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OLED Light Outcoupling Enhancement by
Extracting Surface Plasmon Polariton Energy

HYUN-JUN CHO' AND HO-NYEON LEE**

Department of Electric & Robotics Engineering, Soonchunhyang University,
Asan, Korea

’Department of Display and Electronic Information Engineering,
Soonchunhyang University, Asan, Korea

The extraction method of surface plasmon polariton (SPP) energy was investigated to
assess its ability to improve the outcoupling efficiency of organic light-emitting diodes
(OLEDs). A multi-cathode OLED (MC-OLED) structure was used; this structure was
composed of a semitransparent cathode (Ag), a high refractive index dielectric layer
(WO3), and a reflector (Ag). The dependence of the current efficiency of MC-OLEDs on
the thicknesses of the Ag cathode and the WOj; dielectric was examined, and optimal
thicknesses were identified. Current efficiency can be increased by 20% more than
conventional OLEDs by using a 50-nm Ag cathode and a 100-nm WOj3 dielectric.

Keywords Light-emitting diode; multi-cathode; outcoupling; surface plasmon polari-
ton (SPP)

Introduction

Organic light-emitting diodes (OLEDs) are becoming an important area of display technol-
ogy due to the active commercialization of active-matrix OLEDs (AMOLEDs). AMOLEDs
have been commercialized in small products such as displays for smartphones, smart pads,
and digital cameras. Recently, flat panel display (FPD) industries have started to expand
their business to large OLED televisions. Power efficiency is a key factor in this expansion,
so improving the power efficiency of OLEDs is currently an important research issue. The
efficiency of OLEDs is determined by the product of the internal quantum and outcou-
pling efficiencies. While internal efficiency was much improved, external OLED efficiency
remains unsatisfactory because of loss during the light outcoupling process. Therefore,
improvement of the outcoupling efficiency is an urgent research issue. In general, about
20% of internally generated light escapes from OLED devices [1, 2]. Loss due to waveg-
uide and SPP modes causes this low outcoupling efficiency. Various methods have been
proposed for extracting the waveguide mode energy to outside, including microcavities
[3, 4], photonic crystals [5, 6], microlens arrays [7, 8], surface modification [9], and light
scattering layers [10]. However, a focus on waveguide modes is insufficient to improve
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Figure 1. (a) Schematic of the device structure. (b) Illustration of the principle of light extraction
from the SPP modes.

light extraction efficiency, because SPP modes trap a considerable portion of the gener-
ated light. Some researchers have reported light extraction from SPP modes [11-13]; most
of this kind of research involved methods using wavelength-scale patterns to break the
SPP modes. Despite the increased outcoupling efficiency, the fabrication process of the
wavelength-scale patterns is too expensive for use in the mass production of FPDs. Re-
cently, a SPP extraction method using a multi-cathode structure without micro-patterning
was proposed [14]. Multi-cathode OLEDs (MC-OLEDs) have a structure involving a se-
quential stack of a semi-transparent cathode layer, a dielectric layer, and a reflecting layer.
The feasibility of this method for improving outcoupling efficiency has been assessed, but
the device physics are not clearly understood, and the method has considerable room for
improvement, specifically obtaining highly efficient OLEDs.

This work investigated the dependence of outcoupling efficiency on the SPP extraction
structure of MC-OLEDs. Variations in current efficiency according to the thickness of the
cathode and the dielectric were measured. The results revealed that extracting light from
the SPP modes can increase the current efficiency of OLEDs more than 20%.

Experiments

Figure 1(a) presents a schematic of the experimental device structure, which was glass
substrate/indium tin oxide (ITO) (150 nm)/N,N’-bis(naphthalen-1-y1)-N,N’-bis(phenyl)-
benzidine (NPB) (20 nm)/tris(8-hydroxy-quinolinato)aluminum (Algqs) (60 nm)/Ca
(5 nm)/Ag cathode/WO3/Ag (100 nm). A 0.5t glass was used as the substrate, and plasma-
beam-deposited ITO with a sheet resistance of 10 €2/sq was used as an anode electrode.
Anodes were patterned using a photolithography and a wet etching method. After the an-
ode patterning, oxygen-plasma treatment was conducted using inductively coupled plasma
equipment. NPB hole transporting layer (HTL), Alqgs light emitting and electron transport-
ing layer (EL-ETL), Ca electron injection layer (EIL), Ag cathode, WOj3 dielectric, and Ag
reflector were then deposited sequentially using a thermal evaporation method at a pressure
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Figure 2. Current efficiency of OLEDs as a function of bias voltage according to the thickness of
the Ag cathode. The upper inset presents the Acurrent efficiency according to the cathode thickness,
and the lower inset presents a schematic of the stacked structure.

of 107 Torr. The patterning was conducted using a shadow mask method. Next, the OLED
device was encapsulated using a glass lid in a nitrogen environment. After the encapsulation
process, the current-voltage-luminance characteristics were measured in a dark shielding
box.

Results and Discussion

Figure 1(b) illustrates the principle of light extraction from SPP modes of MC-OLEDs.
Light generated in an organic layer can be trapped into SPP1 modes at the cathode/organic
interface by near-field coupling [15]. The light energy of the SPP1 modes can be extracted
via two different paths: first, it can be transferred to SPP2 [11, 12, 16] and then extracted
into the dielectric. Second, it can be transferred directly to radiation modes in the upper
dielectric [15]. To activate these transfer mechanisms, the refractive index of the dielectric
layer must be equal to or higher than that of the organic layers. The light energy in the
dielectric can be reflected and directed to the bottom by the Ag reflector. Following this
sequence, the light energy in the SPP1 modes can be extracted outside, so the external
efficiency can be increased.

