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In this study, we systematically examined the effects of the position of the exciton- blocking layer (EBL) in blue phosphorescent
organic light-emitting diodes. The EBL was located either in the front and/or the rear of the emission layer (EML), and its effects
to the device performances and electroluminescence spectra were investigated. The width and location of the recombination zone
related to the triplet exciton quenching occurred in the devices with/without a front- or rear-EBL resulted in an optical micro-cavity
effect in the EL spectrum at approximately 500 nm. The EBLs provided the direct, extra path of charge carriers from the hole
transport layer (HTL)/electron transport layer (ETL) to the ETL/HTL through EML, resulting that the device operating voltage did
not increase. The device with both front- and rear-placed EBLs exhibited the highest device performance, as triplet exciton quenching
did not occur in it at the interface between the HTL/ETL and the EML.
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It is believed that organic light-emitting diodes (OLEDs)'->> have
great potential for use in next-generation flat panel displays and solid
state lighting, owing to their ultra thin, flexible, and transparent na-
ture and because they can be fabricated at low costs through simple
solution-based processes. Phosphorescent OLEDs (PHOLEDs) are
high-efficiency devices that make use of both singlet and triplet exci-
tons. However, they tend to exhibit poor long-term stabilities.'-%8-10
One reason for their poor long-term device performance is the so-
called “triplet exciton quenching” in the recombination zone (RZ).'>'*
Triplet excitons are generated at the interface between the emission
layer (EML) and the hole-transport layer (HTL)/electron-transport
layer (ETL) and diffuse into the adjacent layers, where they are
eventually quenched.'”'3 In case of blue PHOLEDs, iridium-(III)
bis-[(4,6-difluorophenyl)-pyridinato-N,C?] picolinate (Flrpic) is usu-
ally used as the dopant and N,N'-dicarbazolyl-3,5-benzene (mCP)
as the host. If N,N-bis-(1-naphthyl)-N,N'-diphenyl-1,1’-biphenyl-
4,4'diamine (NPB) is employed as the HTL material, triplet excitons
can diffuse from the EML to the HTL and undergo quenching, be-
cause NPB has a lower triplet bandgap (2.3 eV)**® that those of
Flrpic (2.7 eV)"* and mCP (2.9 eV).!** The triplet exciton diffu-
sion length can be estimated up to 100 nm with excited state life-
time of s order, which sufficiently diffused to adjacent layers.' That
is why the selecting the proper exciton-blocking layer (EBL) ma-
terial such that it exhibits the desirable triplet bandgap is essential
for preventing triplet exciton quenching in order to improve device
performance.®

In terms of the transfer of excitation energy to excitons, it is also
considered that the molecules of dopants in the EML also play the
role of charge traps for electrons and holes, acting as recombination
centers and thereby generating excitons and increasing the operat-
ing voltage when the doping ratio is as low as 1~3 weight percent
(Wt%).'""'2 However, the excessive doping ratio of 5~20 wt% might
enhance the device performance, decreasing the operation voltage be-
cause both holes and electrons can be directly injected from the HTL
and the ETL into the EML dopant molecules, which act as exciton
recombination centers.'3"'> If a large energy barrier exists between
the HTL/ETL and the EML host or if the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of the host/dopant is too wide, charge
trapping can occur.!""2

The placement of a mCP EBL in the front and/or rear of the EML
such that its bandgap aligns properly can affect the width and location
of the RZ, resulting in improved device efficiency and controllable
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color coordinates in PHOLEDs.%-%!%-!8 In this study, we investigated
the correlation between the formation of the RZ and the device per-
formance for different locations of the EBL in blue PHOLEDs.

