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This paper reports the fabrication of novel white organic light-emitting device(WOLED) by using a
high efficiency blue fluorescent dye N-(4-((E)-2-(6-((E)-4-(diphenylamino)styryl)naphthalen-2-yl)vinyl)phenyl)-N-
phenylbenzenamine (N-BDAVBIi) and a red phosphoresecent dye bis (1-(phenyl) isoquinoline) iridium (III) acety-
lanetonate (Ir(piq)z(acac)). The configuration of the device was ITO/PVK:TPD/CBP: N-BDAVBi /CBP/ BALq:
Ir(piq)2(acac)/BCP/Alqs/LiF:AL. By adjusting the proportion of the dopants (N-BDAVBI, Ir(pig)z2(acac)) in the
light-emitting layer, white light with Commission Internationale de I’Eclairage (CIE) coordinates of (0.35, 0.35) and

a maximum luminance of 25350cd/m? were obtained at an applied voltage of 22V. The WOLED exhibits maximum

external quantum and current efficiency of 6.78% and 12cd/A respectively. By placing an undoped spacer CBP layer
between the two light-emitting layers and using BCP as hole blocking layer, the colour stabilization slightly changed

when the driving voltage increased from 6 to 22'V.
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1. Introduction

White organic light-emitting devices (WOLEDs)
are of interest due to their potential importance for
the application, such as backlights in liquid crystal
displays (LCDs), solid state lighting (SSL), and full-
colour displays combined with colour filters.[!"?] In
order to find widespread use, the WOLED should
be efficient and possess good colour stability to
applied voltage. Recently, prompted by the syn-
thesis of red, green and blue phosphorescent dyes,
more and more highly efficient phosphorescent small
molecular and polymer-based WOLEDs have been
reported. >4 White light emission is usually obtained
from double-emissive-layer because of its less com-
In general, OLED

could exhibit white emission spectrum comprising tri-

plexity in fabrication process.

colour or two complementary colours.’’ Whereas,
white light emission which comes from the mix-
ture of deep blue light and yellow light would re-
sult in the low efficiency. As a result, we employ
a high efficiency greenish-blue fluorescent dye N-(4-
((E)-2-(6-((E)-4-(diphenylamino)styryl)naphthalen-2-
yl)vinyl)phenyl)- N-phenylbenzenamine (N-BDAVBI)

WOLED, colour stability, N-BDAVBi

and a red phosphorescent dye bis (1-(phenyl) isoquino-
line) iridium (III) acetylanetonate (Ir(piq)q(acac).
Through modulating their doping concentration and
light emitting layer thickness, we can obtain a higher
efficiency WOLED. To improve the colour stability,
on the one hand an undoped spacer CBP layer was
placed between the blue fluorophore and the red phos-
phor light-emitting layer, and on the other hand, BCP
was sandwiched between the red emission and electron
transporting layer.

2. Experimental

In this work, we efficient
WOLED that has
vice consists of double light-emitting layers, in
which  4,4’-N,  N’-dicarbazole-biphenyl (CBP)
doped with a fluorescent dopant N-(4-((E)-
2-(6-((E)-4-(diphenylamino)styryl)naphthalen-2-

yl)vinyl)phenyl)- N-phenylbenzenamine (N-BDAVBIi)
was used as blue emissive layer(EML), bis(2-methyl-8-

report an

good chroma. The de-

quinolinolato) (para-phenylphenolato)aluminium (IIT)
(BALq) doped with a phosphoresecent dopant of

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn
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bis(1-(phenyl)isoquinoline) iridium (III) acetylane-
tonate (Ir(piq)s(acac)) was used as the red emis-
sive layer(EML). A poly(/N-vinylcarbazole) (PVK)
doped N, NO-diphenyl-N, NO-bis (3-methylphenyl)-
1, 1-biphenyl-4,40-diamine (TPD) layer was used
as a hole transporting layer (HTL) while tris(8-
hydroxyquinoline) aluminium (Algs) was used as an
electron-transporting layer (ETL), and 2,9-dimethyl-
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4,7-diphenyl-1,10-phenanthroline (BCP) was used as
exciton-blocking layer.

