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Abstract

Reducing operating voltage is the remaining frontier for organic light-emitting diodes (OLEDs)
because their quantum efficiency (QE) of electroluminescence has been already maximized. Herein,
we report an efficient OLED in which a blight emission equivalent to a luminance of a display is
achieved by only a 1.5 V battery. The OLED is based on upconversion (UC) emission utilizing triplet-
triplet annihilation occurring near donor/acceptor (D/A) interface. We found that a character of a
charge transfer state that is key intermediate for the UC emission could be controlled by D/A interfacial
interaction. As a result, parasitic loss processes for UC were greatly suppressed from over 90% to
about 10%, and two order of magnitude higher QE than the previous UC-OLED was achieved. Our
result demonstrated that the efficient UC could be realized by the management of the energy transfer
steps at the D/A interface and utilizing UC emission can be one of the possible candidate for efficient

OLED with extremely low driving voltage.



Main text

From current to photon conversion efficiency of organic light-emitting diodes (OLEDs) has been
already maximized. External quantum efficiency (EQE) has exceeded 20% with internal quantum
efficiency (IQE) of 100%, owing to the development of phosphorescent and thermally activated
delayed fluorescence materials realizing successful spin management of excited sates.!> However,
operating voltage of the common types of OLED is very high due to following three reasons. Full
bandgap voltage is required to form either singlet or triplet exciton of the emitter material.> The emitter
material is generally dispersed in an amorphous host material in order to prevent aggregation
quenching, however the charge mobility of the host material is generally as low as 10°~107° cm?/Vs
because of its amorphous structure,* decreasing a conductivity of the layer. Furthermore, multilayered
structures for charge carrier injection, transport, and blocking increases the total thickness of the
device, leading to a reduction of an internal electric field.> According to these reasons, the operating
voltage of OLED emitting about 600 nm light at 100 cd/m? which is a general display driving
condition, is very high as 4.5 V.°

One of the possible strategies to reduce the operating voltage of OLED is utilizing upconversion
(UC) emission based on triplet-triplet annihilation (TTA) sensitized by a charge transfer (CT) state at
the donor/acceptor (D/A) interface.”"1? The active layer of UC-OLED consists of two: emitter (donor)
layer playing hole transport and emission, and acceptor layer for electron transport. The operating
mechanism involved in UC-OLED are as illustrated in Figure 1a: at first, injected charge formed both
singlet and triplet CT state, denoted as CT and CTj3, at the D/A interface. Subsequently, energy of the
CTs 1s transferred to triplet exciton in the emitter molecule, and two triplets on the neighboring emitters,
form one singlet with a higher energy, through TTA. Finally, the UC emission occurs from the emitter
molecule. There are several advantages in this mechanism over the normal OLED devices: first, TTA
upgrade the energy of excited state as almost twice, thus electroluminescence (EL) starts from about
half voltage of the bandgap energy of emitter material.!> Second, all the excited states for photo-

emission forms near D/A interface, thus the transporting layer can be crystalline material with high



mobility, leading to the high conductivity of the layer. Third, energy gap at the D/A heterojunction
interface prevent leak current, thus additional blocking layers are not required. As these reasons, the
EL emission starts from less than 1 V in in rubrene/Ceo, which is the most commonly studied
combination of donor and acceptor in UC-OLED.!? However, the critical issues to be overcome in the
UC-OLEDs are their low EQE value of 0.043% in the rubrene/Cso combination.” The reason for low
EQE is the existence of severe parasitic loss processes including back charge separation (BCS) from
the singlet exciton of the emitter to CT; occurring at the D/A interface, and singlet fission (SF) that is
the inverse process of TTA!! as illustrated in Figure 1b. As a result, most of the excited states
deactivate via ether non-radiative or radiative recombination from the CT states and the triplet exciton
of rubrene that follows BCS and SF. The strategies to prevent these parasitic loss processes in the UC-
OLED is desired.

