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Get it white: color-tunable AC/DC OLEDs

Markus Frobel!, Tobias Schwab!, Mona Kliem!, Simone Hofmann', Karl Leo' and Malte C Gather'>

Organic light-emitting diodes (OLEDs) have gained considerable attention because of their use of inherently flexible materials and their
compatibility with facile roll-to-roll and printing processes. In addition to high efficiency, flexibility and transparency, reliable color
tunability of solid state light sources is a desirable feature in the lighting and display industry. Here, we demonstrate a device concept
for highly efficient organic light-emitting devices whose emission color can be easily adjusted from deep-blue through cold-white and
warm-white to saturated yellow. Our approach exploits the different polarities of the positive and negative half-cycles of an alternating
current (AC) driving signal to independently address a fluorescent blue emission unit and a phosphorescent yellow emission unit which
are vertically stacked on top of each other. The electrode design is optimized for simple fabrication and driving and allows for
two-terminal operation by a single source. The presented concept for color-tunable OLEDs is compatible with application

requirements and versatile in terms of emitter combinations.
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INTRODUCTION

In recent years, organic light-emitting diodes (OLEDs) have evolved
into a mature technology and OLEDs are now used in various display
applications. OLEDs provide an internal charge-to-photon conver-
sion efficiency of nearly 100% and deliver homogeneous emission over
large areas, making them promising candidates for new and innovative
lighting applications.' White OLEDs, in particular, offer great poten-
tial for energy-efficient general illumination: luminous efficacies of
more than 90 Im W™, comparable to the best fluorescent tubes, have
already been reported.> Furthermore, OLED-based light sources can
be made mechanically flexible and transparent, offering new oppor-
tunities for architecture, visual art and decoration.* The reliable real-
time tunability of the OLED emission color would impart further
momentum to OLED technology on its way to becoming a widespread
source of general illumination. Thus far, two different color-tuning
concepts have prevailed in the literature. One exploits voltage-
dependent changes in emission color and was demonstrated as early
as 1994 for OLED:s fabricated from polymer blends.’ Voltage-depend-
ent color shifts are the result of a variety of mechanisms, e.g., voltage-
dependent charge trapping, a spatial shift of the recombination zone, a
modified exciton distribution, or exciton quenching at high current
densities.>”” However, this approach has several drawbacks: not only
are the mechanisms that lead to voltage-dependent color-shifts dif-
ficult to control, but adjusting the driving voltage also unavoidably
results in a dramatic and undesired change in device brightness. The
second concept overcomes the disadvantages of the voltage-controlled
approach by using a stacked tandem OLED structure with two (or
more) independently addressable units emitting light of different col-
ors.®? In comparison with the first method, this approach provides

much greater control over the emission spectrum. However, to indi-
vidually address each unit, an additional electrode must be added into
the device stack as a connection between two adjacent units. This
intermediate electrode must be transparent and therefore must be
made either of a thin metal layer (~15 nm) or from indium tin
oxide.' However, the deposition of indium tin oxide can be prob-
lematic due to sputter-induced damage to the organic material under-
neath,"" whereas metal films absorb a significant amount of light and
introduce additional micro-cavity effects.'>'* Hence, the device
development of highly efficient color-tunable OLEDs remains experi-
mentally challenging: the color-tunable OLEDs that have been
reported thus far demonstrate relatively modest efficiencies (<10%
external quantum efficiency (EQE), <10 Im W), despite the use of
phosphorescent emitter systems.'>'® Although these reports on ver-
tical stacking of two independently controllable emission units have
demonstrated only moderate performance, we believe that an efficient
realization of such a system is a necessary and important step toward
RGB full-color devices in which three independent emission units are
stacked on top of each other. Such a vertically stacked RGB config-
uration is highly attractive for display applications as it allows for
greatly increased pixel densities and a close-to-optimal utilization of
the available display panel area for all colors.