WOLEDs were fabricated on precleaned ITO
glass substrates with a surface sheet resistance of
about 30€2/0. The PVK:TPD as the HTL was spin-
coated onto the ITO glass substrate whose thickness
was 80 nm, using chloroform as the solvent. The other
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Fig.1. Molecular structures of the organic materials used and the configuration of the WOLED.



No. 8

White organic light-emitting device with both phosphorescent and fluorescent emissive layers 3099

layers were successively deposited in high vacuum
(< 2x10~*pa) using a BOC Edwards Auto 500 Ther-
mal Evaporation Coating System in the following
sequence: CBP: N-BDAVBi (30nm), CBP(5nm),
BAlq: Ir(piq)2(acac) (15nm), BCP(15nm), Alqs
(30nm), LiF(8nm), Al(1000nm).
rates measured by a quartz crystal oscillator were 0.1

The evaporation

0.2nm/s. The doping concentration of EML was con-
trolled by monitoring the evaporation rates of each
material. The emitting area was 3x3mm?. Fig-
ure 1 shows the construction of the WOLED with
ITO/PVK:TPD/CBP: N-BDAVBi /CBP/ BALq:
Ir(piq)2(acac)/BCP/Alqs/LiF:Al. and the molecular
structures of the organic materials used in this work.

The electroluminescence (EL) spectra, brightness
and CIE coordinates were recorded with a Spec-
traScan PR-650 (Photo Research). The quantum ef-
ficiency versus current density characteristics of the
devices were measured using a purpose-built OLEDs
testing system, comprising of a 2400 Sourcemeter
(Keithley) and a 485 Picoammeter (Keithley).[6l All
the measurements were carried out on unencapsulated

devices at room temperature in air.

3. Results and discussion

It is universally acknowledged that the efficiency
and colour stability of the WOLED could be improved
by several approaches, such as the balance injecting of
hole-electron, optimizing of layer thickness, appropri-
ate doping concentration of dyes and so on. PVK is
widely used as a HTL because of its excellent film-
forming ability and high thermal stability. It is evi-
dent from Fig.2 that PVK has a lower HOMO (high-
est occupied molecular orbital) than that of TPD.
Hence, the injection of holes is easier from ITO to
TPD layer than to PVK under the same driving volt-
age. In our experiments, PVK:TPD was used as the
hole-transporter layer, providing a compromise be-
tween the properties of the individual layers. With the
electron-transport character, BALq, BCP and Alqs
could make the injection and transport of electrons
more easily. Furthermore, with the ambipolar trans-
porter layer (CBP), carriers could be well balanced in
each EML.

It was found that the changing of N-BDAVBIi con-
centration from 1.0 wt% to 4.0 wt% had only a small
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Fig.2. Energy level diagram of the used materials.
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effect on the EL performance of the devices once the
weight concentration of Ir(piq)z(acac) was above a

certain value. This may be that N-BDAVBi under-
goes significantly less molecular aggregation. There-
fore, the EL performance of the N-BDAVBi-doped de-
vices becomes insensitive to dopant concentration up
to 4.0 wt%. As a consequence, it was expected that
the white light emission could be obtained by adjust-
ing the Ir(piq)a(acac) concentration.
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Fig.3. (a) Electroluminescence spectra for devices with
different doping concentration of Ir(piq)z(acac). (b) The
CIE coordinates for the devices of different doping con-
centration of Ir(piq)2(acac).

Figure 3(a) shows the EL spectra for devices with
a fixed concentration of N-BDAVBIi (3.0 wt%) and
with variable concentrations of Ir(piq)sz(acac)(0.5%,
1.0%, 2.0% and 3.0%) at an applied voltage of 15V,
Fig.3(b) shows the corresponding CIE coordinates.
White light emission was obtained from the device
with N-BDAVBI and Ir(piq)z2(acac) doping concen-
trations of about 3.0wt% and 2.0wt%, respectively.

