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Using the rare-earth special feature of a sharp emission spectrum, voltage-controlled continuous
color tuning of organic light-emitting diodes is achieved. Europium(dibenzoylmethanato),
(bathophenanthroline) is used as the strategic starting point close to the red corner of the
Commission International de I’Eclairage chromaticity diagram for a wide color tuning. The end
point and path of the color tuning can be engineered by doping the hole-transport emitting layer with
dyes. The mechanisms of color tuning have been investigated and explained by the efficiency
reduction of the europium complex and the extension of carrier recombination zone with driving
voltage. The effect of exciplex on the color tuning is also studied. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2405420]

Organic light-emitting diode (OLED) is one of the prom-
ising technologies for light display applications. In order to
achieve a full-color pixel in display applications, compli-
cated techniques have to be used to accurately fabricate three
OLED structures for red, green, and blue emissions in small
areas."” It will be highly desirable if a simply single OLED
can emit light with a wide range of colors, continuously tun-
able by changing the voltage for simplifying the fabrication
techniques of multi- and full-color devices. Voltage-
controlled color tuning has been reported in OLEDs using
small molecules® and polymers,f’_8 as well as in light-
emitting electrochemical cells.”!° However, more efforts are
needed to expand the tuning range and to understand the
underlying mechanism.

Rare-earth organometallic complexes have the interest-
ing features of sharp emission spectrum and theoretically
high electroluminescent (EL) efficiency. Indeed, high quan-
tum efficiency (7) of EL of 7.5% was obtained in europium
(Eu) complex11 at low current density. In this letter, a Eu
complex is used as the strategic starting point for the color
tuning. The sharp red emission close to the corner of the
Commission International de I’Eclairage (CIE) chromaticity
diagram offers a large space for color tuning. The OLEDs
containing  Eu(dibenzoylmethanato)(bathophenanthroline)
[Eu(DBM);bath] acting as the emitting and electron-
transport (ET) layers, and N,N’-bis(2-naphtalenyl)-
N-N'-bis(phenylbenzidine) (NPB) as the hole-transport layer
are studied. Transient EL, current efficiency, and Eu’* emis-
sion 7 are investigated to clarify the mechanism of the color
tuning. The effects of exciplex on the color tuning are also
addressed. Depending on the emission color of dyes, doping
the NPB layer offers various routes of the color tuning on the
CIE diagram.

The basic device structure (device A) is indium
tin oxide (ITO)/NPB(40 nm)/Eu(DBM);bath(40 nm)/Alqs
(20 nm)/LiF/Al. Eu(DBM);bath has been shown to have
good ET and emitting properties in the earlier studies.'” The
multilayer of Alqs/LiF/Al acts as a composite electron-

 Author to whom correspondence should be addressed: FAX: (852) 2559-
8738; electronic mail: chchoy @eee.hku.hk

0003-6951/2006/89(25)/251108/3/$23.00

89, 251108-1

injection electrode. It should be noted that the ET properties
and thus the brightness and 7 of OLEDs can be further en-
hanced by cohosting the Alq; based ET layerl3 although the
study is out of the scope of this letter. All the organics and
the LiF/Al cathode are deposited by thermal vacuum depo-
sition at a pressure of 107 Torr. Transient EL was studied by
applying a voltage pulse across the device. By using a mono-
chromator for wavelength selection, the transient spectrum
was detected by a photomultiplier and an oscilloscope.

The EL spectra of device A are shown in Fig. 1. At the
voltage of 6 V, the EL spectrum shows the solely sharp
emission from the Eu complex. At higher voltages a board
emission in the shorter-wavelength region appears and its
intensity continuously strengthens. Comparing with the pho-
toluminescent (PL) spectrum of NPB, the board emission
consists of two parts: one is the emission at ~450 nm from
NPB; the other at ~500 nm can be due to either Alqs or the
exciplex forming at the interface between two organic layers.
To study the origin of the emission, we replace Alq; by UV
emissive 2,2',2"-(1,3,5-benzinetriyl)-tris  (1-phenyl-1-H-
benzimidazole). The results show that the emission at
~500 nm still exists. This implies that it is the exciplex

1.2

NPB _  Device A: ITO/NPB/Eu(DBM) bath/Alg,/LiF/Al
Emission®.
’1 1 \): r
0.8 ;‘; \ 4
A'\_ - ___ Exciplex
NPBPL

\
Emission ‘
\
\

Intensity (a.u.)

T T T T T T T T T T T
400 450 500 550 600 650 700
Wavelength (nm)

FIG. 1. EL spectra of device A. They are normalized to the Eu peak at
615 nm. The solid line is the PL spectrum of NPB film.
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FIG. 2. Transient EL of Eu’* ions in device A; experimental data (open
circles) and fitting curves (solid lines) are obtained by using Eq. (1) with
K=0.7X10% 3.5%10% and 1.8 10* s™! for 6, 8, and 14 V, respectively.
The fitting curves are normalized at ¢=0. The inset shows the decay of
Eu(DBM);bath characterized by N, pulse laser excitation.

emission from the interface of NPB and the Eu complex. The
NPB emission becomes dominantly stronger than the exci-
plex emission as the voltage is further increased. As a result,
continuously reversible color tuning from pure red to blue is
obtained.

