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Effective intermediate layers for highly efficient stacked organic
light-emitting devices
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Effective intermediate electrode layers comprising of LiF�1 nm� /Ca�25 nm� /Ag�15 nm� or
LiF�1 nm� /Al�3 nm� /Au�15 nm� were studied in stacked organic light-emitting devices �OLEDs�.
Stacked OLEDs with two identical emissive units consisting of NPB/Alq3: C545T/BCP exhibited
superior luminous efficiency-current density characteristics over conventional single-unit devices.
At 20 mA/cm2, the luminous efficiency of the stacked OLEDs using the intermediate layers of
LiF/Ca/Ag and LiF/Al/Au were about 19.6 cd/A and 17.5 cd/A, respectively, almost doubling
that of the corresponding control devices, as expected. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2035320�
Stacked organic light-emitting devices �SOLEDs� with
vertically stacked multiple emitting units in series were first
introduced in 1996 as a means of obtaining multiple colors in
a single organic light-emitting diode �OLED� device.1–3 The
first three-color SOLED was reported in 1997, in which the
output of red, green, and blue color element can be indepen-
dently controlled by adjusting the current sources.4,5 Soon,
SOLED was proposed as a means to obtain higher brightness
and luminous efficiency.6–9

In the SOLED structure, the intermediate electrode layer
connecting the adjacent emissive units plays an important
role in affecting the device performance. This intermediate
layer functions as an anode to one OLED unit and as a cath-
ode for the other. Thus it can be called an anode-cathode
layer �ACL�. Up until now, many ACLs have been tried,
such as, Mg:Ag/ indium zinc oxide,6 Cs:BCP/ indium tin
oxide �ITO�,8 and Cs:BCP/V2O5.9 Recently, Liao et al.10

introduced another kind of connecting unit which was com-
prised of Alq3 :Li/NPB:FeCl3 or TPBi:Li/NPB:FeCl3. As
well, an intermediate layer consisting of Mg:Alq3 /WO3 was
reported for a stacked device.11 SOLEDs using ACLs men-
tioned above all showed very high luminous efficiency. For
instance, Liao’s three-unit tandem device showed a luminous
efficiency of 32 cd/A based on the emission of C545T.
However, in the fabrication of these ACL layers, sputtering,
doping, or coevaporation of metal and organic material have
to be used, which somewhat complicates the fabrication
process.

In this letter, we report a new ACL which consists
of LiF�1 nm� /Ca�25 nm� /Ag�15 nm� or LiF�1 nm� /Al�3
nm� /Au�15 nm�. Excellent results can be obtained using
these ACLs in a SOLED. The two emissive units used here
are identical and consisting of NPB �4,4�-N,N�-bis�N-�1-
naphthyl�-N-phenyl-amino�biphenyl� /Alq3�tris�8-hydrooxy
quinoline�aluminium�III��: C545T�10-�2-benzothiazolyl�-
1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11H-benzo�1�p
yrano�6,7,8-ij�quinolizin-11-one�/BCP�2,9-Dimethyl-4,7-dip
henyl-1,10-phenanthroline�. By employing these ACL layers,
SOLEDs can be easily prepared only by thermal evaporation
in vacuum chamber. The luminous efficiencies of these
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SOLEDs are almost twice that of the single units, indicating
good stacking. It demonstrates that these ACLs exhibit a
good ability to inject electrons and holes into the bottom unit
and the top one, respectively.

Four devices were studied. They are denoted as Devices
A, B, C, and D with the structures of:

�1� Device A: indium tin oxide �ITO� /NPB/Alq3 :C545T/
BCP/LiF/Ca/Ag/NPB/Alq3 :C545T/BCP/LiF/Ca/Ag,

�2� Device B: ITO/NPB/Alq3 :C545T/BCP/LiF/Ca/Ag,
�3� Device C: ITO/NPB/Alq3 :C545T/BCP/LiF/Al/Au/

NPB/Alq3 :C545T/BCP/LiF/Al,
�4� Device D: ITO/NPB/Alq3 :C545T/BCP/LiF/Al.

Figure 1 shows schematic diagrams of Devices A–D, in
which the thicknesses of each layer as well as the doping
concentration of C545T are also shown. Although these pa-
FIG. 1. Structures of Devices A–D.
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rameters may not be the best in view of achieving highest
luminous efficiency, it is enough to demonstrate the effec-
tiveness of these new ACLs.

All the SOLEDs were fabricated on ITO-coated glass
with a sheet resistance of �25 � / sq. The sequence of pre-
cleaning the substrate consisted of soaking in ultrasonic de-
tergent for 30 mins, spraying with de-ionized �DI� water for
10 mins, soaking in ultra-sonic-deionized water for 30 min
and ovenbake dry for 1 h.12

The organic materials were commercial grade and used
as received. All thin films were prepared by thermal evapo-
ration in a four-chamber deposition system. The whole fab-
rication process was carried out in a vacuum chamber with a
base pressure lower than 10−6 Torr. Doping was achieved by
coevaporation from two separate sources. The typical depo-
sition rates of organic thin films and metal films were
0.1–0.2 nm/s and 0.2–0.3 nm/s, respectively. Quartz oscil-
lators were use to monitor the film thicknesses in situ.

