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Abstract

White-color organic light-emitting diodes (WOLEDs) have aroused wide interests for future lighting because of low energy consumption in
principle, while still suffer from the degradation by Joule heating and polaron-induced quenching under high luminance caused by high
current in practical. To obtain high current efficiency, which means high luminance at low current density, tandem WOLEDs with multiple
electroluminescence (EL) units connected in series with charge generation layers (CGLs) have been developed. Here we report the improved
hybrid tandem WOLED with two EL units, EL1 and EL2, where EL1 and EL2 generate fluorescent blue and phosphorescent yellow emissions
from a metal-free material BCzVBi and a Ir-complex (fbi),Ir(acac), respectively, with CGL composed of a HATCN/NPB bilayer. The white-light
emitting device shows the maximum current efficiency and power efficiency of 60.2 cd/A and 29.6 Im/W, respectively, without out-coupling
structure. A low driving voltage of 6.5 V at 1,000 cd/m? is realized, which is an important value because such a luminance is required for
actually employed lighting device. The blue emission appears from 5.4V, and the light color changes from yellowish to bluish white during
5.4V to 13.4V, which could be explained by the energy level structures of the device and proved by the J-V characteristics. Additionally, this
tandem WOLED also shows photovoltaic effect. This work provides a design of room light source whose color temperature could be tuned
through applied voltage when needed, and a display system for low-current operated amorphous Si-TFT due to its high current efficiency.

Keywords: Hybrid tandem white OLED, low driving voltage, high efficiency, color-tunable white emission, photovoltaic effect

1. Introduction

The lighting using organic light-emitting diode (OLED) has several advantages, for example super-thin, flat, and flexible panel like a
sheet of paper, which the current LED lighting cannot exhibit!!l. Despite many advantages and applications in display of not only TV
set but also smartphone, the conventional OELDs with single electroluminescence (EL) unit composed of hole injection layer
(HIL)/hole transporting layer (HTL)/emission material layer (EML)/electron transporting layer (ETL)/EIL electron injection layer (EIL),
which is sandwiched between anode and cathode, have not been successful for lighting because of the moderate efficiency under
high luminancel?.. Highly efficient white OLED (WOLED) devices are necessary for practically applicable low-energy consuming and
high-luminance generating devices.

The conventional OLEDs request an increase of current density to increase the luminance that leads to high power consumption and
degradation of the device by the Joule heat and the polaron-induced quenching processes. Achievement of high luminance without
increase of current density or driving voltage is made by the tandem structured OLEDs or multi-stacked OLEDs composed of several
(at least two) vertically stacked light-emitting units connected in series via charge generation layer (CGL). Tandem OLED technology
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with such charge-generating interconnection layer is a promising solution to realize highly efficient white emission!®l. Additionally,
tandem white OLED is also endowed with multi-fold luminance intensity and lifetime compared with single-stacked OLED!], besides a
specified color (e.g. green) emitting tandem OLEDDL It is reported that the tandem green emitting OLED with two EL units makes
possible only half current density (i.e. 6.04 mA/cm?) that is necessary in the single-unit OLED which needs 12.0 mA/cm?, and that the
operational lifetime of LT85 measured at 50 mA/cm? is increased from 98 h to 190 h by using the tandem OLEDDL. The most important
part of a tandem OLED is the CGL, because it can provide both electron and hole carriers. If such CGL is not inserted and two EL units
are simply connected to each other, we cannot achieve useful emitting device performance, since only a weak leaked current is
present by large highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gaps. Formation of such
CGL is succeeded by employment of HATCN (also named HAT-CN, or HAT-CN) layer®), resulting in realization of the low energy
consumption and long operational lifetime by various tandem OLEDs.

The CGL is composed of electron-accepting n-type and electron-donating p-type layers, from which electrons and holes are injected
to the LUMO and HOMO level of ETL and HTL of the EL units of EL1 and EL2 at the anode and cathode sides, respectively, when the
external electric field is applied. It is formed by a metal oxide/organic bilayer®® or organic/organic bilayer>’. Examples of metal
oxides are MoO3, V,05, and WOs3. As a strong electron acceptor, 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HATCN) serves as a
good choice for the n-type layer in CGL!l, not only for its deep-lying LUMO level, but also for the high optical transparency in the
visible range and low evaporation temperature compared with the high-valence metal oxides!!-'?. HATCN is also used as HIL adjacent
to ITO anode in OLED, because it is known to work effectively to achieve low-voltage and high-luminance device performancel!>!4,

The CGL inserted between the two EL units works to generate the photon emission from each EML of the two EL units as described
later in Section 3.5. The tandem device structure utilizing two EL units with CGL is often expressed as anode/EL1/CGL/EL2/cathode.

To obtain white-color emission in tandem OLED with two emitting units called EL1 and EL2, two kinds of tandem structures have
been established. One is symmetric OLED, the other is asymmetric one. The former uses the identical white color emitting EL units
consisting of at least HTL, EML, and ETL for the EL1 and EL2>%'°, For example, the current efficiency (CE) of 23.9 cd/A, power
efficiency (PE) of 7.8 Im/W, and external quantum efficiency (EQE) of 8.5 % have been obtained using symmetric tandem white OLED
with two identical fluorescence EL units by Ho et al. using an optical transparent bilayer with doped organic p/n junction that
consists of BPhen: 2% Cs,CO;0NPB: 50% v/v WO; as the CGL!">), while much higher CE of 110.9 cd/A and PE of 45.2 Im/W have been
realized using symmetric tandem white OLED with two identical phosphorescence EL units, together with considerably higher EQE of
43.3%°. On the other hand, the asymmetric tandem WOLEDs have two different color-emitting EL devices as the EL1 and EL2 units
(e.g. one is blue emitting unit, and the other is yellow or red emitting unit). High OLED performance has been presented by employing
tandem structure consisting of all-fluorescent unitst’-%-'°l and all-phosphorescent units!'’-'8. Here the emitting materials of EML in EL
unit composed of fluorescent molecules without phosphorescent emitter are called all-fluorescent units, while those composed of
phosphorescent molecules without fluorescent one are called all-phosphorescent units.

