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a b s t r a c t

A universal low optimum doping concentration of below 5% was demonstrated in phos-
phorescent organic light-emitting diodes (PHOLEDs) by managing the energy levels of
charge transport materials. The device performances of PHOLEDs could be optimized at a
low doping concentration of 3% irrespective of the host material in the emitting layer.
The suppression of charge trapping and hopping by the dopant through charge transport
layer engineering optimized the device performance at low doping concentration. In addi-
tion, it was revealed that PHOLEDs with low optimum doping concentration show better
quantum efficiency, low efficiency roll-off and low doping concentration dependency of
the device performance.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Phosphorescent organic light-emitting diodes (PHOL-
EDs) have been developed to improve the quantum effi-
ciency of common fluorescent organic light-emitting
diodes (FOLEDs) [1]. There have been many papers report-
ing over 20% external quantum efficiency in PHOLEDs com-
pared with 5–10% external quantum efficiency in FOLEDs
[2–5]. Both singlet and triplet exciton harvesting enhanced
the quantum efficiency of PHOLEDs.

In general, the quantum efficiency of PHOLEDs was opti-
mized at a doping concentration of 5–20% [1–9], although
there have been a few works reporting low optimum dop-
ing concentrations of below 5% [5,10,11]. Typically, the
optimum doping concentration of PHOLEDs was much
higher than the optimum doping concentration of 0.5–5%
of FOLEDs. The quantum efficiency of FOLEDs was degraded
at high doping concentration due to a strong concentration
quenching effect, leading to low optimum doping concen-
tration in FOLEDs [12,13]. However, it was reported that
. All rights reserved.
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the concentration quenching effect was not as significant
in PHOLEDs as it was in FOLEDs, resulting in high optimum
doping concentration in PHOLEDs. However, a few works
reported optimum doping concentration of below 5% in
PHOLEDs [5,10,11]. Efficient energy transfer from specific
host to dopant was proposed as the origin for the low opti-
mum doping concentration of PHOLEDs. It was reported
that low optimum doping concentration could be obtained
in some specific host materials with effective energy trans-
fer from host to dopant [10]. However, it is not clear how
the device performances can be optimized at either low
or high doping concentration. Therefore, a systematic study
to elucidate the origin of the optimum doping concentra-
tion of PHOLEDs is strongly required. In addition, the
development of a PHOLED with low optimum doping con-
centration is necessary to reduce the production cost of
OLED panels through a reduction in the amount of dopant
used.

In this work, the origin of the optimum doping concen-
tration of PHOLEDs was systematically studied using
various host and charge transport materials. It was demon-
strated that triplet host materials can be made to show low
optimum doping concentrations of below 5% by managing
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the energy levels of the hole and electron transport materi-
als. Suppression of charge trapping by the dopant enabled
the fabrication of PHOLEDs with optimum doping concen-
tration below 5%. This work discovered and proved that
the optimum doping concentration of PHOLEDs is below
5%. In addition, it was revealed that the device perfor-
mances of PHOLEDs can be improved by optimizing device
performances at low doping concentration.
2. Experimental

