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Abstract

We demonstrate high efficiency electrophosphorescence in organic light-emitting devices employing a phosphores-

cent dye doped into a low-molecule material. Methoxy-substituted 1,3,5-tris[4-(diphenylamino)phenyl]benzene

(TDAPB) was selected as the host material for the phosphorescent dopant fac-tris(2-phenylpyridine) iridium(III)

[Ir(ppy)3], and organic films were fabricated by spin-coating. A peak external quantum efficiency of 8.2% (29 cd/A),

luminous power efficiency of 17.3 lm/W, and luminance of 33,000 cd/m2 were achieved at 9.4 V with a 90 nm-thick emit-

ting layer. Emission from the host TDAPB material was not observed in the electroluminescence (EL) and photolumi-

nescence (PL) spectra. The decrease in efficiencies at a high current is analyzed using the triplet–triplet annihilation

model. The high performance for the simple device structure in this study is attributed to excellent film forming prop-

erties of the material and efficient energy transfer from the host to dopants.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Phosphorescent organic light-emitting diodes

(PHOLEDs) fabricated using phosphorescent dyes

have demonstrated high external quantum efficien-

cies [1]. Phosphorescent materials using a heavy
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metal containing phosphor and showing radiative
emission from triplet states have been successfully

used in the form of thermally evaporated small

molecules [2]. To obtain high device performances,

selecting a conductive host with a suitable triplet

level of PHOLEDs is necessary to achieve efficient

energy transfer to a dopant. Organic light-emitting

diodes (OLEDs) made from small organic mole-

cules, conjugated polymers and dendrimers as host
ed.
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materials have been reported earlier [3–11]. It is

possible to use small organic materials to fabricate

layered structures which are generally processed

via evaporation. For example, a green phosphores-

cent dye dopant fac-tris(2-phenylpyridine)
iridium(III) [Ir(ppy)3] doped in 4,4

0-N,N 0-dicarb-

azole-biphenyl (CBP) host was reported [2]. A

peak external quantum efficiency of 8.0% (28 cd/

A) was obtained at 6% Ir(ppy)3 doped in CBP.

This result was ascribed to bipolar carrier trans-

port in CBP along with a favorable triplet energy

level alignment between the host and the dopant

[12,13].
Among the small organic molecules, starburst

molecules possess good hole-transport characteris-

tics and heat resistance. OLEDs fabricated using

starburst molecules for hole-transport and injec-

tion layers have demonstrated high-efficiency and

long-life stability in devices [14,15]. Polymers and

dendrimers can be fabricated into devices using a

wet-process such as spin-coating or ink-jet printing
from solution. Employing wet-processing of or-

ganic materials is useful for OLEDs fabrication,

and allows for the possibility of low-cost mass pro-

duction and for making large-sized screens.

Poly(n-vinylcarbazole) (PVK) is generally used as

a host material for polymer light-emitting diodes

(PLEDs) because of its high triplet level for some

emitting phosphorescent complexes, and it has
shown high external quantum efficiencies previ-

ously [16–21]. We note that starburst molecules,

which possess the superior characteristics of both

small molecules and polymers such as sublimating

materials and using wet-processing, would be

expected to yield high-efficiency devices that can

be fabricated easily.

In the present study, we have used a starburst
molecule 1,3,5-tris[4-(diphenylamino)phenyl]ben-

zene (TDAPB) as the host for the phosphorescent

material Ir(ppy)3 because of good hole-transport

characteristics and the expectation of high triplet

energy levels due to the high highest unoccupied

molecular orbital (HOMO) levels. In addition,

TDAPB resists crystallization due to its steric hin-

drance and because of its high glass-transition
temperature [22]. It also possesses excellent film

forming properties using wet-processing such as

spin-coating. Elschner et al. reported that TDAPB
was used as a buffer-layer between poly(ethylene-

dioxythiophene):poly(styrene sulfonic acid) (PED-

OT:PSS) and the emitting layer for ITO/PEDOT:

PSS/TDAPB/Alq3/Mg:Ag devices [22, 23]. Com-

pared with 2-layered (without a buffer-layer) de-
vices, improvement in efficiencies, long-life and

lowering of the electric noise were achieved in

the 3-layered device. However, they referred to

using a buffer-layer only because molecular phe-

nylamine groups have been widely investigated as

hole-transport materials for OLEDs.

