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. Introduction

Luminescence is the emission of light from an
excited molecule. One of the most common forms is
photoluminescence in which excitation occurs via the
absorption of light by a molecule. In electrolumines-
cence, on the other hand, electrical energy is trans-
formed into light.

Electroluminescence (EL) of organic materials has
been known since the 1960s.172 Resulting devices are
commonly called “organic light-emitting diodes”
(OLED).? Intense research activity, however, started
in the late 1980s after the development of the
multilayered cell structure by Tang and Vanslyke,*
who demonstrated the bright green emission of
aluminum tris(8-hydroxyquinolinate) (Algs) in thin
film organic layers. In their device, the luminance
(brightness) exceeds 1000 cd/m? below 10 V with a
quantum efficiency of 1% photon/electron (i.e., one
photon output per 100 electrons injected). Another
breakthrough came in 1990 when Burroughes and
co-workers reported an EL device using a single layer
of a m-conjugated polymer poly(phenylene—vinylene),
PPV, between metallic electrodes.®

The operating mechanism in OLED is of the so-
called injection type in which carriers, such as
electrons and holes, are injected into the organic
emitter layer to recombine there. We will describe
general OLED in below.

ll. Organic Electroluminescent Devices

Thin film OLEDs usually consist of multiple or-
ganic and metallic layers on an ITO-covered glass
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Figure 1. Configurations of typical EL cells. The thickness of the organic layer in each case is typically 100—200 nm.
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Figure 2. Energy level diagram for a forward-biased
single-layer device.

plate. These layers may be deposited by various
methods such as plasma deposition, thermal evapo-
ration, Langmuir—Blodget deposition, or spin casting
from solutions. All layers should be chemically stable,
especially under device operating conditions, and
resistant to oxidation or photooxidation.

In addition, the optical properties of each layer
should be considered when designing the device
structure. For higher efficiency light output, the
device layers should be highly transparent to the
emitted radiation.

Except for the anode and cathode, electrolumines-
cent devices may contain single-layer or multiple-
layer structures (see Figure 1). The single-layer
device consists of a single organic layer sandwiched
between the anode and cathode. In this case, the
organic layer serves as the emitting source for the
device and should therefore have a relatively high
photoluminescence quantum efficiency. This emissive
layer must also have good bipolar charge-transport
properties, which are necessary for the transport of
holes and electrons through the organic layer. These

PVK

holes and electrons, driven into the emitting layer
by the applied electric field, will later recombine on
the emitter molecules to form singlet and triplet
excitons. To forward bias the LED, the anode, usually
high-work-function materials such as indium tin
oxide (ITO), is connected to a positive potential. Low-
work-function metals such as calcium (Ca), magne-
sium (Mg), or aluminum (Al) and alloys such as Mg:
Ag are used as the negative electrode (cathode).
Electron transport will occur through the lowest
unoccupied molecular orbital (LUMO), which is analo-
gous to the conduction band (E;) in semiconductors.
Holes are transported through the highest occupied
molecular orbital (HOMO), which corresponds to the
valence band (E,) in semiconductors. The efficiency
of electron and hole transport is determined by the
mobilities of both of the charge carriers in the organic
layer (Figure 2).

Instead of using single-layer structures, additional
layers can be added to the OLED to improve charge
transport and injection. In a multilayer device the
layers may consist of the anode, hole-transport layer
(HTL), emission layer (EML), electron-transport layer
(ETL), and cathode (Figure 1).

The hole-transport layer mainly transports holes
within the HOMO level and to a lesser degree may
transport electrons within the LUMO level. There-
fore, the HTL material should have a high hole
mobility. HTL materials should also have a low
ionization potential for the efficient injection of holes
from the anode. After bipolar charge recombination,
the hole-transport layer should help block the migra-
tion of excitons from the emitting layer. Therefore,
the HTL should have a higher exciton energy level
than the emission layer (EML) to help confine exci-
tons within the EML. Finally, the HTL should be

TPD

Figure 3. Chemical structures of hole-transporting materials poly(N-vinylcarbazole), PVK, and N,N'-diphenyl-N,N'-bis-

(3-methylphenyl)-1,1'- biphenyl-4,4'-diamine, TPD.
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butyl-PBD Alg

Figure 4. Chemical structure of electron-transporting
material 1,3,4-oxadiazole derivative, PBD 8-hydroxyquino-
line aluminum, Algs.

transparent to the radiation emitted from the EL cell
to reduce the optical losses within the device.

Many organic materials have hole-transport prop-
erties. Poly(N-vinylcarbazole) (PVK) and N,N-diphe-
nyl-N,N’'-bis(3-methylphenyl)-[1,1'-biphenyl]-4,4'-di-
amine (TPD) are commonly used hole-transport
materials (Figure 3). Several organics have been used
as electron-transport layers, such as 2-(4-biphenyl)-
5-(4-tert-butylphenyl)-1,3,4-oxadiazole (butyl-PBD).
Tris(8-hydroxyquinoline)aluminum complex (ALQs),
a widely studied luminophor, is also commonly used
as an electron-transporting agent. The chemical
structures of ALgs; and butyl-PBD are shown in
Figure 4.

lll. Lanthanide Metal lons Complexes as the
Emitting Layer

Since these developments, numerous investigations
on OLEDs using organic dyes, organic metal com-
plexes, and organic polymers as emitting materials
have been carried out. Despite such great achieve-
ments, obtaining pure and sharp emission from these
organic materials is difficult. The emission spectra
are generally broad. In addition, it is difficult to fine
tune the emission color without affecting the EL
material’'s physical properties.

