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Highly efficient tandem p-i-n white organic light emitting devices have been fabricated. Utilizing
an optical transparent bilayer with doped organic p-n junction that consists of
4,7-diphenyl-1,10-phenanthroline: 2% cesium carbonate (Cs,CO3)/N,N’-bis(1-naphthyl)-N,N’-
diphenyl-1, 1’-biphenyl-4,4’-diamine: 50% v/v tungsten oxide (WQOj3) as the connecting layer, the
tandem p-i-n white device achieved an electroluminescence efficiency of 23.9 cd/A and a power
efficiency of 7.8 Im/W at 20 mA/cm? with a Commission Internationale de I’Eclairage coordinates
of (0.30, 0.43). The electroluminescent color of this tandem p-i-n white organic light-emitting diode
device will not change significantly with respect to drive current variation and forward viewing

angle. © 2007 American Institute of Physics. [DOI: 10.1063/1.2822398]

Organic light-emitting diodes (OLEDs) are of consider-
able interest in recent years for flat panel display applica-
tions, particularly in white OLEDs (WOLEDs), which have
attracted a lot of commercialization interests due to their
demonstrated applications in the fabrication of full color dis-
plays with color filter' or as backlight for liquid crystal dis-
plays as well as in solid-state lighting.z’3 WOLEDs coupled
with color filter for full color displays can circumvent the
problematic issues of high resolution shadow mask and
achieve higher effective aperture ratio of pixels.

For applications of WOLEDs, it is important that
WOLEDs possess high brightness and electroluminescent
(EL) efficiency at a lower current density and stable spectral
characteristics in a wide range of injection current. By intro-
ducing a p-i-n structure to an OLED device, the operating
voltage can be considerably reduced for both fluorescent”
and phosphorescent5 systems. The highly conductive p- and
n-doped layers could enhance the charge injection from the
contacts and reduce the Ohmic losses in these layers.4 Fur-
thermore, many monochrome tandem OLEDs have been re-
ported to be useful for providing high luminance.®” The lu-
minance at a fixed current density increases linearly with the
number of stacked and independent OLED elements. This
can lead to a significant improvement in lifetime by reducing
the degradation that accompanies the high drive currents re-
quired to achieve similarly high brightness in a single-unit
device.

In this letter, we consolidate both the structural features
of p-i-n technique and that of the tandem device concept into
one WOLED device to modify the high drive voltage issue
of reported tandem WOLED:s. “ The major challenge in tan-
dem OLEDs in general is to prepare the effective connecting
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layer between emitting units so that the current can smoothly
flow through without facing substantial barriers. The organic
doped bilayer in this study encompasses an n-doped organic
layer and a p-doped organic layer to form a doped organic
p-n junction at their contact interface, and offers several ad-
vantages, including excellent optical and electrical proper-
ties, as well as the ease of fabrication by thermal
evaporation.

The architectures of the WOLED devices are shown in
the inset of Fig. 1. Device I is the standard p-i-n WOLED
unit with a dual emission layer (DEML) system,'® which
gives rise to a balance white emission in thin thickness of
15 nm. The DEML system comprises one codopant emittin%
layer with 2-methyl-9,10-di(2-naphthyl)anthracene’
(MADN): 5% N,N’-bis(1-naphthyl)-N,N’-diphenyl-1,1’-bi-
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FIG. 1. Transmittance spectrum of BPhen: Cs,CO; (20 nm)/NPB: WO,
(70 nm) thin film. Inset: schematic device architecture of devices I and II.
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FIG. 2. Luminance-current density-voltage (L-J-V) characteristics of de-
vices I and II.

phenyl-4,4’-diamine ~ (NPB): 3%  p-bis(p-N,N-di-
phenyl-aminostyryl)benzene'' (DSA-Ph): 0.2% Rubrene
(Rb) and one blue emitting layer of MADN: 5% NPB: 3%
DSA-Ph. In the DEML system, MADN, NPB, DSA-Ph, and
Rb were used as host material, assistant dopant, blue, and
yellow fluorescent dopants, respectively. 1,1-bis[N,N-
di(p-tolyl)aminophenyl]cyclohexane (TPAC)'? and 4,7-
diphenyl-1,10-phenanthroline  (BPhen) were wused as
electron-blocker and hole-blocker materials to refine the ex-
citon confinement. In our p-i-n architecture, 50% v/v tung-
sten oxide (WO;) doped NPB (Ref. 13) and 2% cesium car-
bonate (Cs,CO;) doped BPhen (Ref. 14) were used as the
p-doped transport layer and n-doped transport layer, respec-
tively. Device II is the tandem p-i-n WOLED with stacking
two WOLED units by a bilayer of organic doped thin film
with  optimized thickness consist of BPhen: 2%
Cs,CO3/NPB (20 nm): 50% (v/v) WO5 (70 nm). The n-type
doped layer and the p-type doped layer are in contact with
each other to form a doped organic p-n junction at their
contact interface.

