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Abstract: Organic long-persistent luminescent systems (OLPLs) exhibiting long-lasting
emission after photoexcitation are consisted of organic electron donors and acceptors, that are
widely used in organic light-emitting diodes (OLEDs). Although OLPLs and OLEDs include
very similar excitonic processes, long-lasting emission has never been observed in OLEDs. In
this study, we confirmed the presence of long-persistent luminescence (LPL) under electrical

excitation.

Glow-in-the-dark materials used in emergency lighting and watch indicators can store
energy by photoexcitation and exhibit long-persistent luminescence (LPL) over several
hours."™ The present high-performance glow-in-the-dark materials are based on inorganic
crystals, which require rare elements and high temperatures for fabrication.l>®! In contrast, we
recently reported glow-in-the-dark materials based on organic molecules that can be fabricated
at room temperature through solution or melt-casting processes.®] These organic long-

persistent luminescence systems (OLPLs) are composed of a mixture of electron-donating and
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electron-accepting materials, providing the unique functions of photoinduced charge separation,
charge accumulation, and charge-recombination luminescence after photoabsorption.”!!]
Therefore, the emission process of OLPLs can be considered as a combination of that observed
in organic solar cells (OSCs) and organic light-emitting diodes (OLEDs), because the

1127141 and

photoinduced charge separation process between an electron donor and an accepto
the succeeding charge recombination luminescence process are fundamental in OSCs and
OLEDs, respectively.['>16] In particular, the intermolecular charge-transfer (CT) excited state
between an electron donor and an acceptor, that is, the exciplex, plays an important role in the
formation of the charge-separated state, which enables long-persistent energy storage and
radiative decay (Figure 1(a)). Phosphorescence is also known as long-lasting
photoluminescence, but the emission processes of phosphorescence and OLPL are completely
different."!% Phosphorescence is long-lived because the slow radiative transition rate from the
triplet excited state to the singlet ground state, whereas OLPL is long-lived because the slow
charge recombination!!”],

The exciplex has attracted immense attention as a highly efficient OLED emitter owing

[18-27] [

to the inclusion of a thermally activated delayed fluorescence (TADF) process.
particular, because the highest occupied molecular orbital (HOMO) tends to localize on a donor
unit and the lowest unoccupied molecular orbital (LUMO) tends to localize on an acceptor unit
in the exciplexes, the isolation of the HOMO and LUMO induces a small energy gap between
the singlet and triplet excited states. Furthermore, because this small energy gap enables
efficient thermal upconversion from triplet to singlet excited states, many exciplex systems
exhibit TADF activity (Figure 1(b)).

A high external quantum efficiency (EQE) of more than 10% has been reported in
OLEDs using 4,4',4-tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA) as the donor and
2,8-bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT) as the acceptor.?®! Moreover, this

combination of m-MTDATA and PPT has also been reported as an efficient OLPL system.!®!
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After the additional optimization of materials and device structures, EQE values of more than
20% were realized.!*”) Moreover, high EQE values were reported by using exciplex as hosts for
phosphorescence and TADF emitters. %31

However, there have been no reports of LPL from exciplex OLEDs, and the correlation
between OLEDs and OLPLs has not yet been clarified.?®! Considering the similarity of the
emission mechanisms, we can expect LPL from OLEDs. Although it is rather difficult to find
out the proper applications of LPL by OLEDs due to their weak brightness, LPL from OLEDs
realizes unique long-term charge accumulation in organic semiconducting devices that may be
applicable for future energy storage systems. Also, in contrast to the photo-induced charge
separation of OLPL system, the LPL-OLEDs provide a unique exciton formation process
starting from carrier injection, it would help us to understand the charge carrier dynamics of
OLPL more specifically

In this study, we confirmed the presence of OLPL under electrical excitation. We have
previously reported an afterglow OLED using a long-lived phosphorescent emitter, but this was
anormal phosphorescent OLED, and the electroluminescence (EL) decay shows an exponential
decay.[>*31 On the other hand, the afterglow OLED based on LPL shows a power-low EL decay
(Figure S1). To obtain the observable LPL intensity after the current injection, a very thick
emission layer (EML) and low donor concentration were required. To operate thick OLEDs, a
high-voltage pulse was applied. We observed that the LPL emission intensity was dependent
on the device thickness and on the pulse width of the applied voltage.

A combination of m-MTDATA and PPT, which has been used as an emitter in both
OLPLs and exciplex OLEDs, was used in this study (Figure 1(c)). The major differences
between OLPL and OLED are the donor-acceptor mixture ratio and the thickness of the emitting
layer. Because OLEDs require high photoluminescence quantum yield (@pL) and charge carrier
balance, the typical donor concentration is approximately 30-70%,®) whereas that in the case

of OLPL is approximately 1%.!”) This is because the charge accumulation process is important
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for OLPL, and the stored charges can be recombined immediately with neighboring donors
when the donor concentration is high. For efficient charge injection, the film thickness required
in conventional OLED EML is approximately 30 nm. Whereas, in the case of OLPL, because
the number of stored charges depends on the film thickness, a thicker film of more than 1 pum
is required to obtain an observable emission intensity.