Experimental

To fabricate the blue PHOLEDs, first, indium tin oxide (ITO)
glass substrates were cleaned with deionized water, acetone, and iso-
propanol under sonication at 40 kHz. Then, the substrates were sub-
jected to an ultraviolet-ozone (UVO) treatment to remove any con-
taminating organics and to increase the ITO work function. 1,4,5,8,9,
11-hexaazatriphenylene-hexacarbonitrile (HAT-CN)??? (60 nm) as
the hole-injection layer (HIL) and NPB (30 nm) as the HTL were
deposited under high vacuum (~10~7 Torr). mCP doped with 10 wt%
Flrpic was used as the EML material (30 nm), and mCP was used
for the EBL (2.5 nm), which was placed in the front and/or the rear
of the EML. 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BPhen)
was deposited as the ETL (25 nm); it exhibits an electron mobility of
~2 x 10~* cm/V s,'7 which might be not compatible with the carrier
mobility of ~6.9 x 1072 cm/V s for HAT-CN'®?! in terms of the good
charge balance in EML.?*?* Finally, LiF/Al (1 nm/130 nm) as the
dipole layer and the cathode mirror were deposited using a shadow
mask in a high-vacuum chamber; the cathode had an area of 4 mm?.
The current density-luminance-voltage characteristics and electrolu-
minescence (EL) spectra of the devices were obtained using a Keithley
2400 voltmeter and a Minolta CS-1000 spectrometer, respectively.

Results and Discussion

The device structures and energy level diagrams for the blue
PHOLEDs fabricated with the EBL placed in the front and at the rear
of the EML are shown in Figs. 1a and 1b, respectively. The triplet en-
ergies of the various layers are illustrated in Fig. 1b; these were 2.9 eV
for the mCP layer,'*® 2.7 eV for the Flrpic layer,* and 2.5 eV for
the BPhen layer.’

The current density-voltage, luminance-voltage, current
efficiency-luminance, and power efficiency-luminance charac-
teristics of the four PHOLEDs in which the EBL was placed
in different locations are shown in Figs. 2a, 2b, 2c, and 2d,
respectively. The structures of the four devices were as follows.
Device 1: ITO/HAT-CN (60 nm)/NPB (30 nm)[common structure
I}/mCP:Flrpic (30 nm;10%)[B-EML]/BPhen (25 nm)/LiF (1 nm)/Al
(130 nm)[common structure II]; device 2: common structure 1/B-
EML/mCP (2.5 nm) [EBL]/common structure II; device 3: common
structure I/EBL/B-EML/common structure II, and device 4: common
structure I/EBL/B-EML/EBL/ common structure II.
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Figure 1. (a) Schematic of the device structure and (b) energy level diagrams
on the various PHOLEDS with front- and/or rear-placed EBLs. [T4 = triplet
energy level for AJ.

The current densities of all the four devices are shown in Fig. 2a.
It is likely that the differences in the current densities were caused
by the differences in the placement of their EBL, which resulted in
different energy band alignments. In case of device 1, the current
density of device 1 was worse than that of the other devices. If the
heavy doping ratio more than 10% for Flrpic in EML is used, car-
riers could be injected into Flrpic directly and the operation voltage
might be decreased.'>"'> Moreover, the triplet excitons generated at
the interface between the EML and the HTL/ETL in the absence of
an EBL diffused into the NPB HTL and the BPhen ETL; this was
because the triplet energy was lower than that in the case of Flrpic.
The exitons were eventually quenched in the HTL and the ETL. It
was found that this led to a decrease in the luminance in device 1,
as shown in Fig. 2b. In the absence of a front- or rear-placed EBL,
the current and power efficiencies of device 1 were low, as shown in
Figs. 2c and 2d, respectively. This result suggested that a narrow RZ
was formed in the EML because a significant degree of triplet exci-
ton diffusion occurred, which consisted of triplet-triplet annihilation
(TTA) and triplet-polaron annihilation (TPA) as shown in Fig. 4a.!-1
Actually, the RZ is generated through the whole EML regardless of
the location of the EBL. The thing is that the density of excitons in
RZ at the interface with HTL/ETL could be diluted due to the triplet
energy difference between EML and the adjacent layers of HTL/ETL,
following the location of the EBL.
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Figure 2. Performances of the various PHOLEDs: (a) current density vs.
voltage, (b) luminance vs. voltage, (c) current efficiency vs. luminance, and
(d) power efficiency vs. luminance.