In this work, efficient UC-OLED with two order of magnitude higher EQE than the previous report
is realized by preventing the parasitic loss processes. The advancement is mainly based on the two
strategies. Firstly, we replaced the acceptor material from Ceo that is most commonly utilized in UC-
OLED to N,N’-di-n-octyl-3,4,9,10-perylenetetracarboxylic diimide (Cs-PTCDI) (Figure 1c¢) that has
highly crystalline edge-on structure in the thin film."* Cs-PTCDI has highest crystallinity among the
perylene diimide derivatives with different alkyl side chain length.!* The alkyl side chain of Cs-PTCDI
standing up in the direction to the donor layer can prevent BCS by reducing the D/A interaction.
Secondly, an emissive dopant was introduced into the emitter layer in order to accelerate fluorescence
by resonance energy transfer (FRET) and kinetically prevent the loss processes. As the results,
parasitic loss was reduced from 94% to 14%, and OLED operation of 608 nm (2.04 ¢V) emission with
177 cd/m? only by a 1.5 V battery, which is world lowest operating voltage so far, became possible.

In our experiment, we used rubrene as the TTA emitter. Rubrene satisfies the energetic requirement
for efficient TTA: the energy of first excited triplet state (T1) is 1.14 eV that is slightly larger than half
of the first excited singlet state (S1) of 2.21 eV.!> The UC-OLED devices were fabricated by a thermal
evaporation with the following planer heterojunction structure: indium tin oxide (ITO)/MoOs (10

nm)/Rubrene (60 nm)/Acceptor (50 nm)/LiF (0.2 nm)/MoO3 (0.3 nm)/Al (70 nm). The control device



with 50 nm of bathocuproine (BCP) layer instead of Ceo and Cs-PTCDI acceptor layers is also
fabricated as a reference. The emissive dopant—tetraphenyldibenzoperiflanthene (DBP)—was
introduced into the rubrene layer via the codeposition technique.'® DBP was chosen because its S1 was
2.04 eV that was slightly smaller than that of rubrene, leading to efficient FRET with small energy
loss. The doping concentration of DBP was set to 0.5% because the condition exhibited the highest
photoluminescence (PL) QE in the thin films among 0-5% doping concentration as summarized in
Figure S1 and Table S1. The thickness of DBP doped rubrene layer was 50 nm except the EQE
experiment in Figure 3 and the pristine rubrene layer (10 nm) was inserted between DBP doped
rubrene and MoOs layers except the luminance measurement in Figure 2a and b. The energy levels
of the materials are summarized in Figure 1d. The energy difference of highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) between donor and acceptor
materials are large enough to prevent leak current without additional electron and hole blocking layer
and form CT state at the D/A interface.

Figure 2a and b present current density (J)-voltage (¥) and luminance (L)-V characteristics of the
UC-OLEDs and rubrene/BCP control devices. Turn-on voltage of EL emission largely shifted from
3.4 V in the rubrene/BCP control device to about 1 V in rubrene/Ceso and rubrene/Cs-PTCDI devices.
The turn-on of UC-OLEDs were smaller than the half of the band gap energy of rubrene: 2.2 eV,
indicating the emitted photons were generated through TTA. Comparing the UC-OLEDs with Ceo and
Cs-PTCDI as the acceptor layer, luminance increased as large as 1.4-5.0 times at above 1.2 V from
Ceo to Cs-PTCDI. This indicates that the use of Cs-PTCDI could prevent the loss processes in the UC-
OLEDs. The luminance of the UC-OLED could be further increased by DBP doping. The emission
peak shifted from 565 nm in the undoped device to 608 nm in the DBP-doped device owing to the
FRET from the rubrene to the DBP, and the intensity increased as 7.5 times under same injected
current condition as presented in Figure 2c¢. Especially, enhancement of the luminance by DBP doping
is significant at smaller applied voltage condition. Although the J-V characteristics are almost identical
as shown in Figure 2a, the turn on voltage measured by a photodetector that is more sensitive to the

weak emission than luminance meter shifted from 0.94 V in the undoped device to 0.87 V in the doped



