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In this paper, we report on the fabrication of a top-emitting electrophosphorescent p—i—n white organic light-
emitting diode on the basis of a low-reflectivity Sm/Ag semi-transparent cathode together with a thickness-optimized
ZnS out-coupling layer. With a 24-nm out-coupling layer, the reflectivity of the cathode is reduced to 8% at 492 nm
and the mean reflectivity is 24% in the visible area. By introducing an efficient electron blocking layer tris(1-
phenylpyrazolato,N,C2/)iridium(III) (Ir(ppz)s) to confine the exciton recombination area, the current efficiency and
the colour stability of the device are effectively improved. A white emission with the Ir(ppz)s layer exhibits a maximum
current efficiency of 9.8 cd/A at 8 V, and the Commission Internationale de L’Eclairage (CIE) chromaticity coordinates
are almost constant during a large voltage change of 6 V—11 V. There is almost no viewing angular dependence in the
spectrum when the viewing angle is no more than 45°, with a CIE; , coordinate variation of only (£0.0025, £0.0008).
Even at a large viewing angle (75°), the CIE; , coordinate change is as small as (£0.0087, £0.0013).

Keywords: white organic light-emitting diode, top-emitting, electron blocking layer, high efficiency,

colour stability
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1. Introduction

White organic light-emitting devices (WOLEDs)
have attracted more and more attention in recent
years because of their potential application in flat-
panel displays, solid-state lighting, and liquid-crystal
display backlighting sources.[!=3] These applications
require WOLED to possess high brightness, high ef-
ficiency, and a long lifetime. For lighting purposes,
some characterization parameters, such as the Com-
mission Internationale de L’Eclairage (CIE) chro-
maticity coordinates of a near white light equal-
energy point (0.33, 0.33), a colour temperature be-
tween 3000 K and 7500 K, and a colour-rendering in-
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dex of above 80 are necessary for obtaining a high-
quality white emission. In addition, colour stability is
a primary concern in WOLED for both display and
lighting applications since the shift in colour with the
bias/current /luminance will bring some visual alter-
ations to the human eye.

Unfortunately, many WOLEDs show variation in
colour with bias voltage or current, regardless of their
This

bias or current dependence may result from different

structure, whether single-layer or multilayer.

factors in such devices with different structures, which
have been investigated by many researchers in the past

decade.[4—14]

The change of exciton recombination zones is a
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major problem that results in the variation of CIE co-
There-
fore, an effective control of the location of the ex-

ordinates in multi-emitting layer WOLEDs.

citon recombination zone is critical for obtaining a
stable electroluminescence (EL) spectrum. WOLED
with a charge confining structure without an interlayer
has been proposed to simplify the fabrication process
and achieve a high colour stability. However, most
of reports focused on a bottom-emitting WOLED,
so it is desirable to develop a top-emitting WOLED
(TWOLED) since it not only can be fabricated on an
opaque and flexible subatrate, such as metal foils, but
also can provide a high-aperture ratio and a high res-
olution. However, the highly reflective metal is com-
monly used as both a cathode and anode, so the mi-
crocavity effect exits inevitably in TWOLED.['®! The
full width at half maximum of the outcoupled emission
spectrum is narrow, which leads to a challenge in re-
quiring the broadband emission of white light. These
drawbacks can be overcome by applying an additional
dielectric organic layer on the top of the TWOLED.
This increases the transmittance through the top elec-
trode, reduces the microcavity effect, and alleviates
the viewing angle dependence.

In this paper, we report on a new TWOLED
structure combining a p—i—n structure with a dual
emitting layer (EML) of red and blue to synthe-
size the white emission. The red and blue dopants
reported here are iridium(III)bis(2-methyldibenzo-
(Ir(MDQ)2(acac))
and  iridium(I1T)bis[4,6-(di-fluorophenyl)-pyridinato-
At the

same time, a high triplet energy host material,'®

[f,h]quinoxaline) (acetylacetonate)
N,C%] picolinate (FIrpic), respectively.