For example, in the former type of tandem OLED with CGL of V,05/NPB, the blue-emitting EL1 unit has a layer structure of
NPB/ADN/BCP/Alq;0BCP:Li and the red-emitting EL2 unit has a layer structure of Alq;:DCJTB/Alg;!"). On the other hand, in the latter
type of OLED, the EL1 unit has a blue emitting phosphorescent Ir-complex of Ir(Fppy); doped in a mixed PVK:TCTA:26DCzppy host,
while the EL2 unit has red phosphorescence emitting Ir(phq); molecule and green phosphorescence emitting Ir(ppy); molecule doped
in the same host!!7l.

These OLEDs, however, have exhibited non-negligible poor performance, for example, OLEDs with all-fluorescent emitter usually
suffer the low efficiency, while all-phosphorescent blue emitter lacks a stability and shows a severe roll-offl'*2], giving disadvantages
in the EL performance.

Recently, hybrid tandem WOLEDs consisting of a blue fluorescent EL1 unit and non-blue phosphorescent EL2 unit have attracted
great attention, owing to the combination of the complementary advantages of the two emitter types, giving rise to high
performance. For instance, Kanno et al. achieved a high total EQE of 57% * 6% and PE of 22 = 2 Im/W at 1,000 cd/m? for the 3-stacked
devicel’!l. Liao et al. reported a two-stacked asymmetric device with CE of 57 cd/A and LT50 around 30,000 h at the initial luminance
of 1,000 cd/m?P??l. Similar results with high efficiency and long lifetime were obtained in other excellent works, for example, by
Tyan et al.[>’], Hatwar et al.*Yl, and Zhu et al.[*’l. However, the employed emitting materials are not fully disclosed. For example, the
chemical name and structure of a broad yellow/orange emitting dopant EK65 are not clarified, together with the blue emitting
dopant EK532 in the work of Hartwar et al.[*!l. In this context, hybrid refers to the structure where one unit contains a fluorescent
emitter, and the other one contains phosphorescent emitter.

The present work was undertaken to obtain high efficiency and low driving voltage of 6.5 V giving luminance of 1,000 cd/m? from
such an asymmetric hybrid tandem white OLEDs with fully disclosed materials. Achievement of luminance of 1,000 cd/m? at low
driving voltage is important for long device operational lifetime in e.g. lighting.

Two types of hybrid tandem WOLEDs were fabricated in our group. One has a layer structure of ITO/MoO; (20 nm)/NPB (20 nm)/ADN:
Swt% BCzVBi (10 nm)/DPyPA: 20wt% KBH, (20 nm)/Mo0O; (10 nm)/NPB (40 nm)/TCTA:SBFK:13wt% (fbi),Ir(acac) (30 nm)/SBFK (5 nm)
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/DPyPA (20 nm)/DPyPA: 20wt% KBH, (25 nm)/All?l, BCzVBi stands for the blue-emitting dopant, and gives a fluorescence band with a
peak at 459 nm, while (fbi),Ir(acac) stands for yellow-emitting dopant, and gives a phosphorescence band with a peak at 564 nm. A
mixed material of TCTA:SBFK (1:1) was used as the host for the yellow emitter, DPyPA with high electron mobility is employed for
efficient ETL, and a thermally decomposable n-dopant of KBH, is employed to enhance the electron injection into ETL and reduce the
driving voltage. The CGL has a bilayer structure of MoO3;/NPB. A high maximum CE of 75 cd/A is obtained, together with 1,000 cd/m?
at8V.

Another hybrid tandem WOLED has a layer structure of ITO/Mo0O; (10 nm)/NPB (30 nm)/ADN: 2wt% BCzVBi (30 nm)/DPyPA (10
nm)/DPyPA:20wt% KBH, (20 nm)/MoO; (10 nm)/NPB (30 nm)/CBP:SBFK(1:1): 8wt% (fbi),Ir(acac) (30 nm)/DPyPA (10 nm)/DPyPA:20wt%
KBH, (20 nm)/Al, with the same blue emitter BCzVBi and yellow one (fbi),Ir(acac) as the former WOLED but different concentrations,
and with the same CGL of MoO;/NPB bilayer but different NPB thickness (40 and 30 nm for the former and latter devices,
respectively)l?’l. The BCzVBi exhibits an EL band with a peak at 464 nm, while the (fbi),Ir(acac) exhibits an EL band with a peak at 570
nm. Maximum CE and PE of 68.1 cd/A and 29.2 Im/W were obtained, respectively, while the CE and PE at luminance of 1,000 cd/m?
were 68.0 cd/A and 24.6 Im/W. The luminance of 1,000 cd/m? was obtained at 8.7 V, whose driving voltage is higher than the former
WOLED with 8 V.

To achieve WOLED which provides the luminance of 1,000 cd/m? at a driving voltage smaller than 8 V, the present study is
undertaken. We use the same EL1 and EL2 units based on BCzVBi and (fbi),Ir(acac) as before, but we use another CGL which is
composed of HATCN/NPB bilayer. This device is called OLED-B hereafter. By changing the CGL bilayer to HATCN/NPB, we have
obtained a quite low driving voltage of 6.5 V to generate the luminance of 1,000 cd/m?, as mentioned above.

2. Experimental Section

A hybrid tandem WOLED with the following layer structure (called OLED-B) is fabricated: ITO/HATCN (10nm)/EL1/HATCN (10nm)/NPB
(30nm)/EL2/Al, where the emitting unit EL1 is NPB (30nm)/ADN:2 wt% BCzVBi (30nm)/DPyPA (10nm)/DPyPA:20 wt% KBH, (20nm), and
EL2 is CBP:SBFK:8 wt% (fbi),Ir(acac) (30nm)/DPyPA (10nm)/DPyPA:20 wt%KBH, (20nm) (Figure 1a). Here the ITO works as anode, and the
HATCN next to ITO is deposited as the HIL. Inside EL1 unit, N,N'-di(naphthal-ene-1-yl)-N,N'-diphenylbenzidine (NPB) is fabricated as
the HTL. The blue fluorescent emitter BCzVBi is doped into an ambipolar blue host 9,10-di(2-naphthyl)anthracene(ADN)?#] as the blue
EML. While in EL2 unit, a mixture of hole-transporting host 4,4'-N,N'-dicarbazole-biphenyl (CBP) and electron-transporting
bis(9,9'-spirobifluorene-2-ylketone (SBFK)] is fabricated with the ratio of 1:1 to obtain a carrier balance in EML, and the yellow
emitting Ir-containing complex bis(2-(9,9-diethyl-9H-fluoren-2-yl)-1-phenyl-1H-benzoimidazol-N,C%)iridium(acetylacetonate)
[(fbi),Ir(acac)] is used as the yellow phosphorescent emitter. The combination of these two EMLs gives a white-color emission.
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Figure 1. (a) The layer structure of OLED-B, with the molecule structures of the materials used in OLED-B are shown on the right side; (b) EL spectra measured at various

