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Abstract: Thermally activated delayed fluorescence (TADF) resulting from the harvesting of
triplet excitons has currently emerged as an excellent candidate for enhancing the efficiency
of organic light-emitting devices (OLEDs). Highly efficient blue OLEDs based on an
exciplex host with carbazole/thioxanthene-S, S-dioxide (EBCz-ThX) and 2-phenyl-bis-4, 6-
(3, 5-di-4-pyridylphenyl) pyrimidine (B4PYPPM) acting as a blue TADF emitter were
fabricated. The maximum values of the current and the power efficiency for the blue OLEDs
with an EBCz-ThX:B4PYPPM exciplex host were 22.46 cd/A and 28.23 Im/W, respectively.
The power efficiency of blue OLEDs with an exciplex host was much higher than that of
conventional blue OLEDs. The efficiency enhancement of the blue OLEDs based on an
exciplex system with a TADF emitter was attributed to the efficient up-conversion of the
triplet excitons in the EBCz-thx:B4PYPPM and to the efficient energy transfer from the
exciplex host to the blue TADF emitter.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Organic light-emitting devices (OLEDs) are currently attracting attention because of the
increasing interest in their potential applications as full-color flat-panel displays, lighting
sources, and flexible displays [1-4]. The promising applications of OLEDs have led to
considerable efforts to fabricate OLEDs with high efficiency and low power consumption
[5,6]. Various techniques for developing phosphorescent materials, various structure designs
for enhancing exciton confinement in the emitter layer, and uniquely developed p-i-n and
tandem structures have been introduced to enhance the device performance of OLEDs [7-11].
Among the several kinds of techniques for enhancing the efficiency of OLEDs, thermally
activated delayed fluorescence (TADF) has been especially attractive due to the ability to
harvest triplet excitons [12]. The ability of TADF to harvest triplet excitons is attributed to the
reverse intersystem crossing (RISC) process from the triplet excited state (T;) to the singlet
excited state (S;) with the assistance of thermal energy, which might result in an internal
quantum efficiency of 100% [13]. The energy gap difference between S; and T, (AEgr) for
the formation of efficient TADF should be extremely small to reduce the exchange
interaction, which is directly proportional to the overlap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) [13]. A
small AEgr might allow intermolecular charge transfer (ICT) between mixed electron-
donating molecule (D) and electron-accepting molecule (A) materials [14—-17].

Extensive efforts have been made to fabricate exciplex OLEDs based on the TADF
concept in order to achieve highly efficient OLEDs [18,19]. Especially, the host exciplex
system can be made to exhibit TADF characteristics, bipolar properties and excellent charge
balance by moderately adjusting the ratio of D to A. Therefore, an exciplex system should be
an excellent host for achieving highly-efficiency fluorescent OLEDs [12,20]. Even though
some studies on the efficiency enhancement of exciplex OLEDs have been performed, very
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few investigations of the device performances of OLEDs fabricated utilizing blue host
exciplex systems have been conducted.

This paper reports highly efficient blue OLEDs based on the blue exciplex host system
containing carbazole/thioxanthene-S, S-dioxide (EBCz-ThX) and 2-phenyl-bis-4, 6-(3, 5-di-
4-pyridylphenyl)pyrimidine (B4PYPPM). Ultraviolet-visible (UV-vis) spectroscopy and
photoluminescence (PL) measurements were conducted to clarify the mechanism behind the
exciplex emission. Time-resolved PL measurements were performed to investigate the
efficiency of the energy transfer from the exciplex host to the TADF dopant. Current density -
voltage - luminance (J-V-L) and electroluminescence (EL) measurements were carried out to
investigate the electrical and the optical properties of the OLEDs based on a blue exciplex
host system.

2. Experimental details

The thickness and the sheet resistivity of the indium-tin-oxide (ITO) thin films deposited on
glass substrates were 150 nm and 15 ohm/square, respectively. The ITO-coated glass
substrates were cleaned in acetone and methanol by using an ultrasonic cleaner and were then
thoroughly rinsed in de-ionized water at 25 °C for 15 min. After the chemically-cleaned ITO-
coated glass substrates had been dried by using N, gas with a purity of 99.999%, their
surfaces were treated with an ultraviolet-ozone gas for 20 min at 25 °C. A poly(3, 4-
ethylenedioxythiopene:polystyrene sulfonate (PEDOT:PSS) layer was deposited onto an ITO-
coated glass substrate by using a spin-coating method at 5000 rpm for 41 s, after which
annealing was done at 130 °C for 30 min in a glove box. After the samples had been
transferred into an evaporation chamber, the organic layers and the electrodes were deposited
at a substrate temperature of 25 °C and a system pressure of 1.2 x 107 Torr. The deposition
rates of the organic layers and the metal layer were approximately 1.0 and 2.0 A/s,
respectively. Figure 1 shows schematic energy diagrams of OLEDs (a) without and (b) with
an exciplex layer. The structures of the OLEDs consisted of the following layers from the
bottom:

