 nm) 1/2TCTA: 1/2TPBi(5 nm)
B1 TCTA: 8%FIrpic(8 nm) TCTA: 1%PO-01: 8%FIrpic(5 nm) TCTA: 8%FIrpic(2 nm) 1/4TCTA: 3/4TPBi(5 nm)
B2 TCTA: 8%FIrpic(8 nm) TCTA: 1%PO-01: 8%FIrpic(5 nm) TCTA: 8%FIrpic(2 nm) TPBi(5 nm)
C1 TCTA: 8%FIrpic(8 nm) TCTA: 1%PO-01: 8%FIrpic(5 nm) TCTA: 8%FIrpic(2 nm) 1/2TCTA: 1/2TPBi(2 nm)
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Fig. 1. (color online) Schematic diagrams of energy level and EML in devices A, B, and C with insert showing molecular structures of partial materials.
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3. Results and discussion
Firstly, we fabricate a series of devices A1, A2, A3, and

A4 as shown in Fig. 1 in order to investigate the influence of
the buffer layer and location of multiple-dopant EML. There

is no buffer layer in device A1, the mixed ratio between TPBi

and TCTA in the buffer layer is 1:1 in each of devices A2,

A3, and A4. Table 2 lists the EL characteristic values of the

devices tested with different structures.

Table 2. EL characteristics of devices tested with different structures.

Device Luminance Lmax/(cd/m2) CDa/(mA/cm2) PEb/(lm/W) CEc/(cd/A)
CIE (1931)

4 V 5.5 V 7 V

A1 17310 197.2 69.66 60.98 (0.446, 0.492) (0.428, 0.487) (0.413, 0.483)
A2 10120 292.7 34.67 30.35 (0.429, 0.464) (0.404, 0.447) (0.352, 0.401)
A3 7531 263.7 24.33 21.30 (0.303, 0.429) (0.303, 0.412) (0.296, 0.404)
A4 5628 274.0 16.80 14.71 (0.236, 0.388) (0.251, 0.382) (0.254, 0.353)
B1 8524 407.1 23.80 20.83 (0.306, 0.440) (0.306, 0.433) (0.300, 0.418)
B2 9091 364.5 26.74 23.40 (0.330, 0.460) (0.330, 0.459) (0.324, 0.456)
C1 8504 212.6 57.89 50.67 (0.328, 0.459) (0.321, 0.453) (0.311, 0.440)

aCD is the current density. bPE is the power efficiency. cCE is the current efficiency.

Figure 2(a) shows the curves of luminance and current
density versus voltage of devices A1–A4. The maximum lumi-
nance values of devices A1, A2, A3, and A4 are 17310 cd/m2,
10120 cd/m2, 7531 cd/m2, and 5628 cd/m2, respectively. Be-
cause TPBi is a well-known electron transport material with
an electron mobility of 3.3×10−5 cm2/V·s,[20] it can enhance
the capability of electron injection. At the same time, the
lowest unoccupied molecular orbital (LUMO) level of TPBi
(−2.7 eV) is equal to that of TmPyPB, and the TCTA in the
buffer layer is the same as the host material in the EML, the
buffer layer is beneficial to the improvement of the injection
capacity of electrons. So the current densities of devices A2,
A3, and A4 are similar to each other, which are all larger than
that of device A1.

Figure 2(b) shows curves of current efficiency and power
efficiency versus current density of devices A1, A2, A3, and
A4. The maximum current efficiency values of devices A1,
A2, A3, and A4 are 60.98 cd/A, 30.35 cd/A, 21.30 cd/A,
and 14.71 cd/A, corresponding to the maximum power effi-
ciency values of 69.66 lm/W, 34.67 lm/W, 24.33 lm/W, and
16.80 lm/W. Although the efficiency of device A1 is largest,
the efficiency roll-off is also the most serious in four devices.
The reason is that the recombination zone (RZ) of device A1
without buffer layer, which can improve the electron injection
and expand RZ, is narrowest. The efficiency gradually de-
creases with multiple-dopant layer moving from ETL to HTL
because the utilization of PO-01 material gradually decreases.
The TCTA is a typical hole transport host material, which
will lead the RZ to approach to the interface between EML
and ETL and the width of RZ is approximately 3 nm.[21] The
triplet energy of PO-01 (2.21 eV) is lower than that of FIrpic
(2.60 eV), which leads to a better utilization of exciton in EML
when the multiple-dopant layer is located in RZ.[22] When the
multiple-dopant layer moves away from ETL, the efficiency

