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The molecular design of hole transport materials~HTMs! for producing high durability in organic
layered electroluminescent~EL! diodes was elucidated. The durability tests were examined using
fourteen hole transport materials in the cell structure of an anode/hole transport layer~HTL!/emitter
layer~EML!/cathode. The ionization potential~Ip! of HTLs was found to be the dominant factor for
obtaining high durability in organic EL devices. The formation of the small energy barrier at the
interface of a HTL/anode was required for high durability. Moreover, no straightforward relations
between melting point, glass transition temperature of the HTMs, and durability of the EL devices
were observed. The EL device using the HTM having a low Ip~5.08 eV! showed an especially
remarkable stability. In this case, the half-life period of the initial luminance was beyond 500 h.
© 1995 American Institute of Physics.
s

After Tang’s report on the multilayered organic elec
troluminescent~EL! diode,1 the development of organic EL
devices focused on the optimization of cell structures f
obtaining high luminance2,3 and the development of organic
materials for obtaining a wide variety of emission colors.4–7

Concerning the optimization of EL cell structures, thre
types of EL cell structures were proposed.8 Using various
kinds of EL cell structures, a variety of fluorescent dye
could be used for emitter materials. The key point for obtai
ing high luminance was found by controlling the movemen
of charge carriers and molecular excitons and to realizing t
confinement in the emitter layers. A variety of emission co
ors were also obtained by the doping of highly fluoresce
molecules into the host emitter layers based on the idea o
host-guest system.9,10 Thus, it was revealed that the organic
EL devices possess high quantum efficiency~3%! and high
energy conversion efficiency~10 lm/w! with various emis-
sion colors.11

From a practical point of view, another significant sub
ject is to increase the durability of the EL devices. Ther
have been several studies on EL devices with the aim
achieving high durability under continuous operation. In pa
ticular, VanSlyke demonstrated the insertion of a phthalocy
nine layer between an anode/HTL interface, which result
in a significant improvement in durability.12 Recently, Shi-
rota demonstrated that the multilayered EL device consisti
of double hole transport layers of triphenylamine derivative
exhibits significant durability.13 At this stage, however, the
factors affecting the durability of the EL devices remaine
uncertain.

In this study, we focused on the energy barrier of ho
injection and examined the durability tests using fourtee
hole transport materials~HTMs! in the cell structure of an
anode/hole transport layer~HTL!/emitter ~EML!/cathode.
We also measured the ionization potential~Ip! of the HTLs
and the melting point~Tm! and glass transition temperature
~Tg! of the HTMs. We mention the molecular design o
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HTMs for obtaining high durability in organic EL diodes.
Figure 1 shows the EL cell structure used in this study.

In Fig. 1 the organic materials, the HTMs, and the emitter
material are also shown. We used fourteen aromatic amine
as the HTL and tris~8-quinolinolato! aluminum as an emitter.
Organic layers were deposited on a precleaned indium-tin-
oxide ~ITO! glass substrate and a cathode MgAg alloy~10:1,
atomic ratio! layer was deposited on an EML by codeposi-
tion in a 631026 Torr vacuum at room temperature. The
thickness of the ITO layer was 1700 Å and the sheet resis-
tance was about 20V/h ~Asahi Glass Co., Ltd. sputtered
film!. The deposition rate for organic layers was about 2 Å/s.
The thickness of the organic layers was fixed at 500 Å. The
durability tests were performed under the nitrogen atmo-
sphere at a constant current density ofJ530 mA/cm2. The
luminance was measured with a luminance meter, Topcom
BM-7. The ionization potential of the organic layers and an
ITO layer was determined using a Riken–Keiki AC-1. The
thermal analysis of the HTMs was measured using a Rigaku
TAS100.

Table I summarizes the durability characteristics~initial
luminance, and luminance after 10, 100, and 500 h! of EL
cells with fourteen HTMs. In each EL device, the light emis-
sion gradually decreased with time, and the durabilities de-
pended on the chemical structures of the HTMs. In particu-
lar, excellent performance was obtained using the HTM1 and
HTM10. In the HTM1, the initial luminance was 790
cd/m2 and the luminance of a 438 cd/m2 was still maintained
after 500 h of continuous operation. Also, similar result was
obtained in the HTM10. On the contrary, the half-life period
of the initial luminance was less than 10 h in the HTM3,
HTM4, HTM5, and HTM11. Furthermore, the time for the
half-decay of the luminance was a few hours in the HTM2,
HTM6, HTM7, HTM8, HTM9, HTM13, and HTM14.

