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The effects of the electron mobilities and energy levels of different electron transport layer (ETL) materials on the performances
were systemically investigated in blue phosphorescent organic light-emitting diodes. The spatial control of recombination zone (RZ)
which was accompanied with triplet exciton quenching affected the balance between holes and electrons in the emission layer,
resulting in the variations of the device performances. An optical micro-cavity effect in the electroluminescence (EL) spectrum
around 500 nm was noticed by employing tris(8-hydroxyquinolinolato)aluminum (Alq3 ) ETL. This was attributed to the broadening
of the emission zone through the emission layer over the ETL, exhibiting the greenish color coordinates. The current efficiency of the
device with 3-phenyl-4(10-naphthyl)-5-phenyl-1,2,4-triazole (TAZ) ETL was much higher than that of the same structured device
with any other ETL due to better charge balance as well as the suppression of triplet exciton quenching by the narrow RZ with low
electron mobility and proper band alignment.
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Organic light-emitting diodes (OLEDs)1–10 are believed to open
the next generation display and illumination, owing to their highly desirable properties, which can be used to fabricate ultra-thin, high resolution, flexible, and transparent displays for large-scale mass production at low costs through simple processes. Generally, it is thought that
phosphorescent OLEDs (PHOLEDs) are showing the higher quantum
efficiency than that of fluorescent OLEDs by four times through the
use of both singlet and triplet excitons.1–10
Theoretically, red and green PHOLEDs have almost achieved 20%
external quantum efficiency by confining excitons and charges within
an emission layer (EML).1–10 However, in spite of the development
of noble organic materials and device structure, there are a number
of issues related to the use of blue PHOLEDs such as low device
efficiency and poor long-term stability.1–10 One of most challenging
issues is triplet exciton quenching, that is generated in a recombination
zone (RZ) of the EML or at the interface between the EML and hole
transport layer (HTL)/electron transport layer (ETL). Then, they can
be easily diffused to its adjacent layers and quenched because the
triplet energy of carrier transport layers is lower than that of EML.
Therefore, the charge transport layers such as HTL and ETL should
have higher triplet energy than that of phosphorescent host and dopant
for the suppression of triplet exciton quenching.
In general, many researchers have used iridium-(III) bis
[(4,6-difluorophenyl)-pyridinato-N,C2 ] picolinate (FIrpic) as a

dopant and N,N -dicarbazolyl-3,5-benzene (mCP) as a host for
blue PHOLEDs.3 Assuming N,N-bis-(1-naphthyl)-N,N -diphenyl1,1 -biphenyl-4,4 diamine (NPB) is employed as a HTL, triplet exciton energy is transferred from the EML to the HTL because of lower
triplet bandgap of NPB (2.3 eV) than that of FIrpic (2.7 eV) and mCP
(2.9 eV).3,4,13 The diffusion length of triplet exitons can be reached up
to 100 nm compared with 10 nm of singlet excitons due to the long
excited state lifetime of μs order.2,16 Triplet excitons are formed at
the interface between HTL and EML, and diffused into NPB, finally
quenched. Therefore, the proper selection of charge transporting material with corresponding mobility with NPB HTL is very important
for improving device performance which is affected by triplet exciton
quenching in the device.
A number of studies have investigated the effect of ETL materials such as 3-phenyl-4(10-naphthyl)-5-phenyl-1,2,4-triazole (TAZ)4
z
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and tris(8-hydroxyquinolinolato)aluminum (Alq3 ),5–7 which have
low electron transport mobility, and 2,9-dimethyl-4,7-diphenyl-1,10phenanthroline (BPhen)6,10 and 2-[3,5-bis(1-phenylbenzimidazol-2yl)phenyl]-1-phenylbenzimidazole (TPBi),7 which show high electron mobility in the device. Utilizing the appropriate mobility of ETL
with proper energy barrier can improve the charge balance in the RZ,
resulting in the enhanced efficiency and desirable color coordinates
in PHOLEDs.8,9,13 Especially, Tang and Chen et al. have revealed that
the size of RZ was critically related to carrier mobility, the higher mobility induced the wider RZ, resulting the electroluminescence (EL)
peak change.7,9 That means the formation of RZ is critically related
the carrier mobility, including electron mobility of ETL. In this study,
we investigated the correlation between the formation of RZ and the
device performance according to the different ETL materials in blue
phosphorescent devices.
Experimental
Following the process used for fabricating conventional OLEDs,
first indium tin oxide (ITO) glass was treated by deionized water,
acetone, and isopropanol, under sonication. It was then subjected
to an ultraviolet-ozone (UVO) treatment to remove any residual
organics and to increase the ITO work function.11,12 1,4,5,8,9,11hexaazatriphenylene-hexacarbonitrile (HAT-CN) (60 nm) and NPB
(30 nm) was used as a hole injection layer (HIL) and a HTL. mCP
doped with 10% FIrpic was used as the EML (20 nm) and subsequent
mCP was used for the exciton blocking layer (EBL) (5 nm). Alq3 ,
TAZ, TPBi, or BPhen was deposited for ETL (20 nm). Finally, LiF/Al
(1 nm/130 nm) was used as cathode system. Each layer was thermally
deposited in a high-vacuum chamber using a shadow mask with an
area of 4 mm2 . We refer to the device according to the ETL such
as TAZ as “TAZ device”, Alq3 as “Alq3 device”, BPhen as “BPhen
device”, and TPBi as “TPBi device”.
The current density-luminance-voltage characteristics and the
electroluminescence (EL) spectra of the devices were respectively
obtained using a Keithley 2400 voltmeter and a Minolta CS-1000
spectrometer, respectively.
Results and Discussion
Figures 1 shows the device configuration and energy level diagram
for the blue PHOLEDs fabricated with different ETL materials. The
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Figure 1. (a) Device structure and (b) energy level diagrams depending on
the different ETL in PHOLEDs. [TA = triplet energy level for A].