gradually declines from device A2 to device A4. At the same
time, the intensity of orange emission also decreases under the
voltage of 6 V because EML2 deviates from RZ as shown in
Fig. 3, in which each of all spectra contains two primary emis-
sion peaks at 472 nm and 560 nm originating from FIrpic and
PO-01 respectively.
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Fig. 2. (color online) (a) Curves of current density and luminance versus
voltage of devices A1–A4 and (b) plots of power efficiency and current
efficiency versus current density of devices A1–A4.

Figure 4 shows the normalized EL spectra and CIE coor-
dinates of devices A1, A2, A3, and A4 at voltages ranging
from 4 V to 7 V. Each of all spectra contains two primary

107801-3



Chin. Phys. B Vol. 27, No. 10 (2018) 107801

emission peaks at 472 nm and 560 nm originating from FIr-
pic and PO-01 respectively. In Figs. 4(a) and 4(b), it can be
seen that the intensity of orange emission is not only higher
than that of blue emission but also always at saturation state,
which indicates the multiple-dopant layer is within RZ and the
orange emission is dominant. Because the quantity of exciton
increases, the intensity of blue emission increases with the in-
crease of voltage. The intensity of blue emission in device A2
is also higher than that of device A1 under the same voltage
because the buffer layer can expand the RZ and improve the
blue emission. However, neither CIE coordinates nor color
stability is better in device A1 or device A2. By moving the
multiple-dopant layer toward HTL, we find that the intensity
of blue emission is greatly enhanced, as shown in Figs. 4(c)
and 4(d). We achieve better CIE coordinates and color stabil-
ity in device A3, the CIE coordinate shifting is only (0.019,
0.045) from 4 V to 7 V. In device A4, CIE coordinates and

color stability begin to deteriorate again because the multiple-
dopant layer deviates far from RZ, which leads the intensity of
orange emission to decrease rapidly.
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Fig. 3. (color online) Normalized EL spectra of the devices A1–A4 at the
voltage of 6 V.
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Fig. 4. (color online) Normalized EL spectra and CIE coordinates of devices (a) A1, (b) A2, (c) A3, and (d) A4 at different voltages.

Furthermore, we fabricate other devices B1, B2, and C1

on the basis of device A3 in order to improve performances of

device. In devices B1 and B2, their current density and color

stability are further improved by increasing the mixing ratio of

TPBi in the buffer layer to 1:3 and 0:1, respectively. In device

C1, its current and power efficiency are further improved by

reducing the thickness of buffer layer to 2 nm.
The electro-optical characteristic curves of devices A3,

B1, B2, and C1 are shown in Fig. 5 and the data are listed

in Table 2. The maximum current density of device B1 is
407.1 mA/cm2, which is the highest in these four devices. As
mentioned above, the buffer layer is beneficial to the improve-
ment of the injection capacity of electrons. When the mix-
ing ratio of TPBi is 1:3 in the buffer layer, the current den-
sity reaches the maximum value. When the mixing ratio of
TPBi in the buffer layer is above 1:3, the current density be-
gins to decrease because of the blocking effect of TPBi on
holes transport. Although the current density of device B2 is
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less than that of device B1, the power and current efficiency
are greater, and they are 26.74 lm/W and 23.40 cd/A, respec-
tively. So the maximum luminance can reach to 9091 cd/m2 in
device B2 by increasing the mixing ratio of TPBi in the buffer
layer to 0:1. Although the maximum current density of device
C1 is 212.6 mA/cm2 with reducing the buffer layer thickness,
which is the lowest among these four devices, the power and

