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1. Introduction

Seven-member-ring-based electron-transporting
materials for high-efficiency OLEDs+

Kuo-Hsien Chou,:® Tun-Hao Chen,® Xian-Qing Huang,® Chia-Sheng Huang,®
Chih-Hao Chang,” Chien-Tien Chen {2 *® and Jwo-Huei Jou (2 *®

Organic light-emitting diodes (OLEDs) have become the mainstream display technology and show
potential in lighting. With a constant demand of higher efficiency and longer lifetime, the design and
synthesis of better OLED materials are essential. Amongst these, electron-transporting materials (ETMs)
consume about 30% of the applied energy. Developing ETMs with a high electron mobility and a high
thermal stability is hence crucial. Seven-member-ring-based molecules are known to be highly
thermally stable. They could be suitable for serving as ETMs if they also show good optoelectric
characteristics. Herein, we have synthesized four seven-member-ring-based ETMs. A high efficiency was
achieved for a green OLED by using 2’12-di(pyridin-4-yl)spiroldibenzo(3,4:5,6]cyclohepta-
[1,2-blpyridine-9,9’-fluorene] (DPP) as ETM. At 1000 cd m~2, for example, the power efficacy (PE) was
increased from 23 to 32 Im W2, an increase of 39%, when the typical 1,3,5-tris(N-phenylbenzimidazol-
2-ylbenzene (TPBi) was replaced by DPP. The corresponding device lifetime at 5000 cd m~2 was
increased from 1.4 to 2.0 h, an increase of 43%. The high efficiency may be attributed to the facts that
DPP has an electron mobility (7.2 x 107> cm? V= s7%) higher than that of TPBi (2.2 x 107> cm? V™1 s7}
and has a highest occupied molecular orbital (HOMO) level (—6.3 eV) deeper than that of TPBi
(—6.2 eV). Electrical simulation confirmed that the higher electron mobility could lead to a 5-fold
increase in carrier recombination rate and the deeper HOMO level would lead to an increase of 15% in
carrier recombination rate. The lifetime enhancement may be attributed to the high glass transition
temperature of DPP (181 °C), being 124 °C for TPBi. However, DPP did not work for blue
phosphorescent emitters, such as bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium (Flrpic),
because its triplet energy (2.54 eV) is lower than that of Flrpic (2.65 eV). However, a high-efficiency blue
OLED was achieved by using 4-(spiroldibenzol[3,4:5,6]cycloheptall,2-b]pyridine-9,9’-fluoren]-12-
ylbenzonitrile (PC) with a higher triplet energy (2.67 eV). At 100 cd m~2, for example, its PE was
increased from 13 to 19 Im W™, an increase of 46%, when TPBi was replaced by PC.
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characteristics, the design, electric simulation,
fabrication® of efficiency-effective device architectures,
and the design and optical simulation of internal and external

Organic light-emitting diodes (OLEDs) have drawn enormous
attention due to their successful applications in displays and
great potential in lighting.”° To be more energy-saving and to
afford a longer device lifetime, numerous approaches have
been proposed to achieve high-efficiency OLEDs. They include
the design,"™'? molecular simulation,”® synthesis,'*™"® and
purification'” of new materials with better electroluminescent
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light extraction systems.?*"*

Among the OLED materials, electron-transporting materials
(ETMs) consume about one third of the applied energy and
hence are critical to device performance.**° Ideal ETMs
should possess at least two types of properties, namely good
optoelectric characteristics and high thermomechanical stabi-
lity. For the former, they should have a high electron mobility
to enhance carrier recombination, a deep highest occupied
molecular orbital (HOMO) level to prevent hole overflow into
the electron injection layer and a suitable lowest unoccupied
molecular orbital (LUMO) level to ensure a low energy barrier
for injecting electrons into the emissive layer (EML).**** For
the latter, they should at least have a high molecular weight to
prevent molecular diffusion and a planar resonant structure to
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enhance intermolecular interaction so that they would have a
robust layer structure to prevent damage caused by Joule
heating during device operation.**™*’