triplet bandgaps of the various layers are 2.3 eV for NPB, 2.9 eV
for mCP, 2.7 eV for FIrpic, 2.6 eV for TAZ, 2.0 for Alq3 , 2.5 eV
for BPhen, 2.7 eV for TPBi, respectively.4–7,10 It has been reported
that HAT-CN as a HIL exhibited a significant increase in the current
density, which give rise to a higher luminance, current efficiency, and
power efficiency.18,19 The Fermi-level of HAT-CN is almost closed to
lowest unoccupied molecular orbital (LUMO) and holes and electrons
move through Fermi-level like metallic property, showing quite high
electron mobility of 2.9 × 10−2 cm2 /V s.18,19 Thus, the band alignment
is well-matched with ITO and NPB. However, too high carrier mobility
of HAT-CN could not be beneficial for charge balance in EML. The
EBL made of mCP can prevent the diffusion of triplet excitons from
EML into ETL.3,13,14
In the energy band diagram, the triplet excitons could be formed
at the interface between the HTL and the EML, and diffused to NPB,
finally quenched because the triplet energy of NPB (2.3 eV) is smaller
than that of FIrpic (2.6 eV).3,10 Hole accumulation between the EML
and the ETL in all devices was facilitated by the large energy barrier
except the device using Alq3 ETL, while meaningful electron accumulation was occurred at the interface between the ETL and the EML
in the device with BPhen ETL.6,10 The location of the exciton formation and the degree of triplet exciton quenching was varied with the
different ETL which exhibited different charge injection and transport
capability.
Fig. 2 shows the current densities and electron mobilities of the
different ETL materials, calculated by the space-charge limited current (SCLC) method for electron-only devices (EODs).23–28 The configuration of the EODs was as following; ITO/LiF (3 nm)/ETL (100
nm)/LiF (1.0 nm)/Al (100 nm). The mobilities were field-independent
at low voltage and electric field, which is around 8 ∼ 10 V and
5.9 ∼ 7.4 × 10−7 V/m, respectively.23–28 while a abrupt increase at
high voltage was determined by Mott-Gurney law, fitting the current

Figure 2. Current densities and calculated electron mobility of the different
ETL materials in electron only devices [Inset:log(current density)-log(voltage)
curve for the mobility calculation from SCLC fitting].

