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ABSTRACT: Tandem organic light emitting diodes (OLEDs)
utilizing fluorescent polymers in both sub-OLEDs and a regular
device architecture were fabricated from solution, and their
structure and performance characterized. The charge carrier
generation layer comprised a zinc oxide layer, modified by a
polyethylenimine interface dipole, for electron injection and either
MoO3, WO3, or VOx for hole injection into the adjacent sub-
OLEDs. ToF-SIMS investigations and STEM-EDX mapping
verified the distinct functional layers throughout the layer stack.
At a given device current density, the current efficiencies of both
sub-OLEDs add up to a maximum of 25 cd/A, indicating a
properly working tandem OLED.
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■ INTRODUCTION

Organic light emitting diodes (OLEDs) have been thoroughly
investigated due to their beneficial optoelectronic properties for
display applications or general lighting.1−4 For the fabrication
of OLEDs on an industrial scale, the deposition of organic
semiconductors by either vacuum evaporation or solution
deposition (such as printing or coating) has been considered.
Whereas thermal evaporation enables high device performance
by stacking an arbitrary number of functional layers for
improved charge carrier transport, the fabrication of advanced
solution processed multilayer devices remains challenging due
to solvent limitations.
After OLED efficiencies have been improved well beyond

100 lm/W over the last couple of years, future research will
have to focus on the device lifetime to make the OLED
technology competitive to other light sources for general
lighting.5,6 OLED degradation and subsequent failure is often
caused by high device currents.7,8 A promising concept to
reduce the device current while preserving the device
luminance is the tandem architecture, where two (or more)
OLEDs are stacked on top of each other. In this architecture,
ideally, multiple photons are emitted from each injected

electron−hole pair, thereby reducing the device stress. In
order to stack two OLEDs, a monolithic interconnecting unit,
commonly referred to as the charge carrier generation layer
(CGL), is required which ensures efficient charge carrier
injection into the adjacent emission layers. Common CGLs
incorporate a high- and a low-work function material such as
electrically doped organic semiconductors, ultrathin metal
layers, transparent conductive oxides, or transition metal oxides
(TMOs), typically all deposited by vacuum evaporation.5,9−15

For future OLED fabrication, however, printing is often
considered as a low-cost and high-throughput manufacturing
alternative. The design and fabrication of efficient CGLs is key
for high-performance tandem OLEDs, in particular, when only
solution processes are considered. Recently, we reported on
solution processed organic tandem OLEDs with an inverted
architecture (top anode, bottom cathode), where we employed
CGLs comprising high-work function tungsten oxide (WO3),
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
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DOT:PSS) as solvent barrier and moderate work function zinc
oxide (ZnO).16 Unfortunately, ZnO/PEDOT:PSS CGLs
cannot be used in regular device architectures (top cathode,
bottom anode) where the acidic PEDOT:PSS would inevitably
dissolve the underlying ZnO layer, with the often observed
device lifetime reduction upon PEDOT:PSS utilization being
another problem. Therefore, all-solution processed tandem
OLEDs with regular architecture will require a different design
and in particular a different set of functional materials to form
the CGLs. So far, only partly solution processed CGLs with
additional vacuum evaporated layers have been applied in
tandem OLEDs with regular device architecture.17−19 With a
work function of Φa ≈ 4.1 eV,20,21 ZnO is one of the few
solution processable materials that can be employed for
electron injection into OLEDs if it is modified by interface
dipoles.22−24 In the closely related field of organic photo-
voltaics, precursor based, solution processable, high-work
function TMOs such as WO3, molybdenum oxide (MoO3),
or vanadium pentoxide (V2O5) were extensively analyzed and
used in recombination zones of tandem solar cells.25−33

Although solution processable TMOs are commonly used in
organic photovoltaic devices, their use for OLED has hardly
been investigated.31,34,35

In this paper we present CGLs comprising ZnO and one of
the high-work function TMOs WO3, MoO3, or V2O5 to enable
solution processing of efficient singlet-emitting polymer
tandem OLEDs with regular device architecture.

