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Abstract Improvement of the performance of organic light-
emitting diodes (OLEDs) was achieved by implementing
Magnesium-Nickel nanoparticles at the cathode—organic in-
terface using pulsed laser deposition technique. The small
geometry of Mg-Ni nanoparticles acts to enhance the local-
ized electric field around them, thus increasing electron in-
jection through tunneling, from the cathode to the organic
layer. Improved current and luminance characteristics were
demonstrated for both small molecule and polymer-based
OLEDs when the nanoparticle layer was incorporated.

PACS 68.35.bd - 78.60.Fi - 78.66.Qn - 85.60.Jb

1 Introduction

Organic light-emitting diodes (OLEDs) have attracted a
tremendous interest due to their potential as energy-efficient
solid-state lighting sources and for flat-panel display appli-
cations [1-6]. Although much of recent efforts have been
devoted to the development of better semiconducting or-
ganic molecules as well as the optimization of OLED de-
vice performance, effective carrier injection especially at the
cathode side of OLEDs remains a challenge [7-12]. One
unique feature of OLEDs is that they are constructed with
very thin organic layers (~100 nm). From the manufactur-
ing standpoint, thin film devices enable cost-effective and
large scale fabrication on glass or flexible plastic substrates,
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for example. On the other hand, the very thin organic lay-
ers of OLEDs give rise to a large electric field between the
two electrodes. Therefore, at the cathode—organic interface,
field-assisted tunneling through an electronic energy barrier
becomes an important charge injection mechanism [8].

In our previous work [13], imprinting microlithography
technique was used to realize a structured cathode. The elec-
tric field at the cathode—organic interface was increased due
to the resulting cathode geometry, which altered the other-
wise flat equipotential planes near the cathode. According to
the Fowler-Nordheim tunneling theory [14, 15], the current
density at the cathode—organic interface depends strongly on
local electric field: an increase in the field through micro- or
nano-structuring would enable to enhance tunnel injection
of electrons to cross the cathode—organic interface.

In the present study, we present a different approach
to structuring the OLED cathode that has resulted in an
improved device performance. Specifically, Magnesium-
Nickel (Mg-Ni) nanoparticles were implemented at the
cathode—organic interface using a pulsed laser deposition
technique. The precursor target material for laser ablation
and subsequent deposition was an Mg-Ni alloy target, in
which Ni would help reduce the reactivity of the material
due to the presence of elemental Mg. After Mg-Ni nanopar-
ticles were incorporated, both the electron injection and
the luminance characteristics of the OLEDs with different
combinations of organic molecules and cathode materials
were improved. Based on calculations of the electric field at
the interface, we attributed the improvement of the device
performance to enhanced electron tunnel injection to cross
the cathode—organic interface due to the presence of Mg-Ni
nanoparticles, which increased the local electric field inten-
sity at the interface.
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2 Experiments

Organic materials used for fabricating OLEDs in this
study include Poly[2-methoxy-5-[(2'-ethylhexyl)oxy]-p-
phenylenevinylene] (MEH-PPV, MW 150,000-250,000),
N,N’-Di-[(1-naphthyl)-N,N’-diphenyl]-1,1’-biphenyl)-4,4’-
diamine (NPB, 99%), 8-hydroxyquinoline aluminum (Alq3,
99.995%) and Poly(3,4-ethylenedioxythiophene):poly(sty-
renesulfonate) (PEDOT:PSS, 2.8 wt% dispersion in H>O),
all acquired from Sigma-Aldrich Inc. Fabrication of OLEDs
starts with cleaning ITO-coated glass substrates (200 nm,
20 2/00J) using ultrasonic wave in acetone, alcohol and pu-
rified water. PEDOT:PSS was coated by spin casting and
dried in a furnace at 150°C for 30 minutes. MEH-PPV
films (approximately 100-nm-thick) were spin-coated from
a chloroform solution. NPB and Alqs were thermally evapo-
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——

rated with a thickness of about 30 nm in a vacuum chamber
under a pressure of ~8 x 10~/ Torr. Mg-Ni nanoparticles
were deposited by pulsed laser deposition with a femtosec-
ond Ti:Sapphire laser (wavelength 800 nm, pulse duration
~120 fs) ablating a prefabricated solid-state Mg-Ni target.
LiF (0.8 nm) and other electrode materials, Ca (15 nm) and
Al (50 nm), were also thermally evaporated in a vacuum en-
vironment (~8 x 10~ Torr). The current density—voltage
characteristics of the OLEDs were measured with a Keith-
ley source meter (model 2420). The luminance values were
measured with a Minolta luminance meter (model LS-110).
All the measurements were performed in a glovebox under
nitrogen atmosphere.