9,9-spirobifluroren-2-yl-diphenyl-phoaphine oxide
(SPPOL1), is used as the blue host. By using a p—
i-n structure, the operating voltage can be consider-
ably reduced in the TWOLED. The highly conductive
p- and n-doped layers can enhance the charge injec-
tion from the contacts and reduce the Ohmic losses
in these layers. The p- and n-dopants reported here
are tetrafluoro-tetracyanoqino dimethane (F4-TCNQ)
and Li, respectively. The strategy of inserting an elec-
tron blocking layer to control the recombination zone
in the TWOLED is shown to be effective in improv-
ing performance including realizing a lower leakage
current, a lower turn-on voltage, a higher luminance,

and optical stability at a high current density.

2. Experiment

The detailed device structures used in this
paper are listed in Table 1. F4-TCNQ
doped N, N, N/, N'-tetrakis(4-methoxyphenyl)-
benzidine (MEO-TPD) and Li doped 4,7-diphenyl-
1,10-phenanthroline (Bphen) are used as the p-doped

Here,

transport layer (p-HTL) and n-doped transport layer
(n-ETL), respectively. In device A, MEO-TPD, (4,4'-
N,N’-dicarbazole)biphenyl (CBP), Ir(MDQ)2(acac),
SPPO1, FlIrpic, and Bphen are utilized as a hole
transport layer, a red host, a red phosphorescent
guest, a blue host, a blue phosphorescent guest and
Device B
employs two EMLs sandwiched between the blocking

an electron transport layer, respectively.

materials, tris(1-phenylpyrazolato,N,C2’)iridium(IIT)
Ir(ppz)s and Bphen, that effectively confine carriers
and excitons and keep them in the EMLs to suppress
the colour-shift at different voltages. Ag is used as an
anode in the TWOLED. The Sm/Ag bilayer is used
as an effective cathode due to a Sm low work function
(~ 2.7 eV), relatively high transparency in the visi-
ble range, and Ag environmental stability. Compared
with a common Al/Ag cathode, the Sm/Ag cathode
has a high transmissivity and a low reflectivity as
shown in Fig. 1. We use ZnS as a light outcoupling
layer, whose thickness is optimized with the transfer
matrix theory.'”] From Fig. 1, we can see that a 24-nm
ZnS layer can increase the transmissivity and reduce
the reflectivity of the Sm/Ag cathode in the whole vis-
ible region. We can obtain a lowest reflectivity (8%)
at 492 nm and a mean reflectivity of 24% in the visible
area.

TWOLED was grown on a glass substrate. Prior
to the device deposition, the substrate was cleaned
with acetone and ethanol by using an ultrasonic bath,
rinsed with deionized water, and then dried in an
oven. All depositions were completed in a high vac-
uum about 5x10~% Pa. Organic powders were heated
to obtain the growth rate of 0.1 nm/s-0.3 nm/s.
The current density—voltage-luminance characteris-
tics of the devices were measured with a Keithley 2400
source measurement unit and a Photo-Research PR-
655 Spectra Scan Colorimeter in a glove box. All mea-

surements were carried out at room temperature.
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Table 1. Structures of all devices.

Device

Structure

A

Ag (70 nm) /MEO-TPD:1.8 wt% F4-TCNQ (30 nm)/MEO-TPD (10 nm)/CBP:0.5 wt% Ir(MDQ)2(acac)
(5 nm)/SPPO1:10 wt% FIrpic (25 nm)/Bphen (10 nm)/Bphen:Li (20 nm, 1:1 mol)/Sm (8 nm)/Ag (16 nm)
/ZnS (24 nm)

Ag (70 nm)/MEO-TPD:1.8 wt% F4-TCNQ (30 nm)/MEO-TPD (10 nm) /Ir(ppz)s (10 nm)/CBP:0.5 wt%
Ir(MDQ)2(acac) (5 nm)/SPPO1:10 wt% FIrpic (25 nm)/Bphen (10 nm) /Bphen:Li (20 nm, 1:1 mol)/Sm
(8 nm)/Ag (16 nm) /ZnS (24 nm)

Ag (70 nm)/MEO-TPD:1.8 wt% F4-TCNQ (30 nm)/MEO-TPD (10 nm)/SPPO1:10 wt% FIrpic
(5 nm)/SPPOL1 (25 nm)/Bphen (10 nm)/Bphen:Li (20 nm, 1:1 mol)/Sm (8 nm)/Ag (16 nm)

Ag (70 nm)/MEO-TPD:1.8 wt% F4-TCNQ (30 nm)/MEO-TPD (10 nm)/SPPO1 (5 nm)/SPPO1:10 wt%
FIrpic (5 nm)/SPPO1 (20 nm)/Bphen (10 nm)/Bphen:Li (20 nm, 1:1 mol)/Sm (8 nm)/Ag (16 nm)