■ EXPERIMENTAL SECTION
All tandem OLEDs were fabricated on indium tin oxide (ITO) coated
glass substrates (R□ ≈ 13 Ω/□) that had been structured with
hydrochloric acid. The substrates were cleaned with acetone and
isopropanol in an ultrasonic bath (15 min). Afterward the substrates
were exposed to an oxygen plasma (2 min) in order to remove organic
residues and to polarize the ITO surface for better adhesion. Unless
otherwise noted, the deposition processes were carried out in inert
atmosphere.
PEDOT:PSS (Heraeus Clevios VP AI 4083) was diluted by water

(1:1), spin-cast (4000 rpm, 25 s, 20 nm) and annealed (120 °C, 10
min) to remove water residuals. A fluorescent Super Yellow emission
layer (Merck) was spin-cast from toluene solution (4 g/L, 1000 rpm,
60 s, 70 nm). For the bottom OLED, Super Yellow was annealed at
205 °C to prevent dissolving upon subsequent deposition of additional
layers.36 To ensure an efficient electron injection, a PEI layer was spin-
cast from isopropanol solution (3.9 g/L, 5000 rpm, 50 s) adapting the
process suggested by Zhou et al.37 Afterward, the samples were
annealed in ambient conditions (10 min, 100 °C). The deposition of
the ZnO layer (30 nm) was adapted from De Bruyn et al.20 Therefore,
zinc acetylacetonate hydrate (Zn(acac)2, Sigma-Aldrich) was dissolved
in ethanol (20 g/L) and stirred (24 h, T = 50 °C). The solution was
filtered using a 0.2 μm PTFE filter to remove precursor aggregates.
The Zn(acac)2 solution was spin-cast (2000 rpm, 45 s) and
subsequently annealed (30 s, 120 °C) to form ZnO in ambient
conditions. Then, by precursor deposition, hydrolysis and condensa-
tion either the WO3, the MoO3 or the VOx TMO was applied. The
tungsten(VI)ethoxide (W(OEt)6) or the molybdenum(V)ethoxide
(Mo(OEt)5) precursor solutions (ABCR Dr. Braunagel GmbH & Co.
KG) were diluted in isopropanol (1:80 or 1:120 by volume,
respectively) and spin-cast (4000 rpm, 30 s, 15 nm). The W(OEt)6
layer was converted to WO3 at room temperature. Mo(OEt)5 was
annealed in air at 150 °C for 10 min to form MoO3 according to the
processes described in our previous publications.34,35 Both processes
had been proven to yield WO3 and MoO3 with proper stoichiometry
before. The vanadium oxide (VOx) layers were applied by spin coating
a vanadium triisoproxide oxide precursor (4000 rpm, 30 s, 15 nm)
from isopropanol solution (1:100 by volume) and subsequently

annealed (120 °C, 1 min) in ambient conditions.32,38 For the
fabrication of the top OLED, the emitter polymer (without annealing)
and the PEI deposition processes were repeated. For the counter
electrode, aluminum was thermally evaporated (200 nm).

The OLED current density−voltage (J−V) characteristics were
recorded with a source measurement unit (Keithley 238). The device
luminance was calculated from the emission spectrum. The
spectrometer had been calibrated with a secondary standard halogen
lamp (Philips FEL-1000W). Current efficiencies (in cd/A) were
calculated from the electrical and optical properties assuming
Lambertian light distribution.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was
performed on a TOF.SIMS5 instrument (ION-TOF GmbH, Münster,
Germany), equipped with a Bismuth (Bi) cluster liquid metal primary
ion source and a nonlinear time-of-flight analyzer. The Bi source was
operated in the “bunched” mode providing 0.7 ns Bi1

+ ion pulses at 25
keV energy and a lateral resolution of approximately 4 μm. Negative
polarity spectra were calibrated on the C−, C2

−, and C3
− peaks. Sputter

depth profiles were performed using a 1 keV Cs+ ion beam and a raster
size of 400 × 400 μm2. The analyzed area was 100 × 100 μm2 in the
center of the sputter crater.

Transmission electron microscopy (TEM) analysis was performed
using an aberration corrected (image) Titan 80-300 (FEI Company,
Portland, USA), operated at an acceleration voltage of 300 kV and
equipped with an S-UTW EDX detector (EDAX). Images were
recorded with a high angle annular dark-field detector (HAADF) in
scanning transmission electron microscopy (STEM) mode with a
nominal spot size of 0.14 nm. Initial imaging was performed under
strict low-dose conditions with a total dose of about 1 e/Å2 for the first
image. As no morphology changes were visible over an extended image
series, the final images were acquired close to standard imaging
conditions. STEM-EDX elemental maps were obtained with a nominal
spot size of 0.5 nm.

