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High Efficiency Tandem Organic Light-Emitting
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Abstract: By employing cesium carbonate doped tris-(8-hydroxyquinoline) aluminum/MoQO;
as the effective charge generation layer (CGL), high efficiency two-unit series connected tan-
dem organic light-emitting diodes were fabricated. It is found the performance of the two-
unit tandem devices can be controlled by the thickness of the MoO, layer. The 30 nm-thick
MoO; CGL tandem device exhibits the best device performance with the current efficiency of
14.5 cd/A, which is above 2. 0 times than that of the control device over a wide range of cur-
rent densities. It’s suggested that the connecting layer broke down under a high current den-
sity, leading to the decrease of current efficiency. The improvement of tandem device per-
formance is attributed to the efficient electron and hole injection from charge generation layer
to two adjacent emission units.
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. vices (OLEDs) impose substantial demands in
1 Introduction , . ,
OLED structures having enhanced brightness yet

Rapid advances of organic light-emitting de- without increasing driving currentst'. It is
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anticipated to provide a new approach to the de-
sign and fabrication of highly efficient OLEDs
for future applications such as in televisions and

Tandem OLEDs have

drawn great attention due to their superior

illumination devices.

brightness, current efficiency, and operational
lifetime compared to the conventional devices,
while achieving a given luminescence level. The
charge generation layers (CGLs) are required
when driving tandem OLEDs, which act as the
interconnecting units of bipolar charge spouting.
Electrical doping in CGL has proven conspi-
cuously effective for reducing the operating voltage
of the device because of the increased conductivity
and the matched energy level. Therefore, the
CGLs are typically formed by combining the p-
type doped organic layer and n-type doped or-
ganic layer between the emission units, such as
Cs, CO, : Bphen/WO, : NPBF!, Cs,CO, : Bphen/
WO,", CsN; : Bphen/MoO,', Li: BCP/MoO,™,
Cs: Bphen/F4-TCNQ: NPD'?, and Mg: Alqg,/
V.0, Generally a 2- to 3-fold increase in
luminance efficiency can be achieved for tandem
devices with two emitting units. Combined with
the microcavity structure, a very high 5-fold
efficiency enhancement can be achieved for a
phosphorescent two-unit tandem device'™,

In this letter, we consolidate both the
MoQ, hole injection layer and Cs,CO; electron
injection layer into the tandem CGL layers to
achieve the high efficiency tandem devices. A 2-
fold enhancement in luminance and current effi-
ciency can be achieved for the two-unit tandem
device compared with the control single-unit

device.

2 Experiments

The ITO-coated glass substrates, with a
sheet resistance of 10 Q/[0, were used. These
ITO-coated glasses were washed with detergent,
followed by a thorough washing with deionized
water, and finally dried under a nitrogen flow

before using. All series of devices were prepared

in an ultrahigh vacuum with a base pressure of
4X 10" Pa. The active emission area of the de-
vice is 0. 36 ecm?. The architecture of the tandem
device used in the experiment is ITO/NPB (40
nm) /Alq; (40 nm)/30%_Cs, CO, t Alq; (20 nm)/
MoO, (10, 20, 30, 40 nm)/NPB(40 nm)/Alqg;
(40 nm)/Cs, CO; (1 nm)/Al(100 nm), as shown
in Fig. 1. We use 30% (mass fraction) Cs,CO;
doping concentration due to the enhanced elec-
tron injection and the efficient electron transport
in the bulk of the Cs,CO, : Alqg, layer®™. Each
identical stacked element was started by the depo-
sition of NPB, followed by an emission layer con-
The CGL is com-
posed by a 20 nm-thick Alqs; layer mixed with
Cs,CO; in a 30% mass
amorphous MoO; layer (10, 20, 30, 40 nm, re-

sisting of a 40 nm-thick Alg;.

fraction and an

spectively). We use a Cs, COs-doped organic layer
instead of a Li- or Cs-doped one, both of which
are difficult to handle and need a special type of
evaporator or dispenser set-up in the vacuum
coater, The device with the structure of 1TO/
NPB(40 nm)/Alqg; (40 nm)/30% Cs,CO; : Alg;
(20 nm)/Al (100 nm) were prepared for refe-
rence. The film thickness and vapor deposition
rate were online monitored by a crystal oscilla-
tion thickness monitor (XTM/2, INFCON),
which was revised by a surface profiler (XP-2,
Ambios, USA). The current and the voltage were

obtained from a programmable voltage-current

AL(100 nm)

Cs,CO5(1 nm)
Alqx(40 nm)

NPB(40 nm)

T | M00410,20,30.40 nm)

Cs,CO5:Alq5(20 nm)

Alqy(40 nm)
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Fig. 1 Structure of the tandem device
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source (2400, Keithley, USA). Luminance was
measured by a brightness meter (111500, Bei-
jing normal university). The devices were chara-
cterized in ambient atmosphere and room tem-

perature without encapsulation.