Lanthanide metal ions, on the other hand, exhibit
extremely sharp emission bands due to their 4f
electrons which are responsible for their properties.
Since 4f orbitals are effectively shielded from the
influence of the external forces by the overlying 5s2
and 5p® orbitals, the various states arising from the
fn configurations are split by external fields only to
the extent of 100 cm~2. Therefore, emission bands as
well as absorption bands (f—f transitions) are ex-
tremely sharp when electronic transitions occur from
one J state of an f" configuration to another J state
of the same configuration.®

In addition to the spectral profile of the complexes,
the excitation mechanism of the central metal ion
also differs widely from that of organic fluorescent
compounds. In organic fluorescent compounds, the
excited energy of the triplet state will be degraded
through thermal deactivation processes without the
emission of photons. Thus, the internal quantum
efficiencies for devices using organic fluorescent
compounds may be limited to approximately 25% by
this process. In contrast, for lanthanide complexes
with s-conjugated ligands such as j-diketonato, the
lanthanide ions are excited via intramolecular energy
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Figure 5. Energy transfer in lanthanide complexes: ABS
= absorption; PS = phosphorescence; PL = photolumines-
cence; NR = nonradiative decay; a, b, c, d, e, and f =
lanthanide ion energy levels.

transfer from the triplet excited states of the ligands.”®
In some cases, higher energy levels may be excited
by the ligand but nonradiative relaxations occur from
these higher energy levels until the energy has
decayed to the emitting levels where visible radiation
originates. To improve energy transfer to the lan-
thanide ions, the triplet states of the ligand must be
closely matched to or slightly above the metal ion’s
emitting resonance levels. Figure 5 shows the excita-
tion and energy transfer mechanisms for the lan-
thanide chelates. The excitation energy of the ligand’s
triplet state, which may be directly generated by
carrier recombination, can also be utilized to excite
the emitting center. Thus, there is no limitation, up
to 100%, of the internal quantum efficiencies for
devices using lanthanide ion chelates as emitters.

Therefore, in the past decade, much work on
OLEDs using lanthanide ion chelates as the emitting
layers has been reported. In this review, we focus on
the design and selection of lanthanide ions and ligand
structures for OLEDs.

IV. Eu (Ill) and Tb (Ill) Complexes as Emitting
Materials

In 1990, we reported an OLED containing Th—tris-
(acetylacetonato), Th(acac)s, which was made into a
double-layer device with a TPD as the hole-transport
layer, i.e., ITO/TPD/Th(acac)s/Al.° Figure 6 shows the
structures of Eu®t and Th®* chelates often described
in this review. Bright green emission was observed
from the OLED when operated in a continuous dc
mode (biased Al negative). As shown in Figure 7, the
spectrum exhibited the characteristic line lumines-
cence of the Th3" ion and was found to be identical
to the photoluminescence spectrum of the Tb(acac)s.
The strongest emission was the 544 nm peak, which
corresponds to the °D4 — “Fs transition of the Th3"
ion. The spectral profile and the relative intensity of
the each peak was independent of the current den-
sity.

Red electroluminescence from a Eu complex was
first observed using a tris(theotyltrifluoroacetonate)-
Eu®" (Eu(TTA)s3) complex, which was molecularly
dispersed in a hole-transporting polysilane in our
laboratory.%!* The luminance—current—voltage curves
for this Eu device are shown in Figure 8. The
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Figure 6. Chemical structures of Eus*, Th®*, and Nd3*
complexes: (1) Tb tris(acetylacetonate), Tb(acac)s, (2) Eu
(1,20-phenanthroline)-tris(4,4,4-trifluoro-1-(2-thienyl)butane-
1,3-dionate), Eu(TTA)sphen, (3) Eu tris(dibenzoylmetha-
nato)phenanthoroline, Eu(DBM)3s(Phen), (4) Tb tris(acetyl-
acetonate)phenanthhroline, Th(acea)sphen, (5) Eu (4,7-di-
phenyl phenanthroline)-tris(4,4,4,-trifluoro)-1-(2-thienyl)-
butane-1,3-dionate, Eu(TTA)sbath, and (6) Nd (4,7-diphen-
ylphenanthroline)(dibenzoylmethanato)s;, Nd(DBM)zbath.

$0,~"Fs

EL Intensity /acb. unit

. 3 X i
400 800 €00 700

Wavelength /nm

Figure 7. Electroluminescence spectrum of a Tb(acac);
cell.

luminance was proportional to the injection current
as well as the bias voltage. Luminescence started at
12 V, and a maximum intensity of 0.3 cd/m? at 18 V
was achieved. More recently, a brighter red electrolu-
minescence has been observed using tris(dibenzoyl-
methanato)phenanthrolineEus*, Eu((DBM)s(Phen)),
as the emitting material. The second added ligand,
phenanthroline, acts to saturate the coordination
number of Eu ion and also to improve the fluores-
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Figure 8. Luminance—current—voltage characteristics for
ITO/PMPS—Eu (TTFA)3;/PBD/Mg/Ag device.
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Figure 9. Energy band diagram of a codoped EL device.
(Reprinted with permission from ref 15. Copyright 2002
Elsevier Science).

cence intensity, volatility, and stability of the Eu
complex.’? A multilayer device was fabricated using
a coevaporated Eu((DBM);(Phen)) with PBD; ITO/
TPD/Eu(DBM)3(Phen):PBD/AIgs/Mg:Ag. The elec-
troluminescence spectrum consists of very sharp
emission bands, which is a typical luminescence
spectrum of the Eu complex. A luminance of 460 cd/
m? with an emission peak at 614 nm was observed
with a driving voltage of 16 V.