In this work, we have used TDAPB as a host

material of phosphorescent dyes and have fabri-
cated simple devices with a hole-injection and an

emitting layer.
2. Experimental procedure

Organic layers were fabricated by spin-coating

onto a glass substrate coated with a patterned in-
dium-tin-oxide (ITO) electrode. The substrate

was degreased with solvents and cleaned in a

UV-ozone chamber. First, a PEDOT:PSS hole-

injection layer was spun over the ITO-coated glass

substrate with a 35 nm-thick layer and baked in air

at 120 �C for 10 min. TDAPB was used as the host
for the phosphorescent material Ir(ppy)3. The

emitting layer which consisted of the host TDAPB,
dopant Ir(ppy)3 and an electron-transport material

2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4,-oxadi-

azole (PBD) were dissolved in 1,2-dichloroethane.

We fixed the weight ratios of the various materials

TDAPB:PBD:Ir(ppy)3 = 53.8%:43.0%:3.2%. This

means that the content of PBD and Ir(ppy)3 was

80 and 6.0 wt% for TDAPB, respectively. The

TDAPB material containing Ir(ppy)3 was formed
by a spin-coating method separately into 90, 220

and 345 nm-thick layers. The solvent was removed

by baking the samples in air at 110 �C for 10 min
after spinning. The cathode, consisting of Cs/Al,

was deposited in vacuum at a base pressure of

<10�6 Torr. Finally, the device was covered with

a glass plate and encapsulated with epoxy resin

in an argon gas atmosphere to prevent oxidation
of the cathode and the organic layer. The active

device area of 4 mm2 was obtained using a shadow

mask. The forward bias condition was a positive
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bias with respect to the Cs/Al cathode. All meas-

urements were carried out at room temperature

in an inert gas atmosphere.

The positions of the HOMO and lowest unoc-

cupied molecular orbital (LUMO) levels of
TDAPB, PBD, and Ir(ppy)3 were estimated using

a low-energy photoelectron spectroscopy instru-

ment (Rikenkeiki, AC-1). A N2 laser with a wave-

length of 335 nm was used as the excitation source.

The electroluminescent (EL) spectra were meas-

ured using a photonic multichannel spectral

analyzer (Hamamatsu Photonic, PMA-11). The

current–voltage–luminance (I–V–L) characteristics
were obtained using a 2000 multimeter (Keithley),

a regulated DC power supply (Kenwood, PW36-

1.5AD) and a luminance meter (Minolta,

LS-100). The external quantum efficiency was

calculated from the luminance, current density

and EL spectrum under the assumption of the

Lambertian spatial emission pattern.
3. Results and discussion

Fig. 1 shows the energy diagrams of the device

showing the relative positions of the HOMO and

LUMO levels of the organic layers. The TDAPB

LUMO level is relatively high compared with

PVK and CBP [12,15,16]. The triplet energy levels
of TDAPB, however, is approximately equal to

that of Ir(ppy)3 (2.90 eV). Energy transfer from
TDAPB

PBD

Ir (ppy)3
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ITO
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-4.8eV
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Fig. 1. Energy level diagrams of the device showing the relative

positions of the HOMO and LUMO levels of the organic

materials used in this study.
TDAPB to Ir(ppy)3 likely occurred between the

similar triplet levels of TDAPB and Ir(ppy)3. The

PBD LUMO level lies similar level about 0.06 eV

lower to TDAPB and the HOMO level lies about

0.4 eV lower compared with that of the TDAPB
and Ir(ppy)3.