Several host materials, bis-9,90-spirobi[fluoren-2-yl]-
methanone (BSFM), 1,3-di(9H-carbazol-9-yl)benzene
(mCP), 9-(3-(9H-carbazole-9-yl)phenyl)-3-(dibromophe-
nylphosphoryl)-9H-carbazole (mCPPO1), 4,40,400-trismm?>
(N-carbazolyl)triphenylamine (TCTA) and 1,3,5-tris
(N-phenylbenzimidazole-2-yl)benzene (TPBI), were used
as host materials for the emitting layer to investigate the
effect of the host material properties on the optimum doping
concentration of PHOLEDs. BSFM, TCTA and TPBI were doped
with green-emitting (III) tris(2-phenylpyridine) (Ir(ppy)3),
while mCP and mCPPO1 were doped with blue-emitting
iridium(III) bis-(4,6-difluorophenylpyridinato) picolinate
(FIrpic). The hole transport materials were 4,40-(cyclohex-
ane-1,1-diyl)bis(N-phenyl-N-p-tolylaniline) (TAPC), TCTA,
4,40-di(9H-carbazol-9-yl)biphenyl (CBP) and mCP, depend-
ing on the emitting layer, and the electron transport materi-
als were diphenylphosphine oxide-4-(triphenylsilyl)phenyl
(TSPO1), 2-diphenylphosphine oxide-9,90-spirobifluorene
(SPPO1), 2,7-bis(diphenylphosphoryl)-9,90-spirobi[flu-
orene] (SPPO13) and BSFM. All charge transport materi-
als used in this work possessed higher triplet energies
than the emitting materials to suppress tripiridiumlet
exciton quenching by the charge transport layers. Hole
transport materials with different highest occupied
molecular orbital (HOMO) levels were chosen to study
the relationship between the HOMO level of the hole
transport material and the optimum doping concentra-
tion, while electron transport materials with different
lowest unoccupied molecular orbital (LUMO) levels
were selected in order to correlate the LUMO level of
the electron transport material with the optimum dop-
ing concentration. The chemical structures of the host,
hole transport and electron transport materials are sum-
marized in Table 1. The HOMO, LUMO and triplet ener-
gies of the host materials are also included in the table.

A basic device structure of indium tin oxide (ITO, 150
nm)/N,N0-diphenyl-N,N0-bis-[4-(phenyl-m-tolyl-amino)-
phenyl]-biphenyl-4,40-diamine (DNTPD, 60 nm)/N,N0-
di(1-naphthyl)-N,N0-diphenylbenzidine (NPB, 25 nm)/
hole transport material (5 nm)/host:dopant (30 nm, 3%
or 5% or 10%)/electron transport layer (5 nm)/ TSPO1
(20 nm)/LiF(1 nm)/Al(200 nm) was used for the device
fabrication. The doping concentrations were 3%, 5% and
10%. All devices were fabricated by vacuum thermal
evaporation and encapsulated with a glass lid after de-
vice fabrication. Device performances of the PHOLEDs
were measured by using a Keithley 2400 source mea-
surement unit and a CS 1000 spectroradiometer. Solid
photoluminescence (PL) spectra of the doped film were
analyzed using a fluorescence spectrometer. The thick-
ness of the doped solid film was 30 nm and the PL inten-
sity of the doped film was measured.
3. Results and discussion

The quantum efficiency of PHOLEDs generally depends
on the charge balance in the emitting layer, which is lar-
gely determined by the densities of holes and electrons
in the emitting layer. The densities of holes and electrons
are greatly dependent on the energy levels of the host
and dopant materials. If there is a large difference between
the energy levels of the host and dopant materials, charge
trapping and hopping by the dopant are the main mecha-
nism of charge transport [14–16] and charge trapping is
the dominant process for light emission. On the contrary,
if there is little difference between the energy levels,
charge transport through the host material is dominant
and energy transfer from host to dopant is the main mech-
anism for light emission. Once the host and dopant mate-
rials are fixed, the charge trapping and hopping are
affected by the energy levels of the charge transport mate-
rials. A large energy level difference between the host and
charge transport materials induces more charge trapping,
leading to light emission by charge trapping mechanism
rather than energy transfer. On the other hand, smaller en-
ergy level difference induces less charge trapping by the
dopant and more energy transfer from host to dopant.
Therefore, the charge balance and light emission process
in the emitting layer can be managed by the charge trans-
port material, indicating that the optimum doping concen-
tration may be affected by the energy level difference
between the host and charge transport materials. Based
on this concept, the energy levels of charge transport
materials were controlled in order to study their influence
on the optimum doping concentration of PHOLEDs.
Depending on the charge transport properties of the host
materials, either the hole transport layer or the electron
transport layer was managed. The basic device structure
of the PHOLEDs is shown in Fig. 1. The thickness of the hole
transport and electron transport materials was 5 nm to
minimize the effect of charge transport mobility on the de-
vice performances.