device (Figure 2d). The improvement of luminance by the DBP doping is 37, 25, and 19 times at 1.0,
1.3, and 1.5 V, respectively. The result indicates that the DBP can accelerated the emission especially
in smaller carrier concentration condition where TTA is generally inefficient.!” As these results, the
DBP-doped rubrene/Cs-PTCDI device reached 100 cd/m? at 1.33 V in the DBP emission at 608 nm
(2.04 eV). To the best of our knowledge, this is the smallest operating voltage for realizing EL
emission with 100 cd/m? in all kinds of OLEDs.> !!"1% 13-19 This enables the demonstration that the
UC-OLED with 177 cd/m? can be operated only by a 1.5 V battery as presented in Figure 2e. Further
improvement under high carrier concentration condition above 2.1 V could be realized by inserting
pristine rubrene interlayer between MoO3 and DBP doped rubrene layers. This prevents quenching of
Si exciton in the DBP doped rubrene layer at the MoOs3 interface, resulting the luminance was
improved as 1.9 times as maximum at 4.1 V. The pristine rubrene interlayer between the MoO3 and
DBP-doped rubrene layer was always inserted in the following experiments.

EQEs of the UC-OLED, as presented in Figure 3a and b, were determined by integrating all the
emitted photons from the surface of the devices measured by a fiber optics spectrometer when a
constant current was flowed on the device. All the EQE plots showed mountain shape. This is because
the TTA efficiency increases with triplet concentration and become constant at high triplet

concentration condition,'’

and the roll-off effect was observed at high carrier concentration. The
maximum EQE values (EQEmaxs) of rubrene/Ceo, rubrene/Cs-PTCDI, DBP-doped rubrene/Ceo, and
DBP-doped rubrene/Cs-PTCDI devices are 0.075%, 0.215%, 0.813%, and 2.18% respectively. The
devices with Cs-PTCDI exhibited 2.9 times higher EQE than the Ceo devices, and DBP doping
increased as much as about 10 times regardless of the acceptor materials. Furthermore, the thickness
of DBP doped rubrene layer was optimized and modified from the initial device with 50 nm. The
device with 200 nm thick emitter layer showed highest EQE of 2.91%. This EQE value is two orders
of magnitude higher than that of UC-OLED with rubrene/Cq bilayer in the previous report.” Higher

EQE in the devices with thicker emitter layer suggests that escape of S; exciton of the emitter from

the D/A is important for preventing BCS to CT state.



To clarify the energy transfer pathways from charge injection to emission in UC-OLED as illustrated
in Figure 1b, transient EL decay was measured by a hand-made system composed of a photodiode
and a transimpedance amplifier. A square voltage made by a function generator was applied to the
device. In the EL decay of the rubrene/BCP control device under 6.64 V applied in Figure 4a, two
decay components: prompt decay faster than 0.1 ps that is the detection limit of the instrument and
slow decay with lifetime of 10.4 us, were observed. Former decay is S; emission that is directly formed
after charge injection, and the latter decay is the emission through TTA sensitized by the triplet exciton
generated ether from charge injection into the rubrene or SF.2° The amplitude of the fitted exponential
revealed that 83% and 17% are from direct S1 emission and via TTA, respectively. In contrast to the
rubrene/BCP control device, only one decay component with the life time of us order was observed
both in rubrene/Cs-PTCDI and DBP doped rubrene/Cs-PTCDI devices under 4.56 V applied as shown
in Figure 4b. The results indicate that all of the EL emission from the UC-OLEDs in this study is
through TTA even under higher applied voltage condition than the bandgap energy of the emitter
materials. By comparing the DBP doping effect, the doping shortened the lifetime from 3.6 pus to 3.1
us. The result indicates that EL emission could be accelerated by the DBP doping.

To evaluate the loss processes exist in the UC-OLED, obtained EQE value are compared with the
ideal one. Based on the operating mechanism of UC-OLED in Figure 1b, the EQE of EL emission
can be decomposed into efficiency of each step as follows:

EQE = Pcarrier X Pspin X Pr1a X Ppr, X Poyut X (1 — Pross)
where @carier 1s the carrier balance ratio of holes and electrons, @spin is the ratio of triplet formation,
®1ra is the TTA efficiency, @p is the absolute PLQE of the emitter, @ou: is the out-coupling efficiency,
and DLoss 15 the ratio of parasitic loss processes. @carrier could be regarded as 100% at the condition of
EQEMax because the EL intensity proportionally increase with carrier concentration as proved by L-J
curves (Figure S2).2! ®syinis 75% following the spin statistics of triplet formation. @rra of the rubrene
film has been reported to be as high as 31%,* when the maximum ®rra is defined as 50%, because
TTA is a two-to-one photon conversion process. @pL. was improved by DBP doping from 29.1% in