TEM cross-section samples of the OLEDs were prepared by in situ
lift-out using a Strata 400 S focused ion beam (FIB) system (FEI
Company, Portland, USA). Initial preparation was performed using 30
kV Ga+ ions and final polishing at 5 and 2 kV. SEM imaging at 1 kV
was limited to a minimum to exclude beam damage of the OLEDs
during preparation.

■ RESULTS AND DISCUSSION

The regular tandem OLEDs were fabricated according to the
device architecture depicted in Figure 1 incorporating CGLs
from ZnO and a high-work function TMO. Both ZnO and the
TMO are n-doped and exhibit a significant difference of work
functions, accounting for a proper alignment of the electron
and hole transport energy levels in the bottom and the top
OLEDs, respectively. Charge generation, however, takes place
at the TMO/organic interface with holes being injected into

Figure 1. Device architecture of the regular tandem OLED comprising
two Super Yellow emission layers and a ZnO/TMO charge generation
layer. The TMO layers were implemented by solution processing of
either WO3, MoO3, or VOx.
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Super Yellow and electrons being injected into the TMO.9 In
solution processed multilayer OLEDs, intermixing of adjacent
layers during layer deposition is a major threat to the device
performance and can ultimately lead to device failure. Especially
in tandem OLEDs, accurate multilayer stacking is necessary to
ensure efficient charge carrier generation within the CGLs and
charge carrier injection into the emission layers. Hence, before
assessing the optoelectronic device properties, we performed
ToF-SIMS and STEM-EDX measurements on the tandem
OLEDs to verify a successful implementation of the solution
processed multilayer stack. The intensities of the ToF-SIMS
signals from the relevant molecular fragments versus the cesium
ion sputter time are shown in Figure 2a for the OLED that
employs a CGL from ZnO and WO3. The signals monitor the
layer sequence within the OLED from the aluminum counter
electrode to the bottom ITO anode: the aluminum cathode

(Al3
−) is followed by a carbon signal (C4

−) from the Super
Yellow and PEI. The subsequent CGL is identified by a WO2

−

signal related to the WO3 layer and a zinc oxide signal (ZnO−).
Further in sputter time, the bottom OLED is represented by
another carbon signal for the Super Yellow and PEI layers. A
sulfur signal (S2

−) tracks the PEDOT:PSS hole injection layer.
Finally, we observe the ITO anode (InO2

−) signal. The distinct
signals of the various functional layers indicate a well-defined
layer sequence throughout the device with limited overlap
between the ZnO− and WO2

− signals. We find the same well-
defined layers when replacing WO3 by MoO3 or VOx, which
provides further degrees of freedom for the device architecture
design. The respective ToF-SIMS profiles of the ZnO/MoO3

and ZnO/VOx CGLs are depicted in Figures 2b and 2c, clearly
distinguishing the ZnO and MoO3 or ZnO and VOx layers,
respectively. Again, the CGL is framed by the carbon signal

Figure 2. (a) Normalized ToF-SIMS signals of the characteristic fragments Al3
− (Al), C4

− (Super Yellow, PEI), WO2
− (WO3), ZnO

− (ZnO), S2
−

(PEDOT:PSS), and InO2
− (ITO) versus sputter time of a typical polymer tandem OLED. The distinct profiles indicate good definition of the layers

and hence a successful implementation of the solution processed multilayer stack. (b and c) Normalized ToF-SIMS signals of the CGLs comprising
ZnO/MoO3 or ZnO/VOx. The data of the other functional layers match the data in part a. (d) Reconstructed 3D visualization of the OLED stacks
based on the respective analyzed 100 × 100 μm2 areas.
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from the Super Yellow and PEI layers. The reconstructed
device architectures based on the data gained from the ToF-
SIMS measurements in Figure 2d illustrate the very good layer
definition. The ToF-SIMS analysis was confirmed by HAADF-
STEM and STEM-EDX analysis of the ZnO/WO3 device
(Figure 3). The HAADF-STEM images in Figure 3a are in

good agreement with the nominal device architecture depicted
in Figure 1 consisting of the ITO substrate followed by the ∼32
nm PEDOT:PSS layer, the ∼60 nm Super Yellow/PEI layer,
the ∼40 nm CGL, the second ∼60 nm Super Yellow and PEI
layer, and the Al top contact. All layers are very well-defined
with low surface roughness. The STEM-EDX analysis further
reveals the layer structure based on the characteristic elements
in each layer depicted after Multivariate statistical analysis in
Figure 3b. In particular, the STEM-EDX analysis enables a clear
separation between the ZnO and WO3 in the CGL and shows
that ZnO is dominant in the bottom ∼10 nm of the CGL as
well as some ZnO intermixing with the WO3 layer above in
agreement with the ToF-SIMS profiles, which we attribute to
the rough ZnO surface (Rq = 10.3 nm from AFM measure-
ments) and consequently to the penetration of the WO3 layer
by ZnO domains.
After probing the definition of the layer stack, we investigated

the optoelectronic properties of the tandem OLEDs. Besides
the tandem devices, for reference, we built single emission layer

