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Abstract

Lithium quinolate (Liq), covered with aluminium, was used as an electron injection layer in a double layer organic light emitting diode
consisting of NPD as the hole transport layer and Alq as the emitting layer resulting in lower turn on voltage and increased power efficiency.
The driving voltage required to achieve a luminance of 100 cd/m? decreased from 5.8 V for the Ca/Al to 4.2 V when Lig/Al was used,
improving device power efficiency from 2.3 to 4.1 Im/W. The performance tolerance to layer thickness of Liq devices is also better than that of
the devices with lithium fluoride (LiF). Due to the highly insulating nature of LiF, it can only be used when deposited as an ultra-thin layer,
while the Liq can be deposited into layers as thick as 5 nm without significantly affecting the EL properties. An Liq electron injecting layer has
also been tried in combination with Ca, Mg and Ag cathodes. Our experiments support the assumption that free lithium is released from
lithium quinolate, as in the case of lithium fluoride, when Liq is over coated with active metals such as Al. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Organic—inorganic interfacial modification in organic
light emitting diodes (OLEDs) has been widely investigated
for improving the charge injection efficiency of the contacts.
By lowering the charge carrier injection barriers and in
turn increasing the hole and electron injection efficiency,
a better balance of the opposite carrier concentration can be
achieved resulting in increased electroluminescent (EL)
efficiency, improved OLED stability and prolonged lifetime.
Insertion of carrier injection assisting layers at either or both
anode and cathode sides is one of such interfacial modifica-
tion techniques.

Thin layers (10-30 nm) of PEDOT, MTDATA, CuPc, as
well as ultra-thin (0.1-5 nm) layers of inorganic oxides are
often used to improve hole injecting properties of ITO/hole
transporting layer interface [1-4]. Low work function metals
and their compounds have been widely used as a part of the
cathode in order to improve electron injection. A widely
used example of such a low work function metal is Li. There
are numerous works where either Li itself [5] or its inorganic
compound LiF [6] is placed between an organic electron
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transport layer (ETL) and an Al cathode. LiF/Al cathode is
often used as a more stable alternative to silver capped
calcium [7] and magnesium [8] cathodes.

In addition to lithium metal and LiF, lithium complexes
[9,10] with organic ligands and lithium doped organic
materials [11,12] have also been used as electron injection
layers in combination with Al cathode. Lithium organic
complexes or lithium doped organic materials can be depos-
ited into much thicker layers in OLEDs than LiF, which, due
to its high electrical insulation, has a thickness restriction
(less than 2 nm) and consequently its deposition can be
difficult to control.

Lithium quinolate is one of the complexes shown to assist
electron injection [9,10] that has not yet been widely inves-
tigated. This paper will report our results on OLEDs where a
combination of lithium quinolate as an electron injection
layer with Al or other metals resulted in improved electron
injection.

2. Experimental
Lithium quinolate was synthesised by a reported proce-

dure [9] and subjected to further purification by high-
vacuum sublimation (p < 107% mbar) at 300 °C. The device
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structure is ITO/NPD/Alq/Lig/metal, where NPD and Alq
were chosen for their stability and EL efficiency of the
device. The devices were fabricated on oxygen-plasma
treated patterned-ITO substrates. All layers were deposited
by resistive thermal evaporation at a pressure of 10 °—
1077 mbar. The thickness of NPD and Alq are both
50 nm if not specifically indicated elsewhere. The thickness
of Liq was varied between 0.2 and 10 nm. Layer thicknesses
were controlled using a quartz crystal thickness monitor.
Finally, 100 nm of Al were deposited on top of the organic
layers through a shadow mask to form 2 x 5 mm? pixels.

For comparison, some alkaline earth metals such as
calcium and magnesium capped with silver were used to
form multi-layer cathodes. In addition, lithium fluoride
(LiF) and calcium (Ca) have been deposited instead of
Liq between Alq and Al. Due to the limited number of
evaporator sources, the chamber had to be open for changing
sources after depositing organic layers. To minimize the
exposure of the organic layers to the air while changing
evaporation sources, the chamber was filled with dry nitro-
gen. The substrate coated with the organic layers was kept
under a flow of nitrogen, while the source changing was
carried out in as short as possible time (<1 min).

All control devices used in this paper for comparison of
EL characteristics were manufactured simultaneously with
the Liq containing devices. Both investigated and control
devices were tested in air at room temperature immediately
after fabrication.

3. Results and discussion

First, we will compare EL properties of devices with Liq/
Al to the control devices with Ca/Al or LiF/Al as a cathode.
Fig. 1 shows the current density—voltage (/~V) and lumi-
nance—voltage (L-V) characteristics of double layer devices
consisting of 40 nm of NPD and 60 nm of Alq. Either Liq or
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Fig. 1. Current density (circles) and luminance (triangles) of device
NPD(40 nm)/Alq(60 nm)/Liq(1.0 nm)/Al(100 nm) (open symbols) and
device NPD(40 nm)/Alq(60 nm)/Ca(10 nm)/Al(100 nm) (solid ones).

