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Pyridine-Containing Electron-Transport Materials for
Highly Efficient Blue Phosphorescent OLEDs with Ultralow
Operating Voltage and Reduced Efficiency Roll-Off

Hua Ye, Dongcheng Chen, Ming Liu, Shi-Jian Su,* Yi-Fan Wang, Chang-Cheng Lo,

A. Lien, and Junji Kido

A series of pyridine-containing electron-transport materials are developed as
an electron-transport layer for the Firpic-based blue phosphorescent organic
light-emitting diodes. Their energy levels can be tuned by the introduction

of pyridine rings in the framework and on the periphery of the molecules.
Significantly reduced operating voltage is achieved without compromising
external quantum efficiency by solely tuning the nitrogen atom orientations of
those pyidine rings. Unprecedented low operating voltages of 2.61 and 3.03 V
are realized at 1 and 100 cd m~2, giving ever highest power efficiency values
of 65.8 and 59.7 Im W, respectively. In addition, the operating voltages at
100 cd m2 can be further reduced to 2.70 V by using a host material with a
small singlet-triplet exchange energy, and the threshold voltage for electrolu-
minescence can even be 0.2-0.3 V lower than the theoretical minimum value
of the photon energy divided by electron charge. Aside from the reduced
operating voltage, a further reduced roll-off in efficiency is also achieved by

reached 90 lm W' at 1000 cd m=2!
which is readily above the efficiency of a
general fluorescent tube. However, there
is still a big room for improvement com-
pared to the theoretical limit of 248 Im
Wl Among the three primary colors,
efficient blue light emission is the bottle-
neck for efficient full-color OLED display
and white OLEDs. In the past few years,
many studies have focused on improving
external quantum efficiency (hey) of blue
OLEDs by utilizing a common blue phos-
phorescent emitter of iridium(III) bis[(4,6-
difluorophenyl)-pyridinate-N,C¥]picolinate
(FIrpic). hey values over 20% have been
achieved by developing new materials,
such as bipolar host materials and elec-
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the combination of an appropriate host material.

1. Introduction

Organic light-emitting devices (OLEDs) have become of con-
siderable commercialization interest as the next generation
efficient full-color flat panel display and mercury-free lighting
sources.l!l The panel efficiency of white OLEDs has recently
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tron-transport materials (ETMs) with high
triplet energy level, due to efficient har-
vesting of both electro-generated singlet
and triplet excitons for phosphorescent
emission from OLEDs.I'“*] Most recently, h., values were fur-
ther improved to =30% by Lee et al. by using a pyrido[2,3-b]
indole derivative as the host material and a 50-nm-ITO-coated
glass as the substrate due to the improved carrier balance and
light outcoupling.[®
Aside from the external quantum efficiency, reducing oper-
ating voltage is also crucially important for high power con-
version efficiency. As the most recent report, although hey
value of =30% has been achieved, the power efficiency was
compromised by the relatively high driving voltage, giving the
maximum power efficiency (hp) of only 50.6 Im W~".[! Never-
theless, unlike the most intensively investigated EQE, reducing
operating voltage without compromising external quantum
efficiency seems to be ignored or underestimated. The limit of
operating voltage is generally believed to be equal to the energy
band gap (Eg) of the emitter molecule or the photon energy (hv)
of the emission light divided by the electron charge (e), which
is corresponding to the energy difference between the highest
occupied molecular orbital (HOMO) and the unoccupied molec-
ular orbital (LUMO). Although a few exceptions were reported,
where the devices could even be operated at half of the voltage
of Ey/e,l”) the electroluminescence was achieved with an Auger-
assisted mechanism, and multiple electrons should be used for
one photon emission to give a very low hey of 0.4%.79 Actually,
low driving voltage of OLEDs is generally requested without
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any loss in hgy to reduce their power consumption especially
for high power-efficiency applications such as in mobile devices
and energy-saving lighting. Note that Flrpic has a peak emis-
sion wavelength of 472 nm, which is corresponding to a photon
energy (hv) of 2.63 eV. In fact, operating voltage is much higher
than the value of hv/e even in state-of-the-art blue phosphores-
cent OLEDs.'>¢ Considering the highest photon energy of
blue light among the three primary colors, it is challenging to
achieve a blue OLED with simultaneously reduced operating
voltage and improved h.y, leading to further improvement of
power conversion efficiency.