As a hole trapping device with a large HOMO level dif-
ference between the host and dopant materials, the
BSFM:Ir(ppy)3 device was fabricated. BSFM is an electron
transport type host which shows a large HOMO level dif-
ference with the Ir(ppy)3 dopant. The energy level diagram
of the device is shown in Fig. 2. Three green PHOLEDs with
different hole transport materials were fabricated. Three
hole transport materials, TAPC, TCTA and CBP, were used
and the emitting layer was BSFM:Ir(ppy)3. The electron
transport material was also BSFM. The triplet energy of
the TAPC (2.9 eV), TCTA (2.7 eV) and CBP (2.6 eV) was high-
er than that of the Ir(ppy)3 (2.4 eV) and therefore a triplet
exciton quenching effect by the hole transport layer could
be excluded [17,18]. In addition, the thickness of the hole
transport layer (5 nm) was minimized to maintain the cur-
rent density of the device at a similar value irrespective of
the hole transport material used. Fig. 3 shows the current



Table 1
Chemical structures and energy levels of organic materials.

Name Chemical structure HOMO (eV) LUMO (eV) Triplet energy (eV)

BSFM

O

9,90-Spirobi[fluorene]-2-yl(9,90-spirobi[fluorene]-7-yl)methanone

5.9 2.8 2.60

mCP

N N

1,3-Di(9H-carbazol-9-yl)benzene

6.1 2.4 2.9

mCPPO1

P
O

N N

9-(3-(9H-Carbazol-9-yl)phenyl)-3-(diphenylphosphoryl)-9H-carbazole

6.13 2.64 3.0

TCTA

N

N

NN

4,40 ,400-Tris(N-carbazolyl)triphenylamine

5.7 2.4 2.8

TPBI

N
N

N

N

N
N

1,3,5-Tris(1-phenyl-1H-benzo[d]imidazol-2-yl)benzene

6.1 2.8 2.6

CBP

NN

4,40-Di(9H-carbazol-9-yl)biphenyl

5.9 2.6 2.6

TAPC

N N
H3C CH3

4,40-(Cyclohexane-1,1-diyl)bis(N-phenyl-N-p-tolylaniline)

5.50 2.00 2.87

SPPO1 6.56 2.74 2.79

(continued on next page)
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Table 1 (continued)

Name Chemical structure HOMO (eV) LUMO (eV) Triplet energy (eV)

P
O

2-Diphenylphosphine oxide-9,90-spirobifluorene

SPPO13

PP
OO

2,7-Bis(diphenylphosphoryl)-9,90-spirobi[fluorene]

6.52 2.87 2.73

TSPO1

Si P
O

Diphenylphosphine oxide-4-(triphenylsilyl)phenyl

6.79 2.52 3.19

Ir(pq)2acac

N
Ir

O

O

2

Iridium(III) bis-(2-phenylquinoline) acetylacetonate

5.2 3.0 2.2

Ir(ppy)3

N
Ir

3
fac-Tris(2-phenylpyridine)iridium

5.2 2.8 2.4

Firpic

N
Ir
O

N

O
F

F 2

Iridium(III) bis(4,6-(difluorophenyl)-pyridinato-N,C0) picolinate

5.70 3.05 2.65

ITO
DNTPD (60 nm)

NPB (25 nm)
Hole transport material (5 nm)

Emitting layer (30 nm)

Electron transport material (5 nm)
TSPO1 (20 nm)

LiF/Al

Fig. 1. Basic device structure PHOLEDs used in this work.

