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ABSTRACT: Bilayer white light-emitting devices are prepared from
solution, using an ionic orange phosphorescent organometallic
complex and a neutral fluorescent conjugated polymer. Because of
the very different polarity of the two components, they dissolve in
orthogonal solvents, allowing for the direct deposition of the blue
emitter on top of the orange emitter without the need of cross-linking
or special coating methodology. Fine tuning of the layer thickness of
both light-emitting layers allows for the color tuning of different types

of white light.
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B INTRODUCTION

In the last two decades, organic light-emitting diodes (OLEDs)
have been the subject of intense research that has brought them
from basic laboratory research into the market of flat displays."
On the other hand, white OLEDs (WOLEDs) for lighting
application are still far from experiencing a successful market
entrance, and many issues have to be solved in order to make
them a viable alternative to the current lighting technologies.’
In particular, a strong reduction of the manufacturing costs
must be addressed. Efficient commercial OLED displays consist
of multilayer devices fabricated by subsequent deposition of
functional organic molecules in high vacuum chambers, a
technique which obviously limits the production throughput
and inflates the final cost of the device. This makes efficient
WOLEDs too expensive to be competitive in the lighting
market.

Solution processing methods represents the most cost-
efficient alternative in the deposition of organic materials, since
it would allow preparing devices through established large area
coating/printing techniques on virtually any type of substrate.
Nevertheless, the preparation of multilayer structures by
solution processing remains challenging. Since organic semi-
conductors have similar solubility in organic solvents, the
subsequent deposition of thin layers on top of each other leads
to intermixing and morphological damage of the organic films.
Several strategies have been proposed to address this problem,
typically consisting of making the bottom layer invulnerable to
the deposition of the next one. A successful approach is the use
of cross-linkable semiconducting polymers that can be made
insoluble through simple photocuring or thermal curing.*”®
These materials have the additional advantage of enabling
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direct patterning through conventional photolithography,
which is desired to define OLED pixels in displays
applications.”'® Besides the high versatility of this method,
the addition of curing agents into the organic semiconductors
leads to the presence of considerable amounts of chemical
residues that might undermine the device stability. A similar
approach is the use of high- and/or long-temperature annealing
treatments in order to make an insoluble polymeric thin
film."' ™' However, the thickness and morphology of the
annealed polymer layers are difficult to control, and most of the
time, the subsequent deposition of a top layer causes partial
dissolution or damage of the bottom layer. A more elegant
approach is the use of orthogonal materials, which consists of
the alternate deposition of hydrophobic and hydrophilic species
from organic and polar solvents, respectively.'” With this
respect, conjugated polyelectrolytes have gained much
attention as charge transport materials, while, more recently,
it has been demonstrated how fluorinated polymers simulta-
neously enables both orthogonal processing and direct
patterning through photolithography.'®>°

All the mentioned techniques rely on sophisticated chemical
modifications of the organic semiconductors in order to obtain
multilayer structures with neat interfaces and reproducible
electronic behavior. In this communication, we demonstrate
solution processed multilayered white OLEDs employing a
standard conjugated polymer combined with ionic transition-
metal complexes (iTMCs). The latter class of compounds is
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characterized by high photoluminescence quantum yields
(nearly quantitative in solid state), tunable emission over the
entire spectral range, and quantitative yield synthesis.”' ~>* With
these motivations, iTMCs have been successfully employed in
light-emitting electrochemical cells (LECs), as a simpler
alternative to standard OLEDs.**™>” Their poor solubility in
organic solvents and their high solubility in polar solvents make
them ideal candidates in the preparation of multilayered,
solution-processed light-emitting devices. As a proof of
principle, we demonstrate that simple solution processed
multilayered WOLEDs can be prepared by combining a thin
layer of an orange light-emitting iTMC with a film of a blue-
emitting polymer. By tuning the iTMC and polymer film
thickness, bright white electroluminescence with variable color
temperature can be obtained, demonstrating the versatility and
potential of this approach.