In this article, we report on a series of novel pyridine-con-
taining ETMs as an electron-transport layer (ETL) of the Flrpic-
based blue phosphorescent OLEDs (Figure 1). Their energy
levels can be tuned by introducing pyridine rings with various
nitrogen atom orientations on the periphery and in the frame-
work of the molecules. Unprecedented low operating voltages
of 2.61 and 3.03 V were realized at 1 and 100 cd m™2, giving ever
highest hp values of 65.8 and 59.7 Im W, respectively. Thanks
to the significantly reduced operating voltages (>0.8 V) without
compromising K., the hp values at applicable brightness of 100
and 1000 cd m™2 are over 30% higher than those of the device
based on Tm3PyPB (1,3,5-tri(m-pyrid-3-yl-phenyl)benzene),’>!
one of the current best ETMs for blue phosphorescent OLEDs.
In addition, further reduced operating voltages of <2.4 and 2.70
V could be achieved at 1 and 100 cd m~2, respectively, by using a
host material with a low singlet-triplet exchange energy (AEgy),
and the threshold voltage for electroluminescence can even be
0.2-0.3 V lower than the theoretical minimum value of hv/e.
Moreover, aside from the reduced operating voltage, a further
reduced efficiency roll-off was also achieved by the combination
of an appropriate host material.

www.afm-journal.de

2. Results and Discussion

2.1. Design and Synthesis of ETMs

As an ideal ETM, it should possess a low-lying LUMO energy
level to give a low electron injection barrier, a low-lying
HOMO energy level to block hole leakage from the emission
layer (EML), a high triplet energy level to confine triplet exci-
tons formed in the EML, and a high electron mobility to give
an effective electron transport. To match this request, several
ETMs consisting of pyridine rings as the periphery in the
molecules have been developed by Su et al.’d One of these
multi-functional ETMs is Tm3PyPB,’ and it has been widely
used especially for blue phosphorescent OLEDs due to its high
triplet energy level and high electron mobility.® k., above
25% has been achieved with Tm3PyPB as an ETL as well as a
hole/exciton block layer.>*43¢l Although the devices based on
Tm3PyPB as the ETL exhibit lower turn-on voltages (V,,) of
3.0~3.2 V (luminance of 1 cd m™ is detected) compared with
the previously reported values based on BAlq (aluminum(III)
bis(2-methyl-8-quinolinato)4-phenylphenolate),”) TPBI (2,2’,2”-
(1,3,5-phenylene)tris(1-phenyl-1 H-benzimidazole)),'% or TAZ
(3-(4-biphenyl-yl)-4-phenyl-5-(4-tert-butylphenyl)-1,2,4-tria-
zole)™ as the ETLs, there is still a large room compared to the
theoretical limit of hv/e. As shown in Figure 1, a series of pyri-
dine-containing ETMs was designed and synthesized. Synthesis
details of these ETMs could be referred to Supporting Informa-
tion. Different from Tm3PyPB, three more phenyls are inserted
to give Tm3PyPPB, and three more pyridyls with various
nitrogen atom orientations are inserted to give Tm3PyP24PyB,
Tm3PyP42PyB, Tm3PyP35PyB, and Tm3PyP26PyB. Tm2Py-
P26PyB and Tm4PyP26PyB are analogues of Tm3PyP26PyB

Figure 1. Molecular structures of the developed electron-transport materials. Also shown is the molecular structure of Tm3PyPB for comparison.
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with the same framework but different combination sites of the
peripheral pyridine rings. All the phenyls and pyridyls are com-
bined with each other at their meta positions to give reduced 7
conjugation and thus high triplet energy level, and the only dif-
ference among these molecules is the number of the nitrogen
atom and their orientations.

2.2. Theoretical and Experimental General Energy Levels

DFT calculations were performed using the Gaussian suite
of programs (Gaussian 03W).l!2 Compared with Tm3PyPB,
Tm3PyPPB with three more phenyls shows slightly higher-lying
HOMO and LUMO energy levels, indicating higher electron-
injection barrier. In comparison, as expected, with introducing
three more pyridyls into Tm3PyPB, lower-lying LUMO energy
levels are achieved (Table 1), giving lower electron injection
barrier which is preferable to a facile electron injection. Except
Tm3PyP35PyB where the nitrgen atoms of the three more
pyridyls are located outwards, the calculated molecular dipole
moments of the compounds with three more phenyls or pyri-
dyls are much smaller than that of Tm3PyPB (2.695 Debye),
indicating smaller molecular polarity even with introduction
of three more pyridine rings with strong electron affinity. The
smallest dipole moment is obtained for Tm3PyP26PyB, and it
is preferable to a facile electron transport. Aside from the pyri-
dine rings combined with the benzene core, the energy levels
are also strongly dependent on the nitrogen orientations of
the peripheral pyridine rings. Lower-lying HOMO and LUMO
energy levels are obtained when the nitrogen position of the
peripheral pyridine rings changes from 2 to 3 and 4 for the
compounds with the same framework.