Yang and co-workers utilized quinoxaline as core units
bearing meta-/para-pyridinylphenyl groups or 8-pyridinylquin-
oxaline as capping groups to 1,4-benzne core. The resulting
four different combinations, namely Tm3PyQ, Tm4PyQ,
3PyDQB, and 4PyDQB, were examined as electron transport
materials for blue phosphorescent devices (Fig. S1, ESIt).*®*
Among them, both 3PyDQB and 4PyDQB exhibited larger
electron mobilities of 2.0 x 10~° em® V- ' s~*. Their LUMOs
showed much more evenly dispersed electron density distribu-
tions throughout the molecules. Therefore, better device per-
formances would be expected with them as ETMs. A device
configuration of ITO/MoO; (10 nm)/TAPC (70 nm)/FIrpic:mCP
(8 wt%, 20 nm)/3PyDQB or 4PyDQB (45 nm)/LiF (1 nm)/Al led to
maximum EQEs/current efficiencies of 14.2%/30.2 cd A" and
11.7%/25.8 cd A™", respectively. Due to smaller triplet energies,
another device configuration of ITO/MoO; (10 nm)/TAPC
(70 nm)/FIrpic:mCP (8 wt%, 20 nm)/TmPyPB (5 nm)/Tm3PyQ
or Tm4PyQ (45 nm)/LiF (1 nm)/Al was adopted. Since electron
densities were more concentrated on quinoxaline cores in the
LUMOs for both Tm3PyQ and Tm4PyQ, poorer device perfor-
mances were observed. Their maximum EQEs and current
efficiencies dropped to 9.3%/25.9 cd A" and 8.6%/22.2 cd A,
respectively, because of lower electron mobilities.

Some seven-member-ring-based molecules were found to
meet the above criteria and could be suitable for developing
effective ETMs. Therefore, we plan to append a fused-benzene
ring along the C10-C11 double bond of spirally configured, cis-
stilbene/fluorene (STIF) hybrid materials developed by us.>°
The resulting spirally configured o-DPB possesses a unique
spiro-conjugation with minimal extended p-conjugation with
further installation of a N atom onto one of the stilbene phenyl
groups. The resulting 5,6-benzo-fused, 1-aza-STIF systems
(Bz//1-aza-STIF) allow for easy installation of acceptor groups
at C8- and C2'-positions. The spiral configuration also helps to
avoid intermolecular packing and increase their thermal stabi-
lities and reversible electron-accepting abilities. The introduc-
tions of individual acceptors onto each spiral component
can also lower both HOMO and LUMO levels, thus increasing
hole-blocking property and facilitating electron transfer to the
emitting layer for phosphorescent blue and green device
applications.

Herein, we hence synthesized four seven-member-ring-
based ETMs, ie. 2/,12-di(pyridin-4-yl)spiro[dibenzo[3,4:5,6]-
cyclohepta[1,2-b]pyridine-9,9’-fluorene] (DPP), 4,4’-(spiro[di-
benzo[3,4: 5,6]cyclohepta[1,2-b]pyridine-9,9’-fluorene]-2’,12-diyl)-
dibenzonitrile (DPC), 12-(pyridin-4-yl)spiro[dibenzo[3,4:5,6]
cyclohepta[1,2-b]pyridine-9,9’-fluorene] (PP), and 4-(spiro[di-
benzo[3,4: 5,6]cyclohepta[1,2-b]|pyridine-9,9’-fluoren]-12-yl)benzo-
nitrile (PC). They were then fabricated as ETMs for green and
blue OLED devices with 1,3,5-tris(N-phenylbenzimidazol-2-yl)-
benzene (TPBi) as the control. By using DPP as ETM, a high-
efficiency green OLED was achieved with a power efficacy (PE)
of 32 Im W at 1000 cd m™2. Its lifetime, at 5000 cd m ™2, was
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increased from 1.4 to 2.0 h when TPBi was replaced by DPP.
A high-efficiency blue OLED was achieved by using PC as ETM.
At 100 cd m™?, for example, its PE was increased from 13 to
19 Im W%, an increase of 46%, when it was used in lieu of
TPBi.

