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Among the three primary colors, blue emission in organic light-emitting
diodes (OLEDs) are highly important but very difficult to develop. OLEDs have
already been commercialized; however, blue OLEDs have the problem of
requiring a high applied voltage due to the high-energy of blue emission.
Herein, an ultralow voltage turn-on at 1.47 V for blue emission with a peak
wavelength at 462 nm (2.68 eV) is demonstrated in an OLED device with a
typical blue-fluorescent emitter that is widely utilized in a commercial display.
This OLED reaches 100 cd/m?, which is equivalent to the luminance of a typical
commercial display, at 1.97 V. Blue emission from the OLED is achieved by the
selective excitation of the low-energy triplet states at a low applied voltage by
using the charge transfer (CT) state as a precursor and triplet-triplet annihi-

lation, which forms one emissive singlet from two triplet excitons.

Blue is the most important constituent color in light-emitting devices
because it has the highest energy among the three primary colors in
displays, and white emission in lighting applications is made by a blue
light source'. Organic light-emitting diodes (OLEDs) have already been
commercialized in smartphones and large-screen displays, exploiting
their ability to project high-color images with large contrast®. However,
blue OLEDs still have drawbacks because of the need for a large applied
voltage because the energy of blue emission can be as high as
approximately 3 eV. Typical blue OLEDs need approximately 4 V for a
luminance of 100 cd/m?, which is a general display condition’. The
industrial target is to operate blue OLEDs within 3.7V, which is the
rated voltage of the lithium-ion batteries that are loaded in most
mobile devices. For this reason, blue OLEDs operating at low voltages
are highly desirable for achieving commercial requirements.
Conventional fluorescent emitters are still used in commercial
blue OLEDs due to their reliability and long operation lifetime®,
although their external quantum efficiencies (EQEs) in devices are
lower than those of phosphorescent and thermally activated delayed

fluorescence (TADF) materials; devices with phosphorescent and
TADF materials are emerging technologies in academia®®. The energy
of the first triplet excited state (T;) of anthracene derivatives, which are
some of the most typical fluorescent emitters, is stable at 1.7 eV’. In
contrast, blue phosphorescent and TADF materials have a T; that can
be as high as 3 eV*. High energy levels are inevitable when considering
their operating mechanism: the T, energies must be equal to or close to
the blue light energy in the phosphorescent or TADF material. Here,
the spin forbidden T; has a long lifetime, and 3 eV is equivalent to the
dissociation energy of a carbon-nitrogen bond®. Therefore, the high-
energy T; will promote the degradation of the material. This intrinsic
problem prevents the commercialization of phosphorescent and TADF
materials for blue OLEDs, although several phosphorescent and TADF
materials with relatively high stability have been reported recently®°.

The operation mechanism of a conventional fluorescent OLED is
illustrated in Fig. 1a. The formation ratios of the first singlet excited
state (S;) and T, are 25% and 75%, respectively, due to the spin statistic
rule’. An applied voltage (V,p) multiplied by the elementary charge (e)
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Fig. 1| Design principle of UC-OLED. Schematic of the operating mechanism and the device structure of a conventional blue fluorescent OLED (a) and a blue UC-OLED (b).

(c) Chemical structures and energy levels of the materials.

that is more than the bandgap energy of the emitter is needed to excite
both the high-energy S; and low-energy T;. This is because electrons
and holes are independently injected from the charge transporting
layers into the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels of the emitters, and the
exciton binding energy and the extra energy related to the difference
between S; and T; are lost to form T;. A certain percentage of dark T,
contributes to fluorescence through the triplet-triplet annihilation
(TTA) process’. Therefore, we assumed that selective excitation of a
low energy T; in a conventional emitter and subsequent TTA-based

fluorescence with high efficiency enabled a dramatic reduction in the
applied voltage.

The operational mechanism of the device, which we call an
upconversion (UC)-OLED, is illustrated in Fig. 1b. Initially, holes and
electrons are injected into donor (emitter) and acceptor (electron
transport) layers, respectively, and recombine at the donor/acceptor
(D/A) interface to form a charge transfer (CT) state. Subsequently, the
energy of the CT state is transferred to T; of the emitter. Therein, blue
light is emitted through the formation of high-energy S; by TTA. Due to
the much lower energy of the CT state than the bandgap energy of the
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emitter, the UC process through TTA greatly reduces the applied
voltage (V,pp) for exciting the emitter molecule compared to the
conventional blue fluorescent OLED. The TTA-UC emission sensitized
by the CT state has been mainly studied with rubrene, which shows
yellow emission in previous studies ™. In this study, we discovered an
efficient blue TTA-UC emission phenomenon by determining an
appropriate combination of blue emitter (donor) and acceptor (elec-
tron transport) from 21 organic molecules. According to this design
concept, the turn-on voltage of the blue OLED with a typical fluor-
escent emitter that is widely utilized in a commercial display is greatly
reduced to as low as 1.47 V, and the OLED reaches 100 cd/m?, which is
equivalent to the luminance of a typical display, at 1.97 V. Furthermore,
the blue emission in the UC-OLED originated from a stable low energy
T; and subsequent fast TTA-UC emission’®, which could potentially
avoid degrading the constituent materials.