The experimental results indicate that Tm3PyPPB with three
more phenyls shows a higher-lying LUMO energy level (the
same value as the electron affinity (E,) shown in Table 2) of
-2.59 eV compared to Tm3PyPB (LUMO = -2.73 eV).’¥ Con-
sistent with the DFT calculations, lower-lying LUMO energy
levels are achieved with introducing three pyridyls instead of
those three phenyls, and the LUMO energy levels of Tm3Py-
P24PyB and Tm3PyP26PyB are further lower-lying than those of
the other two analogues of Tm3PyP42PyB and Tm3PyP35PyB.
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In addition, LUMO energy level of Tm3PyP35PyB (-2.66 eV) is
the highest one among the compounds consisting of six pyri-
dine rings, and it is even higher-lying than that of Tm3PyPB.
Similar to the DFT calculations, for the compounds with the
same framework, lower-lying HOMO and LUMO energy levels
are obtained in the order of Tm2PyP26PyB, Tm3PyP26PyB, and
Tm4PyP26PyB, where the nitrogen position of the peripheral
pyridine rings changes from 2 to 3 and 4. Although the exact
values are somewhat different from the calculated one since the
theoretically estimated one is in gas phase with isolated mol-
ecules in contrast to experimentally estimated one in condense
phase, the tendency of the experimentally estimated energy
levels is well consistent with that of the theoretically estimated
one.

Another important factor for ETM that may affect the device
performance is its triplet energy level (E7). As suggested by the
DFT calculations, triplet energy levels of the designed ETMs are
affected slightly compared with the HOMO and LUMO energy
levels and dipole moments. It is suspected that the triplet energy
of Tm3PyP26PyB is the lowest one among these newly devel-
oped ETMs and Tm3PyPB. Thereby, Tm3PyP26PyB is chosen as
one typical material to access weather its triplet energy is high
enough for the confinement of triplet excitons generated on the
phosphor of Flrpic. The delayed component (2 ms < ¢ < 10 ms)
of the time-resolved emission spectrum for the vacuum-depos-
ited film of Tm3PyP26PyB on quartz substrate is not so clear
to estimate its triplet energy, due to the big signal noise and
the unavoidable delayed fluorescence emission even at a very
low temperature of 4.2 K (Figure S4, Supporting Information).
Although the molecular skeletons are rather extended through
the meta-conjugation compared with Tm3PyPB, we have found
that the compounds with similarly extended meta-conjugation
have higher triplet energy compared with the blue phosphor
of Flrpic.¥ 1t is speculated that triplet energies of the current
ETMs should also be high enough for triplet exciton confine-
ment of the generally used phosphorescent emitter Flrpic. To
verify its triplet exciton confinement ability, Flrpic (3 wt%) was
co-deposited with Tm3PyP26PyB for transient PL decay meas-
urement. Although the transient photoluminescence decay
is not monoexponential (Figure S5, Supporting Information),

Table 1. Density functional theory (DFT) calculations of the developed electron-transport materials.?

Materials HOMO LUMO E,c! - So Dipole Moment
[eV] [eV] [eV] [eV] [D]
Tm3PyPB —6.46 —-1.64 4.82 2.95 2.695
Tm3PyPPB -6.38 -1.60 4.78 2.97 1.216
Tm3PyP24PyB —6.64 -2.21 4.44 2.91 1.065
Tm3PyP42PyB -6.40 -1.91 4.48 2.88 1.081
Tm3PyP35PyB -6.69 -1.90 4.79 2.96 2.602
Tm2PyP26PyB -6.11 -1.71 4.40 2.89 0.609
Tm3PyP26PyB -6.35 -1.89 4.46 2.84 0.459
Tm4PyP26PyB —6.46 ~2.00 445 2.84 0.646

@Molecular structure optimization and single-point energy calculations were performed at B3LYP/6-31G(d) and B3LYP/6-311+G(d,p) levels (DFT, Gaussian 03W), respectively.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Physical properties of the developed electron-transport materials.