Device A (reference): ITO/ PEDOT:PSS hole injection layer (HIL)/EBCz-Thx: 1,2-
bis(carbazol-9-yl)-4,5-dicyanobenzene (2CzPN) 8 wt% (30 nm) as an electron emitting layer
(EML)/B4PYPPM (30 nm) as an electron transport layer (ETL)/LiF (1 nm)/Al cathode (100
nm), as shown in Fig. 1(a).

Devices B, C, D, and E (exciplex): ITO/PEDOT:PSS hole injection layer (HIL)/exciplex
host:2CzPN (B: 4 wt%, C: 6 wt%, D: 8 wt%, E: 10 wt%) (30 nm) as an EML/B4PYPPM (30
nm) as an ETL/LiF (1 nm)/Al cathode (100 nm), as shown in Fig. 1(b).
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Fig. 1. Schematic energy diagrams of OLEDs (a) without and (b) with an exciplex host layer.
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UV-vis absorption spectra were recorded on a spectrophotometer (Shimadzu UV-2500
UV/vis). The PL spectra were measured by using a Perkin-Elmer LS55 fluorescence
spectrometer. The time-resolved PL measurements were performed by using an X-ray
fluorescence spectrometer (TCSPCFL920) equipped with a pulsed laser operating at a
wavelength of 375 nm. J-V-L and EL characteristics were measured by using a Keithley
2400 programmable source meter with built-in current and voltage measurement units
(M6100, McScience) and a Minolta CS100 camera. The external quantum efficiency (EQE),
current efficiency and power efficiency of the OLEDs were determined from the Lambertian
distribution.

3. Results and discussion

Figure 2 shows the exciplex emission mechanisms from the exciplex host to the TADF
dopant used in this work. The EBCz-Thx has been demonstrated to be an appropriate
candidate for efficient exciplex formation due to its consisting of bipolar host materials with
wide band-gaps and high T energies [21]. The dynamical process of the excited states for the
OLEDs can be explained as follows: Firstly, the exciplex state is formed due to the ICT
interaction between EBCz-ThX and B4PYPPM. Excitons are dominantly formed in the
exciplex host. Then, because the Forster energy transfer process from the exciplex host to
2CzPN generates singlet excitons in 2CzPN, fluorescence resulting from the decay of the
singlet excitons in 2CzPN is emitted. The triplet excitons generated under electrical excitation
or derived from the intersystem crossing process can be thermally converted into delayed
singlet excitons via the RISC process, resulting in the formation of delayed singlet excitons in
2CzPN due to the Forster energy transfer process from the exciplex host to 2CzPN. Finally,
the partial triplet excitons are transferred from the exciplex host to 2CzPN through the Dexter
energy transfer process. These triplet excitons can be thermally converted into singlet
excitons due to the RISC process resulting from the delayed fluorescence emitted from
2CzPN. Therefore, all excitons from the host and the dopant can contribute to the emission
from the OLEDs.
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Fig. 2. Schematic diagram of the exciplex emission mechanism from the exciplex host to the
TADF dopant.
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Figure 3(a) shows the normalized absorption and PL spectra of the EBCz-ThX, the
B4PYPPM, and the EBCz-ThX:B4PYPPM (1:1) films. While the absorption peaks at 218,
235, and 274 nm for the EBCz-ThX:B4PYPPM film correspond to the overlapped peaks of
the EBCz-ThX film, the intensities of the absorption peaks corresponding to the peaks of the
B4PYPPM film are increased in comparison with those of the EBCz-ThX film, indicative of a
decrease in the charge interaction for the ground state of the mixed film. Therefore, the CT
complex of the ground state does not appear for the EBCz-ThX:B4PYPPM film [22]. The
dominant PL peaks for the EBCz-ThX, the BAPYPPM, and the EBCz-ThX:B4PYPPM films
appear at 415, 379, and 442 nm, respectively. The main PL peak of the EBCz-
ThX:B4PYPPM mixed film is significantly red-shifted in comparison with those of the
EBCz-ThX and the B4PYPPM films. The exciplex emission peak of the EBCz-
ThX:B4PYPPM film at 2.81 eV is close to the offset value between the LUMO of B4PYPPM
(3.4 eV) and the HOMO of EBCz-ThX (5.95 eV). The exciplex state of the EBCz-
ThX:B4PYPPM film is ultimately formed due to the existence of the ICT system. Figure 3(b)
shows the PL characteristics at 325 nm at low (77 K) and room (300 K) temperatures for the
EBCz-ThX:B4PYPPM film. The AEgt of the EBCz-ThX:B4PYPPM film is 0.03 eV, which is
the difference between the S; and the T, levels of 3.162 and 3.159 eV, respectively, as
measured from the room- and the low-temperature PL spectra. Because AEgr is small enough,
the RISC process from the T to the S; states can occur with the assistance of thermal energy.
The molecular structures of EBCz-Thz and B4PYPPM are schematically shown in Fig. 3(c).
The ICT interaction is dominantly generated because of the strong electron-donating property
of the ethyl-carbazole in EBCz-ThX and the strong electron-accepting property of the
pyridine or the pyrimidine in B4PYPPM. A small AEgr can be achieved due to the ICT
interaction, resulting in the occurrence of exciplex emission.
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Fig. 3. (a) Normalized absorption and photoluminescence spectra of the BAPYPPM, the EBCz-
ThX, and the EBCz-ThX:B4PYPPM (exciplex) films, (b) low and room temperature
photoluminescence spectra of the exciplex film, and (c) schematic diagrams of the molecular
structures of EBCz-Thz and B4PYPPM.
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Figure 4 shows the time-resolved PL characteristics at 375 nm for the EBCz-
ThX:B4PYPPM:2CzPN and the EBCz-ThX:2CzPN films. The decays of the PL as functions
of time for the EBCz-ThX:B4PYPPM:2CzPN and the EBCz-ThX:2CzPN films can be
expressed as double-exponential functions:

f(t)=A+Bexp(~t/7)+B,exp(-t/7,), )

where A is the absorption value at 375 nm, B, and B, correspond to coefficients, t is the
measurement time, and t; and 1, are the values of the exciton lifetimes. The decays of the PL
as functions of time exhibit two lifetimes. While the long and the short exciton lifetimes for
the EBCz-ThX:2CzPN film are 3.67 and 1.16 us, respectively, those of the EBCz-
ThX:B4PYPPM:2CzPN film are 4.38 and 1.52 ps. The amplitude-weighted average exciton
lifetime is given by,

Tove :Zkak7 f, =B, /ZBH 2
where 1 and fi are the exciton lifetime and the fractional intensity, respectively. The values
of 1,y for the decays of the PL decay as functions of time for the EBCz-ThX:2CzPN and the
EBCz-ThX:B4PYPPM:2CzPN films are 2.18 and 2.24 ps, respectively. The fitting
parameters for PL decay spectra of the EBCz-ThX:2CzPN and the EBCz-
ThX:B4PYPPM:2CzPN films are summarized in Table 1. The PL decay time is related to the
efficiency of the energy transfer from the exciplex host to the dopant. The PL decay time of
the EBCz-ThX:B4PYPPM:2CzPN film is longer than that of the EBCz-ThX:2CzPN film due
to the delayed emission of the PL. The energy of the delayed singlet excitons derived from
the RISC process of the EBCz-ThX:2CzPN film transfers to the singlet state of 2CzPN via
the Forster energy transfer process, resulting in delayed PL emission.
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Fig. 4. Time-resolved photoluminescence spectra of the EBCz-ThX:B4PYPPM:2CzPN and the
EBCz-ThX:2CzPN films at 375 nm.

Table 1. Fitting parameters for the PL decay spectra of the EBCz-ThX:2CzPN and the
EBCz-ThX:B4PYPPM:2CzPN films.