Results

We utilized the anthracene derivative 1,2-ADN (9-(naphthalen-1-yl)-10-
(naphthalen-2-yl)anthracene), which is one of the most widely used
host materials in blue fluorescent OLEDs", as the emitter (donor) in
our UC-OLEDs. Anthracene derivatives are also utilized as TTA emitters
in the research field of photoexcited UC because they satisfy the
energy requirements for efficient TTA: the energy of T; (1.7¢eV) is
slightly more than half the energy of S; (2.9 eV)”'®", As a partner to
form the D/A interface with 1,2-ADN, we investigated two phenyl pyr-
idine derivatives (TmPyPB and B4PYMPM)**?' and a bipyridyl-
substituted oxadiazole derivative (BPyOXD)*?, which are typical elec-
tron transport materials in conventional OLED devices, and a naph-
thalene diimide derivative with a fluorene side chain (NDI-HF)*. NDI
derivatives have strong electron acceptability; therefore, they are used
as electron acceptors in the organic photovoltaic (OPV) field**. The
energy levels of the materials in thin films have been evaluated by
photoelectron spectroscopy and absorption spectra in previous stu-
dies, and the values are listed in Fig. 1c*°. The HOMO levels of the
electron transport materials are deeper than that of 1,2-ADN, whereas
the LUMOs of electron transport (acceptor) materials lie in the order of
TmPyPB, BPyOXD, B4PYMPM, and NDI-HF. We fabricated bilayer-type
OLED devices with anthracene emitters and electron transport
(acceptor) materials. The details of the device fabrication are descri-
bed in the Methods section.

The device structure and properties of the OLED with 1,2-ADN and
the four types of acceptor materials are exhibited in Fig. 2. Blue
emission with a peak wavelength of 424 nm (2.92 eV) from 1,2-ADN is
observed in all devices (Fig. 2b); however, the luminance-voltage (L-V)
characteristics in Fig. 2c largely shift when different electron transport
(acceptor) materials are used. The turn-on voltage, i.e., the voltage at
which the electroluminescence (EL) emission reaches1cd/m**,is3.5V,
29V, 2.8V, and 1.7V for TmPyPB, BPyOXD, B4PYMPM, and NDI-HF,
respectively. Blue light can be emitted from approximately half the
voltage of the photon energy in the 1,2-ADN/NDI-HF device''>"*, This
ultralow turn-on of blue emission is also observed when we use other
anthracene derivatives and NDI-HF, as described in Fig. S1. The EQE of
the OLED with NDI-HF is lower than that of other electron transport
materials, as shown in Fig. 2e.

To clarify the origin of the different turn-on voltages in these
devices, we investigated the decay dynamics of EL emission (Fig. 2f).
There is a clear difference in the transient EL signals between these
devices using the different electron transport (acceptor) materials.
The OLED devices with typical electron transport materials (TmPyPB,
BPyOXD, and B4PYMPM) mainly show prompt decay, with EL lifetimes
of approximately 0.2 ps (which is the detection limit of the instru-
ment). The prompt decay is due to the fast emission from the S; states
that form directly after charge injection to the emitter layer, as illu-
strated in Fig. 1a”. The amplitude shows that approximately 80 -~ 90%
of the EL emission is governed by fast emission in devices with the

three typical electron transport materials. In contrast, only a slow
decay component with a lifetime on the order of s is observed in the
EL decay curves of 1,2-ADN/NDI-HF. The slow decay can be associated
with emission originating from the TTA of the triplet excitons, which is
a slow diffusion process®. The fitted exponential curve in Fig. S2
reveals that the lifetime of TTA emission in 1,2-ADN/NDI-HF is 0.85 s,
which is faster than the value in the UC-OLED with rubrene in a pre-
vious report (>3 ps)*, indicating faster triplet diffusion in 1,2-ADN
than in rubrene. The results indicate that all of the emission in the 1,2
ADN/NDI-HF device is produced by TTA-UC and that the low energy T,
of 1,2-ADN is selectively generated by charge injection (Fig. 1b). The
energy levels of S; and T, of 1,2-ADN are 2.9 and 1.7 eV, respectively’.
The energy difference of the initial excited state produced by the
injected charge results in the difference in turn-on voltage between the
OLED with NDI-HF and other electron transport materials.

Note that the energy difference of LUMO between B4PYMPM and
NDI-HF is only 0.1 eV; however, the turn-on voltage and the operation
mechanism of the devices are clearly different. To elucidate the origin
of the difference, we investigated the highly sensitive incident photon-
to-current conversion efficiency (IPCE) to measure the CT state
absorption, which reflected the D/A interaction at the interface
between the emitter (donor) and the electron transport (acceptor)
materials in Fig. 2g”*¥. The device with TmPyPB, BPyOXD, and
B4PYMPM, which are typical electron transport materials in OLEDs,
has little photocurrent response at wavelengths longer than the
HOMO-LUMO transition of 1,2-ADN at approximately 450 nm. In con-
trast, the device with NDI-HF shows a clear photocurrent response
until 700 nm, which is the signal of CT state formation at the D/A
interface due to the strong interaction between 1,2-ADN and NDI-HF*,
The results indicate that CT state formation is necessary for the direct
excitation of T, at low voltage because the CT state acts as a precursor
for energy transfer to T; as illustrated in Fig. 1b. Why NDI-HF is a special
to form the CT state and show the TTA-UC emission is an intriguing
question. We measured the XRD patterns of B4PYMPM, BPyOXD,
TmPyPB, and NDI-HF in Fig. S3. There are no clear diffraction peaks in
the XRD patterns of B4PYMPM, BPyOXD, and TmPyPB, indicating that
these conventional electron transport materials are amorphous in the
thin films due to weak intermolecular interactions. In contrast, NDI-HF
shows diffraction peaks, and the intermolecular interaction of NDI-HF
is too strong to dissolve in any organic solvent. The strong inter-
molecular interaction of NDI-HF leads to a large heteromolecular
interaction with 1,2-ADN at the interface; therefore, only NDI-HF forms
a CT state at the interface.