the pristine rubrene to 72.6% in the 0.5% DBP-doped rubrene films, as summarized in Table S1,



because aggregation induced quenching and SF were suppressed. Assuming the typical @ou value
from ITO in OLED devices as 20%,23"** ideal EQE without parasitic loss processes in undoped and
DBP doped devices are calculated to be 1.4 and 3.4%, respectively. @ioss, which is calculated by the
ratio between the ideal EQE and actual values of each device, can be estimated and summarized in
Table 1. In the case of rubrene/Ceo, which is the combination showing smallest EQE in this study,
94% of excited states was deactivated by the loss processes. The use of Cs-PTCDI instead of Ceo could
reduce the loss processes to 84%. DBP doping further reduced, and only 14% of excited states go
through the parasitic loss pathways in DBP doped rubrene/Cs-PTCDI with the optimized DBP-doped
rubrene layer thickness of 200 nm. The loss processes that exist in the UC-OLEDs are illustrated in
Figure 1b. At first, the energy of T of Ceo is about 1.6 eV that is well above that of rubrene,??® thus
the possibility of existence of energy transfer loss from T; of rubrene to Ceo can be excluded.
Suppression of SF by DBP doping is included in the improvement of @pL. Therefore, the reduction of
@1oss by both the replacement from Ceo to Cs-PTCDI and DBP doping is due to the suppression of
either BCS from the S; of the emitter to the CT state and the CT state recombination at the D/A
interface.

To elucidate the mechanism for the suppression of the parasitic losses at the D/A interface, CT state
absorption and emission were investigated by highly sensitive incident photon to current efficiency
(IPCE) and EL measurements of the devices, respectively. In IPCE spectra in Figure 5a, clear shoulder
of photocurrent response from the CT state absorption could be observed at around 1.6 eV, which is
smaller energy than the bandgap of rubrene, Ceo, and Cs-PTCDI, both in the rubrene/Ceo and
rubrene/Cs-PTCDI devices. The CT absorption peaks can be fitted by Gaussian function.?” The CT
state energy could be calculated by the fitted curves as 1.46 and 1.40 eV in Cgo and Cs-PTCDI devices,
respectively. The strength of CT state absorption, reflecting the electronic coupling between donor
and acceptor mainly dominated by the overlaps of these molecular orbitals,?’ reduced two order of
magnitude from the device with Cgo to Cs-PTCDI. The result indicates the use of Cs-PTCDI that has
highly crystalline edge-on structure in the thin film greatly reduced the interaction at the D/A

interface.?® On the other hand, almost identical IPCE spectra was observed in undoped and DBP doped



devices, indicating that DBP doping did not affect the D/A interaction. The difference in the D/A
interaction in CT absorption was also confirmed by the photovoltaic performance of the UC-OLED
devices presented in Figure S3. The replacement of Cgo to Cs-PTCDI reduced short circuit-current
density (Jsc), which reflects charge separation probability, to less than one-third, while the DBP
doping had little effect on Jsc. This indicates BCS loss from the S of rubrene to the CT state could be
reduced by the replacement of Cso to Cs-PTCDI. Figure 5b presents EL emission spectra at near-
infrared region. Additional small EL emission peak could be observed in the tail of the S; emission in
the rubrene/Ceo devices. The peak deconvolution of the spectrum revealed the emission peak
wavelength was 867 nm, which is almost same wavelength of the CT state emission of rubrene/Ceo
combination in the previous report.'! 2 Thus, we can safely identify the emission peak at 867 nm as
radiative recombination from CT to ground state, which is one of the parasitic loss in the UC-OLED.
Noted that the measurement mainly detects the fluorescence from the CT; to ground states, but
phosphorescence from CT3 could be included. The energies of CT; and CTs are very close, calculated
to be less than 10 meV,** thus it is very difficult to distinguish these states spectroscopically. However,
the both emission are the loss processes in the UC-OLED and should be suppressed. The CT state
emission disappeared by replacement of Ceo to Cs-PTCDI. This is because Cs-PTCDI could reduce
D/A interaction as revealed by highly sensitive IPCE measurement, and suppress the radiative
recombination loss from the CT state. Non-radiative recombination from the CT state is also governed
by the electronic coupling between the CT and the ground states that is determined by the
wavefunction overlap between the donor and acceptor,®! same as the radiative recombination, thus the
reduction of D/A interfacial interaction can slow not only radiative but also non-radiative
recombination rates from the CT state, resulting promotion of energy transfer from CT to T of rubrene.
The CT emission peak also disappeared in the DBP doped rubrene/Ceo device. In the case of DBP
doping, the D/A interaction unchanged as revealed by the IPCE measurement, thus the probability of
CT state recombination should remain unchanged. Thus, the generation of the CT state by the BCS