2. Experimental
2.1 Device fabrication

Fig. 1 shows the energy-level diagram of the green and blue
OLED devices comprised of the four seven-member-ring-based
ETLs, DPC, DPP, PC, and PP, compared against that of the
TPBi-comprised counterpart. The devices were composed of a
150 nm indium tin oxide (ITO) anode layer, a 3 nm 1,4,5,8,9,11-
hexaazatriphenylenehexacarbonitrile (HAT-CN) hole-injection
layer (HIL), a 35 nm 1,1-bis[(di-4-tolylamino)phenyl]cyclo-
hexane (TAPC) hole-transporting layer (HTL), (a) a 11 nm EML
with green dopant tris(2-phenylpyridine)iridium (Ir(ppy)s)
doped in a 4,4'-bis(N-carbazolyl)-1,1’-biphenyl (CBP) host or
(b) a 11 nm EML with blue dopant bis[2-(4,6-difluorophenyl)-
pyridinato-C2,N](picolinato)iridium (FIrpic) doped in a 3,3’
di(9H-carbazol-9-yl)-1,1’-biphenyl (mCBP) host, a 40 nm ETL,
a 1 nm lithium fluoride (LiF) electron-injection layer (EIL), and
a 100 nm aluminum (Al) cathode layer.

Fig. 2 shows the molecular structures of the ETMs PC, PP,
DPC, and DPP used for the study.
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Fig. 1 Schematic energy-level diagram of the studied OLED devices
containing (a) green emitter Ir(ppy)s in CBP host and (b) blue emitter Flrpic
in mCBP host with five different ETMs: TPBi, DPC, DPP, PC, and PP.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular structures of the studied ETMs: PC, PP, DPC, and DPP.

2.2 Device efficiency and lifetime characterization

A Keithley 2400 electrometer and a Minolta CS-100 luminance meter
were used to measure the current-voltage (I-V) characteristics of the
OLEDs. The Commission Internationale de 1'Eclairage (CIE) coor-
dinates were determined and electroluminescent (EL) spectra
obtained by using a Photo Research PR-655 spectroradiometer.

The lifetimes of the studied devices encapsulated in a
nitrogen purge glove box were measured with a Chroma life-
time test system (Model 58131). The accelerated lifetime testing
was conducted at a constant current with a corresponding
initial luminance of 5000 cd m~>. The lifetime was based on
the T, (the time for the brightness to drop to 50% of its initial
magnitude) of the pristine device.

2.3 Simulation

The recombination rate of the studied OLEDs was obtained by
using electrical simulation software SETFOS 4.6 (Fluxim AG).
The parameters input for the simulation are listed in Table 1.
They include the HOMOs, LUMOs, electron mobilities, and
hole mobilities of the organic layers, namely HIL, HTL, EML,
and ETL. Also input were the work functions of the inorganic
layers, including an anode (—5.2 eV) and a composite layer of
electron injection material with aluminum (Al) (—4.2 eV).

The simulated device structure consisted of a 150 nm ITO
anode layer, a 3 nm HAT-CN HIL, a 35 nm TAPC HTL, an 11 nm
EML, a 40 nm ETL, a 1 nm LiF EIL, and a 100 nm Al cathode layer.

2.4 Material characteristic measurements

The electron mobility of DPP, DPC, PP, and PC can be obtained
by measuring the current density and the voltage of electron-only

View Article Online
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device (EOD) and using them in the following equation. The
result is shown in Table 2.

2
J = gﬁrﬁo ,u%

where J is the current density; ¢, is the relative dielectric constant
of organic material; ¢, is the dielectric constant of vacuum; p is
the electron mobility of organic material; V is the voltage; L is the
thickness of the organic film.

Glass transition temperatures of the four seven-member-
ring materials were measured by using a Mettler-Toledo 2-HT
thermal analyzer, carried out in a nitrogen atmosphere at a

ramp rate of 10 °C min .

3. Results and discussion
3.1 Characteristics of the ETMs

Table 2 shows the thermal, photophysical, and electrochemical
characteristics of the four seven-member-ring-based ETMs,
compared against those of the typical TPBi.

Carrier mobility. As seen, DPC and DPP possessed a higher
electron mobility than TPBi. At an electric field of 1000 (V cm™*)"2
for example, the electron mobility was 9.3 x 107> and 7.2 x
107° em® v ' 7! for DPC and DPP, respectively.