The next aspect is to determine if NDI-HF is the best acceptor
material as the partner of 1,2-ADN for achieving efficient energy
transfer from the CT state to T; of 1,2-ADN and consequently efficient
TTA-UC emission. Therefore, we synthesized 14 NDI derivatives with a
different substituent on the nitrogen position of NDI, as shown in
Fig. 3a. Details of the synthesis and the material properties are sum-
marized in the Supplementary Information. The substituents are
broadly classified as aryl and alkyl groups. Table S1 summarizes the
LUMO energy levels of the NDI derivatives. Most NDIs with aryl groups
have lower LUMO levels than NDIs with alkyl groups, as reflected by the
difference in the electron-donating properties from the substituents to
the NDI core. The difference in the LUMO levels of NDI derivatives
results in large differences in the EL emission spectra of the UC-OLEDs.
Fig. 3b shows a typical example; the UC-OLED with NDI-HF containing
an aryl group shows mostly TTA-UC emission at 450 nm, while the UC-
OLED with NDI bearing a cyclohexyl group shows a clear CT emission
at 665nm (1.86 eV) with suppressed TTA-UC emission. The energy
transfer scheme of the UC-OLED is illustrated in Fig. 3c. TTA-UC
emission occurs through energy transfer from the triplet CT state
(CT3) to T, of 1,2-ADN". However, a direct decay path from the CT state
to the ground state via either radiative or nonradiative transition also
exists. To determine the relationship between the efficiency of TTA-UC
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emission and CT state energy, the TTA-UC emission intensity at con-
stant current flow is plotted as a function of CT state energy in devices
with the 14 NDI derivatives. The CT state energy is calculated by the
peak wavelength of the CT emission in the EL spectra of the devices.
We find a negative correlation; specifically, the TTA-UC emission
intensity increases as the CT state energy decreases. Since the emission
layers of all devices used the same 1,2-ADN, the difference in TTA-UC
emission intensity was caused by the difference in energy transfer
efficiency from CT; to T; of 1,2-ADN. The highest TTA-UC emission
intensity was observed in the 1,2-ADN/NDI-HF device with a CT state
energy of 1.71eV (Fig. 3d), which is very close to the peak energy of
phosphorescence (1.77 eV) from T; of 1,2-ADN in solution at 77K
(Fig. S28). Although the sample form and temperature of the mea-
surement for the energy level are different, the result clearly indicates
that the proximity of the energy levels between the CT state and T,
accelerates the energy transfer between the two excitonic states. The
triplet energy transfer is governed by the Dexter mechanism?®.
Therefore, a larger spectral overlap between the two states will facil-
itate energy transfer’®*', We suppose that the bulkiness of the side
chain of NDI derivatives is another possible factor determining the
energy transfer efficiency because the top three derivatives (NDI-HF,
NDI-Ph, NDI-FPh), which show strong TTA-UC emission, have small
steric hindrance to the m-plane of the NDI core. In particular, NDI-HF
has such strong intermolecular interactions that it cannot be dissolved
in any organic solvent. The strong intermolecular interaction is bene-
ficial for a large heteromolecular CT interaction at the interface. Our
finding is further supported by UC-OLEDs using another type of
anthracene derivative TPA-An-mPhCz** with a 0.2 eV shallower HOMO
level than1,2-ADN and with a T; level almost identical to that of 1,2-ADN
(Fig. S29). Corresponding to the shallower HOMO level, the CT state

energies of the device with TPA-An-mPhCz are 0.2-0.3 eV smaller than
those of 1,2-ADN when the same NDI is used, as shown in Fig. S30.
Notably, the difference in the CT state energy changes the optimal
acceptor partner for efficient TTA-UC emission in TPA-An-mPhCz. NDI-
HF is optimal for 1,2-ADN, whereas NDI-Cy with a shallower LUMO level
relative to NDI-HF is optimal for TPA-An-mPhCz, as shown in the plot of
the TTA-UC emission intensity of the devices (Fig. S30d). The CT state
energy of the TPA-An-mPhCz/NDI-HF device is as low as 1.40eV;
therefore, the energy transfer from the CT state to T; of the emitter is
suppressed. With the optimal combination, the TPA-An-mPhCz/NDI-Cy
device, which has close energy levels between the CT state and T; of
the emitter, shows an ultralow turn-on voltage, similar to that observed
for 1,2-ADN/NDI-HF (Fig. S31a). Notably, B4PYMPM, which is a typical
electron transport material with a deep LUMO level, does not function
at a low turn-on voltage even with TPA-An-mPhCz, which has a shal-
lower HOMO level. CT state absorption (Fig. S31b) was observed in the
TPA-An-mPhCz/NDI-Cy device but not in the TPA-An-mPhCz/
B4PYMPM device. This result further supports our conclusion that the
CT state does not form on materials with weak intermolecular inter-
actions even when the energy difference between the HOMO of the
donor and LUMO of the acceptor is small, and CT state formation at
the D/A interface is essential for direct excitation of T; at an ultralow
voltage.

Thus far, the best D/A combination showing efficient TTA-UC
emission is 1,2-ADN/NDI-HF. We optimized the device structure by
adding a typical blue fluorescent dopant, tert-butyl perylene (TbPe)®,
in the emitter layer. The device structure is illustrated in Fig. 4a. The
TbPe-doped layer is sandwiched by the undoped 1,2-ADN layers. The
device concept is as follows: the core processes, including CT state
formation, energy transfer to T;, and TTA, occur near the D/A interface;
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sky-blue circle is measured by the photodiode. The value of the photodiode is
corrected by multiplying by a coefficient to obtain the same value measured by the
luminance meter. d Photograph of a TbPe-doped 1,2-ADN/NDI-HF device operated