First, to confirm the effect of the donor concentration, OLEDs with a 30 nm-thick EML
with different donor concentrations were fabricated (Figure S2). It was observed that with
decreasing donor concentration, the EL spectra were slightly blue-shifted; meanwhile the
current density of J-V characteristics decreased because of the decreasing hole transport
capabilities. However, an LPL component could not be detected from these OLEDs even at a
donor concentration of 1%, which is the optimal concentration for the OLPL. This is because
the film thickness is insufficient for realizing sufficient charge accumulation, which is crucial
for achieving LPL.

The photophysical properties of the vacuum-codeposited films with thicknesses of 30
nm, 100 nm, and 300 nm indicate that the emission spectra were independent of the film
thickness, but the emission duration and intensity increased with increasing film thickness
(Figure 2(a,b)). This is because the number of accumulated charges depends on the film
thickness. Further, various thicknesses of the OLED emission layer with a donor concentration
of 1% were fabricated. Under electrical excitation, the typical film thickness (30 nm) of the
OLED emitting layer exhibited a very faint LPL component after the electrical excitation was
cut off, whereas the thicker films of 100 nm and 300 nm displayed appreciably higher LPL
intensities (Figure 2 (c,d)). Moreover, the PL spectra were independent of the film thickness,
whereas the EL spectra varied significantly. This spectral change can be attributed to the
variation in the interference of light in the thick organic film and in the light outcoupling
efficiency with different film thicknesses.**! In addition, the EL spectra thus obtained are in

good agreement with the simulated EL spectra obtained using semiconducting thin-film optics
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simulation (Setfos) software (Figure S3). The emission peak at approximately 700 nm, which
is only observed in the EL spectra, is expected to derived from the electromer of m-MTDATA

)B35-371 Such emission peak at 700 nm was also observed in the 30

in hole transport layer (HTL
nm thick EML device with a low donor concentration. This is because the majority carriers in
the EML are electrons, charge recombination also occurs at the interface between HTL and
EML.

The thick OLEDs were operated using high-voltage pulses. The driving voltage
drastically increased with increasing film thickness, as shown in Figure S4. When the OLED
was driven by 10 ms-width 70 V pulses, the transient EL decay clearly exhibited a component
that was delayed by more than 10 s (Movie S1). The emission decay profile is not that of an
exponential decay, which can be observed for TADF or phosphorescence, but is that of a power-
law decay similar to OLPLs (Figure 2(d)).!'”! The LPL intensity was more than 1000 times
weaker than the EL intensity during operation, we could not obtained the LPL emission spectra.
The emission duration and decay profile indicates that the LPL emission originated from the
EL of the exciplex. Therefore, the reason why no LPL could be observed in the previous m-
MTDATA:PPT exciplex OLED is because of the thin fim and high donor-acceptor mixture
ratio, which result in insufficient charge accumulation; therefore the presence of the LPL
component could not be observed.

Further, because LPL was observed in thick-film OLEDs driven by high-voltage pulses,
the dependence of the emission characteristics on the donor concentration, drive voltage, and
pulse width were confirmed for the OLEDs with a 300-nm thick EML (Figure 3 and Table
S1). The transient EL decay profiles of the OLEDs with donor concentrations of 5 mol%, 10
mol%, and 20 mol% indicate that the LPL duration decreases with increasing donor
concentration (Figure S5). This trend is similar to that of the PL emission decay because the
recombination probability of the accumulated charge carriers increases with increasing donor

concentration. The effect of the pulse width and voltage was also investigated for OLEDs with
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a donor concentration of 5 mol%. Longer LPL durations were observed for larger pulse voltages
and longer pulse widths, thus providing a clear evidence of charge accumulation and successive
LPL emission under electrical excitation.

Furthermore, to specify the charge recombination and accumulation position in the
OLEDs, we fabricated reference devices without applying m-MTDATA doping to the emission
layer (0 mol% of m-MTDATA). In addition, the hole transporting layer (HTL) of m-MTDATA
was replaced by a 40 nm thick N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-
diamine (a-NPD) and 10 nm thick 1,3-bis(N-carbazolyl)benzene (mCP) layers because the
combination of mCP and PPT does not form an exciplex (Figure S6). As a result, the device
without m-MTDATA (device D) exhibited no LPL. The LPL properties of the device without
m-MTDATA doping (device B) were significantly reduced compared to that of device A. This
indicates that only the interfacial exciplex between m-MTDATA and PPT contributed to the
LPL. The device using mCP and a-NPD as the hole-transporting layer (device C) exhibited
slightly lower performance than device A. These results suggest that charge accumulation
occurs mainly within the EML, and that the contribution at the HTL/EML interface is small for
carrier accumulation.