applied voltages from 2.0 V to 13.4 V. Zero signal is observed at voltages smaller than 3.4V, followed by appearance of yellow EL band from 3.4 V, and appearance of the
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blue EL band above 5.4 V; (c) Intensity ratio of the 461 nm blue emission to the 565 nm yellow emission is plotted against current density (the bottom x axis) and voltage (the
top x axis) in OLED-B; (d) CIE chromaticity diagram of tandem OLED-B at various bias voltages between 5.4V and 13.4 V. Color is changed from reddish white to bluish white
with increasing voltage. Color close to the pure white of CIE (0,33, 0.33) is obtained at 10.8 V. EL: electroluminescence; CIE: Commission Internationale de I'Eclairage; OLED:

organic light-emitting diodes.

In both EL1 and EL2 units, 9,10-bis(3-(pyridin-3-yl)phenyl)anthracene (DPyPA) is used as ETL, with its high electron mobility of around
103 cm? V' 5’1, which effectively reduces the electron injection barrier!!!. The layer of DPyPA doped with 20 wt% KBH, was employed
as EIL. The HATCN and NPB are fabricated in sequence after EL1 unit and before EL2 unit to act as CGL. When bias voltage is applied to
the device, we expect that HATCN accepts electrons from HOMO level of NPB in CGL and then transport to EIL and ETL of the EL1 unit,
while holes are injected from NPB to EL2 unit. After all organic layers are prepared, Al is fabricated as the cathode. The molecule
structures of all the organic materials are shown in Figure 1a.

All the organic materials used in OLED fabrication were of sublimation grade purity. Before fabrication, the ITO substrates with a
sheet resistance of 15 0 sq’! and quartz glass substrates were cleaned and treated with 10-min ozone plasma. All the films were
fabricated by thermal evaporation in vacuum chamber at 10°° Torr onto the substrates and then encapsulated as described
previously!*’l. During fabrication, quartz crystal sensors are employed to monitor the deposition rates and film thicknesses in situ. The
emission area of these three devices is 3 x 3 mm?2. Any out-coupling material has not been installed on the ITO surface for all the
devices.

The luminance-voltage-current density (L-V-J) characteristics and EL spectra of the OLEDs were measured with a Keithley model 4200
semiconductor characterization system with a calibrated silicon photodiode, and also Konica-Minolta CS-1000 spectroradiometer
with a computer controlled programmable Keithley 2400 dc Source Meter. The EQE was measured in an integrated sphere using an
integration of a Keithley 2400 source meter and Hamamatsu C9920-12 EQE measurement system, which was equipped with a
Hamamatsu PMA-12 photonic multichannel analyzer C10027-02 whose longest detection wavelength is 1,100 nm. The
photoluminescence (PL) spectra, photoluminescence excitation (PLE) spectra, and the photovoltaic effect were measured using a Spex
Fluoro Max fluorophotometer in a 350-1,000 nm spectral region with a Hamamatsu-Photonics R928 photomultiplier. The excitation
was undertaken by illuminating monochromatic light from the 15 W Xe lamp of the Spex Fluoro Max fluorophotometer to OLED-B
through its ITO. All measurements were carried out at room temperature.

3. Results and Discussion

3.1 EL performance

Various EL characteristics including advantages and disadvantages are obtained from OLED-B, which are described in detail later. One
of the advantages is low driving voltage of 6.5 V at 1,000 cd/m?. Another is the suppressed roll-off.

OLED-B reaches high maximum CE and PE of 60.2 cd/A and 29.6 Im/W at about 1,000 and 350 cd/m?, respectively, which maintain to
be 56.4 cd/A and 25.1 Im/W at 10,000 cd/m?2, showing a highly suppressed roll-off. With the outstanding charge generation
performance of the HATCN/NPB CGL, a much lower driving voltage of 6.5 V at 1,000 cd/m? is obtained compared with the reference
hybrid OLED with MoO;/NPB CGL. The present result provides a promising room light source with its tunable light color through
applied voltage and also a display system driven by the low-current operated amorphous Si-TFT (thin film transistor).

The voltage-dependent color change is observed. After the blue emission appearing from 5.4 V, the light color change from warm to
cool white is observed during 5.4 V to 13.4 V (Figure 1c,d), and the mechanism well be clarified by analyzing the electronic process
inside the device through its energy level diagram later (Section 3.5). Besides, the device also demonstrates photovoltaic effect due to
the HATCN/NPB CGL (Section 3.6).

3.2 Characterization of the voltage-dependent color change of the EL spectrum of OLED-B

The EL spectrum of OLED-B consists of a blue BCzZVBi emission band and a yellow (fbi),Ir(acac) emission band. The peak at 461 nm with
a vibronic side band at about 489 nm is attributed to the emission of BCzVBi, while the peak at 565 nm with a vibronic side band at
about 600 nm belongs to (fbi),Ir(acac), and the intensity ratio between the blue and yellow bands changes with increasing bias
voltage, i.e., current density, as shown in Figure 1b,c. Figure 1c indicates that the blue emission is weaker than the yellow emission at
low current density below 10 mA/cm?, the same peak height is obtained at about 22 mA/cm? (8.0 V), and the blue emission peak
becomes higher than the yellow emission band peak at higher current density. The intensity ratio does not change after about
200 mA/cm? (12.0 V).