Ag (70 nm)/MEO-TPD:1.8 wt% F4-TCNQ (30 nm)/MEO-TPD (10 nm)/SPPO1 (20 nm)/SPPO1:10 wt%
FIrpic (5 nm)/SPPO1 (5 nm)/Bphen (10 nm)/Bphen:Li (20 nm, 1:1 mol)/Sm (8 nm)/Ag (16 nm)

Ag (70 nm)/MEO-TPD:1.8 wt% F4-TCNQ (30 nm)/MEO-TPD (10 nm)/SPPO1 (25 nm)/SPPO1:10 wt%

FIrpic (5 nm)/Bphen (10 nm)/Bphen:Li (20 nm, 1:1 mol)/Sm (8 nm)/Ag (16 nm)

Sm (8 nm)/Ag (16 nm)/ZnS (24 nm)
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Fig. 1. (colour online) Reflectivity and transmittivity

characteristics of the Al (1 nm)/Ag (20 nm) and Sm
(8 nm)/Ag (16 nm)/ZnS (0 or 24 nm) cathode.

3. Results and discussion

Although the emitting materials used in device
A have a relatively high luminous efficiency, the lu-
minance and efficiency of the whole device is low as
shown in Figs. 2(b) and 3 respectively. From the
energy level diagram in Fig. 4, we can see that the
electron injection from CBP (2.9 e¢V) into MEO-TPD
(2.4 eV) is somewhat more efficient than that from
CBP into Ir(ppz)s (1.6 V). Therefore, holes and elec-
trons are confined inside the red and blue emitting
layers and a low current density is observed in de-
vice B (Fig. 2(a)). The leakage current in device A
is higher than that in device B (Fig. 2(a)), indicat-
ing that the p—i-—n structure in device A is not good
enough for charge confinement, especially in prevent-
ing the electrons injection into HTL. Compared with
device A, device B exhibits a low current density and
a low leakage current as shown in Fig. 2, but a high
luminance, indicating the insertion of a Ir(ppz)s layer
which effectively blocks the electron from injecting

into the HTL and further into the anode. It can be
obviously seen in Fig. 2(b) that the maximum bright-
ness increases from 2195 cd/m? to 3861 cd/m? at 13 V.
The maximum brightnesses of both devices are low
due to a relatively thick Sm, whose light absorption is
serious, resulting in the low brightness. If a thicker Ag
and a thinner Sm are used, the microcavity effects in
the devices will become serious and it is hard to obtain
a white emission. The maximum current efficiency of
device B is 9.8 cd/A at 8 V and the maximum power
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Fig. 2. (colour online) Current density—voltage (a) and
luminance-voltage (b) characteristics of devices A and B.
Inset shows the leakage current—voltage characteristics.
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efficiency is 4.2 Im/W at 7 V, while the maximum
efficiencies of device A are 2.7 c¢cd/A at 10 V and
0.91 Im/W at 9 V as shown in Fig. 3.
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Fig. 3. (colour online) Variations of current efficiency and
power efficiency with drive voltage for devices A and B.

Figure 5 shows the normalized EL spectra of the

no significant EL spectrum change can be observed in
device B as the driving voltage increases from 6 V to
11 V. The corresponding CIE coordinates in device
B are (0.4528, 0.4519) at 6 V and (0.4352, 0.4612) at
11 V, and the variation of (+0.0088, +0.0046) is much
less than those observed by the human eye, indicating
that device B demonstrates here an excellent colour
stability. Figure 6 shows the EL spectra of device B
normalized to 592 nm at viewing angles from 0° to
75° at a voltage of 11 V. The CIE, , coordinates mea-
sured at 11 V change from (0.4511, 0.4593) to (0.4562,
0.4578) at viewing angles from 0° to 45°, correspond-
ing to a variation of (£0.0025, £0.0008), whose change
is far smaller than those of other TWOLEDs reported
in Refs. [18]-[21]. Even at a viewing angle of 75°, the
CIE, , coordinates are changed by values that are as
small as (£0.0087, +0.0013). The very weak angular
dependence in the spectrum also indicates a very weak

devices under different driving voltages. Obviously, = microcavity effect.
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Fig. 4. Energy level diagram of the used materials in device B.
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Fig. 5. Variations of EL spectra with voltages for devices A (a) and B (b). Insets show x, y indexes of colour

coordinates.
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Fig. 6. (colour online) Angular dependences of EL spec-
tra of device B at a voltage of 11 V at viewing angles from
0° to 75°.