Thermal characteristics. The thermal characteristics of the
studied ETMs were characterized by using differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) tech-
niques. As seen, the seven-member-ring-based ETMs were
highly thermally stable. For example, DPC showed a T, of
188 °C and DPP of 180 °C, much higher than that of TPBi
(124 °C). The reason why DPP and DPC show higher thermal
stability than TPBI is because of their higher molecular weight
and n-n stacking, which is due to the double-arm structures.

Photophysical and electrochemical characteristics. The opti-
cal band gaps were estimated from the edge of the absorption
spectra, giving values of 3.61, 3.48, 3.9, and 3.84 for DPP, DPC,
PP, and PC, respectively. The triplet energies were estimated
from the highest energy peak of the phosphorescence spectra at
77 K in 2-Me-THF. DPP and DPC show comparatively low triplet
energy, which did not work for blue phosphorescent emitters,
such as Flrpic.

The electrochemical properties of the studied ETMs were
measured by cyclic voltammetry (CV). The HOMO energy levels
of the hosts were estimated to be 6.3 eV, 6.2 €V, 6.0 eV, and
6.2 eV for DPP, DPC, PP, and PC, respectively, using oxidation
potential. The LUMO energy levels were calculated to be
2.7 €V, 2.7 eV, 2.1 eV, and 2.3 eV for DPP, DPC, PP, and PC,

Table 1 The parameters input for the electrical simulation using SETFOS. They include HOMO, LUMO, hole mobility, and electron mobility

Device layer Thickness (nm)  HOMO (eV)  LUMO (eV)  Hole mobility (10 > ecm®> V"' s™')  Electron mobility (10 ™°> cm* V"' s )
HIL (HAT-CN) 3 -9.5°" -5.7°" 3.5° —

HTL (TAPC) 35 —5.5° —2.0° 1000°® —

EML (CBP) 11 —-6.0°" -2.9°! 200°° 30%°

EML (mCBP) 11 —6.0%2 —2.4%2 0.01%’ —

EIL/cathode 101 — —4.3% — —

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Thermal, photophysical, and electrochemical characteristics of the four seven-member-ring-based ETMs compared against those of the

typical TPBi
Lle ADS. Amax’, EM. Amads HOMOf, LUMOY, E, E/", Molecular

ETM (x 10 °cm®>V 's™') nm nm (fwhm)* EodEred®, V ev ev ev eV weight, g mol™" Ty/Tiw/Ty, °C
TPBi 2.2%° — = — 6.2% 2.7 2.67°° 3.5 409 124%°/—/—
DPP 7.2° 291/291°  363(48), 384(95) 1.20/—2.51, —2.64 6.3 2.7 2.54 3.61 548 181/—/381
DPC 9.3° 329/297°  378(48), 398(70)'  1.07/—2.39 6.2 2.7 241 3.48 59 188/—/442
PP 0.13° 291/290°  325(32), 374(153)° 0.91/—2.56, —2.83 6.0 2.1 2.84 3.90 471 155/319/370
PC  0.62° 297/294'  366(60), 366(44)° 1.06/—2.39, —2.85 6.2 2.3 2.67 3.84 495 153/291/388

@ Under electric field of 1000 (V cm™*)2, » Measured in toluene.

Full width at half-maximum, fwhm. ¢

Electrochemical data of materials E,, and

Ereq were measured in CH,Cl, (1 mM) and DMF (1 mM), respectively, in the presence of 0.1 M Bu,N'PF,, using glassy carbon as a working

electrode and Pt as counter electrode with a scan rate of 250 mV s~ *

¢ EHOMO = _(on,onset + 5'1)' 4

, and potentials are quoted with reference to the internal ferrocene standard.
Erumo = Eg + Enomo- £ Calculated from the onset of the absorption spectrum. " Estimated from the highest energy

peak of the phosphorescence spectra at 77 K in 2-Me-THF. * Measured in film.

respectively, from HOMO energy levels and optical energy band
gaps, which were estimated from the edge of the absorption
spectra.