by a 1.5V battery. e Turn-on voltage versus EL emission wavelength of various types
of blue LEDs: UC-OLED (red star), fluorescent OLED (orange triangle), phosphor-
escent OLED (yellow circle), TADF OLED (green cross) and InGaN LED (blue square).
The device parameters for the references used to create the figure are summarized
in Table S2. f EQE of the TbPe-doped 1,2-ADN/NDI-HF devices. g The operation
lifetime measurement under the initial luminance condition at 1000 cd/m? of the
TbPe-doped UC-OLED device (blue) and the FIrPic-doped phosphorescent device
(orange).
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however, the final emission occurs apart from the interface by Forster
energy transfer to TbPe to suppress interfacial quenching of the
emissive S; exciton'. The EL emission spectrum and J-Vand L-V curves
of the optimized device are depicted in Fig. 4b, c. The EL spectra at
different current densities are shown in Fig. S32. The device produced
blue emission with a peak wavelength at 462 nm (2.68 eV) from TbPe.
The emission from other species, such as the CT state and T, appearing
from 650 - 850 nm, is less than the noise level (intensity less than 0.3%
of the main emission from TbPe). Notably, the turn-on voltage that
shows 1 cd/m?was only 1.47 V, producing 100 cd/m?at 1.97 V. The high-
energy blue emission is still observable at 1.26 V when sensitively
measured by a photodiode. The blue emission of the UC-OLED is also
visible by only connecting a 1.5 V battery, as shown in Fig. 4d. The turn-
on voltage versus EL emission wavelength of various types of blue
OLEDs and an inorganic blue LED based on InGaN is plotted in Fig. 4e.
The parameters of the reference devices are summarized in Table S2.
Recently, several papers have been published reporting low-voltage
operation of blue OLEDs**. However, the turn-on voltage was
approximately 2.5 V. The ultralow voltage operation at approximately
1.5V for blue emission has not been achieved even with inorganic
LEDs™. Therefore, this is the lowest operating voltage thus far among
any type of blue LED. Some of the OLEDs in Table S2 exhibit EQE values
greater than 20% with a low turn-on voltage of ~2.5 V. These devices use
either phosphorescent or TADF materials, which have not been uti-
lized in commercial blue OLEDs due to their low stability. Therefore,
reducing the operating voltage of blue OLEDs using fluorescent
materials is crucial. The L-/ curve of the TbPe-doped device has been
added to Fig. S33. Luminance increases quadratically at lower current
density and linearly at higher current density. This is a well-known
characteristic of TTA, namely, bimolecular TTA becomes a main decay
channel under high triplet concentration conditions, and TTA effi-
ciency becomes constant”. The transient EL of the TbPe-doped device
under different applied voltages is shown in Fig. S34. Only a slow decay
component with a lifetime on the order of ps is observed, similar to the
result of the undoped device in Fig. 2f, indicating that all the emission
is produced from the low-energy T; of 1,2-ADN even in the doped
device regardless of the applied voltage. The maximum EQE of the UC-
OLED is 3.25% (Fig. 4f). The EQE of the UC-OLED was largely improved
with the fluorescent dopant because parasitic loss processes such as
back charge separation were suppressed, as previously reported™. The
power efficiency (PE) is 3.04 Im/W (Fig. S35). The EQE and PE are
comparable to those of conventional blue fluorescent OLEDs**. The
theoretical maximum EQE for the UC-OLED is calculated by multi-
plying the efficiency for every step used to produce blue emission; the
spin-statistics of triplet formation are 75%*, the maximum TTA effi-
ciency is 50% because TTA is a two-photon process*’, the measured
photoluminescence QE of the TbPe-doped 1,2-ADN film is 73%, and the
outcoupling efficiency is 20%**. Therefore, the theoretical maximum
EQE for the blue UC-OLED is calculated to be 5.5%. Here, we assume
that only the triplet CT state is used for TTA-UC emission; however, the
singlet CT state is possibly used because the singlet and triplet CT
states are almost degenerate, leading to fast intersystem
crossing®*>**, If both singlet and triplet CT states are used, the theo-
retical maximum EQE is calculated to be 7.3%. The difference between
the theoretical maximum EQE and current value is possibly caused by
the deactivation processes, such as direct CT recombination before
the energy transfer from the CT state to T; of the emitter or triplet-
charge annihilation. Suppression of these processes by finding new
material and optimizing the device structure will further increase the
EQE of the UC-OLED. Note that the number of excitons is halved
through TTA-UC. However, 37.5% corresponds to half of the formation
ratio of T; (75%/2) and is still larger than 25%, which is the formation
ratio of S; utilized in conventional fluorescent OLEDs?. Efficiency roll-
off was observed at operating conditions above 1000 cd/m?, as shown
in Fig. 4f, and this is probably caused by triplet-charge annihilation'**.

As the sky-blue emission from TbPe is not appropriate for display
applications, we tried a famous narrow-band blue emitter, v-DABNA, as
a fluorescent dopant in the 1,2-ADN layer*. Pure blue emission from v-
DABNA was observed; however, the turn-on voltage increased to 2.7 V
due to an increase in the series resistance of the device, as shown in
Fig. S36. What kind of dopant materials can be appropriate in UC-
OLEDs will be investigated in the future. The operation lifetime of the
blue UC-OLED is compared to the device with a typical blue phos-
phorescent emitter, the bis-cyclometalated iridium (Il) complex
(FIrPic)¥*%, under the initial luminance condition at 1000 cd/m?
(Fig. 4g). The devices were simply encapsulated by UV resin and a
cover glass without using desiccant and an oxygen scavenger. FIrPic
exhibited phosphorescence from T; at a peak wavelength of 475 nm
(2.61eV), as shown in Fig. S37. The lifetime for the luminance to decay
to 50% from the initial luminance of 1000 cd/m? (LTso) for the FlrPic
device was found to be approximately 3 h due to device degradation
by the high energy T;. Conversely, the UC-OLED with a structure of
Fig. 4a provided an LTso up to 270 h. This indicates that blue emission
originating from low energy T; (1.77 eV in 1,2-ADN) is beneficial for
device stability. We also measured the operation lifetime of TbPe-
doped devices with B4PYMPM or BPyOXD as the electron transport
layer (Fig. S38). The LTs of the device with B4PYMPM or BPyOXD was
0.7 hand 2.5 h, respectively; these values are much shorter than that of
the UC-OLED with NDI-HF. The short lifetime of the TbPe-doped device
using the conventional electron transport layer is probably due to
exciton quenching at the MoOj interface. Durable OLEDs generally use
a multilayered structure with electron, hole, and exciton blocking
layers and a strategy for shifting the emission zone*. The device
structure of the UC-OLED is a simple D/A heterojunction, but it shows
relatively high stability. Notably, the UC-OLED worked even without
the LiF electron injection layer, as shown in Fig. S39. This result was
caused by a reduced energy barrier for electron injection due to the
much lower LUMO level of NDI-HF than that of 1,2-ADN. An electron
injection material such as LiF is one of the main causes of the reduced
operational lifetime of OLEDs because of its air sensitivity®. Thus, the
present UC-OLED system could have further enhanced the operation
lifetime by avoiding the use of problematic elements.