Figure 1 shows the transmittance of BPhen: 2% Cs,CO;
(20 nm)/NPB: 50% v/v WO;5 (70 nm) bilayer thin film and
the connecting layer is transparent in the visible region from
420 to 750 nm, which is essential to achieve an efficient tan-
dem WOLED. Figure 2 shows the L-V-J curves of devices I
and II. Devices I and II achieved 2105 cd/m? and 4.5 V,
4780 cd/m?, and 9.6 V at 20 mA/cm?, respectively. As ex-
pected, the luminance and drive voltage increases with the
increasing number of active units. Both devices I and II show
near flat EL efficiency versus current density response as
shown in Fig. 3. Device II with tandem structure achieved a
current efficiency of 23.9 cd/A and an external quantum ef-
ficiency of 8.5% at 20 mA/ cm?, which is about 2.3 times
greater than those of device T (10.5 cd/A and 3.9%). The
enhanced EL efficiency is attributed to the effectiveness of
the conductive p-n junction in electrically connecting two
emitting units. Both light emissive units can efficiently pro-
duce light under the same current driving. It can also be
observed that the power efficiency of device II (7.8 Im/W at
20 mA/cm?) is much higher than those of the reported fluo-
rescent tandem WOLEDs (Refs. 9 and 10) due to the p-i-n
structure of device II, which can effectively reduce the high
drive voitage issue of tandem OLED device.
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FIG. 3. Current efficiency and external quantum efficiency vs current den-
sity characteristics of devices I and II.

Figure 4 shows the EL spectra of devices I and II at
20 mA/cm? in the forward direction. The EL spectrum of
device I covers a wide range of the visible region with three
peaks at 470, 500, and 550 nm corresponding to the emis-
sions from DSA-Ph (Ref. 11) and Rb, respectively, with
CIE, , coordinates of (0.31, 0.42). The inset of Fig. 4 shows
CIEX"}, coordinates versus luminance characteristics of device
I and II. There is nearly no EL color shift of device I with
respect to various luminance as the CIE, , coordinates only
shift from (0.307, 0.416) at 2100 cd/m? to (0.295, 0.402) at
27800 cd/m? with ACIE, , of £(0.012,0.014). This apparent
resistance to color change under various drive current densi-
ties suggests the char%e carriers for recombination are well-
balanced in device 1'% With respect to device I, device II
also simultaneously emits a balanced white color and an es-
sentially identical EL spectrum with CIE, , coordinates of
(0.30, 0.43) and no unexpected peak shift was observed, ex-
cept the relative intensity of blue emission is slightly reduced
and the full width of half maximum of device IT (136 nm) is
smaller than that of device I (144 nm). This phenomenon is
not expected to result from shifting of the recombination
zone because these devices were all driven at a fixed current.
We attribute this slight spectrum change to the optical inter-
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FIG. 4. EL spectra of devices I and II at 20 mA/cm?. Insef: CIE,, coordi-
nates vs current density characteristics of devices I and II.
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FIG. 5. Normalized EL intensity vs viewing angle characteristics of device
II. Inset: EL spectra of device II under viewing angles of 0°, 30°, and 60° off
the surface normal.

ference and minor microcavity effect in multilayer devices,
which has been reported in tandem OLEDs."” Under differ-
ent levels of luminance, device II also reveals a stable EL
color with ACIE, ,, of £(0.024,0.030) from (0.303, 0.430) to
(0.279, 0.400) at a broad range from 4700 to 67800 cd/m?
and nearly no current-induced quenching was observed ei-
ther, as depicted in Fig. 3.

Another important factor of tandem WOLED devices is
to obtain high EL efficiency and stable EL color with accept-
able angular dependency characteristics. Figure 5 shows the
normalized EL efficiency versus the viewing angle character-
istics of tandem device II. It is generally assumed that the EL
emission pattern from OLEDs is approximately
Lambertian'®'” and it is clear that the angular dependence of
device II is well fitted by a Lambertian distribution from Fig.
5. The EL spectra of device II under different viewing angles
of 0°, 30°, and 60° were also shown in the inset of Fig. 5. It
is noteworthy that the emission shows less angular depen-
dence in device II as two main peaks of white emission at
different viewing angles remain the same. The shifts in CIE x
and y coordinates of device II from the viewing angle of 0°
to 60° are only 0.024 and 0.01, respectively. In a strong
microcavity effect, OLED devices potentially yield a non-
Lambertian emission profile and cause a large angular-
dependent color shift. According to our observation of the
angular dependence of intensity and color, the microcavity

Appl. Phys. Lett. 91, 233507 (2007)

effect is minor in this tandem device which is in agreement
with previous report.15

In summary, a tandem p-i-n WOLED device consists of
two individual p-i-n WOLED units connected electrically
with an optical transparent and doped organic p-n junction
utilizing BPhen: Cs,CO5;/NPB: WO; have been fabricated.
The charge-carriers for recombination of this tandem
WOLED are well-balanced under various current densities
due to the DEML system in each individual p-i-n WOLED,
giving rise to one of the best EL efficiency of 23.9 cd/A and
7.8 Im/W with CIE, , coordinates of (0.30, 0.43). The elec-
troluminescent color of this tandem p-i-n WOLED device
will not change significantly with respect to drive current
variation and forward viewing angle. This stratagem may
provide an effective and promising way to achieve high-
brightness WOLEDs.
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