Takada and co-workers also developed a similar
OLED based on a sublimable Eu(TTA); phenanthro-
line complex, Eu(TTA)s(Phen).1® These devices uti-
lized a microcavity design with a cell structure of
(SiOL/TiO; bilayers)/ITO/TPD/Eu complex/Algs/Mg:
Ag. The SiO,/TiO; bilayers comprised a dielectric
guarter wave stack that was used as the output
reflector for the microcavity. By adjusting the optical
path length of the microcavity, they showed that
there was an angular dependence of the spatial
emission pattern emitted from the device. Conse-
qguently, optical display devices could be designed
with an optimized viewing angle by adjusting the
cavity length and the reflectivity of the mirrors. Sano
et al. observed improved brightness results by modi-
fying the side group of the phenanthroline in the Eu
complex.'* In their devices, they utilized diphenyl-
substituted phenanthroline, Eu(TTA)s(diphenylphen-
anthroline). These devices showed a line emission
from the Eu complex with maximum brightness
values greater than 100 cd/m?2. Recently, Ohmori and
co-workers reported a single-layer OLED based on
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Figure 10. Chemical structures of Eu(dibenzolmethanato)s;-2- (2-pyridyl)benzimidazole, Eu(DBM);HPBM, and Eu-
(dibenzolmethanato);-1-ethyl-2-(2 pyridyl)benzimidazole, Eu(DBM);EPBM.

R=CH3

Figure 11. Chemical structure of Th-[3-(5-phenyl 1,3,4-
oxadiazol-2-yl)-2,4-pentanedionate]s.

Eu(TTA)3(Phen) which was doped with PVK. The
device structure was ITO/Eu(TTA)z(Phen):PVK/Mg:
In. They cited the energy band diagram of the device
(Figure 9).5 The electrons injected from the ITO
anode to the lowest unoccupied molecular orbital
(HOMO) states of PVK. Excitons were formed at the
PVK and were then transferred to the ligand sites
of Eu (TTA)3(Phen). The singlet excitons produced
were converted into triplet excitons by intersystem
crossing and then transferred to the Eu®*. The energy
relaxation from °D to “F orbitals in Eu®* resulted in
sharp emission at 614 nm. Instead of the phenan-
throline ligand described above, 2-(2-pyridyl)benz-
imidazole (HPBM) and 1-ethyl-2-(2-pyridyl)benzimid-
azole (EPBM) (Figure 10) were synthesized as the
second ligand for the Eu chelate. These ligands may
be easily substituted with alkyl chains or other
electron-donating groups on the benzimidazole in
order to alter chelate properties. The EL luminance
of the Eu complex with EPBM ligand was reported
to be higher than that with HPBM. The maximum
luminance of 180 cd/m? for Eu (DBM);EPBM was
obtained at 18 V.6 Oxadiazole derivatives are known
as good electron-transporting and hole-blocking ma-
terials.'” Thus, an oxadiazole-functionalized S-di-
ketonate ligand was synthesized and the Th complex
prepared (Figure 11).28 A light output of 100 cd/m?
with an external EL efficiency as high as 1.1% was
reported at 15 V. At 20 V, 550 cd/m? with 0.6%
efficiency was observed. These investigators claimed

CH, OCH;

C= La3+ C=0 La3+
@coo
3

[¢le]o)

3

La; Tb and Eu
Figure 12. Chemical structures of lanthanide—tris(4-

methybenzoate), La(MeOBB);, and lanthanide—tris(4-
methoxylbenzoate), La(MeOBB)s.

that the oxadiazole ligand played an important role
in the high efficiency of the systems. However, in this
structure, two water molecules are coordinated to
Th3*. It is well-known that the H—O vibration tends
to quench the fluorescence intensity.*® Thus, when
these water molecules are replaced with another
ligand, such as phenanthroline, the EL efficiency
could be greatly increased.

We prepared thermally stable Eu and Tb com-
plexes: Tb tris(4-methylbenzoate), Tb(MeBB)s), Tb
tris(4-methoxybenzoylbenzoate), Th(MeOBB)s;, and
Eu tris(4-methoxybenzoylbenzoate), Eu(MeOBB); (Fig-
ure 12).2° The single-layer light-emitting diodes were
fabricated using Tbh(MeBB)s;. PVK was selected as a
host matrix for the OLEDs because of its good hole-
transport and film-forming properties. The cell struc-
ture was ITO/Tb(MeBB);:PVK/Ca—Al. However, this
device showed negligible light output, probably be-
cause of the poor electron-transport properties of the
doped PVK layer. To improve the electron-transport
properties, butyl PBD was added to the layer in the
single cells, ITO/Th(MeBB)3;:PBD:PVK/Ca—Al. The
maximum brightness of this device was approxi-
mately 0.7 cd/m? for a 2 mol % doping concentration
of the Th complex. When the strong electron-donating
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Figure 13. PL spectra of Tbh(MeOBB)3: butyl-PBD:PVK
(2:1:1) films and EL spectra of a single layer.

10

:.; of o 1mo%Th .-‘
< ¢ 2mol%Th
S I e amowms toe
! [ ]
E 3 e -
Q[ 5 1 *
| J
-
°ﬂ~~°t,ut.;.¢-c,n.»q.l-tf; te"° .

0 5 10 18 20 25 30 35 40 45
VOLTAGE (Volts)

Figure 14. B—V curves for Tb(MeOBB); OLEDs.

group methoxy (OCHz;) was substituted on the phenyl
instead of the methyl group, a brighter electrolumi-
nescence was observed. This may be due to the more
efficient energy transfer from the excited ligand to
the Tb ion. The device structure was ITO/La(MeOBB)s:
PBD:PVK/Ca—Al, La = Th, Eu. When the diodes
were forward biased with the ITO electrode at
positive polarity, brighter green electroluminescence
corresponding to the Th was observed (Figure 13).
There was no observed electroluminescence from the
MeOBB ligand, PVK, or butyl PBB. The brightness
vs voltage curves for the OLEDs with various Th-
(MeOBB); concentrations are shown in Figure 14. A
maximum brightness of 45 cd/m? was obtained at an
operating voltage of 24 V.
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Figure 15. (A) Chemical structure of Tbh—tris(tetrade-
cylphethalate)phenanthroline complex Tb(MTP)3(Phen). (B)
Chemical structure of alkyl chain-substituted phthalate—
Tb complex Th(MDP)s.