3.2 Green OLEDs and device efficiency

Table 3 shows the PE, OV, CE, EQE, CIE coordinates, and
maximum luminance of the green OLED devices comprised
of the four seven-member-ring-based ETMs, namely DPC, DPP,
PC, and PP, compared against those of the TPBi-comprised
counterpart. Fig. 3 shows the effect of the studied ETMs on the
(a) power efficacy, (b) current efficacy, and (c) external quantum
efficiency of the studied green OLEDs. As seen, the DPP-containing
device yielded the best performance. At 1000 cd m™ 2, for example,
the PE was increased from 23 to 32 Im W}, an increase of 39%, CE
from 32 to 39 cd A%, an increase of 22%, and EQE from 8.7 to 11%,
an increase of 26%, when DPP was used in lieu of TPBI.

The reason why the DPP-containing device exhibited the
best efficiency performance may be attributed to the two
efficiency effective factors, i.e. a deeper hole blocking barrier
between the DPP ETL and host and a higher electron mobility
of the DPP.

3.3 Lifetime of the green OLED devices

Fig. 4 shows the lifetime performance of the green OLED device
with the seven-member-ring-based DPP compared against that
with the typical TPBi counterpart, at an initial luminance of
5000 c¢d m>. The device lifetime was increased from 1.4 to
2.0 h, an increase of 43%, when the typical TPBi-composed
counterpart was replaced by DPP. The lifetime enhancement
may be attributed to the high glass transition temperature of

DPP (181 °C), which was 124 °C for TPBi. Besides, DPP had a
higher molecular weight (548 g mol~") than TPBi (409 g mol ")
which may prevent molecular diffusion during device operation
and hence a longer device lifetime was observed.

TGA of the materials was conducted to determine their
thermal stabilities in view of their thermal decomposition
temperatures (Ty), which are preferably at least 20 degrees
above the vacuum deposition temperature of a given material.
Materials with high glass transition temperature often possess
satisfactory amorphous film-forming properties and avoid local
crystallization problems during operational heating and cool-
ing events, that lead to tip discharge or film detachment and
eruption of device performance. The Ty values are well above
350 °C, falling in the ranges of 370-388 °C and 381-442 °C,
respectively, in PC/PP and DPC/DPP, presumably due to
increased molecular weight and n-n stackings. The T, values
are well above 100 °C and fall in the ranges of 153-155 °C and
181-188 °C, respectively, in PC/PP and DPC/DPP. Namely, the
double-arm materials possess T higher by 20-30 °C than those
of the single-arm ones.

3.4 Electrical simulation of the green OLED devices

Fig. 5 shows the effect of ETM electron mobility on the
recombination rates of the green OLED devices composed of
the seven-member-ring-based DPP and the typical TPBi by
using a simulation tool of SETFOS. DPP has an electron
mobility of 7.2 x 107° em® V! 57! under an electric field of
1000 (V em™ )2 which is 3 times that of TPBi (2.2 x 10 °> em®V *s77).
The resulting recombination rate is 204 ecm > s ' for the
DPP-containing green device, which is 5 times that of the

Table 3 Power efficacy (PE), current efficacy (CE), external quantum efficiency (EQE), CIE coordinates, and maximum luminance of green OLED devices
comprised of the four seven-member-ring-based ETMs compared against those of the TPBi-comprised counterpart

@ 100/1000/10 000 cd m >

Operation Power efficacy Current efficacy

Max. luminance

ETM voltage (V) (Imw™) (edA™) EQE (%) CIE coordinates (x, ) (cd m™?)

TPBi 3.2/4.4/7.5 36.8/22.5/11.7 37.7/31.5/27.7 10.5/8.7/7.7 (0.33, 0.61)/(0.33, 0.61)/(0.33, 0.61) 64420