The observed voltage-dependent color change is presented by the Commission Internationale de 1’Eclairage (CIE) chromaticity
coordinate diagram of Figure 1d. The color changes from yellowish warmer white and to bluish cooler white with increasing voltage
from 5.4 to 13.4 V. The CIE coordinates (0.34, 0.33) close to the white light coordinates of (0.33, 0.33) are obtained at about 10.8 V, with
the correlated color temperature (CCT) of 5,269 K. The CCT and CIE coordinates are 3,165 K and (0.43, 0.42) at 6.0 V, respectively, while
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they are 9,067 K and (0.29, 0.28) at 13.4 V. The color variation due to change of voltage is useful for lighting, because bluish cooler
white is requested in living room in the morning and mid-day, while warmer white is requested in the evening. In the previous
studies on the conventional WOLEDs without tandem structurel®], the brightness ratio between the two EL units were not expected
to change much with the applied voltage because the current density in each EL unit is equal. The present result, however, reveals
the appearance of difference between the blue and yellow-red emission intensities, and leads to a new advantage of tandem OLED.

3.3 Low driving voltage caused by the HATCN/NPB CGL

The luminance-voltage (L-V) and current density-voltage (J-V) characteristics for OLED-B are plotted in Figure 2a. Low driving voltage
of 6.5V (which gives 1.67 mA/cm?) at 1,000 cd/m? is obtained for OLED-B. For comparison, we examined another white tandem device
that was fabricated in a previous work of our group (referred to as OLED-D hereafter), which has the same device structure as OLED-B
, except that HATCN was replaced by MoO3[?7l. As shown in Figure 2a, much higher driving voltage is obtained for OLED-D than for
OLED-B. For example, voltage at 1,000 cd/m? is 8.7 V (1.47 mA/cm?) for OLED-D. In addition, according to the previous works of white
tandem OLEDs with two EL units combined by CGL of Li:BCP/Mo003, Cs,C0O3:BCP/M003, and Cs,CO;:BPhen/NPB:WO;, luminance of
1,000 cd/m? was obtained at 14 VI°l, 12 VI, and 8 VI'°l, respectively, which are all much higher than 6.5 V obtained in OLED-B. Usually,
It has been commonly accepted that high driving voltage is an inevitable disadvantage for multi-EL-unit tandem OLEDs[*". The reason
is attributed to larger series resistance due to wide distance between two electrodes in tandem OLED than that in single-stacked
OLEDsP*!l. The present result obtained from OLED-B, however, denies such a disadvantage for tandem OLEDs since OLED-B shows
unusual lower driving voltage than the reference OLED-D, which has the CGL of MoO;. Therefore, it is suggested the driving voltage in
tandem OLEDs does not depend on the series resistance but depends on the compositions and structures of CGL.
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Figure 2. (a) L-V-/ characteristics of OLED-B with HATCN/NPB CGL and OLED-D with MoO5/NPB CGL; (b) Energy levels, relative to the Fermi energy (E;), of HATCN and NPB at
HATCN/NPB bilayer interface (the left side), and of MoO5 and NPB at MoO,/NPB bilayer interface (the right side), which were determined by ultraviolet photoemission
spectroscopy?” ¥, HATCN: 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile; NPB: N,N'-di(naphthal-ene-1-yl)-N,N'-diphenylbenzidine; CGL: charge generation layer.
L-V-J: luminance-voltage-current density; OLED: organic light-emitting diodes; HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular orbital; CB:

conduction band.

To clarify the reason for the low driving voltage of OLED-B, the electronic energy level alignment at the interface between HATCN and
NPB has been obtained from previous work with ultraviolet photoemission spectroscopy (UPS) measurement for films of HATCN
deposited on NPBP2. The HOMO level of NPB at the HATCN/NPB interface is located at 0.3 eV below Fermi level, while the LUMO level
of HATCN is located at the energy of less than 0.1 eV above the Fermi level. The gap energy between the LUMO of HATCN and the
HOMO of NPB near the HATCN/NPB interface is only about 0.4 eV. This energy gap is much narrower than the gap (about 1.3 eV)
between the conduction band (CB) of MoO; and HOMO level of NPB at the MoO;/NPB bilayer interfacel**], as shown in Figure 2b.
Therefore, the electrons in HOMO of NPB can be more easily injected to LUMO level of HATCN than to CB of M0O;. As a result, much
lower driving voltage was obtained for OLED-B than for OLED-D. In conclusion, it is suggested the driving voltage in tandem OLEDs
depends on the energy gap between the electron acceptor and donor in CGL.

3.4 High efficiency and low roll-off performance of OLED-B

The current efficiency and power efficiency of OLED-B are plotted against luminance in Figure 3. The maximum CE of 60.2 cd/A and
the maximum PE of 29.6 Im/W are obtained at 2,240 cd/m? (3.72 mA/cm?) and 492 cd/m? (0.82 mA/cm?), respectively. High current
efficiency means that high luminance is achieved at low current density. In fact, we obtained 1,000 cd/m? at 1.65 mA/cm? and
10,000 cd/m? at 17.7 mA/cm?. This indicates a long OLED lifetime because the operation at a lower current density suppresses the
device degradation which is caused by Joule heating and polaron-induced quenching processes. For example, in case of OLED-D,
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LT50 (the time in which the luminance decreases to 50% of its initial value), is obtained to be 800 h and 250 h with the initial
luminance of 5,000 cd/m? and 10,000 cd/m?, respectively.
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Figure 3. The CE-L and PE-L characteristics of OLED-B with HATCN/NPB CGL and OLED-D with MoO,/NPB CGL. CE-L: current efficiency-luminance; PE-L: power efficiency-
luminance; HATCN: 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile; NPB: N,N-di(naphthal-ene-1-yl)-N,N'-diphenylbenzidine; CGL: charge generation layer; OLED: organic
light-emitting diodes.