from the S; of the emitter should suppress by the accelerating the fluorescence by the DBP doping.



In summary, we have demonstrated efficient UC-OLED in which the bright emission over 100
cd/m? could be operated by only a 1.5 V battery. The EQE of the device were two order of magnitude
higher than the same types of OLED in the previous report. The improvement was realized by
preventing the parasitic loss processes by controlling the characteristic of the CT state: reduction of
D/A interfacial interaction by the replacement of the acceptor material to the highly crystalline
perylene diimide inhibited both BCS and the CT state recombination, and the addition emissive dopant
kinetically suppressed BCS and SF. Our result demonstrates that the CT characteristics at the D/A
interface are critically important for the management of energy transfer pathways for efficient UC,
and utilizing UC emission can be one of the possible candidate for realizing efficient OLED with

extremely low driving voltage.
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rubrene/Cg-PTCDI (purple square) with rubrene interlayer devices. (c) EL emission spectra of
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rubrene/Cg-PTCDI (red) and DBP-doped rubrene/Cs-PTCDI (purple) under constant current flow (123
mA/cm?). (d) EL intensity as a function of applied voltage of rubrene/Cs-PTCDI (red triangle), DBP-
doped rubrene/Cg-PTCDI (purple square) measured by the photodetector. The broken line indicates

the condition showing EL intensity about 1 cd/m? measured by luminance meter. (¢) Photograph of

DBP-doped rubrene/Cs-PTCDI devices operated by a 1.5 V battery.
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Figure 3. EQE plots as a function of injected current density (a) in rubrene/Ceo (black circle),
rubrene/Cg-PTCDI (red triangle), DBP-doped rubrene/Cso (blue cross), and DBP-doped rubrene/Cs-
PTCDI (purple square) with the emitter layer thickness of 50 nm and (b) in the DBP-doped rubrene/Cs-
PTCDI with different emitter layer thickess of 20 nm (grey diamond), 50 nm (purple square), 100 nm

(blue triangle), 150 nm (orange cross), and 200 nm (green circle).
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Figure 4. EL decay of (a) rubrene/BCP control (gray) and (b) rubrene/Cs-PTCDI (red) and DBP doped
rubrene/Cs-PTCDI (purple) devices. The applied voltages were 6.64 V for rubrene/BCP and 4.56 V
for rubrene/Cg-PTCDI and DBP doped rubrene/Cs-PTCDI devices. The EL decays were fitted by a

single exponential (broken lines).

Table 1. Summary of EQEMax and @Loss values in UC-OLEDs.

EQEmax Dioss
Rub/Ceo 0.075% 94%
Rub+DBP/C60 0.813% 76%
Rub/PTCDI 0.215% 84%
Rub+DBP/PTCDI 50 nm 2.18% 36%
Rub+DBP/PTCDI 100 nm 2.43% 28%
Rub+DBP/PTCDI 150 nm 2.83% 16%
Rub+DBP/PTCDI 200 nm 2.91% 14%
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Figure 5. (a) Highly sensitive IPCE spectra of the rubrene/Ce (black circle), rubrene/Cs-PTCDI (red
triangle), and DBP-doped rubrene/Cs-PTCDI (purple square) devices. The dashed lines represent the
fitting curves of the CT state absorption by Gaussian function. (b) Normalized EL emission spectra of
the rubrene/Ceo (black), rubrene/Cs-PTCDI (red), and DBP-doped rubrene/Ceo (blue) devices under
constant current flow (308 mA/cm?). The dashed lines represent the peak deconvolution of the EL
spectrum of the rubrene/Ceo device. The peaks were fitted by the two Gaussians as the function of

photon energy.
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