BSFM
Ir(ppy)3

CBP (5.9 eV)
TCTA (5.7 eV)
TAPC (5.5 eV)

5.9 eV

2.8 eV

5.2 eV

2.8 eV

Fig. 2. Energy level diagram of BSFM:Ir(ppy)3 devices with different hole
transport materials.
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Fig. 3. Current density–voltage–luminance curves of BSFM:Ir(ppy)3 devices with TAPC (a), TCTA (b) and CBP (c) hole transport layers.
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Fig. 4. Quantum efficiency–luminance curves of BSFM:Ir(ppy)3 devices
with TAPC, TCTA and CBP hole transport layers.
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density–voltage-luminance curves of green PHOLEDs with
different hole transport materials according to the doping
concentration of Ir(ppy)3. The current densities of the three
devices were similar, although they slightly decreased in
response to an increase of doping concentration due to
the charge trapping effect by the dopant, as reported in
other works [16]. The change in the current density
according to the doping concentration was significant in
the TAPC device compared to in the TCTA and CBP devices.
As can be seen in the energy level diagram, the probability
of direct charge injection from the hole transport layer to
the dopant is high in the TAPC device, leading to a rela-
tively large dependence of the current density on the dop-
ing concentration.

Quantum efficiency–luminance curves of the green
PHOLEDs are shown in Fig. 4 according to the doping con-
centration of Ir(ppy)3. The relationship between the doping
concentration and the quantum efficiency was quite differ-
ent depending on the hole transport material. The quan-
tum efficiencies of the TCTA and CBP devices were
optimized at a doping concentration of 3%, while that of
the TAPC device was optimized at a doping concentration
of 10%. In addition, the quantum efficiency of the TAPC de-
vice was lower than those of the TCTA and CBP devices, and
was greatly dependent on the doping concentration. The
difference between the dependences of the quantum effi-
ciency on the doping concentration can be explained by
the hole trapping effect of the dopant in the emitting layer.
As explained earlier, the charge trapping by dopant is the
dominant mechanism for the charge transport and light
emission when the energy barrier between the hole trans-
port layer and host material is large. In the case of TAPC,
there is a large energy barrier of 0.4 eV for hole injection
between TAPC and the BSFM host material, which hinders
the hole injection from TAPC to the BSFM host material and
induces hole injection directly into the dopant material. As
holes are injected and transported through the dopant
materials by hole hopping, the hole density depends on
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the doping concentration. Therefore, doping concentration
is critical to the charge balance, resulting in an optimum
doping concentration of 10%.

In contrast, the optimum doping concentration of the
TCTA and CBP devices was 3%. The energy barriers for hole
injection of the TCTA and CBP devices were 0.2 eV and
0 eV, respectively, which were lower than that of the TAPC
device (0.4 eV). The reduced energy barriers of the TCTA
and CBP devices change the hole injection mechanism, so
that hole injection from the hole transport layer to the host
is the dominant hole injection mechanism. As less holes
are trapped and transported by the dopant in the TCTA
and CBP devices, the doping concentration does not greatly
affect the charge balance in the emitting layer. In addition,
the light emission is dominated by the energy transfer
from host to dopant materials. Therefore, the quantum effi-
ciency of the green PHOLEDs was optimized at 3%, which
corresponds to the optimum doping concentration for solid
PL emission. In addition, the quantum efficiency was not
greatly affected by the doping concentration. The quantum
efficiency followed the same tendency as the PL intensity,
which will be shown in Fig. 5.

Fig. 5 shows the PL emission intensity of the solid film
of BSFM:Ir(ppy)3 according to the doping concentration
of Ir(ppy)3. The BSFM host was excited by UV light. The
PL intensity of the solid film was decreased according to
the increase of doping concentration, due to a concentra-
tion quenching effect between dopant materials. As the
PL emission is due to the energy transfer from host to
dopant material without any charge trapping effect, the
optimum doping of PL emission is that of energy transfer
process. Considering that the optimum doping concentra-
tion for the PL intensity was the same as the optimum dop-
ing concentration of TCTA and CBP devices, the dominant
light emission mechanism of light emission in TCTA and
CBP devices is energy transfer. However, the optimum
doping concentration of TAPC device was different from
that of PL emission, proving that charge trapping is the
dominant light emission mechanism. Therefore, it can be
concluded that the device performances are optimized at
low doping concentration when energy transfer is the
main process for light emission, while they are optimized
at high doping concentration when charge trapping is the
dominant process for light emission. In addition, the effect
of the doping concentration on the quantum efficiency was
not significant in the TCTA and CBP devices, for which
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Fig. 5. Photoluminescence spectra of BSFM:Ir(ppy)3 solid film according
to doping concentration. The solid film was excited at 339 nm.
similar quantum efficiencies were observed. However,
the quantum efficiency of the TAPC device was greatly
dependent on the doping concentration due to charge trap-
ping by the dopant materials.