It is universally received that the colour stability
of the WOLED could be influenced by some factors,
such as, carrier trapping, exciton recombination zone,
etc. To clarify the electron blocking effect induced by
the Ir(ppz)s layer and observe the main recombina-
tion area, single-emitting layer devices named devices
C, D, E, and F with the Flrpic emitter located at dif-
ferent places in the SPPO1 host are designed, whose
The absolute EL
spectra of these devices at various current densities

structures are shown in Table 1.

are shown in Fig. 7. It can be found that there is an
emission peak at approximately 428 nm, indicating
that the hole transport layer MEO-TPD is also emit-
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ting, whose photoluminescence peak is at 429 nm.
However, device B effectively prevents the MEO-TPD
from emitting as shown in Fig. 5(b), owing to the
insertion of an Ir(ppz)s layer and its electron blocking
effect. At a low current density of 5 mA/cm?, device
C has the highest blue emission peak at 472 nm with
a value of 1.75x107%, while device F has a peak value
of 5.94x107°, which reveals that the main exciton
recombination zone is at the MEO-TPD/SPPO1 in-
terface in the low voltage case. The reason for this is
that the holes are difficult to overcome with a total
barrier of 1.1 eV of the MEO-TPD/SPPOL1 interface
at a low voltage. As the driving voltage increases
gradually, the external electric field offers enough en-
ergy, which makes the holes inject from MEO-TPD
into SPPO1 more easily. So the main exciton recombi-
nation zone changes to the SPPO1/Bphen interface.
For example, at a current density of 100 mA /cm?,
the values of the highest emission peaks in devices
C, D, E, and F are 0.00323 (at 500 nm), 0.00232 (at
472 nm), 0.00263 (at 472 nm) and 0.0041 (at 500 nm),
while those of blue emission peaks (at 472 nm) are
0.0028, 0.00232, 0.00263 and 0.00375 respectively.
All these results indicate that the main exciton re-
combination zone is at the SPPO1/Bphen interface

for the case of the high electric field. Although
3
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Fig. 7. (colour online) EL spectra of the devices C (a), D (b), E (c), and F (d) at current densities of 5, 40,

100, and 230 mA/cm?.
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the MEO-TPD/SPPOL1 interface is also the main ex-
citon recombination zone, the number of exciton re-
combination is less than that at the SPPO1/Bphen in-
terface. Of the two interfaces, there is a combination
of a relatively small number of excitons in SPPOI1,
which also indicates that SPPO1 is a good bipolar
transport material. The insertion of an Ir(ppz)s layer
in device B restricts the exciton recombination zone
mainly into the CBP and SPPO1 layers. In device
B, the main exciton recombination zone is in the red
layer and the blue layer close to the red region at a low
voltage. At a high voltage, the main exciton recom-
bination zone should change to the blue region and
so the blue luminous intensity should increase, but we
find it in fact reduces in Fig. 5(b). The reason for this
is that electrons inject from SPPO1 into CBP with-
out any energy barrier while the holes inject from CBP
into SPPO1 with an energy barrier of 0.5 eV. There-
fore, the main exciton recombination zone in device B
is confined into CBP. SPPO1, with good hole trans-
port characteristics makes the luminous intensity ratio
of blue to red maintain almost no change, which is a
key factor of the good colour stability.

4. Conclusions

In this paper, we demonstrated a top-emitting
electrophosphorescent p—i-n WOLED on the basis
of a low-reflectivity Sm/Ag semi-transparent cath-
ode together with a thickness-optimized ZnS out-
coupling layer. When an efficient electron blocking
layer Ir(ppz)s is introduced into the top emitting
WOLED to confine the exciton recombination area,
not only the brightness and the luminous efficiency can
be significantly enhanced due to the reduced leakage
current and efficient recombination of excitons in the
emissive area, but also an extremely stable EL spec-
trum is obtained both in a large EL intensity range
and at a large viewing angle. The main reasons for this
are analysed in detail. The highly efficient TWOLED

with excellent chromaticity stability has a wide appli-
cation in flat-panel displays and lighting.
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