Discussion

Finally, we discuss the origin of the extremely small starting voltage
of the blue emission at 1.26 V, as shown in Fig. 4c. To investigate the
dependence of the applied electric field, the thickness dependence
of the emission layer on the emissive properties was investigated.
As shown in Fig. S40, the threshold of the L~V curves was not shifted
by the difference in the emission layer thickness between 25 and
100 nm. Specifically, the threshold voltage for the blue emission
was not influenced by the electric field, indicating that the emissive
properties were determined essentially by the D/A interface where
the CT state formed. Note that 1.26 V, the threshold voltage for
obtaining blue emission (Fig. 4c), was much smaller than the CT
state energy of 1,2-ADN/NDI-HF (1.71 eV) divided by the elementary
charge. A recent report demonstrated that the EL emission in any
type of inorganic and organic LED was observable by highly sensi-
tive photon counting measurements at 0.5-1.0 V smaller than the
bandgap energy of the emitter divided by the elementary charge®.
The authors explained that the origin of the emission was the
radiative recombination of nonthermal-equilibrium band-edge
carriers whose populations were determined by the Fermi-Dirac
function perturbed by a small external bias. In the case of organic
semiconductors, band-edge carriers exist in the tail states inside the
band gap of the material®. Those states determined the diode
characteristic of the devices, especially near the threshold. The
diode characteristics of our UC-OLED are shown in Fig. S41. The
threshold voltage of the diode for the current flow is at ~1.3V, and
the open-circuit voltage (Voc) of the UC-OLED under 1 sun
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irradiation is 1.32 V. These values correlate to an ultralow threshold
voltage for blue light-emissive OLEDs.

In summary, we have demonstrated that the UC-OLED has an
ultralow turn-on voltage of 1.47 V for emitting blue light with a peak
wavelength at 462nm (2.68eV) and reaches 100 cd/m? which is
equivalent to the luminance of a typical display, at 1.97 V. Blue emission
is achieved by the selective excitation of low-energy T; at low applied
voltage and TTA-UC emission near the D/A interface. The essential
factor is the appropriate choice of the D/A material to achieve CT state
formation and subsequent efficient energy transfer to T; of the emitter
at the D/A interface. We have discovered that the formation of the CT
state is influenced by the strong intermolecular interaction between
the donor and acceptor materials. The importance of our findings lies
in the reduction of the turn-on voltage using the emitter commonly
utilized in commercial OLEDs. Our findings have a great impact on
advancements in the field not only for OLEDs but also for OPVs
because T; formation at the D/A interface is currently considered the
main cause of nonradiative recombination; this is the last challenging
topic of OPVs for achieving a power conversion efficiency of over
20%2. We believe that the appropriate design of the D/A interface is
essential for controlling the dynamics of excitonic processes™, leading
to the development of efficient organic electronic devices and novel
optoelectronic functions.

Methods

OLED fabrication

The OLED devices were fabricated on indium tin oxide (ITO)-coated
glass substrates (ITO thickness: 150 nm; sheet resistance: 10.3 Q sq};
Techno Print). 9-(Naphthalen-1-yl)-10-(naphthalen-2-yl)anthracene
(1,2-ADN) (sublimed, Lumtec), 4-(10-(3-(9H-carbazol-9-yl)phenyl)
anthracen-9-yl)-N,N-diphenylaniline (TPA-An-mPhCz) (sublimed, Lum-
tec),  2,7-di(9H-fluoren-2-yl)benzo[lmn][3,8]-phenanthroline-1,3,6,8
(2H,7H)-tetraone (NDI-HF) (sublimed, Lumtec), 2,7-diphenylbenzo
[Imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (NDI-Ph) (sublimed,
Lumtec), 2,7-dioctylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H, 7H)-
tetraone (NDI-C8) (sublimed, Lumtec), 2,7-dicyclohexylbenzo[lmn]
[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone  (NDI-Cy)  (sublimed,
Lumtec), 4,6-bis(3,5-di(pyridin-4-yl)phenyl)-2-methylpyrimidine (B4PY
MPM) (sublimed, Lumtec), 1,3-Bis[2-(2,2"-bipyridine-6-yl)-1,3,4-0xa-
diazo-5-yl]benzene (BPyOXD) (sublimed, Lumtec), 1,3,5-tri[(3-pyridyl)-
phen-3-yllbenzene (TmPyPB) (sublimed, Lumtec), and 2,5,8,11-tetra-
tert-butylperylene (TbPe) (Tokyo Chemical Industry) were used with-
out further purification. The MoO; hole-transporting layer (10 nm,
0.01nms™), donor layer (40~115 nm, 0.1 nms™), acceptor layer (50 nm,
0.1nms™), LiF electron-injection layer (0.2nm, 0.01nms™), MoO3
layer (0.3nm, 0.01nms™) and Al electrodes (70 nm, 0.1nms™) were
deposited by thermal evaporation under high vacuum (-107° Pa) in a
vacuum evaporation system (VTS-350M, ULVAC) housed in a glove
box (DSO-1.5 S MS3-P, Miwa). TbPe were introduced into the 1,2-ADN
donor layer via the codeposition technique. The TbPe concentration
are described as the volume percent relative to the 1,2-ADN volume in
the film. The devices were simply encapsulated in the glove box by UV-
resin and a cover glass without using desiccant and an oxygen sca-
venger. The active area of the devices was 0.065 cn’.

