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Organic Light-Emitting Diode Outcoupling
Enhancement Using Buffer Layers

HO-NYEON LEE,"* HYUN JUN CHO,> AND DOO HOON KIM?

Department of Display and Electronic Information Engineering,
Soonchunhyang University, Asan 336-745, Korea

’Department of Electric & Robotics Engineering, Soonchunhyang University,
Asan 336-745, Korea

Using a buffer layer under the anode, we studied outcoupling enhancement for organic
light-emitting diodes. Monolayers of tungsten oxide and titanium oxide were used as the
anode buffer layers. Thin anode buffers such as 25 nm and 50 nm tungsten-oxide layers,
and a 15 nm titanium-oxide layer noticeably increased the outcoupling. However, thick
buffers decreased the outcoupling. The combined effects of the constructive interference
and the creation of additional bound modes explain these behaviors. Therefore, the
thickness of the anode buffer layers should be optimized under the upper limit, which
creates additional bound modes.

Keywords Buffer; outcoupling; titanium oxide; tungsten oxide

Introduction

Organic light-emitting diodes (OLEDs) are expected to be the next major display technol-
ogy succeeding liquid crystal displays (LCDs). This is because of their superior viewing
characteristics compared with those of LCDs. OLEDs are raising their share rapidly in the
mobile display market. Encouraged by the success in the mobile display market; OLEDs are
aiming to compete with LCDs in television applications. An improvement of the luminous
efficiency of OLEDs is essential for OLEDs to expand their application area into large-size
display devices. Therefore, there has been much research on the development of high-
performance organic materials and the optimization of the electronic device structures of
OLEDs. The internal efficiency was improved considerably through the previous research.
However, the improvement for the external efficiency of OLEDs is restricted even with
the high-performance organic materials and the well-optimized device structures. Most of
the generated light in an OLED device is confined in guided modes such as the organic
layer waveguide mode, the indium-tin-oxide (ITO) layer waveguide mode, and the surface
plasmon polariton (SPP) mode; approximately 20 % of the generated light is emitted from
the OLED device [1-3]. Light outcoupling efficiency is a key factor that determines the
external luminous efficiency of OLEDs. There have been researches on various outcoupling
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enhancement methods such as micro cavities [4,5], photonic crystals [6,7], micro lens ar-
rays [8,9], surface modification [10], and light scattering layers [11,12]. The micro-cavity
method is based on the resonance structure composed of mirrors formed at both ends; its
light outcoupling characteristics have high wavelength dependency and directivity. This
method makes the spectrum and light distribution curves sharp and the viewing angle nar-
row. The photonic crystal method amplifies the diffraction in a specific direction using
periodic uneven structures; its characteristics are highly dependent on the wavelength and
the direction. The spectrum and the light distribution curves become sharper, and the direc-
tionality of the emitted light becomes stronger when this method is used. The micro lens
array is fabricated on the outer surface of the substrate and extracts light from waveguide
modes in the substrate through geometrical optics. This may distort the image and reduce
the resolution. In addition, this causes image and color changes according to the viewing
angle. The surface modification method deforms the internal geometric structure of the
light-emitting layer of OLEDs. The fabrication of this method is complex and expensive. In
addition, the current—voltage characteristics of OLEDs are degraded when the surface mod-
ification method is used. The light scattering layer is fabricated by inserting light scattering
structures into the interface between layers with a different refractive index. This method in-
creases the haze. As described above, the structure and cost regarding the light outcoupling
methods of previous works are complex and expensive; this has worsened the practicality
of the outcoupling methods. With this in mind, we studied an outcoupling method using
a simple structure with an easy fabrication process to improve the practicality. The anode
buffer, which was located between the anode and the glass substrate of OLEDs, was used
to increase the outcoupling efficiency in this work. The anode buffer was fabricated using
a single insulating layer to prevent the increase in the complexity of the structure and the
fabrication cost. This buffer layer contributes in extracting light from the waveguide modes
in the organic and anode layers into the glass substrates; the light outcoupling efficiency is
expected to increase through the adoption of this anode buffer layer.