In conclusion, this study first confirmed the presence of LPL by photoexcitation as well
as electrical excitation in exciplex OLEDs. In typical exciplex-based OLEDs, the LPL has not
been reported so far because the charge recombination process is sufficiently fast owing to the
good carrier balance and thin emission layer. The OLPL obtained by electrical excitation was
clearly observed by reducing the donor concentration and increasing the film thickness to
enhance the charge accumulation process. Further analysis of the charge accumulation and
charge recombination processes of the exciplex-based OLEDs is required to gain improved

understanding of the OLPL systems.

Experimental Section
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Materials: PPT was prepared as described in the literature*®], while m-MTDATA was obtained
from TCI Chemicals (Tokyo, Japan) and purified by sublimation.

Film fabrication: Glass substrates coated with a patterned indium tin oxide (ITO) layer with
a thickness of 100 nm were used for OLED fabrication. ITO substrates were ultrasonically
cleaned in the order of neutral detergent (Cica clean LX-II, Kanto Chemicals), two times of
pure water, and two times of acetone for each 5 minutes, boiled in isopropanol at 270 degrees,
and then under UV-ozone treatment for 15 minutes. Then, ITO substrates were transferred to a
vacuum evaporation chamber. After the evacuation of the chamber to < 10 Pa, 35 nm thick m-
MTDATA, emission layer, 35 nm thick PPT, 0.8 nm LiF and 100 nm thick Al layers were
vacuum deposited on the ITO substrates to complete OLEDs. The active area of OLEDs was 2
mm x 2 mm. Neat films used for measuring the optical properties were fabricated on quartz
substrates.

Optical and electrical Measurements: Absorption spectra were measured using a UV-vis-
NIR spectrophotometer (LAMBDA 950, Perkin Elmer). Photoluminescence spectra were
measured using spectrofluorometers (FluoroMax, Horiba Jobin Yvon; FP-8600, JASCO; and
PMA-12, Hamamatsu Photonics). Absolute photoluminescence quantum yields (®pr) were
measured using an integrating sphere with a photoluminescence measurement unit
(Quantaurus-QY, Hamamatsu Photonics).

LPL Measurements: LPL properties (spectra and decay profiles) were obtained using a
measurement system in a glove box. Fabricated films were placed in the dark box and excited
using a 340-nm LED (M340L4, Thorlabs) with a bandpass filter (340 £ 5 nm) at a fixed

excitation power (100 uW cm 2). PL and LPL spectra were recorded using a multichannel

spectrometer (QE-Pro, Ocean Photonics). Emission decay profiles were obtained using a
Silicon photomultiplier (C13366-1350GA, Hamamatsu Photonics) connected to a multimeter
(34461A, Keysight). The LPL duration was defined as the time until the emission intensity

dropped below 0.05 pW.
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OLED analysis: The EL spectra and current density versus voltage, EQE versus current
density of the OLEDs were measured by integrating sphere system (A10094, Hamamatsu
Photonics). The transient EL decay profiles were obtained by a silicon photomultiplier
(C13366-3050GA, Hamamatsu Photonics) connected to a multimeter (34461 A, Keysight). The
pulse voltage signal generated by the pulse generator (Sapphire Plus 9212+, Quantum
Composers) was increased by the amplifier (HSA4101, NF Corporation) and applied to the
OLED:s.

EL spectra simulation: The theoretical emission spectra were calculated by semiconducting
emissive thin-film optics simulator (Setfos, Fluxim).**! Thicknesses and refractive constants of
each layer were shown in Figure S5. The spectrum of 1 mol% m-MTDATA doped PPT film
was used as the emission spectrum. The distribution of exciplex in EML was given by the

following formula, and the dipole orientation was set as isotropic.

Normalized exciplex density = e 10 (x is defined in Figure S7)
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Figure 1. (a) Emission mechanism of OLPL. The singlet and triplet charge transfer (CT) excited
states are formed by a fast CT process from the locally excited state of the donor or acceptor by
photoexcitation. The subsequent charge separation (CS) process forms a stable radical ion pair.
The recombination of the radical ion pairs leads to the formation of the CT excited states and
exhibits LPL. Due to the presence of the reverse intersystem crossing (RISC) process, most of
the emission originates from the singlet CT excited state. (b) Emission mechanism of exciplex-
based OLED. The injected holes and electrons recombine and generate the singlet and triplet
CT excited states. Due to the RISC process, most of the emission comes from the singlet CT
excited state. (¢) Chemical structures of the electron donor m-MTDATA and the electron
acceptor PPT. (d) Device structure. HTL and ETL are consisted of m-MTDATA and PPT,
respectively, and EML is consisted of m-MTDATA and PPT. (e) Schematic of carrier dynamics
during and after applying voltage. Injected holes and electrons are recombined during pulse
voltage is applied. After turn-off pulse voltage, the injected charge carriers accumulate in the
EML and the EML-HTL interface and gradually recombine.

