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Abstract

We propose a method to enhance carrier injection in
OLEDs with carbon nanotubes, utilizing field concen-
tration effect to the nanostructure. The simulation re-
sults show that hole injection can be improved drasti-
cally even when Schottky barrier as high as 0.7 eV ex-
ists. This suggests that low-voltage operation can be
achieved in simpler OLED structure with carbon
nanotube electrode.

1. Introduction

Transparent conductive films (TCFs) are essential ele-
ment for OLED displays and lighting equipment. Although
indium thin oxide (ITO) is most commonly used for TCFs,
various alternative materials such as carbon nanotube
(CNT), graphene, conductive polymer, metal nanowires,
and so on, have been searched because of the resource
problem of ITO. Among them, CNT films have attractive
advantages such as abundant element, low refractive index,
low haze, flexibility and so on. Recently, CNT touch
screens have been commercialized in smart phones. Anoth-
er beneficial applications of CNT TCFs are flexible devices,
utilizing their flexibility. In particular, CNT TCFs can be
use as contact electrodes of flexible OLEDs. Recently,
some group reported flexible OLEDs with CNT contact
electrodes [1-4]. However, the devices have not shown bet-
ter characteristics than those with conventional ITO elec-
trodes.

In this work, we show a possibility to enhance carrier in-
jection from CNT electrodes to OLEDs, utilizing field
concentration effect. The device simulation has been car-
ried out to find the optimal condition to obtain the field
concentration effect. The results demonstrate a possibility
of low-voltage operation of OLEDs with CNT electrodes.

2. Simulation

Figure 1 shows the schematics of field profile in a semi-
conductor layer with (a) planar electrode and (b) electrode
of a sparse CNT film. In the case of planar electrodes, i.e.,
ITO and high-density CNT films, only the carriers that
have thermal energy enough to overcome the Schottky bar-
rier can be injected to the semiconductor layer, resulting in
high-contact resistance. In the case of sparse CNT elec-
trodes, on the other hand, electric field is concentrated to
each CNT. Then, it can be predicted that the Schottky bar-
rier is bent strongly, and as the consequence, carriers injec-

tion can be enhanced by tunneling process.

We simulated an OLED structure that consists of double

layers of Alg3 (electron transport and emission layer) and
a-NPD (hole transport layer) as shown in Fig. 2 [5]. The
thicknesses of Algq3 and a-NPD are both 60 nm. CNTs
were used as the anode electrode, making a contact to
a-NPD. We assumed a CNT to be a metal wire with a di-
ameter of 1 nm and a work function of 4.8 eV [6]. Then, a
Schottky barrier of 0.7 eV for a hole is formed at the inter-
face between CNT and a-NPD. A planar cathode electrode
was placed on the bottom of Alg3, forming a Schottky bar-
rier of 0.5 eV for an electron [7]. The other energy band
and carrier transport parameters used in the simulation were
determined based on literatures [7, 8].

4. Results and discussion
First, we investigated the dependence of current on the
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Fig. 1 Schematics of field profile and energy band for (a) planar
and (b) sparse CNT electrodes.
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Fig. 2 (a) Device structure and (b) energy band diagram of
OLED examined in simulation.

- 1068 -



spacing between CNTs (4). The maximum current was
obtained when A was 125 nm. It was found that the optimal
A was determined by two factors; the field enhancement
effect and the effective area of contact electrodes.

Figure 3 shows the calculated energy band structures for
the planar and CNT electrodes. In the case of the CNT
electrode, the Schottky barrier formed at the anode was
strongly modulated so that the barrier thickness was de-
creased as compared to the planar electrode. This is due to
the field concentration onto the CNTs.

As the consequence, the device current was enhanced by
a factor of about 10? as shown in /- characteristics of Fig.
4. This result suggests that it is possible to reduce the oper-
ation voltage to obtain certain value of driving current of
the OLED.

We also investigated the dependence of current on
Schottky barrier height. As shown in Fig. 5, in the case of
the planar electrode, the current decreased exponentially
with increasing barrier height. In contrast, the dependency
is much weaker in the case of the CNT electrode. Carrier
injection is possible even for high Schottky barrier as 0.7
eV. In order to improve hole injection in OLEDs, a hole
injection layer, which is supposed to form lower Schottky
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Fig. 3 Calculated energy band structures at 5V for planar
electrode (black curve) and CNT electrode with A= 125 nm
(red curve).
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Fig. 4 Calculated /-V characteristics for planar electrode (black
dots) and CNT electrode with A= 125 nm (red dots).
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Fig. 5 Dependence of current of OLED on Schottky barrier height
for holeat5 V.

barrier, is normally introduced. By utilizing the field con-
centration onto CNTs, however, holes can be injected effi-
ciently even in simple two-layered OLED structure without
a hole injection layer.

5. Conclusions

We have proposed a method to improve carrier injection
in OLEDs, utilizing field concentration to CNTs. The sim-
ulation results showed that the carrier injection can be en-
hanced by a factor of 10% at low-voltage regime and then
operation voltage of OLEDs can be reduced. The carrier
injection is possible even for high Schottky barrier as 0.7
eV, suggesting that low-voltage operation is enabled in a
simple OLED structure without carrier injection by using
CNT electrode.
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