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The Electroluminescent Decay Mechanism
of Rare-Earth Ions in OLEDs Based
on a Terbium Complex

C. J. Liang, Wallace C. H. Choy, and ChunHui Huang

Abstract—The organic light-emitting diodes (OLEDs) based on
terbium (Tb) complexes show sharp green emission spectrum with
excellent color purity. However, the brightness of Tb-OLEDs is
generally weak. Here, the electroluminescent (EL) decay mecha-
nism of TB-OLED:s is studied by arbitrarily using tris-(1-phenyl-3-
methyl-4-isobutyryl-5-pyrozolone)-bis(triphenyl phosphine oxide)
terbium as the emitting layer. The device shows high EL efficiency
at low current density but rapid reduction of device efficiency at
higher current density. The transient EL is investigated for un-
derstanding the decay process of excited Th*" ions. Together with
theoretical studies, exciton quenching is proposed to explain the
decay of the Th-OLEDs which is important for optimizing and
engineering the material and device structures. The EL from the
mixed layer of the Tb and europium (Eu) complexes is also studied.
We find that the EL performance and transient decay of the ex-
cited Tb ions are modified by energy transfer from Tb to Eu in the
OLEDs.

Index Terms—Electroluminescent (EL) decay mechanism, en-
ergy transfer, exciton quenching, rare-earth (RE) organic light-
emitting diodes (OLEDs).

I. INTRODUCTION

T IS well-known that rare-earth (RE) ions can exhibit spec-
I trally narrow emission, due to intra-atomic transitions within
the 4f shell. Earlier photoluminescence (PL) studies showed
that RE complexes have the interesting features of highly effi-
cient intra-energy conversion from the singlet states of organic
ligands to the triplet states and thence to the excited states of
the central RE ions; thus, both singlet and triplet excited states
of the ligands could contribute to the final sharp emission of the
central RE ions for device applications. Therefore, with a proper
engineering of the material and device structures, RE complexes
are anticipated to exhibit high efficiencies in organic electrolu-
minescent (EL) devices. For these reasons, there has been great
interest in using RE complexes as light emitters in the organic
light-emitting diodes (OLEDs). So far, the EL from the RE com-
plexes of Eu, Tb, Dy, and Sm [1]-[4] for visible emission, and
Er, Nd, and Yb [5]-[7] for infrared emission have been realized.
However, the experimental results show that the EL efficiency
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and the emission intensity of the RE complex-based OLEDs are
much lower than the expected. This remains to be the inherent
feature for the application of RE complexes in OLEDs. For a
better understanding of the issue, it is necessary to investigate
the excited-states process of the RE ions in OLEDs [7].

Eu and Tb complexes are the most intensively investigated
RE complexes in OLEDs. Eu complexes have shown high EL
efficiency at low current density but rapid reduction of device
efficiency at higher current density. It has been reported [1],
[81, [9] that in the Eu-based EL device, the exciton quenching
among the excited Eu®T ions is an important channel in the
decay process, and this is the primary cause for the rapid re-
duction of emission efficiency at higher excitation intensity.
For Tb-based OLED, the EL performances of Tb complexes
with various organic ligands have shown that the overall EL
intensity and efficiency are not good, and improvements have
been investigated [10]-[13]. However, the decay mechanism of
the Tb-based OLED remains to be a question. It is necessary
to clarify the excited-states process of the Tb complex in the
OLED:s.

In this letter, we examine the EL performance and decay
mechanism of the OLEDs using tris-(1-phenyl-3-methyl-4-
isobutyryl-5-pyrozolone)-bis(triphenyl ~ phosphine  oxide)
(Tb(PMIP)3(TPPO)>) as the emitting layer. The results sug-
gest that exciton quenching occurs in the Tb-based OLEDs. We
also investigated the EL from the mixed layer of the Tb com-
plex and a Eu complexes of europium (dibenzoylmethanato)s
(bathophenanthroline) (Eu(DBM)sbath). The results show that
energy transfer from Tb to Eu ions occurs in the mixed layer
and modify the emission decay of Tb.