OLED-D shows that the CE (PE) of 68 cd/A (30 Im/W) is obtained at about 1.4 mA/cm?, and 61 cd/A (18 Im/W) at 30 mA/cm?, while they
are 60 cd/A (30 Im/W) and 54 cd/A (25 Im/W) for OLED-B at 1.4 mA/cm? and 30 mA/cm?, respectively. This means that the decrease by
2.5 cd/A (4.0 Im/W) and 2.1 c¢d/A (1.7 Im/W) is made for the increase by 10 mA/cm? in OLED-D and OLED-B, respectively. These results
suggest that the roll-off leading to device degradation is larger in OLED-D than in OLED-B. A superiority of OLED-B to OLED-D is
confirmed from the higher efficiency and smaller roll-off, predicting a longer device lifetime in OLED-B than that in OLED-D.

The superior efficiency performance of OLED-B can be further emphasized by comparison with other hybrid tandem WOLEDs with
similar structure. For example, Tyan et al. reported a tandem device, NESD, where EL1 unit has blue fluorescent emitter and EL2 unit
has red/yellow phosphorescent emitters?’l. This device, with the same HATCN/NPB CGL and no optical out-coupling structures as
OLED-B, showed the luminance of 453 cd/m?, CE of 45.3 cd/A, and PE of 24 Im/W at the current density of 1 mA/cm?, while OLED-B
gives higher values of 476 cd/m?, 59.0 cd/A, and 29.6 Im/W, respectively, at the same current density. On the other hand, it has been
reported by Chen et al. that the maximum CE is obtained to be 39.2 cd/A at 500 cd/m? and 29 cd/A at 10,510 cd/m?, which were
obtained from a hybrid tandem WOLED with EL1 unit containing blue fluorescent emitter (4,4'-bis(2,28-diphenylvinyl)-1,1-biphenyl)
(DPVBI), and EL2 unit containing yellow phosphorescent emitter (F-BT),Ir(acac) bis(2-(2-fluorphenyl)-1,3-benzothiozolato-N,C?')
iridium (acetylacetonate) [(F-BT),Ir(acac)], with new type CGL composed of Alq;:Mg/MoO;*4. This hybrid WOLED is called Device-F
hereafter. Compared with Device-F, the OLED-B shows higher CEs of 59.2 cd/A at 500 cd/m? and 56.2 cd/A at 10,510 cd/m?,
respectively. Additionally, it is noteworthy that, despite the same emitters while different CGL containing MoO; from OLED-B, OLED-D
shows 67.5 cd/A at 500 cd/m? and 63.0 cd/A at 10,510 cd/m?, respectively, whose 5CEs are also higher than those of Device-F. The
maximum CE and PE of OLED-D are 68.1 cd/A at 870 cd/m? (1.28 mA/cm?), and 29.2 Im/W at 141 cd/m? (0.22 mA/cm?), which are close
to those of OLED-B. From these results, the superiority of OLED-B and OLED-D to Device-F is confirmed. One of the reasons may be
attributed to the good choice of fluorescence and phosphorescence emitters of BCzVBi and (fbi),Ir(acac), respectively.

Furthermore, we fabricated another white tandem OLED with the same emitters as OLED-B but the CBP host in EL2 unit is replaced by
TCTA host. This OLED is called OLED-G. It exhibits the maximum PE of 25 Im/W and the maximum CE of 70 cd/A, which are close to
those (68.1 and 60.2 cd/A) of OLED-D and OLED-B, respectively, providing another evidence for our attribution. The increase from
60.2 cd/A to 70 cd/A by change of host material suggests that influence of the host to the EL performance is not negligible. The PE at
1,000 cd/m? is 28.8 Im/W for OLED-B while 24.6 Im/W for OLED-D. And it corresponds to 6.5 V for OLED-B while OLED-D, however,
needs higher driving voltage of 8.7 V to reach the same luminance of 1,000 cd/m? (Figure 2a).
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This result suggests that HATCN/NPB is more suitable as CGL material than MoO; although MoO3;/NPB is currently used in many
tandem OLEDs!®7-%:21:3530] In summary, the excellent combination of fluorescent and phosphorescent emitters guarantees the high
efficiency performance, while the HATCN/NPB CGL leads to a low energy consumption for OLED-B.

Such high CEs and PEs of our hybrid tandem WOLED of OLED-B, however, are still much low, compared with the previously reported
maximum CE of 110.9 cd/A, PE of 45.2 Im/W, and EQE of 43.3 %, which were obtained from a symmetric tandem white OLED (called
PWOLED1) with all-phosphorescence emitters by Wang et al.l’. In the PWOLED1, a blue emitting EL1 unit with 6.5 wt% FIrpic and a
yellow emitting EL2 unit with 0.75 wt% (fbi),Ir(acac) are connected by the CGL of Li:BCP (10 nm)/MoO; (7 nm) bilayer. The results are
reasonable because OLEDs with all-phosphorescent emitters are expected to exhibit higher efficiencies than the hybrid tandem
OLEDs with half fluorescent emitter and half phosphorescent emitter just as the case of OLED-B. Nevertheless, when we examine the
reported efficiencies carefully, we find that our efficiencies are not pessimistic. The maximum efficiencies of 110.9 cd/A and
45.2 Im/W were obtained at an extremely low current density of 1 JA/cm?, corresponding to the low luminance of 1.1 cd/m?. Such a
very low luminance is not useful in actual application for lighting and display.

When comparing the PEs at 1,000, 2,000, and 10,000 cd/m? between our and their WOLEDs, the PWOLED1’s efficiencies (estimated
from Figure 2 of their paper)®! are lower than ours, especially much lower at 10,000 cd/m? as shown in Table 1. This is due to stronger
roll-off effect for all-phosphorescence PWOLED1 than for our hybrid WOLED. Consequently, we may conclude that our hybrid tandem
OLED is more suitable for lighting and display than PWOLED1 from view of the low roll-off under high luminance. Moreover, OLED-B
with pure-organic fluorescent material as blue emitter is expected to have much longer operational lifetime and lower material cost
than PWOLED1 with expensive Ir-complex phosphorescent emitters in both EL1 and EL2 units.