In this work, we demonstrate highly efficient color-tunable white
OLEDs based on a combination of a fluorescent blue emitting unit and
a phosphorescent yellow emitting unit for the generation of white
light. In contrast to the majority of publications on this topic, our
devices are driven by an alternating current (AC) signal, which allows
us to reduce the required number of independently addressable elec-
trodes from three to only two.*'*™'® By using an ultrathin and highly
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transparent layer of highly conductive metal as the intermediate elec-
trode,’® 2! our devices achieve efficiencies comparable to those of
state-of-the-art non-color-tunable white OLEDs with the additional
advantage of providing continuous color tuning at constant bright-
ness from deep blue through cold-white and warm-white to saturated
yellow. Our device efficiencies of up to 36.8 Im W' at warm-white
color coordinates are—to the best of our knowledge—the highest
values achieved thus far for any freely color-tunable white OLED.
Furthermore, we compare the performance of three different emitters
within the blue emitting unit and provide general design rules to
achieve high luminous efficacies (LEs) in such devices. We refer to
our devices as AC-driven direct-current (DC) OLEDs, or AC/DC
OLEDs, to clearly distinguish them from capacitively coupled
OLEDs, which operate without direct charge injection from the elec-
> 22-24

trodes and which are frequently referred to as ‘AC-OLEDs’.

MATERIALS AND METHODS

Our device architecture comprises a yellow phosphorescent pin-
OLED stacked on top of a blue fluorescent pin-OLED, as schematically
illustrated in Figure 1a.”® Internally, our devices contain three electro-
des (labeled E1, E2 and E3 in Figure 1a); however, E1 and E3 are
electrically connected inside the device and thus, are at the same
potential upon application of a voltage and can be addressed via a
single external contact. E2 is the independent counter-electrode. The
polarity between E1/E3 and E2 controls whether the blue- or the
yellow-emitting sub-unit of the device is active: when E1/E3 is placed
at a positive potential with respect to E2, we observe blue emission
because the blue sub-unit is biased in forward direction, whereas the
yellow sub-unit is biased in reverse direction and thus exhibits a neg-
ligible current density and no yellow emission. Upon a change in
polarity, i.e., the application of a negative voltage to E1/E3, the device
emits yellow light, as it is now the yellow-emitting sub-unit that is
biased in forward direction. This polarity-dependent emission is
depicted in Figure 1b. To study the influence of the blue-emitting
sub-unit on the performance and color tunability of our AC/DC
OLEDs, we investigated three different blue sub-units based on the
blue fluorescent emitters 4P-NPD (sample S1), PPIP (sample S2) and
MADN:TBPe (sample S3) (Figure 1c).

All layers were deposited in a UHV chamber at a base pressure of
approximately 10~® mbar onto glass substrates coated with structured
tin-doped indium oxide, which served as a transparent bottom elec-
trode. The thickness and deposition rates of the organic materials were
measured via quartz crystal monitoring. The evaporation rates varied
from 0.3 A s~ ! for the emission layer to 1 A s™! for the p- and n-type
layers. Doping was realized by co-evaporation of the matrix material
and the dopant.

As the p-type layers, we used 2,2’,7,7' -tetrakis-(N,N-di-methylphe-
nylamino)-9,9’-spirobifluorene (Spiro-TTB) doped with 4 wt-% 2,2'-
(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ).
The n-type layers consist of 4,7-diphenyl-1,10-phenanthroline (BPhen)
doped with cesium (Cs). For the blue emission layer, either N,N’-di-1-
naphthalenyl-N,N’-diphenyl-[1,1":4",1'":4"",1"""-quaterphenyl]-4,4""" -
diamine (4P-NPD), 4,4'-bis(1-phenyl-1H-phenanthro[9,10-d]phe-
nanthroimidazol-2-yl)biphenyl (PPIP) or 2-methyl-9,10-bis(naphtha-
len-2-yl)anthracene (MADN) doped with 1.5 wt-% 2,5,8,11-tetra-tert-
butylperylene (TPBe) was used.*® The yellow emission layer is a dou-
ble-emission structure, fabricated from a combination of the primarily
hole-conducting 4,4',4""-tris(N-carbazolyl)-triphenylamine (TCTA)
matrix and the electron-conducting 2,2',2"'-(1,3,5-phenylen)tris(1-
phenyl-1H-benzimidazol) (TPBi) matrix, both doped with 8 wt-%
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Figure 1 (a) Schematic illustration of the architecture of the investigated color-
tunable AC/DC OLEDs with electrodes and wiring connected to an AC power
supply (Vac). Electrodes E1 and E3 are connected to each other and E2 is the
independent counter electrode, allowing for two-terminal device operation using
only one power supply. (b) Photographs showing an AC/DC OLED sample upon
application of a DC bias (blue emission), a DC bias with reversed polarity (yellow
emission), and an AC voltage with a frequency of 50 Hz (white emission). (c)
Chemical structures of 4P-NPD, PPIP and MADN : TBPe which were the three
blue emitter systems investigated in this study. AC, alternating current; DC,
direct-current; OLED, organic light-emitting diode.