II. EXPERIMENT

Tb(PMIP)35(TPPO), and a mixed layer of the Tb com-
plex and Eu(DBM)sbath were used as the emitting layers
in this study. The widely used material of N, N’-Bis
(3-methylphenyl)- N, N’-diphenyl-benzidine (TPD) is used
as the hole-transport layer. UV emissive 2,2’,2”-(1,3,5-Ben-
zinetriyl)-tris (1-phenyl-1-H-benzimidazole) (TPBI) is the
electron-transport layer. The OLEDs with the structure of

Device A: ITO-TPD(50 nm)/Tb-complex(30 nm)/
TPBI(30 nm)/LiF-Al, and
Device B: ITO-TPD(50 nm)/Tb-complex:
complex(30 nm)/TPBI(30 nm)/LiF-Al
were fabricated. All the organics and the LiF-Al cathode
are deposited by thermal vacuum deposition at a pressure
of 107% Torr [14]. Transient EL was studied by applying a
voltage pulse across the device. By using a monochromator for

Eu-
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Fig. 1. Efficiency-current characteristics of Device A: experimental data (filled
squares) and simulated data (solid line) by using (2), with 7o = 7.4 cd/A and
jo = 1.0 mA/cm?. The inset shows brightness-current-voltage characteristics
of Device A.

wavelength selection, the transient spectrum was detected by a
photomultiplier and an oscilloscope.

III. RESULTS AND DISCUSSION

Fig. 1 shows the efficiency-current relationship of Device A.
It shows high EL efficiency of 6.5 cd/A at the low current den-
sity of 0.1 mA/cm?®. However, the EL efficiency drops rapidly
with the current density. It reduces to below 1.0 cd/A when the
current density is higher than 30 mA/cm?. As a result, the de-
vice cannot exhibit high EL brightness as shown in the inset of
Fig. 1. By simultaneously investigating the experimental results
with the theoretical model, we clarify the emission decay mech-
anism. In the exciton quenching model, it is assumed that the
interaction between two excited Tb*T ions causes a quenching
channel in the decay process of the excited Tb>* ions, thus the
process will follow:

dn——ﬁ—ﬁnz—}—kf

an _ J
dt T 2

J D

where n is the concentration of the excited Tb>T ions, T 1S the
lifetime of the excited ions due to emissive decay, k, is the ex-
citon quenching parameter, j is the current density, g is the elec-
tron charge, [ is the thickness of the exciton formation zone, and
k is the possibility for a charge-carrier to form an excited T+
ion. At steady state, the quantum efficiency can be calculated
from (1)

(@)

where 7 is the device efficiency, ng is the efficiency in the ab-
sence of the biexcitonic quenching effect among the excited
Tb3+ ions, and

jo = 4lq/(kksr?) 3)

is the characteristic current density at which n = n9/2. If jj
were small, the quenching effect would be serious. Thus, a
large value of j, is expected in the devices. The transient decay
process could be deduced from (1). After a pulse excitation, the
emission intensity L(t) follows:

L(t) = L(0)/ [(1 + Kr)et — KT] (4)
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Fig. 2. Transient luminescence of Device A after the pulse excitations at 8, 9,
and 11 V: experimental data (open circles) and fitting curves (solid line) by using
equation (4) with 1.1 x 102,2.0 x 103, and 3.1 x 103 s—! for K at 8, 9, and
11V, respectively. The fitting curves are normalized at ¢ = 0 for comparison.
The inset shows the decay time of Tb(PMIP)3(TPPO)» characterized by PL
measurements.

where L(0) is the initial emission intensity and K is defined by
&)

Here n(0) is the initial concentration of the excited Tb>™ ions.

We are ready to make comparison between the theory and
the experimental results. As shown in Fig. 1, the experimental
data on the efficiency-current relationship are well fitted with the
simulation line based on (2). In the computer-assisted simula-
tion, the values ng = 7.4 cd/A and jo = 1.0 mA/cm? were used.
This means that if the current density is higher than 1.0 mA/cm?,
the efficiency will be less than half of the initial value. The value
of k, is estimated to be 2.7 x 1072* m* /s according to (3) by
using jo = 1.0 mA/cm?, 1 = 10 nm, 7 = 0.49 ms, and ks = 1.