OLEDs. In order to accurately resemble the sub-OLEDs, we
incorporated the PEI and ZnO layers for electron injection into
the reference bottom OLED and the TMO layer for hole
injection into the reference top OLED. Accordingly, the
reference bottom OLED utilized an ITO/PEDOT:PSS/Super
Yellow/PEI/ZnO/Al architecture, whereas the reference top
OLED utilized an ITO/TMO/Super Yellow/PEI/Al architec-
ture. Hence, the reference bottom OLED is the same for all
three tandem architectures. Comparing the reference devices,
we observed an overall better performance of the top OLEDs
compared to the bottom OLED which can be attributed to the
temperature treatment of the bottom Super Yellow layer at 205
°C, which is known to lower the device performance.36 Figure 4
shows the optoelectronic characteristics of the reference
OLEDs and the corresponding tandem OLEDs. The J−V
curves are depicted in Figure 4a. For a given device current
density, the driving voltages of the reference top and bottom
OLEDs add up to the driving voltage of the tandem device,
indicating an electrically properly working tandem OLED.
Since the charges have to pass through two OLEDs, we expect
an enhanced light emission versus device current density in the
tandem OLED. This prediction is confirmed in Figure 4b, for
all three CGLs. In the current density regime below 30 mA/
cm2, the luminances of the reference bottom and top OLEDs
nicely add up to the luminances of the tandem OLEDs. For
higher current densities the luminance of the tandem devices is
somewhat lower than the sum of the two reference OLEDs.
This deviation may result from the onset of an unbalanced
electron−hole injection leading to a reduced current efficiency.
This might be related to the current density dependent trap-
related tunneling mechanisms in the CGL as discussed by Qi et
al.11,39 At a given luminance, the current efficiencies of the
tandem devices in Figure 4c match the sum of the current
efficiencies of the reference bottom and top devices. For
example, in the device with a ZnO/WO3 CGL, the current
efficiency of about 25 cd/A matches the sum of 10 cd/A for the
bottom and 15 cd/A for the top reference all over the
luminance range that is commonly considered for general
lighting, that is, between 1000 cd/m2 and 8000 cd/m2.
Likewise, the power efficiency of the tandem device matches
about the power efficiency of the reference device (Figure 4d).
Both indicate an excellent and balanced charge carrier injection
from the electrodes and the intermediate CGL.
We note, that in thin-film devices, cavity effects may play a

role and influence the emission of OLEDs. A preliminary
comparison of the emission spectra shows equal emission
profiles, indicating a negligible impact of cavity effects on the
device performance and emission.

■ CONCLUSION

We have investigated solution processed fluorescent tandem
OLEDs with regular device architecture. In order to ensure
proper electron injection into the bottom OLED, a
combination of ZnO and PEI was incorporated into the
CGL. For hole injection, high-work function TMOs (WO3,
MoO3, and VOx) were used. Current efficiencies up to 25 cd/A
were reached in the tandem OLEDs. Further investigations will
aim at the implementation of complementary emissive layers
(such as orange and blue emitting polymers) to generate white
light for general lighting. In future tandem OLEDs, triplet-
emitting dyes may lead to enhanced device performances. The
applied solution processes aim at future upscaling of the

Figure 3. (a) HAADF-STEM cross section image of a typical device.
(b) The HAADF-STEM reference image and the corresponding
Multivariate EDX analysis of the tandem OLED comprising the ZnO/
WO3 CGL reveal the characteristic elements within the tandem device.
Spatially resolved EDX mapping of the different elements shows good
definition of the layers. (c) EDX spectra corresponding to the different
components detected by Multivariate analysis. Ga- and Cu- signals
originate from the FIB preparation and the TEM Grid.
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tandem OLED fabrication utilizing printing or coating
processes.
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