Table 1. EL characteristics comparison of OLED-B with Wang et al’s PWOLED1[®],

1,000 cd/m?2 2,000 cd/m? 10,000 cd/m?
Devices

PE (Im/W) CE (cd/A) PE (Im/W) CE (cd/A) PE (Im/W) CE (cd/A)
OLED-B 28.8 59.9 275 60.1 25.1 56.4
PWOLED1[®] 20@) 916@) 15@ 67@ 6@ 50@

(a) Estimated from Figure 2a; PE: power efficiency; CE: current efficiency; OLED: organic light-emitting diodes; PWOLED: phosphorescent white organic light-emitting diode.

3.5 Mechanism of dual emission of blue and yellow EL bands

As mentioned in Section 3.2, OLED-B demonstrates a voltage-dependent color change of EL spectrum. The blue emission from the EL1
unit never appears at low voltages below 5.2 V although the yellow emission from the EL2 unit starts to appear from about 3.4 V
(Figure 1b,c). The blue emission intensity increases with the bias voltage from 5.4 V, and then becomes the same as the yellow
emission at 8.0 V (22 mA/cm?), and finally it becomes higher than the yellow emission above this current density (Figure 1c). Here, we
examine the reasons why the blue emission does not appear below 5.2 V and why the yellow emission intensity is much higher than
the blue emission intensity at low current densities of 0.01-1 mA/cm? (corresponding to voltages of 5.0-6.4 V) in OLED-B.

In the present CGL with HATCN, the energy gap between the LUMO level of HATCN and the HOMO level of NPB is only about 0.4 eV as
mentioned above. Additionally, The HOMO level energy of CBP in EL2 unit is 5.6 eV relative to the vacuum level®’], which is close to
the HOMO level of NPB (5.5 eV)Pl. Such an energy level alignment around HOMO level of NPB makes it possible for not only injection of
electrons from HOMO level of NPB to HATCN but also transfer of holes from HOMO level of NPB to the adjacent CBP. DPyPA is used as
ETL in EL1 unit. However, the LUMO level of DPyPA used as the ETL in EL1 unit is at 2.8 eV!'Y], which is located at high energy
(by 2.7 eV) from the HOMO level of NPB. Such a wide LUMO-HOMO gap between DPyPA and NPB makes the electrons moving from
NPB into the EL1 unit impossible at low voltages, leading to difficulty of electron injection into the EL1 unit, even if HATCN layer and
KBH,-doped DPyPA layer (as EIL) are inserted between the DPyPA and NPB layers. On the other hand, the electrons are easily injected
from the Al cathode to the LUMO level of DPyPA in EL2 unit through EIL when external electrical field is applied, followed by transfer
to the LUMO level of SBFK and then (fbi),Ir(acac) emitter. At the same time, the generated holes in CGL are moved to the HOMO level of
(fbi),Ir(acac) through CBP. Both the electrons and holes are easily injected into the EL2 unit, giving rise to the yellow emission of the
EML.

From these results, the following electronic processes are suggested. When the bias voltage applied to OLED-B device is below 5.2V,
holes (open circles in Figure 4a) are easily injected from ITO to NPB in EL1 unit through HATCN layer adjacent to ITO, because HATCN
is effective as HIL!'?l, The holes then move through the HOMO levels of EL1 unit and arrive at DPyPA layer in EL1 unit, followed by
moving to HOMO level of NPB in CGL by the help of HATCN layer in CGL. The holes at NPB are transferred to the HOMO levels of EML
in EL2 unit, then recombine with electrons (closed circles in Figure 4a) injected to the LUMO levels of EML in EL2 unit from Al cathode,
giving rise to yellow emission from (fbi),Ir(acac), as illustrated in Figure 4a. The HOMO and LUMO energies and T, level of CBP are
obtained from the work of Schrogel et al.l’’), and those of SBFK are obtained from the work of Kondakova et al.’%l. As a result, no blue
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emission appears from EL1 unit since the electron from HOMO level of NPB in CGL cannot move to LUMO levels of EL1 unit below
5.2 V. This means that HATCN/NPB bilayer does not work as CGL although it was inserted for charge generation. In this way we can
explain the reason why only yellow emission appears at low voltages below 5.2 V.
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Figure 4. (a) Schematic energy level diagram, drawn relative to the vacuum level, of OLED-B, together with the T, levels of each material except HATCN and the processes of
carrier generation under applied voltages during 3.4 V to 5.2 V, and (b) above 5.4 V; (c) The contribution ratio of the yellow emission band (the orange area, corresponds to
the left y axis) and the blue emission band (the blue area, corresponds to the right y axis) to total EQE against voltage; (d) L-V-/ characteristics of OLED-B. The blue and yellow
emission bands appear above about 5.4 V, while the blue emission does not appear below 5.2 V. The L-V-/ characteristics reflect the presence of different electronic
processes between 3.4 <V < 5.2 and V > 5.4. A broken straight line is guided by eyes; (e) The EL spectra of OLED-A measured from 2.0 V to 10.0 V. The yellow EL band
appears of from 4.2 V, and the blue EL band appears from 5.4 V; (f) The J-V characteristic of OLED-A. The turning point at 4.2 V and 5.4 V agrees with the appearances of
yellow EL band and blue EL band, respectively. L-V-J: luminance-voltage-current density; HATCN: 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile; EL: electroluminescence;

OLED: organic light-emitting diodes.

When the voltage is increased to 5.4 V and higher, electrons (closed circles in Figure 4b) from HOMO level of NPB in CGL begin to
move to the LUMO level of DPyPA in EL1 unit through HATCN, then to the LUMO level of BCzVBi by overcoming the electron injection
barrier. On the other hand, holes (open circles in Figure 4b) generated in the HOMO state of NPB by moving the electrons to HATCN
are transferred to the HOMO level of (fbi),Ir(acac) in EL2 unitl>!!l. As a result, the blue emission appears from BCzVBi by recombination
with holes injected from ITO to HOMO levels of EML in EL1 unit, while there is still yellow emission of (fbi),Ir(acac), as shown in Figure
4b. Regarding the relative intensity of the yellow and blue emission, it is noteworthy that the efficiency of EL1 with TTA host usually
demonstrates an increase initially and then a slow decrease with current density, for the rapid and massive triplet consumption
during emitting process, leading to suppressed triplet-induced quenching®’l. In contrast, EL2 with phosphorescence emitter suffers
large roll-off due to the long triplet lifetime and slow consumption. As a result, the ratio of the blue photons to the total photons
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grows and surpasses the yellow emission under high current density, as shown in Figure 4c. Like this, we can explain the reason why
the blue emission appears after 5.4 V and its intensity becomes higher than the yellow emission at high voltages above 8.0 V.