In case of device 2, the current density was higher than that of
device 1, because the rear EBL was located between the EML and
the BPhen ETL; electrons were injected into the channel between the
EML host and the ETL, given the LUMO energy level, as shown in
Fig. 1b. The energy barrier between the NPB HTL and the EML host
for the LUMO was just 0.1 eV and similar to that for an ohmic con-
tact. This was greatly beneficial for reducing the operating voltage.
However, this also increased the operating voltage, because electrons
accumulated at the interface between the rear-placed EBL and the
ETL. The luminance-voltage data were also better than were those
of device 1, because the decrease in the number of trap centers pre-
vented exciton quenching between the EML and the ETL.!"!> How-
ever, the higher electron mobility of the ETL material BPhen resulted
in triplet exciton quenching at the interface between the HTL and
the EML. The current and power efficiencies of device 2 were al-
most as same as those of device 1, owing to the high probability
of triplet quenching at the interface between the NPB HTL and the
EML.

The current density of device 3 was better than that of device 2;
however, it did not contain a rear-EBL. Therefore, there was no elec-
tron accumulation at the interface between the EML and the ETL. The
operation voltage was enhanced owing to the high electron mobility
of BPhen, and a smooth channel for electron injection was generated
from the front EBL to the NPB HTL owing to the energy barrier being
just 0.1 eV. Hole accumulation could have occurred at the interface
between the NPB HTL and the front-placed EBL for the given HOMO
level. However, the electron mobility of BPhen'” is very high. There-
fore, hole injection from the EML to the BPhen ETL occurred readily
because the energy barrier between the mCP host and the BPhen ETL
was lower than that between the Flrpic dopant and the ETL for the
HOMO. The luminance, current, and power efficiencies of device 3
were better than those of devices 1 and 2. This means that the front-
placed EBL was better suited than the rear-placed one, because the
electron mobility of BPhen was extremely high and triplet excitons
quenching was much more pronounced at the interface between the
HTL and the EML.

Even though the device 4 is thicker than device 3, the current
density of device 4 was the same as that of device 3 because of
the smooth carrier channel in both the front- and rear-placed EBLs;
carriers were directly flown to ETL and HTL as shown in Fig. 1b, and
reducing driving voltage. However, the luminance was significantly
higher than that of device 3, because the front- and rear-placed EBLs
blocked the quenching of triplet excitons and caused the charge to
be balanced in the EML. This led to improvements in the current
and power efficiencies, which were higher than those of all the other
devices at low operating voltages and luminance levels. However,
at high operating voltages and luminances, the current and power
efficiencies were almost the same as those of device 3, because both the
front- and rear-placed EBLs induced carrier accumulation, resulting
in TTA and TPA>'"1? and preventing the charge from being balanced
in the EML.23%*

The normalized electroluminescence (EL) spectra and the Com-
mission Internationale de 1’Eclairage (CIE) color coordinates of the
four devices are shown in Fig. 3. It is known that the blue dopant Flrpic
generates EL peaks at 475 and 500 nm.>-® All four devices exhibited
efficient energy transfer from the host to the dopant, resulting in typical
Flrpic-like emission peaks. There might be the chance to recombine
the accumulated holes/electrons and the overflowed holes/electrons at
the interface between HTL/ETL and EML in all devices. Even though
it is hard to say exactly that there are peaks from NPB at 458 nm in
all devices except device 1 as shown in Fig. 3 inset® because peaks
from NPB at 458 nm and Flrpic 475 nm are overlapped and not easy
to be distinguished. However, it indicates that low device efficiencies
of device 1 and 2 are originated from exciton diffusion and quenching
due to the triplet energy difference without front-/rear-EBL.>> The
peak at 420 nm in device 2 and 4 seem to be attributed to accumu-
lated carriers and exciton in rear-EBL, from mCP. In case of device
3 with front-EBL without rear-EBL, there is no peak from mCP at
420 nm because the electrons are not accumulated between HTL and
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Figure 3. Normalized electroluminescence spectra and CIE color coordinates

of the PHOLEDs with front- and/or rear-placed EBLs. [Inset: The magnified
EL spectra from380 nm to 460 nm is shown in the inset].