We tried to optimize the concentrations of Ir(p-

py)3 and PBD, as well as the thickness of the emis-

sion layer to obtain a higher efficiency. The

optimal value of the Ir(ppy)3 concentration for

the external quantum efficiency was determined

to be approximately 6.0 wt% for TDAPB. The de-

vices in this study have a single layered structure,
and therefore the charge balance of holes and elec-

trons injected in the emitting layer might be influ-

enced by carrier transport characteristics of each

material. In particular, the electron-transport

material PBD is indispensable to increase device

performance because efficiencies and luminance

both depend strongly on the concentration of

PBD. At high concentrations (P10 wt%), the
external quantum efficiency and the luminance

are more than ten times as large as at low concen-

trations (610 wt%). We optimized the doping con-

centration of PBD to be 80 wt% for TDAPB

because of the high efficiency and considering of

excellent film forming. It is effective to use PBD

for the electron-transport material. TDAPB

reported that is a starburst molecule functions as
excellent hole-transport materials for organic EL

devices [14]. At low concentrations, carriers are

imbalanced in the emission layer and efficiencies

decreased compared with devices at high PBD

concentrations. Therefore, holes transported

through the emission layer do not recombine with

electrons. At high PBD concentrations, electron

injection from cathode increased and the number
of holes and electrons balanced in the emissive re-

gion of the device at the optimal PBD ratio for

TDAPB. The optimal concentration of Ir(ppy)3
is about 6.0 wt% from our study. This doping con-

tent is approximately equal to that in other

OLEDs and PLEDs which have been previously

reported that also used Ir(ppy)3 as a dopant

[2,12,13,20,21,25].
Fig. 2 shows the optical absorbance, fluores-

cence and phosphorescence spectra for TDAPB.

Peak wavelengths for the optical absorbance, the
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Fig. 3. Temperature dependence of the PL spectrum of a 6%

Ir(ppy)3 doped TDAPB film from T = 4–300 K. Inset: Tem-

perature dependence of the PL intensity of the Ir(ppy)3 doped

TDAPB film and the EL spectrum for the 90 nm-thick device at

T = 300 K.
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220 and (h) 345 nm)/Cs/Al devices.
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Fig. 2. Absorbance, fluorescence and phosphorescence spectra

at T = 4 K for TDAPB. Measurements were carried out using

the films which were excited with a 335 nm N2 laser. Inset:

Molecular structure of TDAPB.
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fluorescence and phosphorescence are observed at

345, 440 and 518 nm, respectively. The peak of the

phosphorescent spectra is approximately equal

to that of PVK [24] and is expected to confine

Ir(ppy)3 excitons effectively. From the optical
absorption and the phosphorescent spectra of

TDAPB, we estimated the LUMO levels to be

�2.09 eV, the triplet level to be �2.90 eV, and
the HOMO levels to be �5.29 eV. The triplet
energy level of host TDAPB is similar to that of

the dopant Ir(ppy)3 (Fig. 1).

Fig. 3 shows the temperature dependence of the

PL spectra in an Ir(ppy)3 doped TDAPB film from
T = 4–300 K. The inset shows the temperature

dependence of the integrated PL intensity and

the EL spectrum for the 90 nm-thick layer device

at T = 300 K. When the TDAPB film was doped

with Ir(ppy)3, the emission from TDAPB was

quenched and an emission with a peak at 515 nm

was observed. This indicates that excitation energy

was successfully transferred from TDAPB to
Ir(ppy)3. The peak around 515 nm is hardly visible

and the width of the spectra becomes broad as the

temperature is increased. The PL intensity is seen

to be temperature independent from T = 4–300

K. The EL spectrum was obtained for a current

density of 0.25 mA/cm2 and did not change under

measurement. Emission was only observed from

Ir(ppy)3 with a peak wavelength at 515 nm, indi-
cating efficient transfer of excitons from the
TDAPB host to the dopant, and in addition, to di-

rect formation of excitons in Ir(ppy)3.

Fig. 4 shows the luminance–voltage–current
density characteristics for different thicknesses of

the emitting layer. The threshold voltage Vth was

2.5, 3.0 and 4.2 V, and the current density needed

to start the emission was 0.18, 0.07 and 0.017 mA/

cm2 for 90, 220 and 345 nm thickness, respectively.

The device with the 90 nm-thick layer is about ten
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times as large in the current density when com-

pared with that of the 345 nm-thick device. The

device with the 90 nm-thick layer increased the

current density because the imbalance of carriers

in the emitting layer. A maximum luminance of
33,000, 27,000 and 19,000 cd/m2 was obtained

respectively for the 90, 220 and 345 nm devices.