A thermally stable Tb carboxylate and phenan-
throline complex (Figure 15A) was also prepared and
used as an emitting layer.?! The EL device structure
was multilayered consisting of ITO/poly(p-phenyle-
nevinylene) (PPV) as a hole transfer layer/PVK doped
with the Tb complex, Tb (MTP)s;(Phen)/Algs/Al. The
sharp green emission was observed with 152 cd/m?
at 24 V, and the external quantum efficiency was as
low as 0.017%. A long alkyl-chain-substituted phtha-
late Tb complex (Figure 15B), which is soluble in
chloroform, was prepared. The Th complex was doped
with PBD and PVK, and a double-device structure,
ITO/PVK:PBD:Th(MDP)3/Algs/Al, was fabricated. How-
ever, these devices did not show a sharp character-
istic Tb3*" emission but exhibited an emission due to
Algs.??2 Recently, Ling and co-workers investigated a
OLED based on Eu(BA)s;(Phen) as an emitting layer.?
Eu(BA)3(Phen) was sandwiched between bis(2-[2-
hydroxyphenyl]pyridinato)beryllium (BePP;) (energy
gap 3.1ev) as the barrier layers. The OLED structure,
ITO/TPD/BePP,/Al:Li/Eu(BA)s(Phen), may act as the
multiquantum well. The terminology multiquantum
well (MQW) is often used in inorganic semiconductor
devices. The well structure limits the separation
between the electron and hole, and the confinement
enhances the efficiency of light generation. MQW
structures have been used in OLEDs in order to
improve device performance.?4#?°> Thus, at a low bias
applied to this device, carriers cross the barrier layers
through thermal activation and may be confined
within the emitting layer; Eu(BA)s(Phen) and Eu
emission at 612 nm was observed. However, when
the bias was increased, EL emission from the barrier
layer, BePP,, mixes with the emission of the Eu ion
and exhibits a white color.?® Huang and co-workers
prepared various Th complexes (Figure 16).26 The R
and R’ were different substituents, such as hydrogen,
alkyl, alkylamine, and acryl groups. They constructed
OLEDs using these Tb complexes. The photolumi-
nescence and electroluminescence of the systems
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Figure 16. Chemical structures of the terbium complexes
with various neutral ligands. (Reprinted with permission
from ref 26. Copyright 2002 Elsevier Science).
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Figure 17. Chemical structure of Tb—imidodiphosphinate
and 1-phenyl-3-methyl-4-(trimethylacetyl)pyrazol-4-one com-
plexes, Tb(PMP)3(Ph3sPO) and Th[Ph,P(O)NP(O)Ph,]s.
were affected by the substituents R and R'. Among
these devices, R = tert-butyl, R" = H-substituted
ligand, tris(1-phenyl-3-methyl-4-isobutyryl-5-phra-
zolone) (PMIP), triphenylphosphine oxide (TPPO),
(PMIP);—Tb-TPPO showed the highest electrolumi-
nescence efficiency.

Lin et al. fabricated OLEDs based on Eu complexes
such as Eu(DBM);(Phen) using oxadiazole derivatives
as hole-transport materials.?” Zhang and co-workers
also prepared OLEDSs using Eu chelates with PVK
and Algs used as the hole and electron-transport
layers, respectively.?®¢ Other Eu complexes such as
LIEU(TTA)4, NaEu(TTA)4, and KEU(TTA)4 were doped
into PVK films and fabricated into OLEDs. The
nature of the cations in the Eu complexes were found
to have no effect on the luminescence performance.?®
Wang et al. constructed sharp red OLEDs with
enhanced efficiency using Eu complexes.®® Christou
and co-worker prepared OLEDs using unusual Tb
complexes such as the Th—imidodiphosphinato ligand,
tris(1-phenyl-3-methyl-4-(trimethylacetyl)pyrazol-4-
one) (PMP), and triphenylphosphine oxide, [([PMP);Th-
(Ph3zPO)]. These structures are shown in Figure
17.3132 By controlling the OLED structure using
suitable hole- and electron-transporting layers and
utilizing [(PMP);Tb(PhsPO)] as the emitting material,
the device efficiency was improved from 0.05 Im/W
in a single-layer structure to 2.63 Im/W in a multi-
layer structure.

Recently, Kido and co-workers constructed a white-
light-emitting electroluminescent device using Eu-
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Figure 18. Structure of the single component of OLED.

(DBM);(Phen) with Th(DBM)z(Phen) and a TPD. TPD
has relatively sharp emission peaks at around 410—
420 nm, blue-violet, and also good hole-transport
properties.®® Algs was used as the electron-transport-
ing layer. The organic layers were successively
deposited onto a precleaned ITO-coated glass plate,
and the Mg:Ag electrode was finally co-deposited on
the organic layer. The device structure was ITO/TPD/
Tb(acea);(Phen)/Eu(DBM)s(Phen)/Algs/Mg:Ag. White
OLEDs were also fabricated by Pyo and co-workers.3*
They also used TPD as a blue-light-emitting and hole-
transporting material and Th(acea)s;(Cl(Phen)) as a
green-light-emitting material. ClI(Phen) is monochlo-
ride-substituted phenanthroline. Eu(TTA)s(Phen) was
a red emitter. The device structure was ITO/TPD/
Tb(acea)s(ClI(Phen)/Eu(TTA)s(Phen)/Algs/L:Al; alter-
nately, bis(10-hydroxybenzo[h]quinolinato)beryllium-
(Bebqy) could be used instead of Algs. The white-light-
emitting characteristics of these device structures
were discussed by considering the energy band dia-
grams of the various materials used. White-light-emit-
ting OLEDs were also reported using Eu,Tbh;_«(acac)s-
(Phen) dinuclear complex as the emitting layer.®® It
consists of two active organic layers sandwiched be-
tween an electron-injecting (Al) and a hole-injecting
(ITO) layer. The TPD layer doped with PVK was
fabricated by spin coating on ITO, and then Eu,Th; -
(acac)z(Phen) doped with PVK was deposited by
evaporation on the TPO layer. Its luminescence
consists of three parts: red color from Eus*, green
from Tbh3*, and blue from TPD. When the composi-
tions of the three color sources were adjusted and
operated under proper voltage (7—10 V), white light
was observed.