of the phosphorescent yellow emitter bis(2-(9,9-dihexylfluorenyl)-1-
pyridine)(acetylacetonate)iridium(III) (Ir(dhfpy),(acac)). Electron-
and hole-blocking layers (EBL/HBL) confine the charge carriers and
excitons to the emission layer. In the case of the yellow-emitting unit,
aluminum(III) bis(2-methyl-8-quninolinato)-4-phenylphenolate (BAlq,)
and 2,2',7,7'-tetrakis-(N,N-diphenylamino)-9,9'-spirobifluorene (Spiro-
TAD) were used as the HBL and EBL, respectively. The HBL/EBL
combinations were different for the different blue-emitting units.
In the case of 4P-NPD and PPIP, we used BPhen/Spiro-TAD
and BPhen/N,N’-di(naphthalen-1-y1)-N,N’-diphenyl-benzidine (alpha-
NPD), respectively. For MADN:TBPe, BAlq, was used as the HBL and
alpha-NPD was used as the EBL. The highly transparent central multi-
layer electrode is a combination of 2 nm of gold (Au) and 9 nm of
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silver (Ag). An aluminum (Al) layer of 100 nm thickness was used as a
highly reflective top electrode. E1 and E3 were processed using the
same shadow mask. As the organic layers do not completely cover
E1, the two electrodes have a direct electrical connection. In this
way, our device design allows for easy fabrication and the internal
connection between E1 and E3 requires no additional space on the
substrate. The active area of the device is 6.49 mm?®. Prior to device
investigation, the samples were encapsulated in a nitrogen glovebox.

The current—voltage-luminance (~V-L) characteristics of our
devices were measured using a source measure unit (SMU 2400;
Keithley Instruments, Cleveland, Ohio, USA) in combination with a
calibrated Si photo-diode. A calibrated spectrometer (CAS 140,
Instrument Systems, Munich, Germany) recorded the spectral radi-
ance in forward direction. Angle-dependent measurements were used
to determine the EQEand LE of the blue and yellow units, respectively,
and were performed in a spectrogoniometer setup that included a
calibrated Ocean Optics USB4000 miniature spectrometer. The elec-
trical characteristics of the device under AC driving were measured
using a high-precision digital power meter (WT1600; Yokogawa,
Tokyo, Japan). The WT1600 measures current, voltage and the phase
angle between the two quantities to provide correct values for the
dissipated power. The luminous flux under AC conditions was
obtained in a calibrated integration sphere (LMS-100, d=250 mmy;
Labsphere, North Sutton, New Hampshire, USA).

RESULTS AND DISCUSSION

The electrode design of the AC/DC OLEDs allows independently
investigating the electrical and optical characteristics of the yellow-
and blue-emitting units under DC conditions by changing the polarity
of the applied voltage. Figure 2 presents the j—~V-L characteristics for
each individual emission unit, as well as the EQE and LE of each unit.
For a negative bias, only the yellow unit is active and the choice of the
blue emitter should not influence the performance. Both the j~V char-
acteristics and the V=L curves of the yellow unit are indeed identical
for all three samples (Figure 2a). As expected, the differences in effi-
ciency between the individual samples are also within the range of the
sample-to-sample variation (Figure 2c). At a brightness of 1000 cd
m™ 2, we obtain EQEs of 15%-16% and LEs of 50-55 Im W ! for
the yellow units in the various samples. For the three different blue
emitters, we observe very similar 7~V behavior and only small differ-
ences in the V=L characteristics (Figure 2b). With regard to efficiency,
the AC/DC OLED with 4P-NPD—a deep-blue emitter—exhibits the
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lowest LE of approximately 1.2 Im W™ " at 1000 cd m ™2, whereas the
sky-blue emitter PPIP and the host:guest system MADN:TBPe yield
LEs of 2.31m W' and 4.4 Im W™, respectively, as shown in
Figure 2d. The EQE values of the three different blue units range from
2.5% in the case of PPIP and over 3.1% in the case of 4P-NPD to
approximately 3.4% in the case of MADN:TBPe. The emission spectra
of the blue- and the yellow-emitting units of samples S1, S2 and S3 are
provided in Supplementary Fig. S1.

Upon application of an AC signal, the device alternately emits pulses
of blue and yellow light. When a sufficiently high frequency is used, the
human eye cannot resolve the separate emission from each unit, but
instead perceives a color equivalent to the integrated emission over
several operation cycles (cf. demonstration in Supplementary Movie
1 and Figure 1b). By modifying the pulse width and/or pulse height
ratios between the positive and negative half-cycles of the AC signal,
the relative contributions of blue and yellow emission can be adjusted,
thereby allowing for tuning of the emission color perceived by the
human eye (cf. demonstration in Supplementary Movie 2).