DPC 2.6/3.4/7.2 46.8/28.9/8.2 38.3/30.8/18.8 10.6/8.6/5.2 (0.33, 0.61)/(0.33, 0.61)/(0.33, 0.62) 43470

DPP 3.1/3.9/7.0 44.5/31.9/14.7 43.5/39.2/32.6 12.1/10.9/9.0 (0.33, 0.62)/(0.33, 0.62)/(0.33, 0.62) 61800

PC 3.5/5.2/9.5 37.8/21.5/8.5 36.8/32.0/23.1 10.3/8.9/6.4 (0.34, 0.61)/(0.33, 0.61)/(0.33, 0.61) 40900

PP 5.0/7.1/11.5 23.9/13.8/6.9 34.1/27.8/22.8 9.5/7.8/6.4 (0.33, 0.61)/(0.33, 0.61)/(0.34, 0.61) 29900

1338 | Mater. Adv,, 2023, 4,1335-1344 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of the studied ETMs on the (a) power efficacy, (b) current efficacy, and (c) external quantum efficiency of the studied green OLEDs.
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Fig. 4 Lifetime performance of the green OLED with the seven-member-
ring-based DPP compared against that with the typical TPBi counterpart,
at an initial luminance of 5000 cd m™—2.
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Fig. 5 Effect of ETM electron mobility on the recombination rates of the
green OLED devices containing the seven-member-ring-based DPP and
the typical TPBi.

TPBi counterpart (40 cm > s~ ). It is noteworthy that the above
recombination rates were calculated according to the total area
of the peaks within the EML. The higher electron mobility can
be used to explain at least partly why the device containing
DPP showed a better efficiency performance than the typical
TPBi-containing counterpart.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Table 4 Electron mobility data versus the square root of applied electric
field for EOD based on the ETMs and compared with STIF-ppy2 and 1-aza-
DTIF-ppy2 obtained by time-of-flight method

Compound Electric field (V em™*)*? Electron mobility (cm? V™' s™)

PC 1100 1.1 x 107°
PP 1100 1.3 x 10°°
DPC 1100 1.5 x 1074
DPP 1100 1.1 x 107
ppys 1100 6.5 x 1074

When the square root of the applied electric field is
1100 (V cm™ )2, the decreasing order of the electron mobility
(ie., electron hopping rate) is as follows: DPC > DPP > PC > PP
(Table 4). Notably, the relative rate of electron hopping is in a ratio
of 10.0/1.00 (p-PhCN/ppy), which is proportional to the electron-
accepting ability in the PC and PP series. On the other hand, the
relative rates of electron hopping in double-arm DPC and DPP
series are 13 and 85 times faster than in the cases of PC and PP,
respectively.

These results in Fig. 6 strongly indicate that electron-
hopping events may proceed through the same consecutively
stacked PC templates or alternating stacked templates of
topPhCN/bottomPhCN with DPC being 13 times more efficient.

—i— 1-aza-DBpPhCN
®— 1-aza-DBppy

10 2 4 1-aza-DBpm
—<4— 1-aza-DBdipPhCN
—»— 1-aza-DBdippy

10 —@— 1-aza-DBdipm

—A— ppys

i, (em’/Vs)

10°

T T T T T T 1
1000 1100 1200 1300 1400

EI/Z (V/Cm)llz

r T T
700 800 900
Fig. 6 Stacked plot for the correlation of electron mobility with the
square root of electric field for EOD based on the ETMs and compared
with ppys.
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Fig. 7 Effect of ETM HOMO level on the recombination rates of the green
typical TPBi.

Remarkably, in the case of pyridine as the acceptor, the electron
hopping through the alternating stacked templates of topppy/
bottomppy in DPP is the key hopping mechanism and works as
efficiently as in the case of DPC.

Fig. 7 shows the effect of HOMO level on the recombination
rate of the green OLED devices composed of the seven-member-
ring-based DPP and the typical TPBi. DPP has a HOMO level of
—6.3 eV which is deeper than that of TPBi (—6.2eV). Taking the

70
60
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Overflow (%)

20
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7 10
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Fig. 8 Effect of the hole blocking barrier formed at the ETL/EML interface
on the overflow of holes at various applied voltages.

4

OLED devices composed of the seven-member-ring-based DPP and the

application of a 10 V forward bias for example, the recombina-
tion rate for the DPP-containing green device is 65 cm™> s,
15% higher than that for the TPBi-containing counterpart
(55 em ™2 s71).

The higher recombination rate mentioned above may be due
to a higher hole blocking barrier between DPP and the host of the
EML, which is 0.3 eV, while being 0.2 eV for the TPBi-containing
counterpart. As shown in Fig. 8, a higher hole blocking barrier,
formed at the ETL/EML interface, could lead to less overflow for
the holes to further transport from the host in the EML to the
ETL. These considerations might be used to explain why the DPP-
containing green device exhibits a higher efficiency.