3  Results and Discussion

3.1 Device performances

Fig. 2 (a) and (b) show the luminance-cur-
rent density (L-J ) and the current efficiency-
current density (5-J) characteristics of the two-
unit tandem device with 30 nm-thick MoO, and
the control single-unit device. The luminance
and the current efficiency of the two-unit device
with 30 nm-thick MoO; are much higher than
that of the control single-unit device. Obviously,
this internal floating electrode can efficiently
allow the electric-field assisted bipolar charge to
spout toward two adjacent emitting units. How-
ever, the luminance and the current efficiency of
the two-unit tandem device decrease under high

current density. The details of the current efficiency

enhancement characteristics of the two devices
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Fig.2 (a) I-J and (b) p-J characteristics for the two-
unit tandem device and the single-unit control

device

are depicted in Fig. 2 (b). As shown, the effi-
ciency of the tandem device maintains more than
2.0 times than that of the single-unit device in a
wide range of low current densities. When the
current density exceeds 110 mA/cm”, the en-
hancement of current efficiency will fall off rapi-
dly to 1. 6 times. It is suggested that the charge
generation layer broke down under high current
density, leading to the decrease of device per-

[191 * Tn addition, it is excluded that the

formance
self-absorption of the emitted light by the under-
lying films influences the rapid decrease of the
current efficiency in range of high current densi-
ties due to the insufficient overlap between the
under layer absorption and top layer emission
spectra.
3.2 Charge generation performances

To analyze the functionality of the CGL, we
vary the thickness of MoO; components from 10
nm to 40 nm and measure the electro-optical
properties of the tandem OLEDs. The I-] charac-
teristic of the four two-unit tandem devices with
different connecting layers is shown in Fig. 3
(a). The two-unit device with 30 nm-thick MoO,
has the highest luminance among the tandem
OLEDs at any given current density. This indi-
cates that the CGL with 30 nm-thick MoQ, has
the best carrier injection capability among the
four intermediate CGLs. Fig. 3(b) shows the
n-J characteristic of the four two-unit tandem
devices. It is evident that only the tandem device
using 30 nm MoQj, as the connecting layer shows
of

while the efficiency of the tandem device using

dramatic enhancement current efficiency,
10 nm MoO; only show a slight increase and the
efficiency of the two-unit device using 40 nm
MoO; only show a sharp decrease, respectively.
It is apparent that the two-unit device with 40
nm-thick MoQO; layer shows the lowest lumi-
nance and current efficiency due to the increase
of resistance and the decrease of the transmit-

tance of the CGL film. Furthermore, the highest

luminance of the thin 10 nm-thick MoQO, two-
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unit tandem device decreases as compared to that
of the single-unit control device, which may be
due to the insufficient hole injection ability of the
MoO; layer to the second emitting unit in high
voltage. In addition, tandem device without de-
positing MoQ; layer will perform even worse de-
vice performance than that of single-unit control
device. This can be ascribed to the increase of
the number of semi-conductive organic films.
Details of device performance (operating voltage, lu-
minance and n at 27. 78 mA/cm®) are summa-
rized in Table 1. As shown, the 20 nm MoO;
tandem device has the lowest operating voltage
under the same current density in four tandem
devices, but its luminance is even worse than the
10 nm MoQO, tandem device, which is related to
the unbalance of hole and electron injection into
Although

MoO; thickness may decrease hole injection to a

the top emitting unit. increasing

certain extent, it can make the injected hole and

Table 1
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Fig.3 (a) -] and (b) 5-J characteristics for the two-

unit tandem devices with different MoQ); thickness

Performances of tandem devices at the current density of around 27.78 mA/cm’

Thickness of

Performances

Current density/

Luminance/

MoQ; /nm - Voltage/V _, p/Ced s A7H)
(mA +» cm™ %) (ed e m™*)
10 27.78 38.62 3121.5 11.24
20 27.78 27.01 2 679.6 9.65
30 27.78 31.22 4029.9 14.51
40 27.78 43.18 1110.3 4. 00

electron charge carriers more balanced, resulting
in the better device performance. This can be
seen from the increased luminance and also in-
creased operating voltage for the 30 nm MoO,
tandem device.
3.3 Injection mechanism

It is known that the improved mechanism of
MoO, or Cs,CO; doping Alg; as an interfacial
layer is attributed to the enhancement of carrier
injection due to the reduction of hole or electron
injection barrier. The UPS spectra and the energy
diagram of NPD/MoO, and Cs,CO;: Alg; can be
referred to the reports of Kroger et al''" and

Wang et al'’ in details. Our previous reports

also showed that MoO; and Cs,CO, are superb
hole-injection and electron-injection materials,
which effectively enhance OLEDs performance* ',
It is proposed that the improved single-layer
device efficiencies relate to the enhanced hole in-
jection at ITO/MoO;/NPB interface, and the
enhanced electron injection at the Alqg;:Cs,CO;/
Al cathode interface in addition to the efficient
electron transport in the bulk of the Cs,COj :

Alqs layer.
4 Conclusion

In summary, the two-unit tandem OLEDs

based on Cs,CO; : Alg;/MoO, as CGLs were
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implemented. The 30 nm-thick MoQO, two-unit
tandem device shows the best performance, that
is, the improvement of luminance and current
efficiency by more than 2 times has been ob-

served compared with those of the control single-

unit device. It is proposed that the improved

efficiency of two-unit tandem device with 30 nm-
thick MoO; CGL relates to the enhanced and
balanced hole injection at the MoQO,/NPB inter-

face compared with those of other CGLs devices.
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