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Abstract 
 

In this paper, a plasma-assisted patterning method for the organic layers of organic light-emitting diodes (OLEDs) and its ef-
fect on the OLED performances are reported. Oxygen plasma was used to etch the organic layers, using the top electrode consist-
ing of lithium fluoride and aluminum as an etching mask. Although the current flow at low voltages increased for the etched 
OLEDs, there was no significant degradation of the OLED efficiency and lifetime in comparison with the conventional OLEDs. 
Therefore, this method can be used to reduce the ohmic voltage drop along the common top electrodes by connecting the top 
electrode with highly conductive bus lines after the common organic layers on the bus lines are etched by plasma. To further ana-
lyze the current increase at low voltages, the plasma patterning effect on the OLED performance was investigated by changing 
the device sizes, especially in one direction, and by changing the etching depth in the vertical direction of the device. It was 
found that the current flow increase at low voltages was not proportional to the device sizes, indicating that the current flow in-
crease does not come from the leakage current along the etched sides. In the etching depth experiment, the current flow at low 
voltages did not increase when the etching process was stopped in the middle of the hole transport layer. This means that the cur-
rent flow increase at low voltages is closely related to the modification of the hole injection layer, and thus, to the modification of 
the interface between the hole injection layer and the bottom electrode. 
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1. Introduction 
 
The active-matrix organic light-emitting diode display 

(AMOLED) has been used of late for small to medium-
sized commercial display applications, and in the near fu-
ture, medium to large AMOLED televisions will be avail-
able in the market. Although the organic light-emitting di-
ode (OLED) technology has many advantages, such as a 
wide viewing angle, wide color gamut, high contrast ratio, 
low power consumption, and ultraslim and ultralight dis-
play implementation, there are many important technical 
issues regarding large display applications, one of which 

concerns the voltage drop along the common power line of 
AMOLED due to the relatively high resistance of the 
OLED pixel’s common electrodes. This voltage drop will 
become a significant problem as it will cause brightness 
uniformity, especially for AMOLEDs with a top-emission 
OLED structure. To address this issue, additional highly 
conductive bus lines are typically formed and electrically 
contacted to the relatively resistive common electrodes [1]. 
Highly conductive metal grid lines based on silver or cop-
per materials can be printed directly on the common elec-
trodes [2]. Since the direct printing or fabrication of the bus 
lines can degrade the OLED performance, a laser-assisted 
drilling method has been proposed for use on the OLED 
layers, followed by the exposure of the contact area before 
the common-electrode deposition. When the top electrode is 
deposited, an electrical contact with highly conductive bus 
lines is formed [3]. In this case, however, since the OLED 
pixel deposition process must be interrupted to establish 
electrical contact between the common electrodes and the 
bus lines, the interface between the organic layers and the 
top electrode can be degraded. Therefore, the so-called 
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 (a) ITO patterned substrate 

             
(b) Flood coating of the organic layers 

 

 (c) First cathode deposition followed by plasma patterning 
           

 (d) Second cathode deposition 
 

Fig. 1. OLED fabrication process. 

“double deposition method,” combined with the plasma-
assisted etching of the OLED layer, was proposed so that 
the contact between the common electrode and the bus lines 
can be achieved without interruption during the OLED fab-
rication process [4]. 

 
Although the plasma-assisted patterning method has 

been widely used due to its fine physical etching character-
istics and material selectivity in semiconductor fabrication 

[5], it has not been used for OLED layer patterning because 
organic materials are believed to be damaged during the 
plasma etching process. Recently, however, the use of 
plasma-assisted patterning for active island patterning in 
organic thin-film transistor (OTFT) fabrication was re-
ported [6-8]. An appropriate margin between the active re-
gion and the etched edge area must be taken into considera-
tion. Otherwise, some degradation at the etched sides was 
also reported, leading to device performance degradation. 
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(a)                         

 

 

(b) 

 

 
(c)                         

Fig. 2. (a) Current and luminance vs. voltage. (b) Luminance and 
external quantum efficiency vs. current density. (c) Luminance 
and voltage change with stress time for the etched and non-etched 
OLEDs. The initial luminance was 1600cd/m2 for both the etched 
and non-etched OLEDs. 