Figure 3. Device 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.

density to the model of a single carrier SCLC as presented as23–28
J=

V2
9
ε0 εr μ0 3
8
L

where J is the current density, μ0 is the zero-field mobility, ε0 is
the permittivity of free space, εr is the relative permittivity of the
material and regarded to be 3 for organic materials. L is the thickness
of the organic layer and V is the applied voltage.23–28 Of the four
ETL investigated, BPhen showed a highest electron mobility of 6.2
× 10−4 cm2 /V s. The mobilities of TAZ and Alq3 were significantly
lower than those of BPhen and TPBi, while that of Alq3 was one
order of magnitude higher than that of TAZ. We could divide the ETL
materials into two categories as those that showed low mobilities (TAZ
and Alq3 ) and those that exhibited high electron mobilities (BPhen and
TPBi). The electron mobilities of the ETL materials could determine
triplet exciton formation and quenching, and their performances of
corresponding devices.
The current density-voltage, luminance-voltage, current
efficiency-luminance and power efficiency-luminance characteristics of the four PHOLEDs with different ETL are shown in
Figs. 3a, 3b, 3c, and 3d, respectively. The structure of the four devices
was consisted of ITO/HATCN (60 nm)/NPB (30 nm)/mCP: FIrpic
(20 nm;10%)/mCP (5 nm)/ETL (20 nm)/LiF (1.0 nm)/Al (130 nm).
The current densities of all four devices are similar in Fig. 3a. The
small distinction can be ascribed to the differences in their electron
mobilities and to the energy levels of the highest occupied molecular orbital (HOMO) and LUMO. In case of TAZ device, the energy
level of LUMO for TAZ is as same as that of TPBi but the HOMO
level difference between mCP EBL and TAZ is 0.4 eV, compared to
0.8 eV between EBL and TPBi. However, the current density of TPBi
device was higher than that of TAZ device at high voltage due to
higher electron mobility of TPBi. Actually, the current density is not
exactly related to single parameter, such as the mobility of ETL. It
depends on the electron mobility including conductivity, the energy
level difference with adjacent layers, the polarity of each layer, and
so on. Nevertheless, the lower current density of TAZ device, which
was attributed to its low electron mobility, increased the recombination probability between holes and electrons in the EML. This result
was found to the increase in the luminance in TAZ device in Fig. 3b.
Unlike TAZ device, the luminescence of Alq3 device was lower than
that noticed in other devices. This can be speculated to the fact that
the RZ of Alq3 device was combined with the ETL because the singlet
excitons emission of Alq3 affected the greenish color coordinates of
(0.252, 0.442) as shown in Fig. 4b. That means the triplet excitons in
EML of Alq3 device were mixed with the singlet excitons from Alq3

Downloaded on 2014-08-31 to IP 210.94.172.199 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

R166

ECS Journal of Solid State Science and Technology, 3 (8) R164-R167 (2014)

Figure 4. (a) Normalized electroluminescence spectra of the PHOLEDs with
different ETL. (b) The CIE color coordinates of various ETL devices. Only
Alq3 device showed the greenish color coordinate of (0.252, 0.442), which
means the RZ of Alq3 device was combined with Alq3 ETL.

ETL, formed larger RZ and resulted in strong micro-cavity effect. In
the ETL, the recombination between holes from EBL and electrons
from the cathode is readily facilitated by no hole injection barrier at
the interface between EBL and ETL (Fig. 5b). This result was also
consistent with the EL spectrum of the device in Fig. 4a. The current
and power efficiency of TAZ device was the highest among the values of four different devices. This result was believed that the spatial
control of RZ improved the charge balance in EML and reduced a significantly degree of triplet exciton diffusion which consisted of triplettriplet annihilation (TTA) and triplet-polaron annihilation (TPA).20–22
In BPhen and TPBi devices, the higher electron mobility of the ETL
materials generated triplet excitons at the interface between the HTL
and the EML, and diffused to NPB, finally quenched.7,9 In this device
structure, fast electron mobility of ETL is not beneficial for device
performance by wider RZ.7,9 The efficiency of BPhen device is less
than that of TPBi device due to the highest electron mobility and the
less probability of charge carrier recombination. This, in turn, was
because much more triplet excitons were formed at the interface, and
diffused to NPB, much more quenched, compared to the suppressed
triplet quenching in TPBi device (Fig. 5).
The normalized electroluminescence (EL) spectra and Commission Internationale de l’Eclairage (CIE) color coordinates are shown
in Fig. 4a and 4b, respectively. The blue dopant FIrpic is known to
exhibit EL peaks at 475 and 500 nm in the literature.4,10 All devices
except Alq3 device showed typical FIrpic emission peaks, indicat-