Measurements

The J-V and L-V curves of the OLEDs were measured using a source/
measure unit (2400, Keithley) and a luminance meter (LS-110, KONICA
MINOLTA, INC.) or a source/measure unit (B2902A, Keysight Tech-
nologies Inc.) and a luminance meter (BM-9, TOPCON Ltd.). The highly
sensitive L-V curves were measured by a photodiode (S1223-01,
Hamamatsu Photonics) and a semiconductor parameter analyzer
(B1500A, Keysight Technologies Inc.) combined with a high-resolution
source/measure unit (B1517A HRSMU, Keysight Technologies Inc.). The
EL intensity measured by the photodiode was corrected by multiplying

a coefficient so as to be the same value measured by the luminance
meter. A fiber optic spectrometer (Avaspec-UV/VIS/NIR, Avantes) was
used to measure the absolute EL spectra of the OLEDs. Absolute EL
spectra were measured when a constant current was applied (2400,
Keithley) or (B2902A, Keysight Technologies Inc.); these spectra were
collected by a cosine collector (CC-VIS/NIR, Avantes) attached to the
end of an optical fiber to cover all the emission region of the device.
The external quantum efficiency (EQE) was calculated between inte-
grating the absolute EL spectrum and the measured current value. EL
decay was measured by a hand-made system composed of a digital
oscilloscope (T3DSO1302A, Teledyne Lecroy), a Si-photodiode
(FDS100, Thorlabs), and a transimpedance amplifier (AMP140, Thor-
labs) when the function generator (WF1974, NF Corp.) was applied a
square voltage of 100 Hz to the OLEDs. EL decay waveforms were
measured using oversampling at a rate of 2 GS/s and smoothing by a
moving average of 128 times.

The J-V characteristics of the photovoltaic device were measured
under simulated solar illumination (AM 1.5, 100 mW cm) from a solar
simulator based on a 300 W Xe lamp (HAL-320, Asahi Spectra) using a
source meter (2400, Keithley). The light intensity was calibrated with a
standard silicon solar cell (CS-20, Asahi Spectra). The highly sensitive
IPCE of the devices was measured on a double monochromator system
(HQE-25DK, Bunkohkeiki) with sub-femtoamp source meter (6430,
Keithley).

The absolute PLQE were measured by a spectrometer system,
including a Xe lamp, monochromator, an integration sphere, and a
multichannel detector (Quantaurus-QY, Hamamatsu Photonics).
The film thicknesses were measured by using a surface profilometer
(Dektak 150, Veeco). UV/vis and fluorescence spectra in the solution
states were recorded on a spectrophotometer (V-630, JASCO) and a
spectrofluorometer (FP-6200, JASCO), respectively. Redox poten-
tials were measured by cyclic voltammetry (CV) on a potentiostat/
galvanostat (HAB-151A, Hokuto Denko). The CV was measured in
CH,Cl, with a 0.1 M n-BuyNPFg as a supporting electrolyte. Glassy
carbon, Pt wire, Ag/AgNO3 were used as working electrodes, coun-
ter electrodes, and reference electrodes, respectively. The scan rate
was 0.05 V/s. The ferrocene/ferrocenium ion redox couple was used
as an external reference. The 'H and *C NMR spectra were recorded
on a JEOL JNM-AL300 spectrometer in CDCl; or DMSO-d, operating
at the frequencies of 300 and 75 MHz, respectively. Chemical shifts
are reported in parts per million (ppm) relative to CDCl3 (77.16 ppm
for 3C NMR), DMSO (2.50 ppm for 'H NMR and 39.5 ppm for *C
NMR), or tetramethylsilane (0.00 ppm for 'H NMR) as an internal
standard in CDCls, and the coupling constants are reported in hertz
(Hz). High-resolution electrospray ionization mass spectra (HR-ESI-
MS) were measured for solution samples in CHCI3/MeOH on a
Waters Xevo Q-TOF UPLC-MS system with a positive ion mode. X-ray
diffraction (XRD) patterns were measured with an X-ray dif-
fractometer (Smart Lab, Rigaku) with Cu Ka at 45kV and 200 mA.
The photoelectron yield spectra (PYS) were measured using an (AC-
2, Riken-Keiki). Phosphorescence spectra were measured with a
spectrofluorometer (FP-8650, JASCO).

Preparation of NDI derivatives

NDI-HF, NDI-Ph, NDI-C8, and NDI-Cy were purchased from Lumtec.
NDI-Naph, NDI-PhE, NDI-EH, NDI-EP, and NDI-PH were synthesized
from naphthalene-1,4,5,8-tetracarboxylic dianhydride according to
literatures®°. NDI-FPh, NDI-BPh, NDI-MeF, NDI-MePh, and NDI-TbPh
were unprecedented compounds. Their synthesis and characterization
data were described in the Supplementary Information.

Data availability

The main data supporting the findings of this study are available within
the article and its Supplementary Information. Extra data are available
from the corresponding authors on request.

Nature Communications | (2023)14:5494



Article

https://doi.org/10.1038/s41467-023-41208-7

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cho, J., Park, J. H., Kim, J. K. & Schubert, E. F. White light-emitting
diodes: history, progress, and future. Laser Photon. Rev. 11,
1600147 (2017).

Tsutsui, T. Progress in electroluminescent devices using molecular
thin films. MRS Bull. 22, 39-45 (2013).

Hu, J.-Y. et al. Bisanthracene-based donor-acceptor-type light-
emitting dopants: highly efficient deep-blue emission in
organic light-emitting devices. Adv. Funct. Mater. 24,
2064-2071 (2014).

Lee, J.-H. et al. Blue organic light-emitting diodes: current status,
challenges, and future outlook. J. Mater. Chem. C. 7,

5874-5888 (2019).