A close examination of J-V and L-V characteristics of OLED-B reveals the quite different behaviors between 3.4 <V <5.2and V > 5.4
(Figure 4d). The current density J is nearly proportional to V3# at 3.4 < V < 5.2 where no blue emission appears, while it increases
rapidly above 5.4 V where both the blue and yellow emissions appear with increasing voltage, in proportion to high power of voltage
(the power law). The J-V and L-V characteristics confirm the different electronic processes between 3.4 <V < 5.2 and V > 5.4.

In addition, when applied voltage is smaller than 3.4 V, barely EL emission is observed despite weak current. This is understood as
follows. At this low voltage, there is no charge generation in CGL because of the high energy gap of about 3 eV between NPB and
DPyPA. This means the non-zero current is caused by transport of hole injected from ITO to the HOMO level of NPB in EL1 unit by help
of HATCN as a very efficient HIL, followed by sequential transfer through all the HOMO levels of the OLED device and finally moving to
the Al cathode, while no electron injects from Al cathode due to the large electron injection barrier. Thus, a hole-only device system
is formed at low voltages smaller than 3.4 V.

In summary, electrons in the HOMO level of NPB in CGL cannot be injected into the LUMO level of DPyPA layer in EL1 unit at V < 5.2,
because of the wide energy gap. Holes from ITO can be injected to EML in EL2 unit through HOMO levels of EL1 unit and CGL,
resulting in yellow emission by recombination with electron injected from Al. Above 5.4 V, electrons in the HOMO level of NPB in CGL
are transferred to the LUMO level of HATCN, followed by electron transfer from HOMO levels of EL2 unit to fill the half vacant HOMO
level of NPB, resulting in injection of hole into HOMO levels of EML in EL2 unit. The injected holes recombine with electrons injected
from Al at (fbi),Ir(acac) dopants, giving rise to yellow emission. At the same time electrons transferred to LUMO level of HATCN move
to the LUMO level of EML in EL1 unit, leading to blue emission by recombination with holes injected from ITO.

The similar phenomenon is also observed in OLED-A, which has the same layer structure as OLED-B except the thickness of NPB used
for CGL, where 30 nm thickness of OLED-B is changed to 20 nm in OLED-A, and it showed a maximum EQE of 13.9%. Dual emission is
also observed in OLED-A, as seen in Figure 4e. The yellow emission emerges from 4.2 V and the blue emission appears after 5.4 V, and
the intensity of the blue emission band is observed to remain smaller than the yellow band in the measured current density range
from nearly zero to 55 mA/cm? (~10 V). The J-V characteristic for OLED-A is shown in Figure 4f. The two turning points of 4.2 V and
5.2 V are in basically consistent with the appearances of yellow and blue emissions. This is another evidence for the mechanism raise
above.

3.6 Photovoltaic effect

Figure 5a shows the PL spectrum of OLED-B, which was obtained by illuminating the monochromatic light of 330 nm to the device
through ITO. The PL spectrum at 430-520 nm is attributed to BCzVBi from comparison with the PL spectrum of BCzVBil'’l, while the PL
spectrum at 540-700 nm is attributed to (fbi),Ir(acac) from comparison with PL spectrum of (fbi),Ir(acac)l®. The PLE spectrum for
450 nm comnsists of an intense band with a peak at 360 nm and a weak band at about 400 nm. The 400 nm band is attributed to BCzVBi
from the absorption spectrum of BCzVBil‘’l, while the intense 360 nm band is attributed to NPB. These PL and PLE spectra of OLED-B
confirm that both (fbi),Ir(acac) and BCzVBi molecules are present stably in the multi-layered device even after long device operation
time.
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Figure 5. (a) PL spectrum of OLED-B excited at 330 nm and PLE spectrum for 450 nm emission. A sharp peak at 450 nm is due to the excitation light from Xe-lamp source; (b)
Photo-voltage spectrum of OLED-B. NPB: N,N-di(naphthal-ene-1-yl)-N,N-diphenylbenzidine; PL: photoluminescence; PLE: photoluminescence excitation; OLED: organic light-

emitting diodes.
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The photoexcitation into OLED-B was found to generate a voltage in the device with negative charge at the Al metal and positive
charge at ITO. The photo-voltage of OLED-B is plotted against the wavelength of illuminating light to this device in Figure 5b. Intense
photovoltage appears at about 360, 440, and 500 nm. The last two bands are attributable to (fbi),Ir(acac) from comparison with the
absorption spectrum of (fbi),Ir(acac)®. The 360 nm band is attributed to NPB from comparison with PLE spectrum of Figure 5a. The
observed photovoltaic effect is explained as follows.

Photoexcitation into NPB generates electrons in the LUMO level of NPB, followed by moving into the LUMO level of EL2 unit and into
Al cathode, leading to accumulation of electrons at Al. Simultaneously, holes are generated in the HOMO level of NPB, followed by
moving into the HOMO level of EL1 unit through HATCN layer, and finally into ITO, leading to accumulation of holes at ITO. As a result,
the photo-voltage (PV) is generated in OLED-B. The same electronic processes occur for the photo-excited (fbi),Ir(acac). The observed
photo-voltaic effect indicates that (1) the HATCN layer used in CGL makes the holes transfer from NPB into the EL1 unit easy, and (2)
the energy level diagram of Figure 4a,b is reasonable.