Therefore, in this paper, the plasma patterning of the OLED 
layers and its effect on the device performance change is 
reported so that it can be used for voltage drop reduction 
without any significant performance degradation in 
AMOLED pixels. 

 
2. Experiment 

 
Fig. 2 shows a description of the fabrication process of 

the bottom-emission OLEDs that were used in this study. 
Top views of the indium-tin-oxide (ITO) patterned glass 
substrates and the fully fabricated OLED are also included, 
with cross-section-indicating lines (A-A’) for the schematic 
cross-section figures. The substrates were cleaned in an 
ultrasonic bath of isopropyl alcohol, acetone, and methanol, 
and then dried in a vacuum oven. The cleaned ITO surface 
was treated in ultraviolet (UV) ozone for 5 min before or-
ganic-layer deposition. In this study, ITO was used as anode 
and bus lines for convenience (a). The thermal evaporation 
method was used for the deposition of the organic layers 
and cathode. The deposition process was done at the base 
pressure of 2.1~8.6×10-6 torr. The organic layers consist of 
three materials. We used 4,4',4"-tris (3-methylpheny-
phenylamino) triphenylamine (m-MTDATA) as the hole 
injection layer (HIL) material, 4,4'-bis [N-(1-napthyl)-N-
phenyl-amino] biphenyl (NPB) as the hole transport layer 
(HTL) material, and tris-(8-hydroxyquinoline) aluminum 
(Alq3) as the electron transport layer/electroluminescence 
layer (ETL/EML) material. The thicknesses of the layers 
were 15, 60, and 70 nm, respectively (b). Green-light emis-
sion (520 nm peak spectrum) was obtained from the fabri-
cated OLEDs. 0.5-nm-thick lithium fluoride (LiF) was de-
posited as a buffer layer. The first cathode (aluminum) was 
deposited through a shadow mask. The thickness of the 
aluminum layer was varied to find the minimum thickness 
required for the oxygen plasma etch mask. Based on the 
preliminary results that were obtained, the aluminum thick-
ness should be thicker than 20 nm for the etching equip-
ment that was used. The area of the first cathode was larger 
than the actual emitting area (2×1.4 mm2) by 0.3 mm along 
one direction. After the fabrication, the samples were trans-
ferred in air to the oxygen plasma chamber. To compare the 
device performances, the other devices were also exposed 
to air for the time equivalent to the transfer process. The 
samples that were transferred to the oxygen plasma cham-
ber were etched in 0.1-torr and 60-sccm O2 gas flow, with 
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150 W RF power levels, for 4 min (c). After the oxygen 
plasma etching, all the samples were again transferred to 
the OLED deposition chamber, and then a 100-nm-thick 
second aluminum cathode was deposited (d). Finally, all the 
samples were encapsulated with glass caps and UV-curable 
glue. The whole oxygen plasma etching process, including 
the transfer processes, took about 15 min. 

The actual emitting area was also varied (2×0.4, 2×0.9, 
and 2×1.4 mm2) to determine if the current increase comes 
from the leakage current due to the etched edge of the 
OLED device. Each of the OLEDs with different sizes were 
denoted as S (small), M (medium), and L (large) for both 
the etched and non-etched OLEDs, as shown in Fig. 3(a). In 
addition, the plasma etching time was varied (0, 2, and 4 
min) to determine if the hole injection layer causes a current 
increase when it is exposed to oxygen plasma. 

The OLED characteristics were measured using a 
Keithley 236 voltage/current source, a Keithley 2000 mul-
timeter, and an ARC spectropro-275 monochrometer. The 
external quantum efficiency was extracted from the spectral 
distribution and luminance measurement data. The lifetime 
was measured using the McScience MC9600 system, and 
the changes in voltage and luminance were monitored by 
applying a constant current. The surface morphology was 
investigated using the XE-100 atomic-force measurement 
system. All the measurements were performed in air. 