3 Results and discussions

Figure 1 is a schematic illustration of an OLED device
with an incorporated nanoparticle layer at the cathode—
organic interface. The device has the following structure,
ITO/PEDOT:PSS/NPB/Alq3 /nanoparticles/LiF/Al. To un-
derstand the effect of the nanostructured cathode—organic
interface on the local electric field, we calculated the field
and compared it to that of a standard OLED with planar
geometry. The Poisson equation governs the electric poten-
tial in the organic layers, and to simplify the analysis, we
assumed that there is no unpaired charge so the equation can
be simplified to the three-dimensional (3d) Laplace equation
in rectangular coordinates,
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Fig. 3 (a) I-V and (b) L-V curves of small molecule-based
OLED—Device A, ITO/PEDOT:PSS/NPB/Alq3/nanoparticles/LiF/
Al. For comparison, the performance of a standard planar device with-
out nanoparticles is also presented

where ¢ is the scalar electric potential. After obtaining the
electric potential solution, the electric field along the cath-
ode surface was determined. The following integration was
performed to determine the overall electric field enhance-
ment due to the structuring,

F3d=( > /A E(m)dA) [Eo- Acanoae). @)

Shrthecs

where Acathode 1S the area of the cathode in planar geometry,
and E( represents the uniform electric field in OLEDs with-
out a nanostructured cathode—organic interface. Figure 2
shows calculated field-enhancement factor, F3q, resulting
from the implementation of nanoscale cylinders of different
geometry under an applied voltage of 10 V. The results sug-
gest that a 20% increase in the electric field intensity should
be achieved after incorporation of Mg-Ni nanoparticles with
feature size of about 20 nm.

According to the Fowler—-Nordheim tunneling theory [14,
15], the current density, J, resulted from electrons tunneling
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Fig. 4 (a) -V and (b) L-V curves of polymer-based OLED—Device
B, ITO/PEDOT:PSS/MEH-PPV/nanoparticles/Ca/Al. For comparison,
the performance of a standard planar device without nanoparticles is
also presented

through a barrier, is related to the electric field, E, by the
relation,

2 4
JxE exp< E)’ (3

where a is a constant reflecting the property of the tunneling
barrier. This equation shows that as the electric field is in-
creased, current injection will increase significantly. By in-
corporating a layer of Mg-Ni nanoparticles that offers local-
ized field enhancement due to the bending of otherwise flat
equipotential planes, electron injection current density from
the cathode would be increased as compared to the standard
planar OLED devices.

Figure 3 shows the measured current density—voltage
(I-V) curve and luminance—voltage (L—V) curve of a small
molecule-based OLED (Device A) having the structure
ITO/PEDOT:PSS/NPB/Alq3/Mg-Ni nanoparticles/LiF/Al.
Standard device without Mg-Ni nanoparticles was also fab-
ricated and tested for comparison. The device with Mg-Ni
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nanoparticles shows improved current density and lumi-
nance over the standard planar device. The turn-on voltage
of the device with Mg-Ni nanoparticle incorporation was re-
duced. There was no apparent change of the emission spec-
tra after Mg-Ni nanoparticles are implemented. Similarly
to what we demonstrated in our previous work [13], the
improved performance of the OLED devices can to be at-
tributed to enhanced electron tunnel injection brought about
by local field enhancement resulting from the small geome-
try of Mg-Ni nanoparticles.

We also implemented a nanoparticle layer between the
cathode and organic layer in a polymer-based OLED. De-
vice B has the structure ITO/PEDOT:PSS/MEH-PPV/Mg-
Ni nanoparticles/Ca/Al. Figure 4 shows the measured I-V
curve and L-V curve of Device B, which exhibits a similar
performance improvement in both current density and lumi-
nance when the Mg-Ni nanoparticle layer was incorporated.
Since the work function of Ca (2.9 eV) is lower than that
of Mg (3.6 eV), the improvement cannot be attributed to the
work function of Mg; instead, the small geometry of Mg-Ni
nanoparticles has to be at the origin.

4 Conclusions

In summary, OLEDs with Mg-Ni nanoparticles imple-
mented at the cathode—organic interface exhibit improved
electron injection and luminance characteristics. The small
geometry of Mg-Ni nanoparticles increases the local elec-
tric field at the interface, enhancing electron tunnel injection
through the energy barrier. It was shown that the approach
of incorporating Mg-Ni nanoparticles works well for both
small molecule and polymer-based OLEDs, including the
use of LiF/Al and Ca/Al as the cathode materials. Utiliz-
ing Mg-Ni nanoparticles to enhance electron injection and
light-emitting characteristics of OLEDs appears to represent
a practical approach to improving the overall device perfor-
mance.
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