The luminance-voltage �L-V� and current density-
voltage �J-V� characteristics of the SOLEDs were recorded
simultaneously with a HP semiconductor parameter analyzer
�model HP4145B� combined with a calibrated silicon photo-
diode. The electroluminescent �EL� spectra were obtained
with the PR650 spectrophotometer. All measurements were

FIG. 2. J-V-L curves of Devices A–D: �a� Devices A and B and �b� Devices
C and D.

TABLE I. The Key EL characteristics of Devices A–

Samples
Turn-on voltage
�with 1 cd/m2�

Voltage required
for 20 mA/cm2

Device A 4.6 V 10.4 V
Device B 3.0 V 6.1 V
Device C 6.3 V 15.5 V
Device D 3.3 V 7 V
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carried out under ambient conditions at room temperature
without device encapsulation.

Figure 2 shows the J-V-L characteristics of Devices
A–D. As expected, the driving voltages of Devices A and C
are much higher than those of the control devices due to the
large vertical stack structure. For example, at 20 mA/cm2,
the driving voltages of Devices A and C are about 10.4 V
and 15.5 V, while those of Devices B and D are 6.1 V and
7.0 V.

Figure 3 shows the luminous efficiency versus current
density curves of the devices. It is clearly seen that the lu-
minous efficiencies of Devices A and C are about two times
greater than that of single-layer Devices B and D. For ex-
ample, at 20 mA/cm2, the luminous efficiencies of Devices
A, B, C, and D are 19.6 cd/A, 10.6 cd/A, 17.5 cd/A, and
8.8 cd/A, respectively. The only difference between the
two control devices is the reflective cathode, which is
LiF/Ca/Ag for Device B and LiF/Al for Device D. The
lower work function of calcium and better reflectivity of sil-
ver contribute to the improvement of luminous efficiency of
Device B compared to Device D with the conventional bi-
layer cathode LiF/Al.

The doubled efficiency of Devices A and C, with respect
to those corresponding control devices, is attributed to the
high efficiency of the ACLs which can generate electrons on
one side and holes on the other side. Both light emissive
units can efficiently produce light under the same current
driving. It can also be seen that although higher driving volt-
ages are needed in SOLEDs, the power efficiency is similar
to the single-emissive unit device due to the higher luminous
efficiencies. Table I summarizes the key EL characteristics of
the studied devices.

Figure 4 shows the EL spectra of Devices A and B in the
normal direction. The EL spectra of Devices A and B both

FIG. 3. Luminous efficiency vs current density curves of Devices A–D �a�
Devices A ��� and B ���; and �b� Devices C ��� and D ���.
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peak at 520 nm except that the full width of half maximum
of the former ��66 nm� is larger than that of the latter
��52 nm�. This is the result of microcavity effects in Device
A. Due to the semitransparency of the ACL, two microcavi-
ties are formed within Device A. Figure 5 is a plot of the
spectra of Device A at different viewing angles. It can be
seen that there is a small deviation between the spectra at
different viewing angles further indicating the existence of
microcavity effect.13

We also calculated the emission spectra of the stacked
device. As an example, the calculated spectrum of Device A
in the normal direction is shown in Fig. 4. The calculation is
based on the model given in Refs. 14 and 15. Details can be
found in our previous paper �see Ref. 16�. Here, we used the
measured EL spectra in the normal direction of Device B as
the intrinsic radiation spectrum of the C545T emitter. It was
then used to calculate the spectrum of the bottom and top
emissive units of Device A, with microcavity taken into ac-
count. Then, the output spectrum of Device A is taken as the
sum of these two individual spectra, with the assumption of:
�i� The ACL combined with the top emissive unit and top
cathode behaves as a single reflective mirror for bottom de-
vice; and �ii� ITO anode capped with the bottom emissive
unit and the ACL is treated as a single semitransparent mirror
for top device. The reflectance and transmittance were calcu-
lated using the transfer-matrix method.17 The calculated

FIG. 4. EL spectra of Devices A �Measured: � Calculated: �� and B: ���.

FIG. 5. The measured EL spectra of Device A at different viewing angles.
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spectrum agrees well with the measured one �see Fig. 4�. It is
believed that better EL performance of the stacked OLED
can be easily achieved by optimizing thickness through a
more careful optical simulation.13 This calculation, including
the microcavity effect, can be used to optimize the thick-
nesses of the many layers in the stacked device.

In summary, two-unit stacked OLEDs utilizing new
ACLs have been fabricated. The doubled luminous efficiency
under the same current density compared to the conventional
single-unit device demonstrates that the ACL can effectively
function as the connecting unit between OLED layers. It is
believed that the optimization in performance can further be
achieved through a careful optical simulation of the micro-
cavity effect. Interestingly, the stacked OLEDs using the
ACLs can not only operate in the constant current mode but
can also be operated in the individual control mode. Thus,
each organic emissive unit can be individually controlled to
yield different color emissions.4 We also have preliminary
results showing that the color can be controlled by the volt-
age on the stacked device.
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