Experiments

Figure 1 shows the schematic diagram of the device structure for this work. The de-
vice structure was glass substrate/anode buffer/ITO (150 nm)/N,N’-bis(naphthalen-1-yl)-
N,N’-bis(phenyl)-benzidine (NPB) (40 nm)/tris(8-hydroxy-quinolinato)aluminium (Alq3)
(60 nm)/LiF (1 nm)/Al (100 nm). 0.5t glass (Eagle-XG, Samsung Corning Precision Mate-
rials) was used as the substrate. Tungsten-oxide film and titanium-oxide film were used as
the anode buffer layer because of their high refractive index. For the visible light, titanium
oxide has 2.4~2.5 refractive index [13] and tungsten oxide has 1.9~2.1 refractive index
[14,15]. The tungsten-oxide film and the titanium-oxide film were deposited by a radio
frequency (RF) sputtering method at room temperature using a WOj3 target and a TiO,
target, respectively. The sputtering gas was a mixture of argon and oxygen. The ITO anode
was deposited using a facing-target sputtering method [16] with RF power. The substrate
temperature was 200 °C and the process gas was a mixture of argon and oxygen. An-
ode patterning was conducted using the wet etch method. After the anode fabrication, the
NPB, Alq3, LiF, and Al layer were deposited sequentially using a vacuum thermal evap-
oration method at room temperature. The patterning was conducted using a shadow mask
method. After the fabrication process, the OLED device was encapsulated using a glass lid
in nitrogen environment. After the encapsulation process, the current-voltage-luminance
characteristics were measured in a dark shielding box.
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Figure 1. Schematic diagram for the structure of organic light-emitting diodes for this work.

Results and Discussion

Figure 2 shows the luminance of OLEDs with tungsten-oxide anode buffers according to
the tungsten-oxide thickness. In each figure (Fig. 2(a)—(d)), the OLED with the tungsten
oxide layer of a specific thickness and the OLED without an anode buffer were compared.
Both OLEDs were fabricated at the same time using the same process except the fabrication
process of the anode buffer; through this comparison method, we could reduce the errors
in the analysis of experimental results. As shown in the figure, OLEDs having 25 nm
and 50 nm thick tungsten-oxide anode buffers demonstrated higher luminance than that of
OLEDs without an anode buffer layer. However, 75 nm and 100 nm thick tungsten-oxide
anode buffer layers reduced the luminance of OLEDs. The ratio of the luminance of OLED
with the anode buffer (Lwg) to the luminance of OLED without an anode buffer (Lwog) is
shown in Fig. 2(e). As described above, the anode buffers of thickness 25 nm and 50 nm
enhance the ratio but the anode buffers of thickness 75 nm and 100 nm worsen the ratio.

Figure 3 illustrates the current efficiency curves of OLEDs with titanium-oxide anode
buffers according to the thickness of the anode buffers. In each figure (Fig. 3(a)—(c)), we
compared the current efficiency curves of the OLEDs with a titanium-oxide anode buffer
of specific thickness and the OLED without an anode buffer. Each set of OLEDs was
fabricated using the same process at the same time, except the fabrication process of anode
buffer layers. As shown in the figure, the OLEDs with a 15-nm thick titanium-oxide anode
buffer had higher current efficiency than that of OLEDs without an anode buffer layer.
However, 25 nm and 70 nm thick titanium-oxide anode buffer layers reduced the current
efficiency of OLEDs.