12



(a)

(c)

Normalized emission intensity (a. u.)

Normalized emission intensity (a. u.)

WILEY-VCH

. (b) 10"
10k —300 nm | o 300 nm
—100 nm ° A 100 nm
— 30nm = ° v 30nm
0.8} W 2
> 10°F
0.6 Z)
or [
k=
0.4} 5
. & 103}
L
1S
0.2} w
0.0l : : — -t 10
400 500 600 700 800 10° 10! 102 10°
Wavelength (nm) Time (s)
: (d)
1.0} —300nm o 300 nm
. 200 nm
S v 100 nm
0.8} S 409
2
£ .
0.6} E
E o
04f s 2
7] o
1%} °
£ v 000
0.2} w 104 L o(p
5
v >
0.0 Lotk st . N v N AV V.
300 400 500 600 700 800 100 10!
Wavelength (nm) Time (s)

Figure 2. (a) Thickness dependence of the photoluminescence (PL) spectra of the co-deposited
films with 1 mol% donor concentration. (b) PL transient decay profiles. (c) Thickness
dependence of the EL spectra of the co-deposited films with 1 mol% donor concentration.
(current density = 100 mA/cm?) (d) EL transient decay profiles. (pulse voltage = 70 V and pulse
width = 10 ms)
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Figure 3. Dependence of the EL decay profiles on: (a) donor concentration (pulse voltage =40
V and pulse width = 10 ms), (b) pulse voltage (donor concentration = 5 mol% and pulse width
=10 ms), and (c) pulse width (donor concentration = 5 mol% and pulse voltage = 40 V)
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(a) Afterglow OLED (LPL) (b) Afterglow OLED (phosphorescence)
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Figure S1. Emission mechanism of afterglow OLED based on LPL (a) and phosphorescence
(b).
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Figure S2. (a) EL spectra of the OLEDs having deferent concentration of m-MTDATA.
(current density = 100 mA/cm?) (b) J-V characteristics. (c) EQE vs. current density plots.
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Figure S3. (a) Normalized EL spectra of OLEDs having a various thickness of the emission

layer (Represent of Figure 2(c)). (b) Simulated normalized EL spectra of OLEDs having a

various thickness of the emission layer. (¢) Experimental non-normalized EL spectra of OLEDs

having a various thickness of the emission layer. (current density = 50 mA/cm?) (d) Simulated

non-normalized EL spectra of OLEDs having a various thickness of the emission layer.
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Figure S4. (a) J-V characteristics of OLEDs having a various thickness of the emission layer.

(Donor concentration = 1 mol%) (b) EQE vs. current density plot of 300 nm EML device.
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Table S1. OLED configurations and LPL characteristics

EML EML Pulse voltage Pulse width LPL duration?
thickness concentration [V] [ms] [s]

[nm] [mol%]
100 1 70 10 2
200 1 70 10 16
300 1 70 10 20
300 1 40 10 17
300 5 40 10 31
300 10 40 10 12
300 20 40 10 4
300 5 30 10 20
300 5 20 10 11
300 5 40 1 12
300 5 40 0.1 6
300 5 40 0.01 4
300 5 40 0.001 3

a: The LPL duration was defined as the time until the emission intensity dropped below 0.05 pW.
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Figure S5. (a) Emission duration vs. EML film thickness. (b) Emission duration vs. donor

concentration.
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(b)

ITO
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WILEY-

I35nm

EML

m-MTDATA : PPT
m-MTDATA = 0 or 1 mol%

300 nm

ETL (PPT)

135nm

LiF /Al

VCH

Device A: HTL = m-MTDATA, EML =1 mol% m-MTDATA : 99 mol% PPT
Device B : HTL = m-MTDATA, EML = 100 mol% PPT
Device C : HTL=NPD + mCP, EML = 1 mol% m-MTDATA : 99 mol% PPT
Device D : HTL=NPD + mCP, EML = 100 mol% PPT

Figure S6. (a) EL emission decay profiles of OLEDs. (pulse voltage = 70 V and pulse width

= 10 ms) (b) Device structure.

layer Thickness Refractive index
Glass I mm Default value
ITO 100 nm Default value
m-MTDATA 35 nm 1.7
EML 50~ 300 nm Measured value of PPT
PPT 35 nm Measured value of PPT
LiF 0.8 nm Default value
Al 100 nm Default value

Figure S7. Parameters for simulation of EL spectra.
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