Ca is sandwiched between the Alq and Al. As seen from the
graph, the device with lithium quinolate has lower driving
voltage for a given luminance, as well as a faster increase in
luminance with the increase in the driving voltage. With Liq,
a luminance of 100 cd/m” is achieved at 4.2 V (compared
with 5.8 V for the control device with calcium), and 1000 cd/
m? is reached at 6.0 V (8.4 V for the control). At 100 cd/m?,
the power efficiency is as high as 4.1 Im/W (5.5 cd/A),
compared with 2.4 Im/W (4.4 cd/A) for the control calcium
device. One can also see that the turn on voltage (at the
minimum luminance of 1072 cd/m?) of the Liq device is
0.2 V lower than that of the control device with calcium.
We should note that at a higher driving voltage range, the
luminance of the Liq device does not increase as quickly as
its current density. So we observed the efficiency decrease
when the voltage reaches 9V, and the mechanism is not
very clear.

Fig. 2 shows the -V and L-V curves for the two double
layer NPD (50 nm)/Alq (50 nm) devices with either Liq or
LiF as the electron injection layer. The EL performance of
the device with Lig/Al is almost identical to that of the
control device with LiF/Al.

When Fig. 2 with Fig. 1 are compared, one can notice two
differences, one is that the luminance of Liq device is still
increased quickly at higher voltage, and another is that the
efficiency of two Liq devices are different. The thicker
emissive layer gives higher efficiency.

We found that the Liq layer can be as thick as 5 nm
without compromising the EL characteristics significantly,
which is higher than the 2 nm, which we got for LiF in our
experiment. Fig. 3 shows the variation of power efficiencies
at a luminance of 100 cd/m” of devices with different
thickness of lithium quinolate. We can see that the efficiency
is still increasing when the thickness of Liq reaches 1.6 nm.
We found that even when the thickness of Liq is as high as
5 nm, the EL performance is still acceptable (the power
efficiency is about 1.4 Im/W). Our results for LiF show that
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Fig. 2. Current density (circles) and luminance (triangles) of device
NPD(50 nm)/Alq(50 nm)/Liq(1.0 nm)/Al(100 nm) (open symbols) and
device NPD(50 nm)/Alq(50 nm)/LiF(0.2 nm)/A1(100 nm) (solid symbols).
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Fig. 3. Power efficiency variation with thickness of lithium quinolate.
The structure of the device is ITO/NPD(50 nm)/Alq(50 nm)/Liq(x nm)/
AI(100 nm).

the best device performance corresponds to the optimum
thickness of between 0.2 and 0.5 nm (about 2.7 Im/W at
100 cd/mz). When the LiF thickness is increased to 1.0 nm,
the EL efficiency deteriorates. When the thickness of LiF is
5 nm, the device is very unstable, and when it reaches 10 nm,
the device does not give emission at all. According to
Schmitz et al. [9], Liq is an electron transporting material.
In this case, the extra thickness of Liq should not cause as
much problem for the electron transport as the extra thick-
ness of insulating LiF, which blocks electron injection.

We noticed that Brown et al. showed quite different results
for polymer device with LiF. In their experiments the
lowest turn on voltage and the highest maximum efficiency
is reached for the thickness of LiF film of 7.2 nm [19].
The difference in the results may be due to the fact that a
polymer rather than Alqg; has been used in their devices.
Alternatively, different test conditions may be responsible:
our devices are measured in air, while theirs are encapsu-
lated under dry nitrogen.

What is the mechanism responsible for the improved
electron injection? In the case of LiF, Hung et al. [13]
has suggested that it is the band bending in the organic
layer that lowers the electron injection barrier height, while
Fujikawa et al. [14] suggest that it is the presence of a dipole
at the LiF/metal interface that shifts the work function of the
metal cathode to lower energies. But more and more authors
now agree [15-18] that it is free lithium metal released at the
LiF/metal interface and doped into the organic layer that
improves electron injection. Heil et al. [17] found that
lithium liberated during the deposition of Al on LiF ended
up in the Alq layer acting as a dopant. It was also suggested
[16] that Alq anion states produced by the interaction of Alq
and liberated Li was responsible for the EL performance
improvement. Other authors [18] believe that lithium doping
in the organic films increases the transparency of the barrier
to electron injection from the contact.

The concept of Li doping was also put forward in the case
of Liq [9]. To clarify this issue, we made Liq devices with
different metal cathodes (Ca, Mg, and Ag). Devices with
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Fig. 4. Current density (left axis) and luminance (right axis) voltage
characteristics of devices with different cathode metals: ITO/NPD(50 nm)/
Alq(50 nm)/Liq(1.0 nm)/M(2.0 nm)/Al(100 nm), where M is Al (circles),
Mg (down triangles), Ca (squares), and Ag (diamonds), compare with ITO/
NPD/Alg/Ag (up triangles).