For the tungsten-oxide anode buffer layers, the devices with 25 nm or 50 nm anode
buffers demonstrated higher luminance and the device with a 100 nm anode buffer showed
lower luminance than the device without an anode buffer. If the interference effect is the
reason for these results, 25 nm and 50 nm anode buffers correspond to the constructive
interference conditions. The refractive index of tungsten oxide for green light is about 2.0
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Figure 2. Luminance curves as a function of bias voltage according to the thickness of the tungsten-
oxide anode buffer layer; the thickness of anode buffer was (a) 25 nm, (b) 50 nm, (¢) 75 nm, and
(d) 100 nm, respectively. In (a) ~ (c), results from OLEDs without an anode buffer were shown for
comparison. The ratio of the luminance of OLED with the anode buffer (Lwg) to the luminance of
OLED without an anode buffer (Lwog) is shown in (e).

[14,15]. Therefore, for 25 nm and 50 nm anode buffers, the optical-path-length difference
between a light that penetrates the anode buffer without reflection and a light that get
through the anode buffer after pairs of reflections is approximately the integer times of the
wavelength of the emitted light. In this case, the 100 nm buffer should also correspond
to the constructive condition because 100 nm is an integer multiple of 25 nm and 50 nm.
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Figure 3. Current efficiency curves as a function of bias voltage according to the thickness of the
titanium-oxide anode buffer layer; the thickness of anode buffer was (a) 15 nm, (b) 25 nm, (c) and
70 nm, respectively. In each figure, results from OLEDs without an anode buffer were shown for
comparison.

However, the OLED with the 100 nm tungsten-oxide anode buffer showed reduced lumi-
nance compared with the device without an anode buffer. Therefore, the interference effect
alone cannot explain these results.

Figure 4 shows the simulation results of bound modes in the OLED devices. The
simulated device structure was the same as the experimentally fabricated device. The anode
buffer was simulated using a pure dielectric material with the refractive index of 2.2.
The simulation was performed using a commercial tool (MODE solutions, Lumerical).
The OLEDs with a thin anode buffer (Fig. 4(b)) and without an anode buffer (Fig. 4(a))
have three bound modes. However, the OLED with a thick anode buffer (Fig. 4(c)) has five
bound modes. The additional bound modes of Fig. 4(c) have peaks in the anode buffer.
These additional bound modes can be related with the reduction of the outcoupling of
OLEDs with thick anode buffers (Figs. 2 and 3).

From the results of Figs. 2, 3 and 4, thin anode buffer layers increase the outcoupling
efficiency of OLEDs; however, thick anode buffer layers decrease the outcoupling effi-
ciency. Constructive interference may be the reason that increased the outcoupling. The
optical path lengths of 25 nm and 50 nm thick tungsten-oxide layers approximate the in-
teger times of the center wavelength regarding the electroluminescence spectrum of Alg3.
Therefore, the constructive interference may result in improved luminescence. For thicker
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Figure 4. Bound modes inside the OLEDs according to the thickness of the anode buffer layer; the
thickness was (a) O nm, (b) 10 nm, and (c) 100 nm. The refractive index of the anode buffer layer
was 2.2.

anode buffer layers, additional bound modes are created. These additional bound modes
can reduce the outcoupling efficiency; OLEDs with thicker anode buffers of tungsten oxide
and titanium oxide have reduced outcoupling.

Conclusions

We studied the light outcoupling enhancement method using a single anode buffer layer
with various thicknesses. Tungsten oxide and titanium oxide were used as the anode buffer
materials. Thin anode buffer layers had an effect on increasing the outcoupling efficiency.
However, thick anode buffer layers decreased the outcoupling efficiency. Both 25 nm and
50 nm thick tungsten-oxide and 15 nm thick titanium-oxide films increased the outcoupling;
a constructive interference is estimated to cause this increase. OLEDs with thick anode
buffers have more bound waveguide modes compared to OLEDs with thin anode buffers as
well as OLEDs without an anode buffer. The additional bound modes are expected to cause
the reduction in outcoupling. As described above, the anode buffer layers are beneficial for
the increase of the light outcoupling of OLEDs. However, the thickness of the anode buffer
layers should be restricted to less than the value that creates additional bound modes.
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