www.afm-journal.de

Materials Ty T Ty Io, IP E, EgoP

[ P [’ [nm]°) [eV]? [eV]) [eV]"
Tm3PyPPB 99.2 n.a. 493 352 6.67 2.59 4.08
Tm3PyP24PyB 118 n.a. 502 380 6.68 2.93 3.75
Tm3PyP42PyB 1 248 511 384 6.61 2.82 3.79
Tm3PyP35PyB 124 257 509 357 6.63 2.66 3.97
Tm2PyP26PyB 97.8 234 521 371 6.34 2.74 3.60
Tm3PyP26PyB 91.3 234 509 374 6.50 291 3.59
Tm4PyP26PyB 115 267 517 373 6.63 3.04 3.59

?Glass transition temperature (T,) and melting temperature (T,,) obtained from differential scanning calorimetry (DSC) measurement; ® Decomposition temperature (T)
obtained from thermogravimetric analysis (TGA); 9Photoluminescence spectrum of vacuum deposited film on quartz substrate; ?lonization potential (IP) determined by
atmospheric ultraviolet photoelectron spectroscopy (Rikken Keiki AC-3); © Electron affinity (E,) calculated from IP and E,°P fOptical energy band gap (E°P) from the

lowest-energy absorption edge of the UV-vis absorption spectrum.

similar to the co-deposited film of Tm3PyPB:FIrpic (3 wt%),>d
its second exponential decay part (4.7%) is much smaller than
its first (95.3%), indicating the triplet energy transfer from
Flrpic is successfully suppressed by Tm3PyP26PyB. As thus, it
suggests that the triplet energy level of Tm3PyP26PyB is higher
or, at least, comparable to that of Flrpic. This is quite important
if it is to be used as an exciton block layer to confine the Flrpic
triplet excitons within the emissive layer to achieve an efficient
blue phosphorescent OLED.

2.3. Thermal Properties

As shown in Table 2, the materials with six pyridine rings show
relatively higher glass transition temperature (T,), melting
temperature (T;,), and decomposition temperature (Ij) than
Tm3PyPPB except Tm2PyP26PyB and Tm3PyP26PyB. The lowest
T, was obtained for Tm3PyP26PyB, and it may be attributed to
the weakest intermolecular interaction as proven by the smallest
dipole moment obtained by the DFT calculations. Nevertheless, it
is still 12 °C higher than that of Tm3PyPB (T, = 79 °C).

AFM measurement was conducted to investigate the sur-
face topography of the developed ETMs in solid state thin films
before and after thermal annealing. All these thin films show
a flat surface before and after thermal annealing, with a root-
mean-squared (RMS) roughness below 1.5 nm (Figure S6, Sup-
porting Information). However, some grains were found after
thermal annealing for the thin films of Tm3PyP24PyB, Tm3Py-
P42PyB, and Tm4PyP26PyB. Some of the pyridine rings in
these molecules are combined at their para site of the nitrogen
atom, and it may induce an improved intermolecular interac-
tion and thus self-aggregation during the thermal treatment.
In contrast, for the thin films of Tm3PyPB, Tm3PyP26PyB,
and Tm3PyP35PyB that have T, values of 79, 91.3, and 124 °C,
respectively, stable amorphous morphology keeps well after
thermal annealing, indicating that the molecular structure
dominates the morphological stability rather than T,.

2.4. Phosphorescent OLEDs

Although the devices based on Flrpic were reported with life-
time issue,!'®d as the mostly investigated blue phosphorescent

Adv. Funct. Mater. 2014, 24, 3268-3275
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emitter, it was also used in the current blue phosphorescent
OLEDs to evaluate the developed ETMs as an undoped ETL
without inserting any other hole or exciton-block layer between
the EML and ETL. For comparison, a reference device was also
fabricated by using Tm3PyPB as an ETL. TPDPES (poly(arylene
amine ether sulfone)-containing tetraphenylbenzidine) blended
with 10% (by weight) TBPAH (tris(4-bromophenyl) aminium
hexachloroantimonate) was used as the anode buffer layer to
improve the hole injection. TAPC (1,1-bis[4-[N,N-di(p-tolyl)-
amino]phenylcyclohexane) and 26DCzPPy (2,6-bis(3-(carbazol-
9-yl)phenyl)pyridine) were used as the hole-transport material
and host material, respectively. Well-known cathode consisting
of a 0.5-nm-thick layer of LiF followed by a 100-nm-thick layer
of Al was patterned using a shadow mask with an array of 2
mm X 2 mm openings.