 
3. Result and Discussion 

 
Fig. 2 shows the electrical and optical properties of the 

fabricated OLEDs. The solid and dotted lines, and the solid 
and open symbols, represent the measurement data for the 
non-etched and etched OLEDs, respectively. There were 
some variations in the current and luminance levels at the 
same voltage levels. It is believed that these variations are 
related to the exposure of the devices to air during the trans-
fer process. In fact, some dark spots for the OLEDs exposed 
to air were observed, which can cause non-uniform device 
performances [9]. Although air exposure can have different 
additional effects on the device performances, it is assumed 
that similar performance changes occurred during the fabri-
cation processes because an attempt was made to minimally 
and equally expose both devices to air during the whole 
fabrication process. Based on the experiment, the etched 
OLEDs commonly showed relatively higher current and 
luminance levels at the same voltages over low voltage 

ranges. As the voltage increased, however, the current and 
luminance levels started to converge for the etched and non-
etched devices. Although it is believed that any defect cre-
ated at the etched sides of the organic layers can cause an 
additional current flow for low operation voltages [6], the 
results showed that the current increase may not come from 
the defects at the etched sides of the organic layers, which 
will be discussed later. As the voltage increases, the current 
flow that actually contributes to light emission increases, 
becoming a dominant element of the whole device current 
flow, as shown in Fig. 2(a). It was also commonly observed 
that the etched devices showed low turn-on voltages of 
around 2 V while the non-etched devices showed relatively 
high turn-on voltages of around 3 V. In this case, the turn-
on voltages were defined as the voltages where the current 
flow increases in a stepwise manner for the semi-log cur-
rent-voltage plots, as shown in Fig. 2(a). Fig. 2(b) shows 
the luminance and external quantum efficiency vs. current 
density for the non-etched and etched OLEDs. The external 
quantum efficiencies of the etched OLEDs are comparable 
to those of the non-etched devices. It was observed that the 
performance varied within about 0.2% from batch to batch 
due to the temperature and humidity variations because the 
devices had to be exposed to air during the process. In gen-
eral, however, at the same current densities, the luminance 
and external quantum efficiencies of the etched and non-
etched devices from the same batches were comparable. 
The lifetime of both OLEDs was measured by applying a 
constant current to produce the same luminance of 1600 
cd/m2. The initial voltages and currents at this luminance 
were 12.8V and 0.7mA and 12.2V and 0.7mA for the etched 
and non-etched OLEDs, respectively. Fig. 2(c) shows the 
voltage change and relative luminance progression with the 
operation time. When the initial luminance reached 70% of 
the initial luminance, the operation time and voltage in-
creases were 82.4 and 83.6 h and 0.82 and 0.9 volts for the 
etched and non-etched OLEDs, respectively. It was noted 
that the plasma-assisted etching process did not greatly af-
fect the OLED performances and lifetime behaviors. 

To further investigate the current increase at a low vol-
tage, the current density vs. voltage characteristics of the 
OLEDs were measured by changing the size of the light-
emitting area and the etching time, which expose different 
layers of the OLED stack to oxygen plasma during the etch-
ing process. Fig. 3(a) shows the current density vs. voltage 
of the non-etched and etched OLEDs with different light-
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Fig. 3. Current density vs. voltage characteristics of the OLEDs 
for (a) different light-emitting areas and (b) different etching 
times. (c) AFM image and step measurement data for different 
etching times. 