Baldo, M. A. et al. Highly efficient phosphorescent emission from
organic electroluminescent devices. Nature 395, 151-154 (1998).
Uoyama, H., Goushi, K., Shizu, K., Nomura, H. & Adachi, C. Highly
efficient organic light-emitting diodes from delayed fluorescence.
Nature 492, 234-238 (2012).

Lin, B. Y. et al. Exciplex-sensitized triplet-triplet annihilation in het-
erojunction organic thin-film. ACS Appl. Mater. Interfaces 9,
10963-10970 (2017).

Wang, D., Cheng, C., Tsuboi, T. & Zhang, Q. Degradation mechan-
isms in blue organic light-emitting diodes. CCS Chem. 2,
1278-1296 (2020).

Sun, J. et al. Exceptionally stable blue phosphorescent organic
light-emitting diodes. Nat. Photon. 16, 212-218 (2022).

Chan, C.-Y. et al. Stable pure-blue hyperfluorescence organic light-
emitting diodes with high-efficiency and narrow emission. Nat.
Photon. 15, 203-207 (2021).

Pandey, A. K. & Nunzi, J. M. Rubrene/fullerene heterostructures with
a half-gap electroluminescence threshold and large photovoltage.
Adv. Mater. 19, 3613-3617 (2007).

Engmann, S. et al. Higher order effects in organic LEDs with sub-
bandgap turn-on. Nat. Commun. 10, 227 (2019).

Izawa, S. & Hiramoto, M. Efficient solid-state photon upconversion
enabled by triplet formation at an organic semiconductor interface.
Nat. Photon. 15, 895-890 (2021).

Izawa, S., Morimoto, M., Naka, S. & Hiramoto, M. Efficient interfacial
upconversion enabling bright emission at an extremely low driving
voltage in organic light-emitting diodes. Adv. Opt. Mater. 10,
2101710 (2022).

Yamada, M., Naka, S. & Okada, H. Light-emitting organic photo-
voltaic devices based on rubrene/PTCDI-C13 stack. Electrochem.
85, 280-282 (2017).

Sakamoto, Y., Izawa, S., Ohkita, H., Hiramoto, M. & Tamai, Y. Triplet
sensitization via charge recombination at organic heterojunction for
efficient near-infrared to visible solid-state photon upconversion.
Commun. Mater. 3, 76 (2022).

Sasaki, T. et al. Unravelling the electron injection/transport
mechanism in organic light-emitting diodes. Nat. Commun. 12,
2706 (2021).

Zhou, J., Liu, Q., Feng, W., Sun, Y. &Li, F. Upconversion luminescent
materials: advances and applications. Chem. Rev. 115,

395-465 (2015).

Yanai, N. & Kimizuka, N. New triplet sensitization routes for photon
upconversion: thermally activated delayed fluorescence mole-
cules, inorganic nanocrystals, and singlet-to-triplet absorption.
Acc. Chem. Res. 50, 2487-2495 (2017).

Wu, S, Li, S., Sun, Q., Huang, C. & Fung, M. K. Highly efficient white
organic light-emitting diodes with ultrathin emissive layers and a
spacer-free structure. Sci. Rep. 6, 25821 (2016).

Sasabe, H. et al. Influence of substituted pyridine rings on physical
properties and electron mobilities of 2-methylpyrimidine skeleton-
based electron transporters. Adv. Funct. Mater. 21, 336-342 (2011).

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ichikawa, M. et al. Bipyridyl oxadiazoles as efficient and durable
electron-transporting and hole-blocking molecular materials. J.
Mater. Chem. 16, 221-225 (2006).

Tietze, M. L. et al. Passivation of molecular n-doping: exploring the
limits of air stability. Adv. Funct. Mater. 26, 3730-3737 (2016).
Zhang, G. et al. Nonfullerene acceptor molecules for bulk hetero-
junction organic solar cells. Chem. Rev. 118, 3447-3507 (2018).
Zhang, Y. & Forrest, S. R. Triplets contribute to both an increase and
loss in fluorescent yield in organic light emitting diodes. Phys. Rev.
Lett. 108, 267404 (2012).

Vandewal, K., Tvingstedt, K., Gadisa, A., Inganas, O. & Manca, J. V.
Relating the open-circuit voltage to interface molecular properties
of donor:acceptor bulk heterojunction solar cells. Phys. Rev. B 81,
125204 (2010).

Vandewal, K. et al. Increased open-circuit voltage of organic solar
cells by reduced donor-acceptor interface area. Adv. Mater. 26,
3839-3843 (2014).

Street, R. A. Electronic structure and properties of organic bulk-
heterojunction interfaces. Adv. Mater. 28, 3814-3830 (2016).
Dexter, D. L. A theory of sensitized luminescence in solids. J. Chem.
Phys. 21, 836-850 (1953).

Skourtis, S. S., Liu, C., Antoniou, P., Virshup, A. M. & Beratan, D. N.
Dexter energy transfer pathways. Proc. Natl. Acad. Sci. USA 113,
8115-8120 (2016).

Aizawa, N., Shikita, S. & Yasuda, T. Spin-dependent exciton fun-
neling to a dendritic fluorophore mediated by a thermally activated
delayed fluorescence material as an exciton-harvesting host.
Chem. Mater. 29, 7014-7022 (2017).

Han, P. et al. Aggregation-induced emission luminogen with
excellent triplet-triplet upconversion efficiency for highly efficient
non-doped blue organic light-emitting diodes. Mater. Horiz. 9,
376-382 (2022).

Kim, S. K., Park, Y. I. & Park, J. W. Synthesis and electroluminescent
properties of fully substituted ethylene moieties. Mol. Cryst. Liq.
Cryst. 458, 209-216 (2006).

Salehi, A. et al. Realization of high-efficiency fluorescent organic
light-emitting diodes with low driving voltage. Nat. Commun. 10,
2305 (2019).