The maximum quantum efficiency of the CBP device
was 25.4% and the quantum efficiency at 1000 cd/m2 was
25.1% at 3% doping concentration. The maximum quantum
efficiency and the quantum efficiency at 1000 cd/m2 of the
TCTA device were 24.9% and 24.5%, respectively. Although
the quantum efficiency of the TCTA device was slightly
lower than that of the CBP device, both devices showed
high quantum efficiency and little efficiency roll-off. How-
ever, the maximum quantum efficiency and the quantum
efficiency at 1000 cd/m2 of the TAPC device were 23.1%
and 22.5%, which were lower than those of the TCTA and
CBP devices. As the quantum efficiency was optimized at
10% doping concentration, which shows a rather weak PL
intensity (Fig. 5), the absolute value of the quantum effi-
ciency was degraded in the TAPC device. Therefore, it is
better to fabricate devices with optimum doping concen-
tration below 5% to achieve high quantum efficiency.

Based on the hole trapping result for the optimization of
device performances at doping concentrations below 5%,
electron trapping devices based on the hole transport type
mCP host were also fabricated. There have been many pa-
pers reporting high quantum efficiency for devices using
common mCP as the host material [6,19–21]. In all device
data, the optimum doping concentration was in the range
from 5% to 20% and no paper reporting below 5% optimum
doping concentration has been published. The problem in
other works which prevented low optimum doping con-
centration was the high energy barrier for electron injec-
tion from the electron transport layer to the host. The
LUMO level of the mCP is 2.4 eV and it was difficult to re-
duce the energy barrier for electron injection using
common electron transport materials. Therefore, the dom-
inant electron injection mechanism for the mCP device was
direct electron injection from the electron transport layer
to the dopant, which meant that the device performance
was optimized at a high doping concentration of more than
5%. However, the device performances of mCP devices can
be optimized at a doping concentration below 5% simply
by managing the electron transport layer.

The PL intensity of the solid film of mCP:FIrpic was
monitored according to the doping concentration to con-
firm the optimum doping concentration for light emission
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Fig. 6. Photoluminescence spectra of mCP:FIrpic solid film according to
doping concentration. The solid film was excited at 339 nm.
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through energy transfer process before fabricating mCP
based blue PHOLEDs. Fig. 6 shows the PL intensity of solid
films of mCP:FIrpic according to doping concentration. The
PL intensity was maximized at 3% doping concentration
and reduced at high doping concentration. Therefore, the
optimum doping concentration for light emission by en-
ergy transfer process is 3% in the mCP:FIrpic emitting layer.

Three devices with different electron transport layers
were fabricated. TSPO1, SPPO1 and SPPO13 were used as
the electron transport materials for mCP:FIrpic devices.
All three materials have a triplet energy over 2.70 eV and
so the exciton quenching effect on the quantum efficiency
by the electron transport layer can be excluded. The LUMO
levels of the electron transport layer were 2.52 eV (TSPO1),
2.70 eV (SPPO1) and 2.84 eV (SPPO13), enabling the study
of the effect of LUMO levels on the optimum doping con-
centration of mCP:FIrpic devices. The energy barriers for
electron injection from the electron transport layer to the
emitting layer were 0.12 eV (TSPO1), 0.30 eV (SPPO1) and
0.44 eV (SPPO13). The energy level diagram of the mCP:FIr-
pic devices is shown in Fig. 7. The thickness of the electron
transport layer was 5 nm and a 20 nm TSPO1 layer was
deposited on the electron transport layer. The thickness
of each electron transport layer was minimized to keep
the current density of the devices constant.