Driving voltage of the device based on Tm3PyPPB is slightly
higher than that of the device based on Tm3PyPB (Figure 2a),
and it can be attributed to its higher-lying LUMO energy level
compared with Tm3PyPB. As a result, h, of the device based
on Tm3PyPPB is slightly lower than that of the device based on
Tm3PyPB due to the reduced carrier balance. By inserting three
more pyridyls into Tm3PyPB, clearly reduced driving voltage is
achieved except Tm3PyP35PyB, and it is of interest the driving
voltage is significantly dependent on the nitrogen atom orien-
tations of those pyridine rings. Among these four analogues,
LUMO energy level of Tm3PyP35PyB is obviously higher-lying
than those of the others. As thus, driving voltage of the device
based on Tm3PyP35PyB is also obviously higher than those
of the devices based on the others. Thanks to the lower-lying
LUMO energy level and the smallest dipole moment of Tm3Py-
P26PyB, the lowest driving voltage is achieved by Tm3Py-
P26PyB. An extremely low V,, of 2.60 V is achieved for elec-
troluminescence, which is 0.64 V lower than that of the device
based on Tm3PyPB (V,, = 3.24 V) and is readily comparable to
the minimum value of hv/e. At a display-relevant luminance of
100 cd m~2, the operating voltage is only 3.03 V, and it is 0.8 V
lower than that of the device based on Tm3PyPB. Even at an
illumination-relevant luminance of 1000 cd m~2, the operating
voltage is as low as 3.47 V, and it is reduced by 1.0 V compared
with the device based on Tm3PyPB. Consistent with the order
of LUMO energy levels and the dipole moments, the driving
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Figure 2. a) Current density (/) and luminance (L) versus operating
voltage and b) power efficiency (hp) and external quantum efficiency (hey)
versus luminance characteristics of the devices in a structure of ITO/
TPDPES (20 nm)/TAPC (30 nm)/26DCzPPy : 13 wt% Flrpic (10 nm)/
ETL (50 nm)/LiF (0.5 nm)/Al (100 nm). ETL: Tm3PyPB (M), Tm3PyPPB
(A), Tm3PyP24PyB (V), Tm3PyP42PyB (®), Tm3PyP35PyB (M), or
Tm3PyP26PyB (@).

voltages of the devices based on Tm3PyP24PyB and Tm3Py-
P42PyB are between those of the devices based on Tm3Py-
P26PyB and Tm3PyP35PyB.

Electron-only devices with a configuration of ITO/LiF (1 nm)/
ETM (50 nm)/LiF (1 nm)/Al (100 nm) were also fabricated to
investigate the electron-transport behavior of these ETMs. It is
observed that the current density for the electron-only device
based on Tm3PyPB is smaller than the other ETMs consisting
of three more pyridine rings, which may be attributed to its
higher-lying LUMO energy level and lower electron mobility.
The tendency of the current density for the ETMs with different
nitrogen atom orientations of those pyridine rings is different
from those of the corresponding phosphorescent OLEDs, and it
may be attributed to the different hole current in those devices.

Aside from the significantly reduced driving voltage, h.y as
high as 25.7% is achieved at 100 cd m~ by using Tm3PyP26PyB
as the ETL, which is comparable with that of the device based
on Tm3PyPB (24.9%). The current h, is a little lower than
the ever highest onel® maybe due to the 60-nm-thicker ITO
(110 nm vs 50 nm), which has a lower transmittance in blue

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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wavelength rangel'¥ and may induce a lower light outcoupling
efficiency.’ However, it is still one of the highest values based
on the same thickness ITO substrate. In addition, it shows a hey
of 22.6% at an illumination-relevant luminance of 1000 cd m~2,
which is over 87% of the maximum hy (25.9%) in comparison
with 84% for the Tm3PyPB-based device, indicating a reduced
efficiency roll-off. Considering the reduced driving voltage and
improved carrier balance, hole-injection and transport must
be simultaneously improved although the same anode buffer
layer and hole-transport layer were used. It is speculated that
the improved electron injection may induce an aggregation of
electron at the cathode side and thus an increased internal elec-
tric field and the hole injection and transport from the anode
should thus be accelerated due to the increased electric field.
Besides the improved carrier balance, good confinement of the
triplet excitons within the EML by Tm3PyP26PyB should also
contribute to the improved h,,.. Due to the significantly reduced
driving voltage without compromising h.y, a maximum hp of
65.8 Im W' is achieved at 1 cd m™, and hitherto the highest
hp values of 59.7 and 45.8 Im W' are achieved at applicable
brightness of 100 and 1000 cd m™2, respectively, which are over
30% higher than those of the device based on Tm3PyPB. As
shown in Figure 2b, the device efficiencies are also significantly
dependent on the nitrogen atom orientations of the three more
pyridine rings. Fairly low hp of 10.2 Im W and h,,, of 6.29% are
obtained at 100 cd m~ for the device based on Tm3PyP35PyB.
Different from the other devices, a very weak emission band at
394 nm was observed for the electroluminescent (EL) spectrum
of this device, and it can be attributed to the emission from
the ETL of Tm3PyP35PyB (See Supplementary Information).
The carriers should be recombined at the interface of EML
and ETL for this device to give the low device performance. In
comparison, efficiencies of the devices based on Tm3PyP24PyB
and Tm3PyP42PyB are between those of the devices based on
Tm3PyP26PyB and Tm3PyP35PyB. Their relatively lower effi-
ciency compared with the device based on Tm3PyP26PyB may
be attributed to the reduced carrier balance.