Vasilopoulou, M. et al. High efficiency blue organic light-emitting
diodes with below-bandgap electroluminescence. Nat. Commun.
12, 4868 (2021).

Lian, Y. et al. Ultralow-voltage operation of light-emitting diodes.
Nat. Commun. 13, 3845 (2022).

Monguzzi, A., Mezyk, J., Scotognella, F., Tubino, R. & Meinardi, F.
Upconversion-induced fluorescence in multicomponent systems:
Steady-state excitation power threshold. Phys. Rev. B 78,

195112 (2008).

Jiang, Y., Zhou, D.-Y., Dong, S.-C. & Tang, C. W. Impact of chemical
degradation at HTL/EML Interface on device performance of blue
OLEDs. SID Symp. Dig. Tech. Pap. 50, 252-255 (2019).

Sarma, M. & Wong, K. T. Exciplex: an intermolecular charge-transfer
approach for TADF. ACS Appl. Mater. Interfaces 10,

19279-19304 (2018).

Di, D. et al. Efficient triplet exciton fusion in molecularly doped
polymer light-emitting diodes. Adv. Mater. 29, 1605987 (2017).
Smith, L. H., Wasey, J. A. E. & Barnes, W. L. Light outcoupling effi-
ciency of top-emitting organic light-emitting diodes. Appl. Phys.
Lett. 84, 2986-2988 (2004).

Furno, M., Meerheim, R., Hofmann, S., Lissem, B. & Leo, K. Effi-
ciency and rate of spontaneous emission in organic electro-
luminescent devices. Phys. Rev. B 85, 115205 (2012).

Goushi, K. & Adachi, C. Efficient organic light-emitting diodes
through up-conversion from triplet to singlet excited states of
exciplexes. Appl. Phys. Lett. 101, 023306 (2012).

Nature Communications | (2023)14:5494



Article

https://doi.org/10.1038/s41467-023-41208-7

44. Goushi, K., Yoshida, K., Sato, K. & Adachi, C. Organic light-emitting
diodes employing efficient reverse intersystem crossing for triplet-
to-singlet state conversion. Nat. Photon. 6, 253-258 (2012).

45, Murawski, C., Leo, K. & Gather, M. C. Efficiency roll-off in organic
light-emitting diodes. Adv. Mater. 25, 6801-6827 (2013).

46. Kondo, Y. et al. Narrowband deep-blue organic light-emitting diode
featuring an organoboron-based emitter. Nat. Photon. 13,
678-682 (2019).

47. Holmes, R. J. et al. Blue organic electrophosphorescence using
exothermic host-guest energy transfer. Appl. Phys. Lett. 82,
2422-2424 (2003).

48. Liu, Z., Helander, M. G., Wang, Z. & Lu, Z. Band alignment at anode/
organic interfaces for highly efficient simplified blue-emitting
organic light-emitting diodes. J. Phys. Chem. C. 114,

16746-16749 (2010).

49. Ishimoto, T. et al. Ultra long life deep blue OLED device achieved by
controlling the carrier recombination site. SID Symp. Dig. Tech. Pap.
52, 236-239 (2021).

50. Fukagawa, H. et al. Highly efficient and air-stable inverted organic
light-emitting diode composed of inert materials. Appl. Phys.
Express 7, 082104 (2014).

51. Yang, J.-P., Bussolotti, F., Kera, S. & Ueno, N. Origin and role of gap
states in organic semiconductor studied by UPS: as the nature of
organic molecular crystals. J. Phys. D. Appl. Phys. 50,

423002 (2017).

52. Gillett, A. J. et al. The role of charge recombination to triplet exci-
tons in organic solar cells. Nature 597, 666-671 (2021).

53. Imahori, H., Kobori, Y. & Kaji, H. Manipulation of charge-transfer
states by molecular design: perspective from “Dynamic Exciton”.
Acc. Mater. Res. 2, 501-514 (2021).

54. Cowper, N. G. W., Chernowsky, C. P., Williams, O. P. & Wickens, Z. K.
Potent reductants via electron-primed photoredox catalysis:
unlocking aryl chlorides for radical coupling. J. Am. Chem. Soc. 142,
2093-2209 (2020).

55. Miyake, Y. et al. Entropy-controlled 2D supramolecular structures of
N,N'-bis(n-alkyl)naphthalenediimides on a HOPG Surface. ACS
Nano 6, 3876-3887 (2012).

56. Wang, K. et al. Co-assembly of donor and acceptor towards orga-
nogels tuned by charge transfer interaction strength. Soft Matter 13,
1948-1955 (2017).

Acknowledgements

This research was supported in part by JSPS KAKENHI, Grants-in-Aid for
Scientific Research (19K04465, 20KK0323, 21H05411, 22K14592), JST
PRESTO (JPMJPR2101), a project (JPNP20004) subsidized by the New
Energy and Industrial Technology Development Organization (NEDO),
Izumi Science and Technology Foundation, Shorai Foundation for
Science and Technology, and The Morino Foundation for Molecular

Science. The authors would like to thank K. Tajima and K. Nakano at
RIKEN for their assistance with the X-ray diffraction and photoelectron
yield measurements.

Author contributions

S.I. conceived the idea, directed the project, fabricated the OLED devi-
ces, conducted the OLED characterization, and wrote most of the paper.
M.M. conducted the OLED characterization, especially the transient EL
and luminance measurements using the photodiode. K.F. and K.B.
designed and synthesized NDI derivatives. Y.M., M.T., S.N., and M.H.
supervised the research. All the authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41208-7.

Correspondence and requests for materials should be addressed to
Seiichiro Izawa, Masahiro Morimoto or Keisuke Fujimoto.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:5494

10


https://doi.org/10.1038/s41467-023-41208-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Blue organic light-emitting diode with a turn-on voltage of 1.47 V
	Results
	Discussion
	Methods
	OLED fabrication
	Measurements
	Preparation of NDI derivatives

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