Fig. 8 shows the quantum efficiency–luminance curves
of the mCP:FIrpic devices with different electron transport
mCP
FIrpic

SPPO13 (2.84 eV)
SPPO1 (2.70 eV)
TSPO1 (2.52 eV)

6.1 eV

2.4 eV

5.70 eV

3.05 eV

Fig. 7. Energy level diagram of mCP:FIrpic devices with different electron
transport materials.
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Fig. 8. Quantum efficiency–luminance curves of mCP:FIrpic device with
different electron transport materials.
layers. The quantum efficiency of the mCP:FIrpic device
with the TSPO1 electron transport layer was optimized at
3% doping concentration and was reduced at high doping
concentration, while the quantum efficiency of the
mCP:FIrpic devices with SPPO1 and SPPO13 electron trans-
port layers was optimized at 10%. The maximum quantum
efficiencies of the mCP:FIrpic devices were 19.8%, 16.4%
and 17.1% for TSPO1, SPPO1 and SPPO13, respectively.
The quantum efficiency of the TSPO1 device, which was
optimized at 3%, was higher than those of the SPPO1 and
SPPO13 devices with an optimum doping concentration
of 10%. Similarly to the BSFM device, the device with low
optimum doping concentration showed better quantum
efficiency than that with high optimum doping concentra-
tion. In addition, the doping concentration had little effect
on the quantum efficiency in the mCP:FIrpic device with
low optimum doping concentration, while it was critical
to the quantum efficiency in the mCP:FIrpic device with
high optimum doping concentration. As electron trapping
by the dopant are the main mechanisms for electron injec-
tion and light emission in the SPPO1 and SPPO13 devices,
due to the large energy barrier for electron injection, the
doping concentration had a large effect on the charge bal-
ance in the emitting layer, leading to strong dependence of
the quantum efficiency on the doping concentration. In the
case of TSPO1, there was a difference of only 0.12 eV be-
tween the energy levels of the mCP host and TSPO1, which
led to little doping concentration dependence of the quan-
tum efficiency as the electron injection and transport are
dominated by the host and light emission is caused by en-
ergy transfer from host to dopant. This result agreed with
the data obtained in the BSFM device, proving that man-
agement of the energy levels of charge transport layers en-
ables the optimization of device performance at a low
doping concentration of below 5%. This is the first work
reporting a low optimum doping concentration of 3% in
mCP:FIrpic devices.

The concept of managing the light emission mechanism
through engineering energy levels of charge transport
materials to optimize the device performance at low dop-
ing concentration was confirmed in other host materials.
A bipolar type host material, mCPPO1, was doped with FIr-
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Fig. 12. Quantum efficiency–luminance curves of the BSFM:Ir(pq)2 acac
devices according to doping concentration. Device structure was ITO/
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pic and sky blue PHOLEDs were fabricated. The hole trans-
port material was mCP and the electron transport material
was TSPO1. The energy barrier for hole injection was
0.03 eV and that for electron injection was 0 eV. The dop-
ing concentrations of the mCPPO1 device were 3%, 5%
and 10%. Quantum efficiency–luminance curves of the
mCPPO1:FIrpic devices are shown in Fig. 9. The quantum
efficiency was optimized at 3% and a high quantum effi-
ciency of over 20% was obtained in the mCPPO1:FIrpic de-
vice. The quantum efficiency was decreased according to
the doping concentration, but the efficiency was reduced
by only 15% even at 10% doping concentration. The effi-
ciency roll-off was also not significant in the mCPPO1:FIr-
pic device. As there was little energy barrier for charge
injection, the energy transfer was the main mechanism
for light emission and the device performance was opti-
mized at a doping concentration of 3% for maximum PL
emission.