Two reasons may cause the distinct EL spectrum
changes. One is the 7 decrease of Eu(DBM);bath at high
voltages; the other is the shift of recombination zone in the
device. Transient EL has been used to understand the biex-
citonic quench and 7 decrease of the Eu** emission in the
process of color tuning. Considering that interaction between
two excited Eu** ions causes a quenching channel in the
decay process of the excited Eu** ions, the transient intensity
L(r) violates the typical exponential decay rule and

follows: ™

L(0)

=, 1
(1+KDe"" —Kr M

L(1)
where 7 is the lifetime of the excited ions due to emissive
decay, L(0) is the initial emission intensity, and K is the
biexcitonic quench rate. Thus 7 of the Eu** ions is

1
T 1+K7

7 2)
where 7 can be obtained from the transient PL and EL under
weak excitation intensity. K can be determined by fitting the
transient EL decay data with Eq (1).

The decay of Eu’* ions after excitation of pulse voltages
are shown in Fig. 2. We set the measured wavelength at
614 nm such that the detected signals only describe the de-
cay of Eu’* ions. The inset of Fig. 2 shows the PL decay of
Eu(DBM);bath. The exponential decay fitting gives 7
~300 us. Using Eq. (1), the decay process is fitted as shown
in Fig. 2. The values of K are 0.7 X 10%, 3.5X 10%, and 1.8
% 10* s7! for 6, 8, and 14 V, respectively. According to Eq.
(2), 7 of Eu** emission are 0.82, 0.49, and 0.16 for 6, 8, and
14 V, respectively. These clarify that the biexcitonic quench
does happen and makes 7 of Eu** emission decrease signifi-
cantly at higher voltages and therefore is useful for achieving
the color tuning.

Figure 3 compares the evolution trends of 7 of the ex-
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FIG. 3. Current efficiency (filled circle) of device A and 7 of the excited
Eu* ions (open triangle). The Eu** 7 is factorized to the same value as
the device current efficiency at 6 V. The inset is the energy diagram of
device A.

cited Eu** ions and the measured current efficiency of device
A. The results show that the two trends of reduction with
increasing voltage are similar. However, the reduction of the
device efficiency is more drastic than that of the Eu?* 7,
implying that the recombination zone changes. The inset of
Fig. 3 shows the energy diagram of device A. At the interface
of NPB and Eu(DBM);bath the energy barriers for electrons
to enter NPB layer and for holes to enter Eu(DBM);bath are
almost the same. Therefore the shift or extension of recom-
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FIG. 4. EL spectra of devices B and C. They are normalized to the Eu peak
at 615 nm. The insets show the current efficiency of the devices.
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FIG. 5. Color tuning of devices A, B, and C on the CIE chromaticity dia-
gram. The circles CO, C1, C2, and C3 are the emission colors of pristine
Eu(DBM);bath, NPB, perylene doped NPB, and C545T doped NPB, respec-
tively. C4 is the emission color of a supposed fluorescent dye doped NPB.
The results denoted by [0 and A are extracted from Refs. 3 and 10,
respectively.

bination zone at the interface with the driving voltages is
greatly possible. As shown in Fig. 1, since the emission of
Eu(DBM);bath is still present at high driving voltage, it
can be readily considered that the extension of recombina-
tion zone occurs in the device, i.e., the carrier recombination
zone mainly locates in the Eu(DBM);bath layer at low bias
and it extends across the interface into the NPB layer at
higher voltages. This is the second major reason for the color
tuning.

Since NPB can serve as the host for many fluorescent
dopants, it is possible to change the tuning color by using
dopants. Two typical dopants of perylene and coumarin
545T (C545T) for blue and green emissions respectively,
are used to change the tuning color. The structures
of ITO/NPB(20 nm)/NPB:dopant(20 nm)/Eu(DBM);bath
(40 nm)/(20 nm)/LiF/Al with perylene and C545T as dop-
ants for devices B and C, respectively, have been fabricated
and their EL spectra are shown in Fig. 4. The results show
that the emission of NPB is replaced by the dopants, and the
color tuning routes are changed accordingly. In addition, the
insets of Fig. 4 show that the reduction of current efficiencies
of devices B and C is slower than that of devices A, and the
efficiencies at higher voltages are improved due to the better
emitting properties of the doped NPB layers. The color tun-
ing of devices A, B, and C are summarized in Fig. 5. The
CIE coordinates of the pristine materials are also plotted as a
reference. CO and C1 are the CIE coordinates of Eu** and
NPB emissions, respectively. Device A shows the color tun-
ing along the line starting from CO and moving towards C1.
Doping NPB with perylene (device B) and C545T (device C)
changes the destination to C2 (perylene emission) and C3
(C545T emission), respectively. Also shown in Fig. 5 are the
typical color tunable results of others.™'® The color tunabili-
ties of devices A, B, and C are considerable as compared to
them. Consequently, the ending-color adjustable and wide-
range color tunable scheme is achieved in the simple device
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configuration. This confirms that we can engineer the color
tuning route of the device. For instance, if a dopant in NPB
emits a color at C4, we could obtain the color tuning route
starting from CO and ending towards C4. It is worth to note
that when the color tuning is merely caused by intensity
changes from two emitting species, the tuning route should
be a straight line linked between the two destination colors.
In the result, the tuning route is curved. This can be ex-
plained by the emission from a third party which is the ex-
ciplex emission as discussed previously.

In conclusion, making use of Eu®* featuring a sharp red
emission, reversible voltage-controlled continuous color tun-
ing is achieved in the OLEDs by using Eu(DBM);bath as the
strategic starting point close to the red corner of the CIE
chromaticity diagram. The ending-color adjustable and wide-
range color tuning scheme is achieved by doping the NPB
layer with dyes. The exciplex emission makes the color tun-
ing path curved instead of a straight line. In our experiments,
the 7 reduction of the Eu complex and extension of carrier
recombination zone at higher bias have been shown to be the
major reasons for achieving the color tuning. The stability of
Eu complex in OLED is still a challenge, further work of
new chemically stable Eu complexes are needed in the field.
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