Recently, Bazan and co-workers reported polymeric
OLEDs based on Eu complexes.®637 Eu complexes
with g-diketonate and phenanthroline were incorpo-
rated in the polymer matrix, poly[2-(6'cyano-6'"-
methylheptyloxy)-1,4-phenylene. The thin film was
obtained by spin casting. The efficient energy transfer
from the polymer to the Eu complex resulted in
complete quenching of the broad emission of the
polymer, and a pure red Eu-based emission was
observed. They also fabricated a single-component
OLED using a polymeric Eu complex, tris[1-(N-ethyl-
carbazolyl)(3',5'-dihexyloxybenzoyl)methane](phen-
anthroline) (Figure 18). The phenanthroline ligand
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Figure 19. Absorption and emission spectra of a thin film of the emitting component and current—voltage curve of the
device with configuration ITO/PVK/Eu complex/Ca. (Reprinted with permission from ref 37. Copyright 2002 The Royal

Society of Chemistry).
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Figure 20. Structure of Eud* complex containing copolymer x = 3, y = 0.1, z = 1.9, Eu content about 1.8% (wt).

acted as the electron-transport medium, and an
attached carbazole was used for the hole transport.
The hexyloxyl groups substituted on the phenyl
prevented crystallization, and a transparent clear
film was obtained by directly spin casting onto an
ITO anode from a toluene solution. The absorption
and emission spectra of the thin film of the Eu
complex and the current—voltage curves of the ITO/
PVK/Eu complex/Ca device are shown in Figure 19.
A red single-layer type of EL device based on a
copolymer containing carbazole, Eu complex, and
methyl methacrylate (Figure 20) was fabricated by
Ling and co-workers.®® A sharp red EL from the
single-layer ITO/carbozale—Eu complex/Al:Li was
observed under a drive bias over 6 V. However, the
EL intensity reached 3 cd/m? at 10 V drive bias, and
the EL efficiency was only 0.1%.

As discussed in the Introduction, lanthanide ion
complexes can achieve very high lanthanide ion
excitation efficiency by the optimization of the energy
transfer in the solid state system. However, the
maximum external EL quantum efficiencies using
lanthanide ion chelates as an emitting layer have
typically exhibited values less than 1%. Forrest and
co-workers investigated in detail the cause of the
inefficiency in the lanthanide ion chelate OLED
system.3240 They utilized Eu(TTA)s(Phen) as an emit-
ting source guest material, and the chelate was doped
into 4,4'-N,N'-dicarbazolebiphenyl (CBP) as a host
compound. CBP has a wide energy gap which sup-
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Figure 21. Proposed energy level diagram of the OLEDs
used in this study. The HOMO and LUMO are also shown.
The HOMO and LUMO levels of Eu(TTA)zphen are un-
known. (Reprinted with permission from ref 40. Copyright
2002 American Institute of Physics).

ports bipolar carrier transport. 2,9-Dimethyl-4,7-
diphenyl-1,10-phenanthroline was used as an electron-
transporting layer, and Alqgs is used to confine holes
within the EML. The proposed energy levels and each
organic layer of the device are shown in Figure 21.
First TPD was deposited by high vacuum: thermal
evaporation onto ITO (a sheet resistance of 20 Q/sq),
followed by deposition of Eu(TTA)3(Phen)(1%)—CBP
mixture, and then BCP and Algs. The cathode
consisted of Mg:Ag (10:1). They have observed a
maximum external EL quantum efficiency of 1.4%
at a current density of 0.4 mA/cm? for the system.
However, the quantum efficiency was significantly
decreased at high current (1—-100 mA/cm?). From the
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Figure 22. Configuration of Nd(DBM)zbath of OLED.
(Reprinted with permission from ref 45. Copyright 2002
American Institute of Physics).

analysis of the electroluminescent and photolumi-
nescent spectra and the current density character-
istics, they concluded that direct trapping of holes
and electrons and subsequent formation of the exci-
tons occurs on the dopant, leading to high quantum
efficiencies at low current densities. However, at high
current densities, triplet—triplet annihilation on CBP
molecules following back transfer from TTA is due
to the near resonance of TTA and CBP triplet states.
Liang and co-workers also reported the efficiency—
current characteristics in an OLED. They investi-
gated the luminance—current relationship of a simple
double-layer Eu(DBM)sbath complex and showed
that the quantum efficiency of the device rapidly
decreased with increasing current density, due to
biexcitonic quenching among the excited Eu®* ions.*
Takada et al. also investigated recently the factors
that influence the EL efficiency of Eu complex
devices. They examined exciton relaxation processes
as well as the mechanisms of carrier transport and
recombination.*?

V. Nd(lll), Er(lll), and Yb(lll) Complexes as
Emitting Materials

Neodymium (Nd3**) and erbium (Er3") are used as
the active elements in optoelectronic devices due to
their intra-4f transitions at 1340 nm (Nd®", *Fz, —
“11152) and 1530 nm (Eu®*, “l132, — *l1512). The infrared
emission at 1530 nm of Er ion is particularly highly
interesting for fiber-optic communication, because of
the narrow line width of the emission at room
temperature and the high bandwidth capacity.*
Recently, several investigators have fabricated near-
infrared and infrared OLRDs containing Nd, Er, and
Yb ions.

A neodymium-ion-doped inorganic semiconductor
EL diode was reported several years ago.** Yanagida
et al. reported a OLED based on a Nd organic
complex; Nd(DBM); bath was the emitting material,
TPD and Algs were used as the hole- and electron-
transport materials.*> All of the organic layers and
the cathode (Mg:Ag (10:1)) were fabricated by vacuum
deposition. The device structure is shown in Figure
22. Sharp near-infrared emission bands correspond-
ing to f—f transitions of the Nd ion were obtained
(Figure 23). However, the device was found to be
degradated during the measurement.