To study this color tuning in greater detail, we used a square-wave
signal with equal pulse lengths in both the positive and negative half-
cycles and tuned the emission color by varying the ratio between the
voltages applied during the forward and backward pulses, as illustrated
in the top row of Figure 3. The emission spectra for the three samples,
S1,S2 and S3, are presented in the corresponding rows in Figure 3. For
the spectra shown in columns 1 and 5, the voltage applied during
either the negative or the positive half-cycle is zero, and pure emission
from either the blue or the yellow unit can be observed. Column 3
represents the symmetric situation in which the absolute voltage
applied during the forward and backward pulses is equal, leading to
mixed emission from both units (cf. Figure 1b). Intermediate non-
symmetric waveforms lead to a reduced contribution from one of the
emission units (columns 2 and 4). Figure 4 presents the corresponding
CIE coordinates for all emission spectra. The CIE coordinates assoc-
iated with the different pulse forms are located along straight lines
starting in the blue region and ending in the yellow region of the color
space. The emission spectra of the pure yellow units are identical for
S1, S2 and S3. As a result, all three samples are characterized by the
same yellow color point in the CIE diagram while having different
origins in the blue CIE region because of the different blue emitter
systems used. As indicated by dotted lines in the CIE diagram in
Figure 4, all color points on the connecting lines between the begin-
ning and end points can be reached by changing the ratio of the
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Figure 2 Current density (j) and luminance (L) as functions of voltage (V) for the (a) yellow-emitting units and (b) blue-emitting units of samples S1, S2 and S3. The
corresponding EQE and LE values as functions of luminance are presented in (c) and (d) for the yellow and blue units, respectively. Data were acquired during DC
operation, neglecting leakage currents through the reverse-biased opposite unit of the device. DC, direct-current; EQE, external quantum efficiency; LE, luminous

efficacy.
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Figure 3 Emission spectra of S1, S2 and S3 when the five different 50 Hz square-wave signals depicted in the top row are applied. Columns 1 and 5 represent pure
emission from the blue or yellow unit, as either the negative or the positive half-cycle is zero. Column 3 represents mixed emission from both units when the samples are
driven by a symmetrical signal. Intermediate waveforms lead to a reduced contribution from one of the emission units (columns 2 and 4).

voltage pulse intensities and hence the fractions of blue and yellow
emission contributing to the resulting spectrum. The color-tuning
curves of S1 (4P-NPD) and S2 (PPIP) intersect the Planckian locus
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Figure 4 Color coordinates corresponding to the emission spectra presented in
Figure 3 for S1, S2 and S3.
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(i.e., the line that describes radiation from black-body radiators at
various temperatures); for S1, this intersection is very close to the
warm-white color reference point A.

As the next step, we measured the LEs of S1, S2 and S3 at a brightness
of 1000 cd m™? when the devices were tuned to warm-white color
coordinates. For this experiment, color tuning was performed by
adjusting the ‘on time’ of each unit, i.e., by varying the relative pulse
widths of the positive and negative half-cycles at equal and constant
pulse heights or driving voltages. Compared with the previously
demonstrated pulse height modulation, this approach allows for finer
tuning of the emission color, as small changes in the on time ratio
between the two units also lead to small shifts in emission color. By
contrast, small variations in the driving voltage result in large varia-
tions in luminance (because of the super-linear diode behavior of the
individual units) which lead to strong color shifts. For all three sam-
ples, Table 1 summarizes the LE, the CIE color coordinates, the color
rendering index (CRI) and the on time ratio between the blue and
yellow units that was required to reach the color point A. Samples S2
(PPIP) and S3 (MADN:TBPe) achieved LEs of 31.51m W' and
27.9 Im W™, respectively.