B EXPERIMENTAL SECTION

Aqueous dispersions of poly(3,4-ethylenedioxythiophene) doped with
poly(styrenesulfonate) (PEDOT:PSS, CLEVIOS P VP Al 4083) were
obtained from Heraeus Holding GmbH and used as received. The
ionic transition-metal complex (iTMC) 6-phenyl-2,2'-bipyridine
(bis[2-(phenyl)pyridinato]iridium(III) hexafluorophosphate [Ir-
(ppy).(Hpbpy)][PFs] was synthesized following a previously
published procedure.”® The ionic liquid (IL) 1-butyl-3-methyl
imidazolium hexafluorophosphate (BMImPF,) was purchased from
Aldrich. The blue-emitting polymer CB02 was obtained from Merck
OLED Materials GmbH.

Commercial patterned indium tin oxide (ITO)-coated glass
substrates (www.naranjosubstrates.com) were thoroughly cleaned
through chemical and UV-ozone methods and used as the transparent
anodes. Sixty nanometer thick PEDOT:PSS layers were spin-coated on
top of the conductive substrates and subsequently annealed at 150 °C
for 30 min. Thin films of [Ir(ppy),(Hpbpy)](PFs) with variable
thickness were spin-coated on top of the PEDOT:PSS from
acetonitrile by varying the concentration of the solutions (typically
from 0.25 wt % to 0.5 wt %). Small amounts of IL were added to the
metal complex solution in order to enhance the ionic conductivity of
the resulting layers.”® After spin coating, films were dried in an
ambient atmosphere at 150 °C for 5 min. The blue-emitting layers
were deposited on top of the iTMC films by spin-coating of mesitylene
solutions of the CB02. All solutions were filtered over a 0.20-um
polytetrafluoroethylene filter before the deposition. Finally, the metal
cathodes composed by Ba (S nm) and Ag (100 nm) were evaporated
in a high vacuum chamber integrated in an inert glovebox atmosphere
under a base pressure of 1 X 107 mbar.

All device measurements were performed in an inert atmosphere.
Thicknesses of the organic films were determined using an Ambios
XP1 profilometer (limit ~1 nm). The current-density-versus-voltage
(J-V) and electroluminescence-versus-voltage (L—V) characteristics
were collected using a Keithley Model 2400 source measurement unit
and a Si-photodiode coupled to a Keithley Model 6485 picoamper-
ometer, respectively. The photocurrent was calibrated using a Minolta
Model LS100 luminance meter. Electroluminescence spectra were
recorded using an Avantis fiber-optics photospectrometer.

B RESULTS AND DISCUSSION

In the device architecture presented here (Figure 1), it is
essential that the solution processing of the top blue-emitting
polymer does not cause dissolution or damage of the
underlying active film. This can be achieved by using mesitylene
as the solvents for the CB02 deposition, which has a dielectric
constant of ~2.3.>° The extremely low polarity of mesitylene
ensures that no etching of the hydrophilic iTMC layer occurs
during the polymer processing, resulting in a neat and
homogeneous heterojunction between the two materials. This
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Figure 1. Schematic view of the multilayered white organic light-
emitting diodes (OLEDs) with the chemical structure of the active
species used as emitters.

was verified by analyzing the ultraviolet—visible light (UV-vis)
absorption spectra of the iTMC film upon sequential rinsing
with mesitylene (see Figure S1 in the Supporting Information).
No changes were observed in the absorption spectra. Since the
absorption spectra are very sensitive to variations in film
thickness, this implies that no redisolving of the iTMC layer
occurs in this process. In addition to this, atomic force
microscopy (AFM) images were obtained from the pristine and
mesitylene-rinsed iTMC layers (Figure 2). The films appear
very smooth before and after rinsing with mesitylene, which
again indicates that the iTMC film is not affected by coating a
second film from a mesitylene solution on top of it.

Various devices with different layer thicknesses of both the
iTMC and the polymer layer have been tested, in order to find
a balance in the emission of the respective materials. Here, we
present a series of three devices, where the thickness of the
blue-emitting polymer layer is kept constant at 70 nm, while the
thickness of the iTMC is tuned from 20 nm (dev. X) to 25 nm
(dev. Y) and 30 nm (dev. Z). We will show how such a small
dimensional difference has a drastic effect on the emission
spectra of the bilayer devices.