ing efficient energy transfer from the host to the dopant in the blue
PHOLEDs. In the EL spectrum of Alq3 device, a red-shift as well as
an increase in the intensity of the peak around 500 nm was observed
due to the micro-cavity effect, which increases the CIE y-coordinate
of 0.442 compared to that of 0.337 in TAZ. The photoluminescence
(PL) peak of Alq3 and the color coordinate exhibiting the greenish
color are clear reasons why the red-shift in EL spectrum of Alq3 device was happened, and is the strong evidence for Alq3 singlet exciton
from ETL as shown in Fig. 4a and 4b, respectively. The triplet exciton from mCP:FIrpic and singlet from Alq3 ETL were obviously
combined and formed wide RZ between EML and ETL as shown in
Fig. 5b.
The BPhen and TPBi devices showed quite similar color coordinate
due to similar RZ size by similar electron mobility, compared to that of
TAZ device which showed different CIE y-coordinate due to narrow
RZ size by lower electron mobility as shown in Fig. 4b.7,9 The longer
optical path length from the wider RZ and the singlet emission of
Alq3 was found to be the reason for decreased efficiency in Alq3
device. Therefore, the micro-cavity effect should be prevented for the
appropriate value of blue CIE y-coordinate as well as high efficiency.
It is important to confine excitons to the RZ in order to improve the
current efficiency in PHOLEDs, which is accompanied by the control
of RZ location8,9,14 and corresponding triplet exciton quenching with
TTA and TPA.20–22 The RZ in the device is affected by many factors,
such as energy barrier at the interface, the motilities of charge, and so
on.7,9 The ETL should have functions such as hole blocking to prohibit
the overflow of holes into the ETL, utilizing electron mobility and
energy levels to increase the charge balance efficiently. The device
performance in this study can be determined by the selection of the
ETL materials with their properties. This hypothesis is consistent with
the experimental results, suggesting that TAZ device has the highest
efficiency compared to other devices.
Fig. 5 illustrates the energy level diagrams depending on the various ETL materials. A large difference in the HOMO levels between
the EBL and the ETL acts as hole blocking, leading to the hole accumulation at the interface in Fig. 5a, 5c, and 5d. With regard to the
experimental results, the narrow RZ of TAZ device is formed close
to the EBL, compared to the wider RZ of TPBi and BPhen devices,
which can be attributed to the low electron mobility in Fig. 5a.7,9
However, the RZ of Alq3 device was localized over ETL, as shown
in Fig. 5b, because there was no hole injection barrier between EBL
and ETL. This results in singlet exciton emission from the Alq3 ETL,
which induced a micro-cavity effect.15–17 In addition, the broader RZ
affects the CIEy color coordinates mainly.
The RZ of BPhen and TPBi devices are wider than that of TAZ
device with respect to their higher electron mobility, which raises
the triplet exciton quenching by its long diffusion lengths of (50 nm
∼ 100 nm),2 resulting in the decrease of the efficiency. The efficiency
of BPhen device is lower than that of TPBi device, which can be
attributed to the higher degree of triplet exciton quenching due to the
higher mobility as well as less energy barrier (0.3 eV) between the
ETL and the EBL.
Obviously, the RZ in the device could be related with energy barrier
at the interface, the motilities of charge and so many factors. However,
mainly considering electron mobility of ETL, there could be definite
correlation between the device performance and the variation of RZ
by electron mobility control.
Conclusions

Figure 5. Schematic diagram of charge transport in the devices based on the
different ETL as (a) TAZ, (b) Alq3 , (c) BPhen, and (d) TPBi.

In summary, we investigated the characteristics of ETL materials,
their device performances with the formation of the RZ, and CIE color
coordinates of the emission from the resulting PHOLEDs. TAZ device
exhibited higher efficiency than other devices due to lower electron
mobility, better charge balance, and suppression of triplet exciton
quenching. The size of RZ was controlled by the electron mobility
in the ETL material and energy barrier at the interface. Although the
current density of Alq3 device was similar to that of TAZ device, Alq3
device showed lower efficiency and red-shift CIE coordinates due to
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the broad RZ over ETL. In addition, the device based on the ETL
materials with high electron mobilities (BPhen and TPBi) showed
lower efficiencies and wider RZ because the high electron mobility
induced the triplet exciton generation at the interface between HTL
and EML, diffusion to NPB, and quenching. Finally, we could determine the relationship between the size of RZ and electron mobilities
of the ETL materials with different energy levels, and the device performance with color coordinates in the Blue PHOLEDs, which lead
an alternative device design for efficient, deep-blue device in practical
applications.
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