Klink and co-workers synthesized a lissamine-
functionalized Nd complex (Figure 24).“6 Triphen-
ylene was incorporated into the ligand, because it
allows excitation up to 350 nm and has a high
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Figure 23. Emission spectra in the near-infrared region;
(@) EL spectrum of ITO/TPD/Nd(DBM)sbath/Algs/Mg:Ag
device at the applied voltage of 19 V, (b) PL spectrum of
deposited film of Nd(DBM)sbath. Thickness of deposited
film for PL was 2000 A and excited by 390 nm light.
(Reprinted with permission from ref 45. Copyright 2002
American Institute of Physics).

Figure 24. Chemical structure of Nd3* lissamine complex,
triphenylene-functionalized derivative. (Reprinted with
permission from ref 45. Copyright 2002 American Institute
of Physics).

intersystem crossing quantum yield.*” Sloott and co-
workers synthesized a similar lissamine-functional-
ized Nd complex as an 890 nm emitter (Figure 25).48
The complex was blended with poly(dioctylfluorene-
co-benzothiadiazole). This polymer was chosen as the
host material because it has a very high photolumi-
nescent efficiency in the solid state (~0.6) along with
good solubility in common organic solvents and a high
electron affinity (~ 2.9 eV), which facilitates electron
injection from cathodes such as Ca. The quantum
efficiency of the Nd OLED device was estimated as
~1%.

Gillin and Curry fabricated an Er-containing OLED.
An Er—tris(8-hydroxyquinoline) complex was the
emitting material. They observed 1540 nm sharp
emission due to the Er®* ion the 4f transition at room
temperature.*®5° Sun and co-workers also prepared
an Er(acea)s(Phen) complex as the infrared emitter.
The device structure was ITO/PVK/Er(acea)s(Phen)/
Al:Li/Ag. They suggested that these devices provided
a simple and cheap light source at 1540 nm wave-
length.>! Recently, Schauze et al. synthesized a
tetraphenylporphyrin (TPP) Er complex which was
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Figure 25. (A) Chemical structure of lissamine-function-
alized Nd complex. (B) Chemical structure of poly(dioctyl-
fluorene-co-benzothiadiazole). (Reprinted with permission
from ref 48. Copyright 2002 American Institute of Physics).

blended with conjugated poly(p-phenylene) or poly-
(p-phenylene—vinylene) (Figure 26).52 They showed
that the TPP ligand and the conjugated polymers
provide effective energy transfer to Er and lead to a
high efficiency for OLED. Similarly, a Yb ion complex
was prepared. The OLED was based on Yb(TPP)acea
blended with these conjugated polymers. The EL of
the PPP—OR11:Yb(TPP)acea device was dominated
by the 977 nm Yb emission, and an external quantum
efficiency of 1.0 x 102 at 7 V was observed. The
efficiency was about five times higher compared to
the MEH—PPV:Yb(TPP)acea device.

Lee and co-worker prepared Y, La, and Gd ion
complexes with M(acea);(Phen).5® However, these
complexes were used as electron-transporting mate-

Kido and Okamoto

rials for the organic emitter, N,N'-bis(1-naphthyl-1,1'-
biphenyl-4,4'-diamine) (NPB). The OLED structure
was ITO/NPB/M(acea)s(Phen)/Mg:Ag. For the device
using the Gd chelate, a bright and sharp blue
emission of 1000 cd/m? at 20 V was observed.

VI. Tm(Ill) and Eu(ll) Complexes as Emitting
Materials

Tm?3* exhibits a spectrally narrow light emission
at about 480 nm. The spectroscopic properties of
Tm?3* have mostly been studied in inorganic crystals
and glasses as laser media. The blue luminescence
of Tm ions in ZnS:Tm3* inorganic thin film*® elec-
troluminescent devices based on the 4f(21G4) — 4f(3Hs)
transition has also been investigated.>*%® However,
Li and co-worker were the first to use Tm3* ion in
OLEDs.%® They prepared a tris(acetylacetonato)-
monophenanthroline Tm complex. Double-layer cells,
ITO/PVK/Tm complex/Al, were constructed. The elec-
troluminescence spectrum of the OLED with a drive
voltage of 10 V and the photoluminescence spectrum
under an excitation wavelength at 350 nm are shown
in Figure 27. The emitting intensity of 6.0 cd/m? was
achieved when a 16 V forward bias voltage was
applied.

Unlike the optical spectra of trivalent europium
ions which are dominated by parity forbidden f—f
transitions, the spectra of the divalent europium may
arise both from interconfigurational transitions be-
tween the states of 4f5d and the states of the lowest
energy configuration 4f” and from charge-transfer
transitions, both of which are parity allowed and
therefore potentially efficient.5” Thus, Christou et al.
fabricated OLEDs based on a Eu?" complex.%® They
prepared bis[tris(dimethylpyrazol)borate]Eu?t, Tp,-
Eu?t as an emitting layer (Figure 28). The multilayer
structure consists of TPD, the Eu?" complex, and 3-(4-
biphenylyl)-4-phenyl-5-(4-tert-butylphenyl)-1,2,4-tri-
azole (TAZ) as the hole-transfer, emitting, and elec-
tron-transfer layers, respectively: ITO/TPD/Eu?*
complex/TAZ/Al. The Eu?" complex was coated onto
ITO by evaporation, and the other layers were also
coated by evaporation. The device exhibited an
orange-colored electroluminescence with a maximum
luminance of 10 cd/m? at a current density of 20 mA/
cm2.