EML, easily flown to HTL through front-EBL and excitons are not
recombined.”

In the EL spectra of the devices, the intensities of the peak no-
ticed at approximately 500 nm varied owing to the variations in the
width and location of the RZ as well as variations in the total device
thickness, which were attributable to differences in the placement of
the EBL, as shown in Fig. 4. The variations noticed in the “shoulder
peak” at approximately 500 nm were due to a micro-cavity effect,
which also affected the CIE coordinates. Energy transfer is mostly
conducted from mCP 420 nm peak to Flrpic 500 nm shoulder peak
because the peak at 475 nm is overlapped by both mCP host and
Flrpic dopant, and invariant.*%->!¢ The shoulder peak of Flrpic is
believed to be mainly affected by energy transfer, which is related
to the mico-cavity effect, following the width of RZ and the device
thickness.*6%16

Schematics of the energy level diagrams corresponding to the
front- and rear-located EBLs are shown in Fig. 4. The differences
in the width and locations of the RZ in the devices with the front- and
rear-located EBLs determined the extent of exciton quenching, lead-
ing to the micro-cavity effect being active through the entire thickness
of the devices. The excitons generated in RZ through the total EML
were quenched and diluted due to the triplet energy difference between
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Figure 4. Schematic modeling of the different RZs and micro-cavity effects
in the devices with EBLs located in different positions: (a) without an EBL,
(b) with a rear-placed EBL, (c) with a front-placed EBL, and (d) with
front- and rear-placed EBLs.

EML and the adjacent layers of HTL/ETL, finally seems like inducing
the narrow RZ. The high electron mobility of BPhen generally results
in a wide RZ;'"121017 however, the RZ of device 1 was narrow and
away from the HTL and the ETL, which did not contain a front/rear
EBL. This can be attributed to the triplet exciton quenching at the
interface between the HTL/ETL and the EML, as shown in Fig. 4a.
However, the RZ of device 2, which had only a rear-placed EBL, was
localized near the ETL, and not near the HTL, as shown in Fig. 4b.
This was because triplet exciton quenching occurred at the interface
between the HTL and the EML. This caused the RZ to be wider than
that of device 1, which had a rear-placed EBL. This induced a type
of micro-cavity effect that was different from the one in the case of
device 1.'91%20 The RZs of devices 2 and 3 were wider than that of
device 1 with respect to the extent of triplet exciton quenching, be-
cause of its long diffusion lengths to the adjacent layers. This resulted
in different types of micro-cavity effects, as shown in Figs. 4b and 4c,
respectively. The RZ of device 4 was the widest of all; this can be
attributed to the fact that triplet exciton quenching was prevented by
the front/rear EBLs, resulting in a different type of micro-cavity effect
in the thickest device, as shown in Fig. 4d.

The stability of device can be improved by EBL in terms of RZ
stability, morphological stability, reduced charge leakage, TTA and
TPA.% As shown in Fig. 2b, 2c¢ and 2d, the high luminance in all
devices with EBL except device 1 without EBL were showed, which
means device stability was believed to be enhanced by EBL due to
the good exciton confinement in EML.

Conclusions

We investigated the correlation between the placements of the EBL
in PHOLEDs and device performance as it related to triplet exciton
quenching and the micro-cavity effect owing to variations in the width
of the RZ. Device 4, which contained both a front- and a rear-placed
EBL, exhibited a higher efficiency than did the other devices, owing to
the suppression of triplet exciton quenching at the interface between
the HTL/ETL and the EML. In addition, the devices, in which the
width of the RZ varied, exhibited the micro-cavity effect in their EL
spectra at approximately 500 nm. This was because differences in the
total device thickness and the width of the RZ resulted in the optical
lengths being different. Elucidation of the relationship between the
width of the RZ and the placement of the EBL should lead to the
design and development of efficient, deep blue OLEDs.
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