Besides the nitrogen atom orientations of the inside pyri-
dine rings of the molecules, the device performance is also
dependent on the nitrogen atom orientations of the peripheral
pyridine rings. As shown in Figure 3(a), for the ETMs with the
same framework, current density increases when the nitrogen
position of the peripheral pyridine rings changes from 2 to 3
and 4. Consistent with the light-emitting devices, the electron
current also increases when the nitrogen position of the periph-
eral pyridine rings changes from 2 to 3 and 4 for the corre-
sponding electron-only devices, and it can be attributed to the
lower-lying LUMO energy level and thus decreased electron
injection barrier in the same order. On this result, the driving
voltage of the device based on Tm4PyP26PyB is even lower
than that of the device based on Tm3PyP26PyB at applicable
brightness. However, relatively lower h.,, values of 20.6% and
19.3% are obtained at 100 and 1000 cd m~2, respectively, due to
the reduced carrier balance. Although the h,,; values are lower
than those of the device based on Tm3PyPB, higher hp values
of 47.2 and 40.0 Im W are achieved at 100 and 1000 cd m™,
respectively, because of the reduced driving voltage. It is also
interesting h.,, of the device based on Tm2PyP26PyB is almost
the same as that of the device based on Tm3PyP26PyB although

Adv. Funct. Mater. 2014, 24, 3268-3275
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Figure 3. a) Current density (/) and luminance (L) versus operating
voltage and b) power efficiency (hp) and external quantum efficiency (hey)
versus luminance characteristics of the devices in a structure of ITO/
TPDPES (20 nm)/TAPC (30 nm)/26DCzPPy : 13 wt% Flrpic (10 nm)/
ETL (50 nm)/LiF (0.5 nm)/Al (100 nm). ETL: Tm2PyP26PyB (M), Tm3Py-
P26PyB (@), or Tm4PyP26PyB (A).

its driving voltage is much higher. It further proves the hole
injection and transport could be tuned by the use of an appro-
priate ETM to give a good carrier balance as well as a reduced
driving voltage. Compared with the previously reported ETM
of Tm2PyPB (1,3,5-tri(m-pyrid-2-ylphenyl)benzene)*d with the
same combination site of the peripheral pyridine rings but dif-
ferent framework, the current device based on Tm2PyP26PyB
exhibits simultaneously reduced driving voltages of 3.45 and
4.23 V, improved h,,, values of 25.0% and 22.8%, and improved
hp values of 52.7 and 39.0 Im W' at 100 and 1000 cd m™,
respectively. Similar phenomenon was also found for Tm4Py-
P26PyB compared with Tm4PyPB (1,3,5-tri(m-pyrid-4-ylphenyl)
benzene),’d further indicating the device performance is
heavily dependent on the framework of the ETM molecules
besides the peripheral pyridine.

Besides ETMs, driving voltage can be further reduced by
changing the host material used for Flrpic although the EML is
as thin as 10 nm. As shown in Figure 4 (left), for the bis-carbazole
host materials, the driving voltage can be reduced in the order
of DCzPB (1,3-bis(3-(carbazol-9-yl)phenyl)benezene), 26DCzPPy,
and 46DCzPPm (4,6-bis(3-(carbazol-9-yl)phenyl)pyrimidine). The

Adv. Funct. Mater. 2014, 24, 3268-3275

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

IR YL B S LB 3 B ) S R N MR A

...lz...|4..5.
2 4 6
A%

Figure 4. Current density (/) and luminance (L, inset) versus operating
voltage characteristics of the devices in a structure of ITO/TPDPES
(20 nm)/TAPC (30 nm)/Host : 13 wt% Flrpic (10 nm)/Tm3PyP26PyB
(50 nm) /LiF (0.5 nm) /Al (100 nm). Host: DCzPB (O), 26DCzPPy (OJ),
46DCzPPm (A), TCTA (<), TCPB (V), or TCPY (@).