\ 2 '
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Figure 26. (A) Poly(oligoethylene oxide substituted p-phenylene vinylene). (B) Poly(substituted p-phenylene). (C) Er—
tetraphenylporphyrin complex. (Reprinted with permission from ref 52. Copyright 2002 American Institute of Physics).
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Figure 27. (W W) the EL spectrum of the devices at a
drive voltage of 10 V. (—) PL spectrum of the Tm-
(AcAc)zphen powder (excitation wavelength 350 nm). (Re-
printed with permission from ref 56. Copyright 2002
Elsevier Science).
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Figure 28. Chemical structures of Tp, Eu?t and TAZ.
(Reprinted with permission from ref 58. Copyright 2002
Wiley VCH).

VII. Conclusion

Recently, considerable progress has been achieved
with OLEDs by utilizing lanthanide metal ions such
as Eu and Tb as the emitting layer. However, the
gquantum efficiency of most of these lanthanide com-
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plexes is unfortunately still low. This may be mostly
due to inefficiency of the energy transfer, particu-
larly, triplet—triplet transfer in these lanthanide
complexes. Thus, in order to obtain effective and
useful OLEDs using lanthanide-based compounds,
we must further design ligands which have better
energy transfer property to the lanthanide metal ion.
Furthermore, the host materials should have effec-
tive energy transfer to the lanthanide complexes. For
the practical application of the lanthanide metal
complexes in OLEDs, further development should be
also focused on obtaining lower cost, easier fabrica-
tion, and better mechanical and thermal stability of
the lanthanide metal complexes.

VIIl. References

(1) Pope, M.; Kallmann, H. P.; Magnante, P. J. Chem. Phys. 1963,
38, 2042.

(2) Helfrich, W.; Schneider, W. G. Phys. Rev. Lett. 1965, 14.

(3) Organic Electroluminescent Materials and Devices; Miyata, S.,
Nalwa, H. S., Eds.; Gordon and Breach: Amsterdam, 1997.

(4) Tang, C. W.; Vanslyker, S. A. Appl. Phys. Lett. 1987, 51, 913.

(5) Burroughes, J. H.; Bradley, D. D. C.; Brown, A. R.; Marks, R.
N.; Mackay, K.; Friend, R. H.; Burns, P. L.; Holmes, A. B. Nature
1990, 347, 539.

(6) Sinha, S. P. Complexes of the Rare Earth; Progamon: London,
1966.

(7) Whan, R. E.; Croshy, G. A. J. Mol. Spectrosc. 1962, 8, 315.

(8) Bhaumi, K. M. L.; El-Sayed, M. A. J. Chem. Phys. 1965, 42, 787.

(9) Kido, J.; Nagai, K.; Ohashi, Y. Chem. Lett. 1990, 657.

(10) Kido, J.; Nagai, K.; Okamoto, Y. Chem. Lett. 1991, 1267.

(11) Kido, J.; Nagai, K.; Okamoto, Y. J. Alloys Compd. 1993, 30, 192.

(12) Kido, J.; Hayase, H.; Hongawa, K.; Nagai, K.; Okuyama, K. Appl.
Phys. Lett. 1994, 65, 2124.

(13) Takada, N.; Tsutsui, T.; Saito, S. Jpn. J. Appl. Phys. 1994, 33,
863.

(14) Sano, T.; Fujita, M.; Fuijii, T.; Hamada, Y.; Shibata, K.; Kuroki,
K. Jpn. J. Appl. Phys. 1995, 34, 1883.

(15) Ohmori, T.; Kajii, H.; Sawatani, T.; Ueta, H.; Yoshino, K. Thin
Solid Films 2001, 393.

(16) Huang, L.; Wang, K. Z.; Huang, C. H.; Li, F. Y.; Huang, Y. Y. J.
Mater. Chem. 2001, 11, 790.

(17) Adachi, C.; Tsutsui, T.; Saito, S. Appl. Phys. Lett. 1989, 55,
1489.

(18) Wang, J.; Wang, R.; Yang, J.; Zheng, Z.; Carducci, M. D.; Cayon,
T.; Peyghambarian, N.; Jabbour, G. E. 3. Am. Chem. Soc. 2001,
123, 6179.

(19) Horrocks, W. D. W.; Sudnick, D. R. Acc. Chem. Res. 1981, 14,
384.

(20) Edwards, A.; Chu, T. Y.; Claude, C.; Sokulik, I.; Okamoto, Y.;
Dorsinville, R. Synth. Met. 1997, 84, 1.

(21) Ma, D.; Wang, D.; Li, B.; Hong, Z.; Lu, S.; Wang, L.; Zhao, X,;
Minami, N.; Takeda, N.; Ichino, Y.; Yase, K.; Zhang, H.; Jing,
X.; Wang, F. Synth. Met. 1999, 102, 1136.

(22) Lin, Q.; Shi, C.Y.; Liang, Y. J.; Zheng, Y. X.; Wang, S. B.; Zhang,
H. J. Synth. Met. 2000, 114, 373.

(23) Yang, M. J,; Ling, Q. D.; Li, W. Q.; Wang, Y.; Sun, R. G.; Zheng,
Q. B.; Epstein, A. J. Mater. Sci. Eng. 2001, B85, 100.

(24) Ohmori, Y.; Fujii, A.; Uchida, M.; Morishima, C.; Yoshino, K.
Appl. Phys. Lett. 1993, 62, 1871.

(25) Huang, L.; Yang, K.; Xie, Z.; Chen, B.; Jiang, H.; Liu, S. Appl.
Phys. Lett. 1998, 73, 3348.

(26) Gao, X. C.; Cao, H.; Huang, C. H.; Umitani, S.; Chen, G. Q.;
Jiang, P. Synth. Met. 1999, 99, 127.

(27) Liu, L,; Li, W.; Hong, Z.; Peng, J.; Liu, X,; Liang, C.; Liu, Z.; Yu,
J.; Zhao, D. Synth. Met. 1997, 91, 267.