In Figure 3, the current density and luminance versus voltage
(JVL) characteristics of the three devices are reported. The
current density (Figure 3a) flowing through the three devices is
similar, because of the small difference in the iTMC layer
thickness. Interestingly, current starts to be injected at a voltage
(~5 V) that is much higher, compared to the difference in
energy between the two electrodes (~2.4 eV, —=5.1 eV and —2.7
eV from the vacuum level for ITO/PEDOT:PSS and Ba,
respectively). Since the CB02/Ba contact is ohmic, this effect is
likely due to the presence of a relatively high energy barrier at
the PEDOT:PSS/iTMC interface or to the ions redistribution
in the ionic layer under the applied field (Figure 3a).>' ™ Light
emission (Figure 3b) turns on at approximately the same
voltage, increasing till values comprises between 200 and 700
cd/m? are reached at 10V, for devices X-Y and Z, respectively.
The resulting efficacy increase as the iTMC layer thickness is
increased, from 0.41 cd/A for device X, 0.46 cd/A for device Y,
and 0.90 cd/A for device Z (see inset of Figure 3b). This trend
is not unexpected, since the orange emitter itself can lead to
much more efficient devices, compared to the blue polymer,
and a thicker layer should enhance the orange emission, as
discussed later in this work.**** The low efficacy of these
WOLEDs, compared to, for example, the single-layer devices
employing CB02 or [Ir(ppy),(Hpbpy)](PFs) as active
materials, is probably due to exciton quenching phenomena.
Single-layer devices using CB02 were published previously by
our group and showed slightly lower current densities at similar
driving voltages.35 However, in these single-layer CB02 devices,
the current efficiency was higher, reaching values of 2 cd/A
when PEDOT:PSS was used as the hole injection layer. A
direct comparison with a single-layer device using [Ir-
(ppy)»(Hpbpy)](PF) as the active material as described in
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Figure 2. Atomic force microscopy (AFM) images of an ionic transition-metal complex (iTMC) layer (top row) and iTMC layer rinsed with
mesitylene (bottom row), depicting height, amplitude, and phase. Measurements were performed on a 10 ym X 10 ym surface.
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Figure 3. Current density (a) and luminance (b) versus applied bias
for a series of bilayer OLEDs with structure ITO/PEDOT:PSS (60
nm)/iTMC (x nm)/CB02 (70 nm)/Ba (5 nm)/Ag (100 nm), with
increasing thickness of the [Ir(ppy),(Hpbpy)](PFs) orange iTMC
emitter. Inset of Figure 3a shows the efficacy versus the applied bias for
the same devices.

ref 28 is not so straightforward. In such a device, the charge
injection is dependent on the movement of ions toward the
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respective electrodes, leading to the formation of dynamically
doped layers. Therefore, the current density and luminance
versus voltage analysis are time-dependent. In our double-layer
devices, the formation of doped zones is not occurring, because
of the ion-free top CB02 layer. Because of this, no increase of
the J—V curves is observed with increasing operation time.
Nevertheless, below the potential origin of the low efficiencies
observed in this particular bilayer devices is commented upon.

In a first approximation, the exciton generation zone can
extend over both the orange- and blue-emitting layers, since
only a low energy barrier is present at the heterojunction for
both negative and positive carriers (Figure 4a). The singlet
excitons generated in the polymer can either radiatively
recombine or migrate to the heterojunction where they are
transferred to the iTMC. The same is true for the nonemissive
polymer triplet exciton, which, in principle, can migrate in the
orange layers and thus potentially contribute to the overall
electroluminescence. Unfortunately, the triplet energy of the
phosphorescent and fluorescent materials are similar (Figure
4b), and the back transfer of excitons from the iTMC layer to
the polymer can also occur. This possibility is valid also for the
triplet excitons directly generated in the iTMC. These
processes would mean that a large number of potentially
emissive states are lost due to the energy transfer to
nonemissive triplet states in the polymer. Finally, exciton
separation cannot be excluded at both the PEDOT:PSS/iTMC
or the CB02/Ba interfaces.

The electroluminescence spectra for the bilayer WOLEDs, as
a function of the [Ir(ppy),(Hpbpy)](PF¢) layer thickness as
well as the applied bias, are reported in Figure 5. The
corresponding colors, expressed as Commission Internationale
de L'Eclairage (CIE) coordinates, are also included.