Lig/Al were used as a control device. EL characteristics of
these devices are shown in Fig. 4. There are no significant
changes in I-V, L-Vor efficiency when Liq is coated with Al,
Ca or Mg, though we can notice both the current density and
the luminance decreased slightly from Al to Mg and Ca.
While in LiF case, the tendency is same but the differences
are bigger. This is also different from Brown’s work [20],
where for polymer device, LiF/Ca device gives much high
current density and luminance. We can only attribute this
difference to the different material and the measurement
condition. When silver is used as a cathode, the Liq device
shows a higher turn on voltage (3.2 V rather than 2.6 V for
the control device), lower current beyond the turn on voltage
and a much-reduced level of luminance. One can speculate
that silver is not as chemically active as calcium, magnesium
or aluminium and hardly reacts with lithium quinolate to
yield free Li metal. We also noticed that the a thin layer of
Liq with silver as a cathode gives much higher current
density and the luminance than silver cathode, though it
is still lower than for Lig/Al cathode. It is interesting to note
that the value of the device current for the voltages below the
turn on voltage are related to the activity of the metal used
to release lithium. The more active the metal is, the lower the
value of this current.

However, the fairly small difference in turn on voltages
of Lig/Ag and Lig/Al devices supports the hypothesis
that lithium quinolate reacts partially with Ag, to give free
lithium that improves electron injection. Otherwise, the turn
on voltage of the device with silver cathode should have been
much higher.

To summarise, a thin layer of Liq combined with Al, Ca or
Mg lowers the turn on voltage and increases the efficiency of
an organic LED. It is twice as efficient as Ca and matches
LiF/Al. Furthermore, a wider range of Liq thicknesses can
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be used without compromising device performance. The
performance tolerance of Liq devices to the layer thickness
is better than that of the devices with LiF. Due to the highly
insulating nature of LiF, it can only be used when deposited
as an ultra-thin layer, while Liq can be deposited into layers
as thick as 5 nm without significantly affecting the EL
properties. Our experimental results for Ca, Mg and Ag
cathodes support the assumption that free lithium released
from lithium quinolate is responsible for the improved
device performance, and that this release is more effective
than that observed in devices with LiF.

Acknowledgements

We thank Opsys Limited for supporting this research.

References

[1] J.S. Kim, M. Granstrom, R.H. Friend, N. Johansson, W.R. Salaneck,
R. Daik, W.J. Feast, F. Cacialli, J. Appl. Phys. 84 (1998) 6859.

[2] Y. Shirota, Y. Kuwabara, H. Inada, T. Wakimoto, H. Nakada,
Y. Yonemoto, S. Kawami, K. Imai, Appl. Phys. Lett. 65 (1994) 807.

[3] S.A. Van Slyke, C.H. Chen, C.W. Tang, Appl. Phys. Lett. 69 (1996)
2160.

[4] Z.B. Deng, X.M. Ding, S.T. Lee, W.A. Gambling, Appl. Phys. Lett.
74 (1999) 2227.
[5] E.I. Haskal, A. Curioni, P.F. Seidler, W. Andreoni, Appl. Phys. Lett.
71 (1997) 1151.
[6] H.Heil, J. Steiger, S. Karg, M. Gastel, H. Ortner, H. von Seggern, M.
StoBel, J. Appl. Phys. 89 (2001) 420.
[7]1 L. Ke, S.F. Lim, S.J. Chua, J. Polym. Sci. Polym. Phys. 39 (2001)
1697.
[8] C.W. Tang, S.A. VanSlyke, Appl. Phys. Lett. 51 (1987) 913.
[9] C. Schmitz, H.W. Schmidt, M. Thelakkat, Chem. Mater. 12 (2000)
3012.
[10] C. Ganzorig, M. Fujihira, Jpn. J. Appl. Phys. 38 (1999) L1348.
[11] J. Kido, T. Matsumoto, Appl. Phys. Lett. 73 (1998) 2866.
[12] Z. Liu, J. Pinto, J. Soares, E. Pereira, Synth. Met. 122 (2001) 177.
[13] L.S. Hung, C.W. Tang, M.G. Mason, Appl. Phys. Lett. 70 (1997) 152.
[14] H. Fujikawa, T. Mori, K. Noda, M. Ishii, S. Tokito, Y. Taga, J.
Lumin. 87 (9) (2000) 1177.
[15] T.M. Brown, R.H. Friend, I.S. Millard, D.J. Lacey, J.H. Burroughes,
F. Cacialli, Appl. Phys. Lett. 79 (2001) 174.
[16] Q.T. Le, L. Yan, Y. Gao, M.G. Mason, D.J. Giesen, C.W. Tang, J.
Appl. Phys. 87 (2000) 375.
[17] H. Heil, J. Steiger, S. Karg, M. Gastel, H. Ortner, H. von Seggern, M.
StoBel, J. Appl. Phys. 89 (2001) 420.
[18] G. Parthasrathy, C. Shen, A. Kahn, S.R. Forrest, J. Appl. Phys. 89
(2001) 4986.
[19] T.M. Brown, R.F. Friend, 1.S. Millard, D.J. Lacey, J.H. Burroughes,
F. Cacialli, Appl. Phys. Lett. 77 (2000) 3096.
[20] T.M. Brown, R.F. Friend, 1.S. Millard, D.J. Lacey, J.H. Burroughes,
F. Cacialli, Appl. Phys. Lett. 79 (2001) 174.

SDC EX. 1028 - 4/4