emitting areas, which were denoted as S, M, and L at the 
end of the device name. As mentioned earlier, if the leakage 
current induced by the defects created at the etched sides is 

the main reason for the current increase at low voltages, the 
OLEDs with different sizes must produce an increase in 
current density at the same voltage levels, which corre-
sponds to the device size increase. The measurement results 
that were obtained, however, showed quite similar current 
density increases for all the three OLEDs, indicating that 
the current increase at low voltages may not be caused 
mainly by the leakage current at the etched sides. Fig. 3(b) 
shows the current density vs. voltage characteristics of the 
etched OLEDs for different etching times. When the 
OLEDs were etched for 2 and 4 min, about 80- and 145-nm 
organic layers were etched. The estimated etching rate was 
38 nm/min. The etching depth was measured with the use of 
an atomic-force microscope (AFM), as shown in Fig. 3(c). 
It was noted that the total thickness of the organic layers of 
the OLEDs was about 145 nm. Therefore, after 2-min etch-
ing, all the Alq3 layers and all the parts of the NPB layer 
were etched; thus, the m-MTDATA layer was not exposed 
to oxygen plasma. After 4-min etching, all the organic lay-
ers were etched; thus, the edge of the m-MTDATA layer 
was exposed to oxygen plasma and then to air during the 
measurement. As shown in Fig. 3(b), a similar current in-
crease at low voltages was observed only for the 4-min-
etched OLEDs while the 2-min-etched OLEDs showed sim-
ilar electrical characteristics as those of the 0-min-etched 
OLEDs. Based on these results, it was speculated that the 
property of the m-MTDATA layer is more subject to oxygen 
plasma than the Alq3 and NPB layers are, leading to a cur-
rent increase at low voltages, since m-MTDATA is a rela-
tively reactive material under oxygen plasma due to its me-
thyl side chain. It is known that the current increase at low 
voltages (i.e., the turn-on voltage shift) is closely related 
with the injection barrier property at the ITO anode and HIL 
layer and/or HIL and HTL layers, which can be varied via 
molecular alignment, oxygen content variation of the ITO 
surface, or interface morphology [11]. Therefore, it is spe-
culated that any chemical reaction of the m-MTDATA layer 
with oxygen radicals during the etching process may 
change the effective injection barrier by changing the side 
chain length, thus thinning the barrier between the conju-
gated backbone and the metal-organic contact, resulting in 
the enhancement of the injection current [12], or inducing a 
molecular-alignment change that causes an interface prop-
erty change [13], although the molecular-alignment change 
of the HIL layer is typically obtained from the ultraviolet 
(UV) or oxygen plasma surface treatment of the ITO sur-
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face [10, 13]. Although far-reaching lateral damage to the 
organic layer from the oxygen plasma, even below the etch 
mask layer, and the creation of charged states, have been 
reported for OTFT [6], further analysis is required to inves-
tigate the effect of oxygen plasma lateral reaction with the 
organic layers of the OLED stack because the plasma etch-
ing process is typically an anisotropic vertical etching proc-
ess [5]. 

 
4. Conclusion 

 
In this study, it was proposed that the plasma-assisted 

patterning method can be used to solve the voltage drop 
along the common electrode of AMOLEDs, and its effects 
on OLED performances and lifetime were studied to deter-
mine the feasibility of the proposed method since it is be-
lieved that the plasma etching process can damage the or-
ganic layer and can cause performance degradation. Com-
parable device performances and lifetime were demon-
strated for etched and non-etched devices. It was noted that 
although there was a current increase at low voltages for the 
etched OLEDs, there were only small changes in external 
quantum efficiencies and lifetime behavior. The current 
increase behavior was investigated by changing the device 
size and etching time. It was found that the leakage current 
at the etched sides may not play a key role in the current 
increase, and that m-MTDATA is more subject to chemical 
reaction under oxygen plasma, leading to a current increase 
at low voltages by effectively changing the injection batter. 
This turn-on voltage shift without a significant change in 
emission efficiencies can have a positive effect in terms of  

the power efficiency of the OLEDs. Therefore, it is believed 
that the plasma-assisted patterning method can be easily 
applied to the conventional AMOLED process because one 
additional shadow mask and oxygen plasma process is 
needed. 
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