(28) Zhang, F. L.; Wang, Y. S.; Yang, X. H.; Hou, Y. B.; Xu, Z.; Xu,
X. R.; Zhang, R. H.; Huang, Z. H. J. Lumin. 2000, 87—9, 1149.

(29) Yu, G.; Liu, Y.; Wu, X.; Zhu, D.; Li, H.; Jin, L.; Wang, M. Chem.
Mater. 2000, 12, 2537.

(30) Jabbour, G. E.; Wang, J. F.; Kippelen, B.; Peyghambarian, N.
Jpn. J. Appl. Phys. Lett. 1999, 38, L1553.

(31) Capecchi, S.; Renault, O.; Moon, D. G.; Halim, M.; Etchells, M.;
Dobson, P. J.; Salata, O. V.; Christou, V. Adv. Mater. 2000, 12,
1591.

(32) Christou, V.; Salata, O. V.; Ly, T. Q.; Capecchi, S.; Bailey, N. J.;
Cowley, A.; Chippindale, A. M. Synth. Met. 2000, 111, 7.

(33) Kido, J.; Ikeda, W.; Kimura, M.; Nagai, K. Jpn. J. Appl. 1996,
35, 394.

(34) Pyo, S. W,; Lee, S. P.; Lee, H. S.; Kwon, O. K.; Hoe, H. S.; Lee,
S. H.; Ha, Y. K;; Kim, Y. K.; Kim, J. S. Thin Solid Film 2000,
363, 232.



2368

(35)
(36)

(37)
(38)
(39)
(40)
(41)

(42)
(43)

(44)
(45)

(46)

(47)

Chemical Reviews, 2002, Vol. 102, No. 6

Zhao, D.; Li, W.; Hong, Z.; Liu, X.; Liang, C.; Zhao, D. J. Lumin.
1999, 82, 105.

McGeHee, M. D.; Bergstedt, T.; Zhang, C.; Staab, A. P.; O'Regan,
M. B.; Bazan, G. C.; Srdanor, V. I.; Heeger, A. J. Adv. Mater.
1999, 11, 1349.

Robinson, M. R.; O'Regan, M. B.; Bazan, G. C. Chem. Commun.
2000, 1645.

Yang, M. J.; Ling, Q. D.; Li, W. Q.; Wang, Y.; Sun, R. G.; Zheng,
Q. B.; Eptein, A. J. Mater. Sci. Eng. B 2001, B85, 100.

Baldo, M. A,; Thompson, M. E.; Forrest, S. R. Pure Appl. Chem.
1999, 71, 2095.

Adachi, C.; Baldo, M. A.; Forreset, S. R. J. Appl. Phys. 2000,
87, 8049.

Liang, C. J.; Wong, T. C.; Hung, L. S,; Lee, S. R.; Hong, Z. R;
Li, W. L. J. Phys. D: Appl. Phys. 2001, 34, L61.

Takada, N.; Peng, J.; Minami, N. Synth. Met. 2001, 121, 1745.
Ennen, H.; Pomrenke, G.; Axmann, A.; Eisele, K.; Haydl, W.;
Schneider, J. App. Phys. Lett. 1985, 46, 381.

Chang, S. J. J. Appl. Phys. 1995, 78, 4279.

Kawamura, Y.; Wada, Y.; Hasegawa, Y.; lwamuro, M.; Kitamura,
T.; Yanagida, S. Appl. Phys. Lett. 1999, 74, 3245.

Klink, S. I.; Hebbink, G. A,; Grave, L.; Van Veggel, F. C. J. M.;
Reinhoudt, D. N.; Sloott, L. H.; Polman, A.; Hoftraat, J. W. J.
Appl. Phys. 1999, 86, 1181.

Steemers, F. I.; Verboom, W.; Reinhoudt, D. N.; Vonden Tol, E.
B.; Verhoeven, J. W. J. Am. Chem. 1995, 117, 9408.

(48)

(49)
(50)
(51)

(52)

(53)

(54)
(55)

(56)
(57)
(58)

Kido and Okamoto

Slooff, L. H.; Polman, A.; Cacialli, F.; Friend, R. H.; Hebbink,
G. A;; Van Veggel, F. C. J. M.; Reinboudt, D. N. Appl. Phys. Lett.
2001, 78, 2122.

Gillin, W. P.; Curry, R. J. Appl. Phys. Lett. 1999, 74, 798.
Curry, R. J.; Gillin, W. P. Appl. Phys. Lett. 1999, 75, 1380.
Sun, R. G.; Wang, Y. Z.; Aheng, Q. B.; Zheng, H. J.; Epstein, A.
J. J. Appl. Phys. 2000, 87, 7589.

Harrison, B. S.; Foley, T. J.; Bouguettaya, M.; Boncells, J. M.;
Reynolds, J. R.; Schanze, K. S.; Shim, J.; Holloway, P. H,;
Padmanaban, G.; Rama Krishnan J. Appl. Phys. Lett. 2001, 79,
3770.

Li, W. L.; Gao, Z. Q.; Hong, Z. Y.; Lee, C. S.; Lee, S. T. Synth.
Met. 2000, 111, 53.

Tanaka, S. J. Cryst. Growth. 1990, 101, 958.

Morton, D. C.; Koh, J.; Larean, R. L.; Pfefler, R. L.; Sun, S.;
Larach, S.; Jusinski, M.; Wrenn, C. Proceedings of the 9th
International Display Research Conference, Japan, Display 89,
Kyoto 74, 1989.

Hong, Z.; Li, W.; Zhao, D.; Liang, C.; Liu, X.; Peng, J.; Zhao, D.
Synth. Met. 2000, 104, 165.

Jiang, J.; Higashiyama, N.; Machida, K.; Adachi, G. Coord.
Chem. Rev. 1998, 170, 1.

Shipley, C. P.; Capecchi, S.; Salata, O. V.; Etchells, M.; Dobson,
P. J.; Christou, V. Adv. Mater. Commum. 1999, 11, 533.

CR010448Y