Interestingly, the white AC/DC OLED with 4P-NPD achieved the
highest LE, although the LE of 4P-NPD is considerably lower than
those of the other two blue emitters (cf. Figure 2d). This observation is
explained by the considerable difference in LE between the blue and
yellow emitter systems (cf. Figure 2c and 2d), as the phosphorescent
yellow unit has a 40-fold higher LE than does the fluorescent blue unit.
It is therefore important to maximize the on time of the yellow emitter
and keep the contribution of the blue emitter to a minimum.
Considering the on time ratios of the three emitter systems under
investigation (cf. Table 1), we find that this is best achieved using

doi:10.1038/Isa.2015.20



Color-tunable AC/DC OLEDs
M Frobel et al

Table 1 CIE color coordinates, CRI, on time ratio of the blue and yellow units, and luminous efficacy for S1, S2 and S3

Sample Blue emitter CIE CRI On time (%)? blue unit/yellow unit Luminous efficacy® (Im W™1)
S1 4P-NPD (0.44,0.45) 38 15/85 36.8
S2 PPIP (0.44,0.47) 36 20/80 315
S3 MADN : TBPe (0.41,0.44) 35 30/70 279

Abbreviation: CRI, color rendering index.

@50 Hz AC signal, 2.93 Vs, equal pulse heights for positive and negative half-cycles.

® At a brightness of 1000 cd m™2.

the deep-blue emitter 4P-NPD, for which the on time of the blue unit
for warm-white emission is merely 15%. The more sky-blue emitters
PPIP and MADN:TBPe require increased on times of 20% and 30%,
respectively, resulting in reduced LEs compared with the 4P-NPD
sample. The obtained efficiency value of 36.8 Im W™ is even higher
than the value 0f 32.6 Im W™ that has recently been achieved for non-
color-tunable white OLEDs using the same emitter materials in a
triplet-harvesting configuration®” and, to our knowledge, represents
the best efficiency achieved thus far for any freely color-tunable white
OLED. As previously mentioned, the high efficiency of AC/DC OLEDs
results predominantly from the high efficiency of the yellow unit,
which can operate close to its maximum internal quantum efficiency
because of the direct electrical excitation. By contrast, the internal
quantum efficiency of the yellow emitter in the triplet-harvesting
white OLED is limited to approximately 50% because of the moderate
exciton-harvesting efficiency.”’

The low CRI values for all three samples (cf. Table 1) result from the
combination of only two emitters (blue and yellow) to obtain white
light, which means that important contributions in the green and deep-
red spectral regions are missing. However, as the device design of AC/
DC OLED:s is highly flexible in terms of emitter combinations, this
problem of low CRI can be addressed quite easily, e.g., by modifying
the blue emission unit into a blue+red triplet-harvesting emission unit
and replacing the yellow phosphor with a green phosphorescent emit-
ter. The presence of red, green and blue emitters would guarantee a high
CRI, and the combination of a highly efficient triplet-harvesting unit
(blue+red can be more efficient than blue+yellow because of the more
favorable relative triplet energy levels) and a phosphorescent green
emitter is expected to result in high overall efficiency.

The operational stability of AC/DC white OLEDs is comparable to
that of conventional DC-driven white OLEDs, and in preliminary
tests, we did not observe any adverse effects of driving these devices
with an AC signal instead of the commonly used DC bias.

CONCLUSIONS

In summary, we demonstrated highly efficient color-tunable AC/DC
OLEDs based on a combination of a blue-emitting unit and a yellow-
emitting unit. The fabrication and electrical driving of these devices
were simplified by reducing the number of independent electrodes to
two and using an AC voltage for color tuning. Color tuning can be
accomplished either by modifying the pulse height or by adjusting the
pulse width ratio between the positive and negative half-cycles of the
AC signal. The influence of the central electrode on the optical char-
acteristics of the OLEDs was reduced by using a highly transparent
thin-film metal electrode. In combination with the deep-blue fluor-
escent emitter 4P-NPD, this leads to an impressive luminous efficacy
0f36.8 Im W™ ! at warm-white color coordinates of (0.44,0.45) and at
brightness levels compatible with application requirements (1000 cd
m™?). All efficacy values reported here were obtained without any

doi:10.1038/Isa.2015.20

outcoupling enhancement. By integrating well-established light-
extraction techniques, a two- to three-fold improvement in luminous
efficacy can be achieved.”®

To demonstrate the versatility of our approach and to investigate
the influence of different blue emitters on the device performance,
measurements were performed using the sky-blue emitter systems
PPIP and MADN:TBPe. These measurements indicated that the use
of a deep-blue emitter such as 4P-NPD is beneficial for obtaining a
high luminous efficacy, as it allows the on time of the blue unit to be
reduced.

In future work, this concept could be extended to three pin-OLEDs
stacked on top of each other to provide red, green, and blue emission.
This configuration is particularly interesting for display applications,
in which a vertical stacking of the red, green and blue sub-pixels would
allow for higher pixel densities and an optimal fill factor in compar-
ison with conventional side-by-side fabrication.
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