current efficiency are the highest, which are 57.89 lm/W and

50.67 cd/A, respectively. At the same time, the maximum lu-

minance can also reach to 8504 cd/m2 in device C1 in the case

of color stability. Under the voltage of 6 V, the normalized EL

spectra and CIE coordinates of devices A3, B1, B2, and C1

are similar due to the same structure as shown in Fig. 6(a).
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Fig. 5. (color online) (a) Curves of current density and luminance versus voltage of devices A3, B1, B2, and C1 and (b) curves of power efficiency and
current efficiency versus current density of devices A3, B1, B2, and C1.
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Fig. 6. (color online) (a) Normalized EL spectra of the devices A3, B1, B2, and C1 at voltage 6 V and ((b)–(d)) normalized EL spectra and CIE
coordinates of devices B1, B2, and C1 at different voltages, respectively.

Figures 6(b)–6(d) show the normalized EL spectra and

CIE coordinates of devices B1, B2, and C1 at voltages rang-

ing from 4 V to 7 V. The RZ will be expanded with increasing

TPBi mixed ratio in the buffer layer due to the fact that the

TPBi is a typical electron transport material, which can en-

hance the intensity of orange emission as shown in Figs. 6(b)

and 6(c). In device B2, the CIE coordinate and color stabil-

ity are further improved compared with those in device A3.
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The CIE coordinate of device B2 shows little variation from
(0.330, 0.460) to (0.324, 0.456) with increasing the voltage
from 4 V to 7 V, as shown in Fig. 7. On the contrary, the
RZ will be compressed with buffer layer thickness decreas-
ing due to the reduced electron injection capacity as shown in
Fig. 6(d), which leads the intensity of orange emission to be-
come unstable with voltage changing. The CIE coordinate of
device C1 shows a slightly shifted range from (0.328, 0.459)
to (0.311, 0.440) with the voltage increasing from 4 V to 7 V,
as shown in Fig. 7. Device B1 exhibits a cold white spectrum
similar to device A3, while device B2 and device C1 show
pure white emissions.
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Fig. 7. (color online) Curves of CIE x and CIE y coordinates versus
voltage of devices A3, B1, B2, and C1.

Besides, we note that there is an extra peak near 410 nm
in EL spectra in each of devices A2, A3, A4, B1, and C1 as
shown in Figs. 4 and 6. Du reported that peak wavelength
in the PL spectrum of TPBi is 410 nm.[23] Because the val-
ues of triplet energy (ET) of FIrpic and TPBi (2.6 eV) are the
same, the resonant triplet energies can make the triplet exci-
tons freely move between EML and buffer layer.[24,25] In de-
vice B2, the RZ is far from the buffer layer due to the larger
TPBi mixing ratio (0:1), so there is no extra peak in device A1
without the buffer layer or B2. All of these indicate that the
extra peak at 410 nm originates from TPBi.

4. Conclusions
In summary, the high efficiency and color stability

WOLED are prerequisite for wider commercial applications.
Firstly, the CIE coordinates and color stability are investigated
by optimizing the location of multiple-dopant layer, which can
compensate for the blue emission intensity under a high volt-
age and stabilize the spectrum. When the distance (x) from the
multiple-dopant layer to the buffer layer is 2 nm, the maximum
luminance, current density, and power efficiency of device A3

with stable spectra can reach 7531 cd/m2, 263.7 mA/cm2, and
24.33 lm/W, respectively. Secondly, the electro-optic perfor-
mances and color stability can be further improved by chang-
ing the composition and thickness of the buffer layer in the
case of spectral stability. The maximum luminance and cur-
rent density can reach 9091 cd/m2 and 364.5 mA/cm2 in de-
vice B2 as the mixed ratio of TPBi reaches 0:1, the maximum
power efficiency can arrive at 57.89 lm/W in device C1 as the
thickness of buffer layer is 2 nm. The variation of the CIE co-
ordinate in device B2 is only (0.006, 0.004) with the voltage
increasing from 4 V to 7 V.
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