3.5 Blue OLEDs and device efficiency

Table 5 shows the PE, CE, EQE, CIE coordinates, and maximum
luminance of the blue OLED devices containing the four
seven-member-ring-based ETMs, namely DPC, DPP, PC, and
PP, compared against those of the TPBi-containing counterpart.
Fig. 9 shows the effect of the studied ETMs on the (a) power
efficacy, (b) current efficacy, and (c) external quantum efficiency
of the studied blue OLEDs. As seen, the PC-containing
device exhibited the best performance at least from 100 to
1000 cd m 2. At 100 cd m ™2 for example, the PE was increased
from 13 to 19 Im W', an increase of 46%, CE from 16 to
25 cd A™', an increase of 56%, and EQE from 7 to 11%, an
increase of 56%, when PC was used in lieu of TPBi.

The reason why the PC-containing device exhibited the best
efficiency amongst all the four studied ETLs may be attributed

Table 5 Power efficacy (PE), current efficacy (CE), external quantum efficiency (EQE), CIE coordinates, and maximum luminance of the blue OLED
devices composed of the four seven-member-ring-based ETMs compared against those of the TPBi-composed counterpart

@ 100/1000/10 000 cd m >

Max. luminance

ETM Operation voltage (V) Power efficacy (Im W™') Current efficacy (cd A™') EQE (%) CIE coordinates (x, y) (cd m™?)

TPBi 3.9/5.1/8.9 13.1/8.8/3.9 16.2/14.3/11.1 7.3/6.4/4.8 (0.17, 0.37)/(0.17, 0.38)/(0.18, 0.39) 19910

DPC 3.7/5.7/10.0 8.5/6.6/2.2 10.0/11.9/7.0 4.5/5.2/3.0 (0.17, 0.36)/(0.17, 0.36)/(0.18, 0.37) 14 600

DPP 3.9/5.6/10.0 11.1/7.1/2.6 13.6/12.8/8.3 6.0/5.7/3.6 (0.17, 0.38)/(0.17, 0.37)/(0.18, 0.38) 15320

PC  4.1/6.3/11.3 18.7/9.1/2.8 24.5/18.3/10.0 10.9/8.1/4.4 (0.17, 0.38)/(0.17, 0.38)/(0.18, 0.37) 14110

PP 5.3/7.7/13.5 12.1/5.8/1.8 14.7/12.9/7.1 6.5/5.6/3.1 (0.16, 0.36)/(0.17, 0.37)/(0.18, 0.39) 11860
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to three efficiency effective factors, i.e. high electron mobility,
high triplet energy, and effective energy transfer between PC
and sky-blue dopant FIrpic.

Fig. 10 shows the photoluminescence (PL) spectra of the
ETMs PC and TPBi. Also shown, the UV-visible spectrum of the
sky-blue dopant FlIrpic overlapped with the PL of PC (9.2%)
more than with that of TPBi (7.6%). This may explain partly why
the PC-containing green device exhibited a better device per-
formance as compared against the TPBi-containing counter-

part, at least from 100 to 1000 cd m™>.

3.6 Blue OLED device lifetime

Fig. 11 shows the lifetime performance of the blue OLED device
with the seven-member-ring-based PC compared against that
with the typical TPBi-containing counterpart at 1000 cd m™2,
The device lifetime was decreased from 1.2 to 0.9 h, a decrease
of 25%, when TPBi was replaced by PC. The decrease may be
attributed to the high electron injection barrier at the ETL/
cathode interface. PC has a LUMO level of —2.3 eV which is
much higher than that of TPBi (—2.7 eV). The electrons might
be blocked at the ETL/cathode interface, generating high Joule
heating and hence a shorter device lifetime as observed. Joule
heating causes thermal expansion, inter-layer diffusion and
crystallization or melting of organic materials, which limit
the lifespan of devices.®

.*:} 1.0 | UV—ViS
wn
s
S 0.8
=
< 0.6} — TPBi
N ——
Z 0.4] s
=
e 0.2}
Z
0 1 1 1
200 300 400 500 600
Wavelength (nm)

Fig. 10 Photoluminescence (PL) spectra of the ETMs PC and TPBi. Also
shown is the UV-visible spectrum of the sky-blue dopant Flrpic.
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Fig. 11 Lifetime performance of the blue OLED with the seven-member-
ring-based PC compared against that with the typical TPBi counterpart, at
an initial luminance of 1000 cd m~2.