3.7 Comparisons of the EL performance among five WOLEDs

Table 2 summarizes the maximum CEs, PEs and the driving voltages required to achieve a luminance of 1,000 cd/m? for use as an
actually employed lighting device, which are obtained from hybrid tandem WOLEDs by our group in this study and previous works. It
could be noticed that both devices with MoO;/NPB CGL exhibited the driving voltages higher than 8 V. Specifically, OLED-D, which
shares the same EL units with OLED-B and OLED-A but utilizes a MoO;/NPB CGL, demonstrated the highest driving voltage of 8.7 V at
1,000 cd/m?, along with the highest CE of 60.2 cd/A. The driving voltage was increased from 6.5 V to 7.3 V after the thickness of NPB
used for CGL was changed from 30 nm of OLED-B to 20 nm of OLED-A, while keeping other structures the same as OLED-B. However,
it is still lower than that of OLED-D. These results clarified that the choice of materials and thickness used for CGL had great impact on
the performance of tandem WOLEDs. In addition, by switching EL2-2 of OLED-B to EL2-3, OLED-G obtained higher CE of 70 cd/A but
sharply increased driving voltage of 8.8 V and deceased PE of 25 Im/W. Also, in Section 3.4 we compared the OLED-B and PWOLED-1,
and concluded the superiority of OLED-B with hybrid device structures. These results indicated the choice of EML materials for EL1
and EL2 units also contributed to the device performance. Though the maximum current efficiency of OLED-B does not rank the top,
it is still the preferable hybrid WOLED for the lowest driving voltage of 6.5 V at the luminance of 1,000 cd/m? (corresponding to
current density of 1.67 mA/cm?), together with the highest maximum power efficiency of 29.6 Im/W.

Table 2. Examples of EL performance, including the Max CE and the Max PE, and DV generating luminance of 1,000 cd/m? observed from

several hybrid tandem WOLEDs, together with the whole layer structure, layer structures of ELT and EL2 unit and CGL.

DV for
Whole layer Max CE  Max PE
WOLED EL1 unit CGL EL2 unit 1,000cd/m? Ref.
structure (cd/A) (Im/W)
V)
WOLED1 Al EL1-1 MoO5 (10 nm)/NPB (40 nm) EL2-1 75 NA 8.4 [26]
WOLED?2 A2 ELT-2 MoO5 (10 nm)/NPB (30 nm) EL2-2 68.1 29.2 8.7 [27]
(OLED-D)
WOLED3-1 A3-1 EL1-2 HATCN (10 nm)/NPB (30 nm)  EL2-2 60.2 296 6.5 Present
(OLED-B) study
WOLED3-2 A3-1 EL1-2 HATCN (10 nm)/NPB (30 nm)  EL2-3 70 25 8.8
(OLED-G)
WOLED3-3 A3-2 EL1-2 HATCN (10 nm)/NPB (20 nm)  EL2-2 58.7 253 7.3
(OLED-A)

A1: ITO/MoO; (20 nm)/ELT/MoO5 (10 nm)/NPB (40 nm)/EL2/Al; A2: ITO/MoOs (10 nm)/EL1/MoO5 (10 nm)/NPB (30 nm)/EL2/Al; A3-1: ITO/HATCN (10 nm)/ELT/HATCN (10 nm)
/NPB (30 nm)/EL2/Al; A3-2: ITO/HATCN (10 nm)/ELT/HATCN (10 nm)/NPB (20 nm)/EL2/Al; EL1-1: NPB (20 nm)/ADN: 5wt% BCzVBi (10 nm)/DPyPA:20wt% KBH, (20 nm); EL1-2:
NPB (30 nm)/ADN: 2wt% BCzVBi (30 nm)/DPyPA (10 nm)/DPyPA:20wt% KBH, (20 nm); EL2-1: TCTA:SBFK (1:1):13wt% (fbi),Ir(acac) (30 nm)/SBFK (5 nm)/DPyPA (20 nm)/DPyPA:
20wt% KBH, (25 nm); EL2-2: CBP:SBFK (1:1): 8wt% (fbi),Ir(acac) (30 nm)/DPyPA (10 nm)/DPyPA:20wt% KBH, (20 nm); EL2-3: TCTA:SBFK (1:1):8 wt% (fbi),Ir(acac) (30 nm)/DPyPA
(10 nm)/DPyPA:20 wt%KBH, (20 nm); NPB: N,N-di(naphthal-ene-1-yl)-N,N"-diphenylbenzidine; EL: electroluminescence; OLED: organic light-emitting diodes; Max CE:
maximum current efficiency; Max PE: maximum power efficiency; DV: driving voltage; WOLEDs: white organic light-emitting diodes; CGL: charge generation layer.

4. Conclusion

Tandem WOLEDs have been expected to achieve low-energy consumption device giving high luminance at low-voltage operation.
The actual EL performance of the driving voltage and the maximum current and power efficiencies, however, does not satisfy the
expectation. In the present study, the lowest driving voltage of 6.5 V at 1,000 cd/m? is achieved from hybrid OLED-B with a CGL of
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HATCN (10nm)/NPB (30nm), together with high maximum PE of 29.6 Im/W and CE of 60.2 cd/A. Switching the NPB thickness from 30
nm to 20 nm keeping other structures unchanged gives slightly dropped CE and PE with a rising driving voltage of 7.3 V for OLED-A,
which is still lower than the 8.7 V of OLED-D with MoO;/NPB CGL. The low driving voltage comes from the small LUMO-HOMO gap of
0.4 eV at HATCN/NPB interface. Similar driving voltage rise and PE drop are observed by changing the mixed host of CBP:SBFK (1:1) in
OLED-B to TCTA:SBFK (1:1) in OLED-G. In addition, OLED-B also demonstrates superiority over all-phosphorescence WOLEDs like
PWOLED-1 in roll-off and operational lifetime, for its hybrid EMLs with blue fluorescent emitter and yellow phosphorescent emitter.
Like this, the excellent EL performance is revealed to largely depend on the elaborate combination of not only the component and
layer thickness of CGL, but also the choices of EML materials. The OLED-B only emits yellow emission at low voltages below 5.2V,
while blue-yellow dual emissions from 5.4 V to 13.4 V, which could be reasonable interpreted by the different function of HATCN layer
in the electronic process inside CGL during the two voltage-range. This mechanism also generates voltage-dependent spectrum from
yellowish white to bluish white with increasing voltage from 5.4 V to 13.4 V, which is useful for lighting in the living room. Our work
here offers a practical strategy to fabricate WOLED with high efficiency and low driving voltage, and it is promising in the application
of WOLED-light field.
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