Parameters T T, B1 B2 A
EBCz-ThX:2CzPN 1.16E-6s 3.66E-6s 0.6231 0.4290 0.00718
EBCz-ThX: 1.52E-6s 4.38E-6s 0.7752 0.2590 0.00521

B4PYPPM:2CzPN
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Figure 5 shows the (a) current density - voltage (J-V) and the current efficiency - power
efficiency - current density for OLEDs with a blue exciplex host. The J-V characteristics of
devices A, B, C, D, and E are shown in Fig. 5(a). The operating voltage of devices A, B, C,
D, and E at 10 mA/cm’® were 14.75, 12.55, 11.82, 10.16, and 13.58 V, respectively. The
operating voltage of device A was larger than those of the other devices due to the large
energy barrier between the PEDOT:PSS and the EBCz-ThX layers. While electrons transfer
from the Al electrode to the EML, holes move from the ITO electrode to the EML. However,
the large energy barrier of 0.95 eV between the PEDOT:PSS and the EBCz-ThX layers
interrupts the efficient flow of holes, resulting from a decrease in the current density. The
current densities of devices B, C, D, and E are larger than that of device A due to the
existence in the exciplex energy band of a mixed layer of EBCz-ThX and B4PYPPM. The
holes easily move from the PEDOT:PSS layer to the exciplex region, resulting in an increase
in the current density. The operating voltage of device D is 4.59 V lower than that of device A
due to an increase in the number of injected holes. Figure 5(b) shows the current and the
power efficiencies of devices A, B, C, D, and E. The maximum current efficiency and power
efficiency of the optimized exciplex OLED (device D) were 22.46 cd/A and 28.23 Im/W,
respectively. The current and the power efficiencies of device D were 2 cd/A and 11.62 Im/W
higher than those of device A (20.46 cd/A, 16.61 Im/W). The enhanced efficiency of device D
is attributed to an increase in the hole injection efficiency and to the enhanced Forster energy
transferred from the exciplex host to 2CzPN due to the formation of delayed singlet excitons
in the exciplex host. The enhancement of the current and the power efficiencies for device D
is related to the increased hole injection efficiency and the TADF property of the exciplex
host. The increase in the efficiency roll off for device E might be caused by the exciton
annihilation process [23].
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Fig. 5. (a) Current density - voltage and (b) current - power efficiencies - voltage
characteristics for OLEDs with an exciplex host.

Figure 6(a) shows the EL spectra of devices A, B, C, D, and E at 100 cd/m”. The peaks of
EL spectra for the OLEDs are blue-shifted and the exciplex emission intensity gradually
decreases and eventually disappears with increasing 2CzPN concentration. The shape of the
EL spectra becomes similar to that for the emission from device A with increasing 2CzPN
concentration. The disappearance of the exciplex emission is related to the energy transfer
from the exciplex host to 2CzPN. While the position of the EL peak for device D (490 nm) is
almost the same as that for device A (494 nm), the EL peaks for devices B and C are red-
shifted in comparison with that for device A. The variation in the emission wavelength is
attributed to incomplete energy transfer from the exciplex to the fluorescent dopant, and the
single emission peak is related to the overlapping of the emission bands of the exciplex and
the dopant.
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Fig. 6. Electroluminescence spectra for OLEDs with a blue exciplex host at (a) 100 and (b)
1000 cd/m’.

However, the EL spectra for the OLEDs show only a single emission peak, which
corresponds to the emission from 2CzPN [24]. While the exciplex peak for device B begins to
appear with increasing luminance to 1000 cd/m?, the dominant peak of 2CzPN still exists and
does not shift, as shown in Fig. 6(b). This behavior is attributed to a shift in the wavelength of
the emission resulting from an overlap of the exciplex and the 2CzPN emissions. The shift of
the 2CzPN peak originates from either molecular polarization effects [25,26] or a variation in
the dielectric constant of the EML [25]. The peak of the EL spectrum for device E shifts to
the red emission region in comparison with that for the other devices due to the exciton
quenching process resulting from increases in the numbers of the excitons in the exciplex
host.

4. Summary and conclusions

OLEDs were fabricated with a blue EBCz-ThX:B4PYPPM exciplex host system in order to
enhance their efficiency. UV-vis and PL spectra showed exciplex emission resulting from the
ICT interaction between the ethyl-carbazole in EBCz-ThX and the pyridine in B4PYPPM.
The maximum values of the current and the power efficiency of the OLEDs with a blue
exciplex host were 22.46 cd/A and 28.23 Im/W, respectively. The efficiency enhancement for
the OLEDs based on an exciplex system acting as a TADF emitter was attributed to the
efficient up-conversion of triplet excitons in EBCz-thx:B4PYPPM and to the efficient energy
transfer from the exciplex host to the blue TADF emitter. These present observations can help
to improve our understanding of the EBCz-ThX:B4PYPPM exciplex host system and its
ability to enhance the efficiency of OLEDs.
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