3.7 Electrical simulation of blue OLED devices

Fig. 12 shows the effect of ETM electron mobility on the
recombination rates of the blue OLED devices containing the
seven-member-ring-based PC and the typical TPBi. Upon apply-
ing a 10 V forward bias for example, PC that has a lower
electron mobility, 0.62 x 107> cm® V™' s~' under an electric
field of 1000 (V em™")", could enable a recombination rate

Rom HTL EML ETL
,,:,w 60 F
g
<
=]
=
= =2.2x1075
.g 30 B He x1
)
g .= 0.62x10
S
o
=4 0 . . ' . .
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Fig. 12 Effect of ETM electron mobility on the recombination rates of the
blue OLED devices containing the seven-member-ring-based PC and the
typical TPBi upon applying a 10 V forward bias.
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only 30% that of the TPBi-containing counterpart. This is
because the electron mobility of TPBi is 2.2 x 107> ecm* V ' s~
almost 4 times faster than that of PC. The lower electron mobility
can be used to explain at least partly why the device composed of
PC showed a comparatively poorer efficiency performance at high
voltage.

Fig. 13 shows the effect of ETM LUMO level on the recombi-
nation rates of the blue OLED devices containing the seven-
member-ring-based PC and TPBi. Upon applying a 10 V forward
bias for example, PC that has a LUMO level of 2.3 eV could
enable a recombination rate of only 3.4 x 107° em™® s,
significantly lower than that of the TPBi-containing counterpart
(8 cm ™ s71). This may be due to the higher LUMO which could
block many more electrons at the ETL/cathode interface, hence
leading to a comparatively poorer efficiency performance at
high voltage.

Generally speaking, electrons are the minor carriers in the
device, and their behaviors dominate the device performance.
Increasing the barrier of the cathode/ETL interface can pro-
foundly decrease the injection of electrons and then prevent the
formation of excitons and hence decreasing the recombination
across the whole device. That is why the device exhibits
exponentially lower recombination rates as the LUMO level of
ETM continually decreased from —2.3 to —2.7 eV.

4. Conclusion

To conclude, we demonstrate herein the synthesis of four
seven-member-ring-based ETMs, namely DPC, DPP, PC, and
PP. By using DPP, a green OLED with a comparatively high
efficiency was fabricated. At 1000 cd m™? for example, the PE
was increased from 23 to 32 Im W', an increase of 39%, CE
from 32 to 39 cd A~ an increase of 22%, and EQE from 8.7 to
11%, an increase of 26%, when DPP was used in lieu of TPBi.
The high efficiency may be attributed to the facts that DPP has
an electron mobility (7.2 x 107> em® V™' s ') higher than
that of TPBi (2.2 x 107> ecm® V™' s7') and has a HOMO level
(—6.3 eV) deeper than that of TPBi (—6.2 eV). The corres-
ponding device lifetime at 5000 cd m~> was increased from

1342 | Mater. Adv., 2023, 4,1335-1344

1.4 to 2.0 h, an increase of 43%. The lifetime enhancement may
be attributed to the high glass transition temperature of DPP
(181 °C), being 124 °C for TPBi. Besides, DPP had a higher
molecular weight (548 ¢ mol ") than TPBi (409 g mol ) which
may prevent molecular diffusion during device operation and
hence a longer device lifetime was observed.

For blue OLEDs, the PC-containing device exhibited the best
performance from 100 to 1000 cd m™ 2 At 100 c¢d m 2 for
example, the PE was increased from 13 to 19 Im W', an
increase of 46%, CE from 16 to 25 cd A™', an increase of
56%, and EQE from 7 to 11%, an increase of 56%, when PC was
used in lieu of TPBi. This may be attributed to a better host-to-
guest energy transfer.
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