More straightforward evidence supporting the exciton
quenching model is the transient EL signal of the device. Fig. 2
shows the decay process after excitation with a pulse voltage.
The measurement was performed at pulse voltages of 8, 9,
and 11 V. The decay becomes faster with increasing voltages,
and the measured transient luminescence could not simply
be described by a single exponential decay rule, especially at
higher voltage, suggesting a nonlinear quenching term in the
decay process. The inset of Fig. 2 shows PL measurements on
the decay time of the Tb complex. The exponential decay fit on
this data gives a lifetime of 0.49 ms. Using this value for 7 in
(4), the decay process is fitted as shown in Fig. 2. The values
of K are 1.1 x 103, 2.0 x 102, and 3.1 x 103 s~ for 8, 9,
and 11 V, respectively. The K values increase with increasing
voltages. According to (5), this trend is reasonable because a
higher voltage pulse would give a higher initial concentration
n(0) and thus a larger K. Consequently, the theoretical and
experimental results suggest that exciton quenching occurs in
the Tb complex-based OLEDs.

In order to study the interaction between Tb and Eu ions, De-
vice B with a mixed layer of the Tb complex and Eu complex
has been studied. Fig. 3 shows the EL spectra of the device with
different weight ratio of the Eu and Tb complexes. For refer-
ence, EL from the pure Tb complex is shown in Fig. 3(A). In
Fig. 3(B), the weight ratio of Eu and Tb is 1 : 15; the Eu emis-
sion at 613 nm appears in the spectrum. When the Eu : Tb ratio
is increased to 3: 15, the emission from Eu dominates the EL

K = 0.5[kn(0)].
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Fig. 3. EL spectra of the device with different ratio of the Eu and Tb complex,
the Eu-to-Tb weight ratio of the mixed layer are 0: 15 (pure Tb complex), 1 : 15,
and 3:15, 15: 15, respectively.
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Fig. 4. Transient decay curve of Tb** ions in the mixing layer after excitation
with pulse voltages of 6.8 V, the Eu-to-Tb weight ratio of the mixed layer are
0: 15 (pure Tb complex), 1: 15, and 3: 15, respectively.

spectra as shown in (C). In Fig. 3(D), the Eu: Tb ratio is further
increased to 15 : 15; in this case, only emission from Eu can be
seen in the EL spectrum, and the Tb emission is totally disap-
peared. These results show that the existence of the Eu ions in
the mixed layer suppress the emission of Tb ions, suggesting
that energy transfer from Tb to Eu may happen in the mixed
layer.

Transient EL measurement of the Tb emission is performed
to confirm the prediction. The decay of Tb>" jons in the mixing
layer after excitation with pulse voltages are shown in Fig. 4. We
set the measured wavelength at 545 nm such that the detected
signals only describe the decay of Tb>' jons. The excitation
intensity is monitored as low as possible, so that the exciton
quenching are negligible and the decay signal can be fitted with
an exponential decay rule. The transient measurements are made
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at the Eu: Tbratio of 0 : 15 (pure Tb complex), 1:15,and 3: 15.
The exponential decay fit on the data gives a decay lifetime of
0.49, 0.39, and 0.22 ms for the ratio of 0: 15, 1:15 and 3: 15,
respectively. This shows that the existence of Eu changes the
decay rate of Tb®T significantly; the more the Eu complex in the
mixing layer, the faster the decay of Tb®>" will be. This indicates
the energy transfer from Tb to Eu ions introduces another decay
channel for excited Tb>" jons and accelerates its decay process.

IV. CONCLUSION

Because the excited RE ions possess very long lifetime, the
interaction between the ions at their excited states becomes sig-
nificant. Similar to the EL of Eu complex, the exciton quenching
also occurs in the Tb complex-based OLEDs. This quenching
process is a primary cause for the efficiency reduction and low
emitting intensity of the device. Interaction between different
RE ions is also observed. The results on EL spectrum perfor-
mance and transient decay of Tb ions in the mixed layer of Tb
complex and Eu complex show that the energy transfer from Tb
to Eu introduces another decay channel for excited Tb>* ions
and accelerates its decay process.
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