reduced driving voltage should be attributed to the lower-lying
LUMO energy level and the narrower singlet-triplet exchange
energy (AEgy) for the host materials in the same order (See Sup-
plementary Information). Ultralow driving voltage is achieved
for the device based on 46DCzPPm, giving a threshold voltage of
=2.0 V for current and a V,, of <2.4 V for electroluminescence.
It is of interest that the threshold voltage for electroluminescence
can even be 0.2-0.3 V lower than the minimum value of hv/e. At
a display-relevant luminance of 100 cd m~2, the operating voltage
is only 2.70 V, and it is 0.33 V lower than that of the device based
on 26DCzPPy and is very near the minimum value of hv/e. As
supposed by Meerheim et al., in an ideal device the quasi-Fermi-
level spread is identical to the voltage applied to the contacts of
the device, the thermodynamic limit of the operating voltage in a
blue OLED is estimated to be =2.28 V at 100 cd m~2 by the use of
an equation based on black-body radiation, and it is the highest
one among the three primary colors.['®! Considering the exciton
binding energy might need some extra energy (depending on
whether there is resonant exciton generation), it is also inter-
esting that the operating voltages currently achieved experimen-
tally are already very close to the thermodynamic limits at low
brightness. However, the voltages at higher brightness are never-
theless higher than the thermodynamic limits, and it is another
challenge to further improve OLEDs so that very steep exponen-
tial luminance curves can be achieved with OLEDs as well.

Note that Es of these bis-carbazole host materials are
high enough for efficient energy transfer from the host to
the guest and good confinement of the triplet energy on the
Flrpic molecules.'”! Relatively lower hey values of the devices
based on DCzPB and 46DCzPPm could be attributed to the
reduced carrier balance (See Supplementary Information). In
addition, considering the relatively lower photoluminescent
quantum efficiency (hp;) of Flrpic doped in 46DCzPPm (hp
= 0.73 £ 0.01) than that of DCzPB:FIrpic (hpy = 0.83 + 0.01)
and 26DCzPPy:Flrpic (hpy = 0.84 £ 0.01), further lower hy, is
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obtained for the device based on 46DCzPPm. However, thanks
to the ultralow driving voltage, high hp over 50 Im W is still
achieved at 100 cd m™2 (Table 3).

For the tris-carbazole host materials, the driving voltage
can be reduced in the order of TCPB (1,3,5-tris(3-(carbazol-
9-yl)phenyl)-benzene), TCTA (4,4',4”-tri(N-carbazolyl)triph-
enylamine), and TCPY (2,4,6-tris(3-(carbazol-9-yl)phenyl)-
pyridine) (Figure 4, right). Note that TCTA consisting of triph-
enylamine core is a well-known hole-transport host material.
Compared with the device based on TCPB, current density of
the device based on TCTA is much higher, but giving compa-
rable brightness. It can be attributed to the excess hole current
and thus significantly reduced carrier balance. In contrast,
TCPY is an ambipolar host material due to its similar hole and
electron mobilities.'® As a result, clearly higher h., values of
22.3% and 22.4% are achieved at 100 and 1000 cd m™2, respec-
tively, for the device based on TCPY. Although the h,,, values
for the device based on TCPY are somewhat lower than those
of the device based on 26DCzPPy with the same pyridine core,
considering the relatively lower hp; of TCPY:FIrpic (hpy =0.72 +
0.01) than that of 26DCzPPy:Flrpic and light outcoupling effi-
ciency of =30% in a similar device architecture without using
any light outcoupling enhancement techniques, well balanced
carriers are also achieved for the device based on TCPY and
Tm3PyP26PyB. In addition, compared with the device based on
26DCzPPy whose h,, value at 1000 cd m~ is 87% of the max-
imum h.y, the hg, values at 100 and 1000 cd m™ are almost
the same as the maximum he, (22.7%) for the device based
on TCPY, indicating a further reduced roll-off in efficiency,
and this is very important for high brightness applications like
lighting. Moreover, reduced driving voltages of 2.85 and 3.31
V are also achieved at 100 and 1000 c¢d m~2, giving extremely
high hyp values of 55.5 and 47.8 Im W1, respectively, and it can
be attributed to the lowerlying LUMO energy level and the
small AEgy of TCPY and thus improved electron injection from
the ETL.
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3. Conclusions