The spectra of device X (20 nm iTMC layer thickness) at 6
V shows a broad emission that extends over the entire visible
range, with an intense peak centered at 475 nm and a weaker
shoulder at ~580 nm, which is characteristic of the blue and
orange emission of the CB02 and [Ir(ppy),(Hpbpy)](PF),
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Figure 4. (a) Scheme of the energy levels of the materials employed in
the devices. (b) Schematic representation of the energy levels with
different spin multiplicity involved in the electroluminescence. Energy
levels are taken from literature data,****3%%”

respectively. The correspondent color point lies at the frontier
between the white zone and the blue zone of the CIE diagram,
because of the dominant CB02 emission. Increasing applied
bias (7 V) lead to an enhancement of the orange emission with
a consequent shift of the color coordinates very close to the
white point (x = 0.324, y = 0.337; white point: x = y = '/;).
This demonstrates how, with this simple double layer structure,
an almost-ideal white emission can be obtained. Higher applied
biases further increase the orange emission of the iTMC
(Figure Sa), with only a small shift in the correspondent color

points that keep being centered in the white zone and aligned
to the blackbody emission curve. The fact that the blue
emission is dominant at low bias suggests that the
recombination zone should be located at the heterojunction
but extends into the polymer layer. The evolution of the spectra
can be attributed to a narrowing of the emission zone in the
vicinity of the iTMC/CB02 heterojunction at higher driving
voltage. Figure Sb reports the electroluminescence spectra for
the device with a 25-nm-thick [Ir(ppy),(Hpbpy)](PFs) film
(device Y). At low bias (7 V), the blue and orange components
have similar intensity, leading to color coordinates that are,
again, very close to the white point (x = 0.353, y = 0.350). The
electroluminescence spectra evolve with increasing voltages, as
observed for device Y, with an augmented intensity of the
iTMC orange emission to the detriment of the blue
component. In this case, however, the spectra and the
correspondent color coordinate variations are greatly reduced
in the 8—10 V bias range, showing a stable and white
electroluminescence. Further increases in the iTMC layer
thickness (30 nm, device Z) lead to an almost-voltage-
independent emission spectra profile (see Figure Sc),
characterized by a weak blue emission and a very strong
orange phosphorescence, which causes the correspondent color
coordinates to settle at the edge between the white zone and
the orange zone of the CIE diagram.

In addition to being a demonstration of the possibility of
preparing a simple solution-processed bilayer WOLED, the
electroluminescence data give important insights of the
optoelectronic processes that are occurring within the device
itself. The emission zone is likely to be located close to the
iTMC/CBO02 heterojunction, since emission from both
materials was measured independently on the applied bias
and iTMC layer thickness. At low driving voltage, for a thin
orange-emitting layer (dev. X), the blue emission is 2 times
stronger than the orange one, meaning that the recombination
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Figure 5. Normalized electroluminescence spectra for device X (a), Y (b), and Z (c), recorded at increasing driving voltage. The bottom graphs
report the correspondent CIE color coordinates (bottom). The black arrows indicate increasing driving voltages.
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zone extends into the CB02 film. Increasing the bias augments
the electron density in the device, inducing a shift of the
recombination zone toward the iTMC layer. The same effect
can be obtained by changing the [Ir(ppy),(Hpbpy)](PF) layer
thickness, resulting in a strong orange electroluminescence,
even at low bias, as observed for devices Y and Z. This means
that the color of the emission in this solution-processed OLED
can be finely tuned through the control of the layer thicknesses
and driving voltage.

B CONCLUSIONS

A novel solution-processed multilayer white organic light-
emitting diode (WOLED) architecture that combines materials
dissolving in orthogonal solvents has been presented. The use
of an ionic organometallic complex allows for the preparation
of a multilayer architecture by simple solution processing,
thanks to their unique solubility in polar solvents. Through an
accurate tuning of the layer thickness of the emissive materials,
white emission with color coordinates close to the Commission
Internationale de L'Eclairage (CIE) white point were obtained.
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UV-vis absorption spectra can be found in the Supporting
Information. This information is available free of charge via the
Internet at http://pubs.acs.org/.
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