The figures also reveal that, the intensity of the N-
BDAVBI emission peaks would decrease significantly
once the concentration of Ir(piq)s(acac) is greater
than 2.0wt%,. There are three possible explanations
for this phenomenon: one reason is that CBP triplets
with their characteristically long diffusion lengths
(> 100nm) may migrate into the spatially separated
phosphor-doped region.l”®! Second may be that the
saturation of blue emission sites,[¥) consequently the
N-BDAVBI emission peaks slightly change. Last is
that there is a little overlap between the emission
spectrum of N-BDAVBI and the absorption spectrum
of Ir(piq)s(acac) (Fig.4), so the energy can be trans-
ported by the Forster mechanism. In the Forster
mechanism, dipole-dipole coupling results in a non-
radiative transfer of the singlet excited-state energy
from a donor molecule to an acceptor molecule. The
overlap between the donor emission spectrum and the
acceptor emission spectrum is an important criterion
for Forster energy transfer to take place.['"]

—2—N-BDAVBI
2 107 s -~ Ir(piq)2(acac)
= % b
P
= i 3
. 0.8 1 B L

Mol iT L

[ B S

< +% N

~ * ¥ L

2 0.61 & i

=1 f 5

g i

g 049 F b

E Ah
= 0.24

g

=

[=}
Z 04

200 300 400 500 600 700 800

Wavelength/nm

Fig.4. The emission spectrum of N-BDAVBI and the ab-
sorption spectrum of Ir(piq)2(acac).

Normalized EL spectra of the device with N-
BDAVBI and Ir(piq)z(acac) doping concentrations of
about 3.0wt% and 2.0wt% respectively, at various
driving voltage are shown in Fig.5, which reveals the
EL spectra and CIE coordinates of the device. It is
evident that the EL spectra varies only slightly as the
applied voltage changes from 6V to 22V. The cor-
responding CIE coordinates are (0.352, 0.349) at 6 V
and (0.350, 0.345) at 22V, which were much less than
those observed for human. Generally, colour tuning
happens in multilayer OLED due to the movement of
the recombination zone for electrons and holes with
applied voltage. The phenomenon has been theoreti-
cally studied by Chen and Meng.!"!] According to their
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theory, the recombination first concentrated in the red
EML next to the BALq/BCP interface due to the rel-
atively low electron mobility at low voltages, then it
extends to the blue EML because the electric field
strongly enhances the electron mobility as the voltage
increases. However, the emission colour of this de-
vice is fairly stable with different driving voltage. One
reason is that placing an undoped host spacer with a
thickness larger than the Forster radius (> 3nm) be-
tween the blue fluorophore and the phosphor prevents
direct energy transfer from the blue dopant to the red
phosphor.['2l Another is that the BCP layer is an ef-
fective hole blocking layer because of its relatively low
HOMO energy (—6.7¢eV in Fig.2). This layer will re-
sult in a greater accumulation of holes on the BALq
side of the BALq /BCP heterojunction, providing an
increased red emission. The device shows that high
colour stability to applied voltage is the result of the
combination of these processes.
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Fig.5. Normalized EL spectra of the OLED device (N-
BDAVBI 3.0%, Ir(piq)2(acac) 2.0%) under various driving

voltages.

Furthermore, this white OLED has a turn-on
voltage of about 6V, a maximum luminance of
25350 cd/m? at 22V and a maximum external quan-
tum 6.78% at 8.6 V, which are shown in Fig.6(a) and
Fig.6(b).
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Fig.6. (a) The current-voltage-brightness curves of the device. (b) The external quantum

efficiency—current density curves of the device.Inset:the driving voltage-current density curves
and a photograph of the working device (3cmx3cm).

4. Summary

In summary, we demonstrate a WOLED based on
a CBP host doped with a blue dye N-BDAVBi and a
BALq host doped with a red dye Ir(piq)2(acac). Chro-
maticity of this device can be tuned by changing the
concentration of dopants from their optimal values.
To achieve a white emission in this device, the doping
concentrations of N-BDAVBI and Ir(piq)s(acac) are

optimized to 3.0wt% and 2.0wt%, respectively. The
white device exhibits a good colour stability at differ-
ent driving voltages (6-22V). This OLED presents a
maximum luminance of 25350cd/m?with CIE coordi-
nates of (0.35, 0.35) at 22V and a maximum external
quantum efficiency of 6.78% at 8.6 V. With the good
colour stability in brightness work condition and sim-
ple device structure, the WOLED provides a route for
the application in solid state lighting.
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