In summary, a series of pyridine-containing ETMs were devel-
oped as an ETL of the FIrpic-based blue phosphorescent OLEDs.
By tuning their energy levels with introduction of pyridine rings
with various nitrogen atom orientations on the periphery and in
the framework of the molecules, unprecedented low operating
voltages of 2.61 and 3.03 V were realized at 1 and 100 cd m~,
giving ever highest hp values of 65.8 and 59.7 Im W' and hey
values of 24.4% and 25.7%, respectively. In addition, further
reduced operating voltages of <2.4 and 2.70 V were achieved
at 1 and 100 cd m™2, respectively, by using a host material of
46DCzPPm with a small Egp, and the threshold voltage for
electroluminescence can even be 0.2-0.3 V lower than the theo-
retical minimum value of hv/e. Moreover, a further reduced effi-
ciency roll-off was achieved by using TCPY as the host material,
and this is an important factor for high brightness applications
like lighting. Considering no chemical doping was used for the
ETL of the current devices, there might be still some further
room to reduce the driving voltage by using chemically doping
technology.'! In addition, the driving voltage may also be fur-
ther reduced by utilizing double host materials??! or double
EMLs!'¢%"! to tune the carrier injection barrier between the EML
and the carrier transport layer. These low operating voltage
devices makes them very interesting for high power-efficiency
applications such as in mobile devices and organic lighting.

4. Experimental Section

Materials: ~ Synthetic details and chararacterizations of newly
developed ETMs, including Tm3PyPPB, Tm3PyP24PyB, Tm3PyP42PyB,
Tm3PyP35PyB, Tm2PyP26PyB, Tm3PyP26PyB, and Tm4PyP26PyB, are
demonstrated in Supplementary Information. Tm3PyPB,’3 DCzPB,['"]
26DCzPPy,211 46DCzPPm,'71 TCPB,["® and TCPY['® were synthesized
according to the procedures reported in the literatures. All the materials
used for device fabrication were purified by repeated temperature
gradient vacuum sublimation.

Table 3. Summary of the OLED performances of the devices in a structure of ITO/TPDPES (20 nm)/TAPC (30 nm)/Host : 13 wt% Flrpic (10 nm)/ETL

(50 nm)/LiF (0.5 nm)/Al (100 nm).

Performance at 100 cd m™2V/hp/hey

Performance at 1000 cd m=2V/hp/hey

VIm™ W/%]

VIm™ W/%]

ETL Host

Tm3PyPB 26DCzPPy

Tm3PyPPB

Tm3PyP24PyB

Tm3PyP42PyB

Tm3PyP35PyB

Tm2PyP26PyB

Tm3PyP26PyB

Tm4PyP26PyB

Tm3PyP26PyB DCzPB

46DCzPPm

TCTA
TCPB
TCPY

3.82/45.7+0.9/24.9 0.5
4.03/39.0+0.7/22.840.5
3.37/38.4+0.8/18.5+0.4
3.45/25.4+0.5/12.6+0.3
4.27/10.2+0.2/6.29 +0.1
3.45/52.7+0.9/25.0% 0.5
3.03/59.7 +0.9/25.7 + 0.5
3.07/47.2+0.9/20.6 + 0.4
3.06/48.8+0.9/21.4+0.4
2.70/50.3 +0.9/17.4+0.3
3.02/17.9+0.3/7.60 0.1
3.23/43.9+0.8/20.2+0.4
2.85/55.5 +0.9/22.3 + 0.4

4.47/34.5+0.7/22.0 + 0.4
4.78/28.5+0.5/19.8 + 0.4
4.12/28.1+0.6/16.5+0.3
3.96/25.0+0.5/14.2+0.3
5.16/9.70 +0.2/7.22 + 0.1
4.23/39.0 +0.8/22.8 + 0.4
3.47/45.8 +0.9/22.6 + 0.4
3.40/40.0 £0.8/19.3 + 0.4
3.81/29.8+0.6/16.3+0.3
3.23/30.2+0.6/12.5+0.2
4.01/12.140.2/6.79+0.1
4.11/23.5+0.4/13.7 0.2
3.31/47.8 £0.9/22.4 + 0.4
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Calculation: For calculation of HOMO and LUMO energy levels, DFT
calculations were performed for optimized molecular structures and
single-point energies at the B3LYP/6-31G(d) and B3LYP/6-311+G(d,p)
levels, respectively, using the Gaussian suite of programs (Gaussian 03W).
For calculation of ground (Sp) and triplet excited states (T;), optimized
molecular structures and single-point energies were also calculated at the
B3LYP/6-31G(d) and B3LYP/6-311+G(d,p) levels, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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