Figure 2 shows the relation between the ionization po-
tential of the HTLs andL10 /L0. L0 denotes the initial lumi-
nance andL10 indicates the luminance maintained after 10 h
of continuous operation. Thus, a largeL10 /L0 value ex-
presses high durability of the EL devices. Though the Ip of
HTLs ranged widely from 5.0 to 5.8 eV depending on the
26792679/3/$6.00 © 1995 American Institute of Physics
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substituent groups and the conjugated system of the HT
we can recognize that the durability of EL devices~L10/L0!
is closely related to the Ip of the HTLs. The HTL1 having
low Ip value~5.08 eV! showed a highL10 /L0 value, whereas
HTL7 having a high Ip value~5.60 eV! showed a low
L10 /L0 value. In addition, we observed that the initial vol
age of each device was closely correlated with the Ip of
HTLs. The HTL having a low Ip value resulted in a low
initial driving voltage. Thus, we can recognize that the fo
mation of the small energy barrier for hole injection at t
interface of an ITO/HTL resulted in high durability and low
drive voltage, because the Ip of the ITO layer used in t

FIG. 1. The EL cell structure and fourteen hole transport and emitter m
rials used in this study.
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experiment was 5.0 eV and the Ip of the Alq emitter layer
was 5.7 eV.

We also must take into account the thermal characteris
tics of the HTMs for the discussion of durability. As all
HTMs used in this experiment form amorphous films by
vacuum deposition, the gradual growth of crystallites in an
amorphous film induced by joule heat are thought to be one
of the important degradation factors. Figure 3 shows the re
lation between theL10 /L0 term and theTm of the HTMs,
and Fig. 4 shows the relation between theL10 /L0 term and
theTg of the HTMs. However, in each case, we observed no
direct relationships betweenL10 /L0 and the thermal charac-
teristics. Thus, simple improvement in the thermal properties
of the HTMs is insufficient to enhance the durability of the
EL devices.

We will now discuss one of the possible degradation
mechanisms. When a large energy barrier of hold injection a
the interface of the ITO/HTL exists, large joule heat is pro-
duced at the interface. The produced heat gradually cause
the local aggregation of molecules such as dimerization and
crystallization of an amorphous HTL. These states then form
sites for hole traps and a part of the injected hole carriers
builds up a space charge. Simultaneously, the same numbe

FIG. 2. The relation between the normalized luminance~L10 /L0! and the
ionization potential~Ip! of the hole transport layers~HTLs!. The numbers in
this figure refer to the HTMs listed in Fig. 1.L0: the initial luminance,
L10: the luminance after 10 h of continuous operation.

ate-

TABLE I. The initial luminanceL0, initial voltage~V0!, and the luminance
after 10, 100, and 500 h of continuous operation~L10 ,L100,L500! in the
fourteen EL devices.

Initial luminance Initial voltage Luminance/cd/m2

HTM L0 /cd/m
2 V0 /V L10 L100 L500

1 790 8.1 547 476 438
2 790 10.6 260 ••• •••

3 920 13.7 350 180 •••

4 860 12.2 390 250 •••

5 790 12.3 343 140 •••

6 1240 12.0 300 ••• •••

7 276 18.0 0 ••• •••

8 350 15.3 18 ••• •••

9 750 11.7 38 ••• •••

10 685 9.6 433 310 200
11 470 9.3 250 ••• •••

12 157 8.0 133 ••• •••

13 566 15.8 164 94 •••

14 600 11.8 48 ••• •••
Adachi, Nagai, and Tamoto
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of electron carriers accumulates inside an emitter near
HTL/EML interface, because the HTL has the ability t
block electron injection.9 In other words, a capacitor is
formed in the EL device. These excess electrons interact w
the molecular exciton created by the recombination of a h
and an electron at the interface. This leads to the nonrad

FIG. 3. The relation between the normalized luminance~L10 /L0! and the
melting point~Tm! of the hole transport materials~HTMs!. The numbers in
this figure refer to the HTMs listed in Fig. 1. In the case of the HTM1,
melting point was not observed.

FIG. 4. The relation between normalized luminance~L10/L0! and the glass
transition temperature~Tg! of the hole transport materials~HTMs!. The
numbers in this figure refer to the HTMs listed in Fig. 1.
Appl. Phys. Lett., Vol. 66, No. 20, 15 May 1995
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tive destruction of excitons14 and the resulting decrease in
luminance.

In conclusion, we elucidated the molecular design o
HTMs for obtaining high durability. The formation of small
energy barriers between an anode HTL interface was re
quired for high durability. We observed no straightforward
relations between theTm , theTg of HTMs, and the durabil-
ity of EL devices. The same way to reduce the energy barrie
of electron injection is another important subject for further
improvement of organic EL devices. We also must clarify the
detailed degradation mechanism.

We would like to acknowledge T. Shimada, M. Sasaki
and M. Ohta for the preparation of hole transport materials
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