Figure 2 presents OLED current efficiency as a function of bias voltage, according
to the thickness of the Ag cathode. For comparison, the figure also presents the results
from a standard (STD) OLED, which was fabricated using a conventional bottom emission
structure. Its stacked layers below the cathode were the same as the MC-OLEDs used in
this research. The stacked structure of the standard OLED was glass substrate/ITO anode
(150 nm)/NPB HTL (20 nm)/Alq; EL-ETL (60 nm)/Ca EIL (5 nm)/Ag cathode (150 nm).
The stacked structure of other MC-OLEDs was glass substrate/ITO anode (150 nm)/ NPB
HTL (20 nm)/Alq; EL-ETL (60 nm)/Ca EIL (5 nm)/Ag cathode (x nm)/WQj3 dielectric
(100 nm)/Ag reflector (100 nm). The lower inset of the figure presents a schematic diagram
of the stacked structure of MC-OLEDs. The thickness of the Ag cathode was varied from
10 to 60 nm. Thin Ag films (10 nm, 20 nm) were not efficient at improving the device
efficiency, but a noticeable improvement in current efficiency was observed for the thicker
Ag film cases. Average current efficiency values of devices are shown in Table 1; these
were averaged using measured data for bias voltage of 6 to 7 V. The upper inset of the
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Table 1. Current efficiency according to the Ag cathode thickness

Cathode thickness (nm) 10 20 30 40 50 60
Current efficiency (cd/A) 1.28 2.16 2.83 2.89 3.45 3.30

figure presents the Acurrent efficiency according to the cathode thickness, calculated as:

A current efficiency

_ (current efficiency of an MC-OLED) — (current efficiency of the standard OLED)
- current efficiency of the standard OLED '

ey

Current efficiency increased with the thickness of the Ag cathode up to 50 nm, and then
decreased. The 50 nm Ag cathode condition yielded a Acurrent efficiency of more than
20%. To transfer the light energy of SPP modes at the front interface (organic/cathode
interface) into the dielectric, the light energy had to go through the Ag cathode layer.
The light takes the form of an evanescent field in a metal layer (Ag cathode). Normally,
evanescent fields in a metal decrease exponentially as the field progresses into the metal
layer, so a thicker metal film decreases the coupling efficiency between the fields of each
side. However, near the SPP resonance frequency, the field intensity in an Ag film can
increase as the field progresses up to a certain thickness [17, 18]. This phenomenon could
explain our results for the dependence of current efficiency on Ag cathode thickness.
Figure 3 presents the current efficiency of OLEDs as a function of bias voltage,
according to the thickness of the WO; dielectric. The standard (STD) OLED had a structure
identical to that of the standard OLED shown in Fig. 2. The structure of other MC-OLEDs
in Fig. 3 were glass substrate/ITO anode (150 nm)/NPB HTL (20 nm)/Alqs EL-ETL
(60 nm)/Ca EIL (5 nm)/Ag cathode (50 nm)/WOj3 dielecric (x nm)/Ag reflector (100 nm).
The thickness of the Ag cathode was fixed at 50 nm, based on the results shown in Fig. 2.
The upper inset in Fig. 3 presents a schematic of the stacked structure. The thickness of
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Figure 3. Current efficiency of OLEDs as a function of bias voltage, according to the thickness of
the WO; dielectric. The upper inset presents a schematic of the stacked structure, and the lower inset
presents the Acurrent efficiency according to the WO; thickness.
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Table 2. Current efficiency according to the WO dielectric thickness

Dielectric thickness (nm) 50 100 150
Current efficiency (cd/A) 3.11 3.45 2.95

the WOj3 dielectric was varied from 50 to 150 nm. The current efficiency was not severely
dependent on the dielectric thickness, but the 100 nm WOj3 condition was more efficient
than the 50 nm and 150 nm WO; conditions, considering the overall operation range.
Average current efficiency values of devices are shown in Table 2; these were averaged
using measured data for bias voltage of 6 to 7 V. The lower inset in Fig. 3 presents the
Acurrent efficiency according to the WO; thickness. The refractive index of WO3 was
approximately 2.0 [19]. The SPP wave vector at the metal surface faced with the lower
refractive index dielectric can be located in the radiative region of the dispersion relation
of the metal surface faced with the higher refractive index dielectric [15]. Consequently,
the high refractive index of the WO; layer could promote the extraction of the energy of
the SPP modes from the front into the dielectric layer. The light reflected from the back
reflector could become trapped again as SPP modes at the cathode surface. Therefore, the
dielectric should be sufficiently thick to separate the light source and the cathode further
apart than the near-field region. The results shown in Fig. 3 suggest that the 100 nm WO;
was sufficiently thick to restrict near-field coupling in the path from the back reflector to
the outside.

Conclusions

We investigated the light outcoupling enhancement method by extracting the light energy
trapped in SPP modes. To extract the SPP mode energy, we used a multi-cathode structure
composed of a thin cathode (Ag), a high refractive index dielectric layer (WO3), and
a reflector (Ag). The thicknesses of the Ag cathode and WO; dielectric were varied to
examine the dependence of the current efficiency. The results demonstrated that current
efficiency was improved more than 20% using this structure with an Ag cathode with a
thickness of 50 nm and a WO3 dielectric with a thickness of 100 nm.
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