Fig. 5 shows the dependence of the external

quantum efficiency (gext)–current density–power
efficiency (gp) characteristics for 6.0 wt% Ir(ppy)3
doped into TDAPB for different thicknesses of

the emitting layer (90, 220 and 345 nm). The solid

line fits the triplet–triplet (T–T) annihilation the-
ory. Adachi et al. analyzed T–T annihilation for

Ir(ppy)3 doped CBP host devices and a best fit of

the model to the data were obtained [25,26]. We

tried to apply the T–T annihilation theory to our

devices fabricated using TDAPB as the host using

the spin-coating method. All devices exhibited a

gradual decrease in gext at the high current density.
The external quantum efficiency gext is given by

gext ¼
g0J 0
4J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8 J

J 0

r
� 1

� �
; ð1Þ

where J0 = 4qd/jTTs
2, q is the electron charge, d is

the thickness of the exciton formation zone, s is
the phosphorescent life time, and jTT is the T–T
annihilation rate constant. The experimental data

and theoretical line in Fig. 5 show a good fit at

the high current density for all devices when
10
-1

10
0

10
1

10
2

10
3

10
-1

10
0

10
1

10
-2

10
-1

10
0

10
1

10
2

10
3

Current density [mA/cm
2]

Q
u

a
n

tu
m

 e
ff

ic
ie

n
c
y

 [
%

]

90 nm
220 nm
345 nm P

o
w

e
r 

e
ff

ic
ie

n
c
y

 [
lm

/W
]

Fig. 5. External quantum efficiency (gext)–current density–
power efficiency (gp) characteristics of ITO/PEDOT:PSS (35
nm)/TDAPB:PBD:Ir(ppy)3 ((s) 90, (n) 220 and (h) 345 nm)/

Cs/Al devices.The solid line is the triplet–triplet (T–T) annihi-

lation model calculated using Eq. (1).
J0 = 150 mA/cm
2. This indicates that the width

of the exciton formation zone is almost the same

in all devices even if the thickness of the emitting

layer is changed. The maximum external quantum

efficiency gext = 8.2% (corresponding current effi-
ciency is 29 cd/A) was obtained with a 90 nm-thick

layer for current density of 13.3 mA/cm2 and lumi-

nance of 3800 cd/m2. The power efficiency was

achieved gp = 17.3 lm/W at 4.1 mA/cm2 and 1000

cd/m2. The devices with 220 and 345 nm emitting

layer thickness exhibited peak quantum efficiencies

of 7.7% (27 cd/A) and 7.2% (24 cd/A), while the

power efficiency increased with decreasing film
thickness to 10.4 and 6.7 lm/W, respectively. How-

ever, the devices with a 220 and 345 nm-thick layer

exhibited higher efficiencies than those with the 90

nm-thick layer at the low current (61 mA/cm2).

The maximum efficiencies and luminance de-

creased because not only was a high threshold

voltage needed to drive the devices but a decrease

in the external quantum efficiency is also inferred
due to the imbalance of carriers in the emitting

layer with increasing thickness.
4. Conclusions

We have demonstrated improvement in the effi-

ciency of TDAPB-based OLEDs fabricated by

spin-coating. By optimizing concentrations of

Ir(ppy)3 and PBD, an external quantum efficiency

of 8.2% and a power efficiency of 17.3 lm/W, rep-

resenting the low-voltage drive, were achieved. In
addition, the TDAPB device showed a high lumi-

nance, with a maximum luminance of 33,000 cd/

m2. The experimental data show a good fit to the

T–T annihilation model calculations and J0 = 150

mA/cm2 was obtained for all devices. This means

that the width of the exciton formation zone is

approximately equal and not a function of the

thickness of the emitting layer. Consequently,
maximum efficiencies and luminance were ob-

tained for a 90 nm-thick emitting layer. The results

in this study suggest that using the starburst small-

molecule TDAPB as the host of the phosphores-

cent material Ir(ppy)3 allows for easy fabrication

and is effective for achieving high efficiencies and

luminance in simple device structures.
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