A strong hole transport type host material, TCTA, was
also evaluated to prove that the device performances of
triplet host materials can be optimized at low doping con-
centration. Green-emitting Ir(ppy)3 was doped as the green
phosphorescent material. The hole transport material was
TCTA and the electron transport material was TSPO1. The
energy barrier for hole injection was 0 eV and that for elec-
tron injection was 0.12 eV. Both hole and electron energy
barriers were minimized by controlling the energy levels
of the hole and electron transport layers. Quantum effi-
ciency–luminance curves of the TCTA:Ir(ppy)3 PHOLEDs
are shown in Fig. 10. The quantum efficiency was opti-
mized at a doping concentration of 3% and was reduced
according to the increase of the doping concentration.
Although the maximum quantum efficiency of the
TCTA:Ir(ppy)3 device was only 14.3% due to the strong hole
transport and poor electron transport properties of the
TCTA, the optimum doping concentration was 3%. Similarly
to other devices that were optimized at low doping con-
centration, the efficiency roll-off and the reduction of the
quantum efficiency at high doping concentration were
not significant even at 10% doping concentration.

A common electron transport type host, TPBI, was also
tested as a green host material. The doping concentrations
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Fig. 10. Quantum efficiency–luminance curves of the TCTA:Ir(ppy)3

devices according to doping concentration. Device structure was ITO/
DNTPD/NPB/TCTA/TCTA:Ir(ppy)3/TSPO1/LiF/Al.
of Ir(ppy)3 were 3%, 5% and 10%. The hole transport mate-
rial was mCP and the electron transport material was
TSPO1. There was no energy barrier for charge injection
for the charge transport materials in the TPBI device. Quan-
tum efficiency–luminance curves of the TPBI:Ir(ppy)3

green PHOLEDs are shown in Fig. 11 according to the Ir(p-
py)3 doping concentration. The device performances were
optimized at a doping concentration of 3% and the quan-
tum efficiency was a little lowered at high doping concen-
tration. Similar to other PHOLEDs fabricated in this work,
an optimized doping concentration of 3%, little efficiency
roll-off and little reduction of the quantum efficiency at
high doping concentration were observed in the TPBI:Ir(p-
py)3 PHOLEDs, as there was no energy barrier for charge
injection.

Red PHOLEDs with an Ir(pq)2acac doped BSFM emitting
layer were also fabricated to prove that device perfor-
mances can be optimized irrespective of the dopant mate-
rial. Quantum efficiency–luminance curves of the
BSFM:Ir(pq)2acac PHOLEDs are shown in Fig. 12. The hole
transport material was TCTA and the electron transport
material was TSPO1. The energy barrier for hole injection
was 0.2 eV and that for electron injection was 0 eV. The
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quantum efficiency was also optimized at 3%, as it was for
green-emitting BSFM:Ir(ppy)3 PHOLEDs. Although the dop-
ant material was changed, the optimum doping concentra-
tion was not affected. As charge injection and transport by
the host material and light emission by energy transfer are
dominant, the dopant material had little effect on the opti-
mum doping concentration.

Therefore, it can be concluded that the quantum effi-
ciency of PHOLEDs can be optimized at a low doping concen-
tration below 5% by engineering the hole and electron
transport materials. This work discovered and proved that
the optimum doping concentration of PHOLEDs is below
5%, as observed for fluorescent organic light emitting diodes.

4. Conclusions

In conclusion, engineering of the energy levels of the
charge transport materials revealed that the optimum dop-
ing concentration of PHOLEDs is below 5% irrespective of the
host material. The trapping of charge carriers by the dopant
was responsible for the high doping concentration of PHOL-
EDs; hence suppression of charge trapping by management
of the charge transport materials enabled the quantum effi-
ciency to be optimized at a low doping concentration of 3%.
This work may enable the fabrication of PHOLEDs with uni-
versally low optimum doping concentrations and could be
useful for the future development of high efficiency PHOL-
EDs. This concept can also reduce the production cost of
OLED panels by reducing the amount of dopant used.
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