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Abstract−Single-layer organic-light-emitting devices (OLEDs) have been fabricated by screen printing method. Using
the screen printing method, a polystyrene (PS) film doped with NPB, Alq3, and rubrene was deposited to have the thick-
ness of 100 nm. The film was used for the fabrication of single-layer OLEDs. In order to estimate the performance
of the devices, single-layer OLEDs of the same structure were also fabricated by spin coating and compared with those
fabricated by screen printing. The spin-coated OLEDs were turned on at 10 V and reached a maximum brightness of
1,100 Cd/m2 at 21 V. The screen-printed OLEDs showed the same turn-on voltage but with a maximum brightness of
110 Cd/m2 at 14 V.
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INTRODUCTION

Even though multi-layer organic light emitting devices (OLEDs)
have been known to be more efficient than single-layer OLEDs [1,2],
the single-layer OLEDs have also attracted attention due to their
simple structure. Single-layer OLEDs have mainly been fabricated
by spin coating [3,4] of polymeric solutions. In order to increase
the emission efficiency of the single layer OLEDs, the phosphores-
cent OLEDs have been frequently studied by doping a phospho-
rescent dye in an organic layer [5-7].

Recently, as a new fabrication process of OLEDs, a screen print-
ing process has been exploited [8,9]. Screen printing has been known
to be one of the most versatile, simple, fast, cost-effective coating
techniques. Not only does it not require expensive vacuum tech-
nology, as is the case with physical vapor deposition, but it also can
be applied to versatile surface shapes and sizes. Due to its conven-
tional usages, however, it has been believed that screen printing is
not suitable for deposition of thin films with less than 100 nm thick-
ness. Pardo et al. [10] demonstrated the use of screen printing in
the deposition of an organic active layer having a thickness of several
tens of nanometers and acting as a hole-transport layer (HTL) in a
multi-layer OLED. Their device emitted light at low voltage (<5 V)
and had a peak external quantum efficiency of 0.91%. Although
for their device only the HTL was screen-printed while the ETL
was deposited by vacuum sublimation, the results were very encour-
aging since they opened a new possibility that the screen printing
process could be utilized for fabricating the OLEDs.

In this study, we fabricated single-layer OLEDs by the screen
printing method, and compared the devices were compared single-
layer OLEDs fabricated by spin coating. The surface morphology,
roughness, and device degradation behavior were directly compared
for both OLEDs fabricated by screen printing and spin coating.

EXPERIMENTAL

ITO glasses of a nominal sheet resistance of 30Ω/□ were ul-
trasonically cleaned, followed by rinsing with deionized water, tri-
chloroethylene, acetone and methanol. The cleaned ITO glasses were
patterned via a standard microlithographic process. HCl (37%, Al-
drich) was used as the etchant for the ITO. For the surface treat-
ment of the ITO, the patterned ITO glasses were either treated by
oxygen plasma at 100 W for 3 min or spin-coated by PEDOT/PSS
film prior to the deposition of OLED active layers.

NPB (N,N'-bis(naphthalen-1-yl)-N,N'-bis(phenyl)benzidine,
99.95% purity, Gracel), Alq3 (Tris(8-quinolinolato) aluminum, 99.9%
purity, Gracel), and rubrene (99.96% purity, Gracel) were dissolved
in a previously prepared solution of polystyrene (Mw: 280,000, Al-
drich) in chloroform. The weight ratio of NPB, Alq3, and rubrene
dissolved in the chloroform were fixed through all experiments to
be 1.0 : 1.0 : 0.15. The polystyrene was dissolved in the 50 ml chlo-
roform as a host polymer in order to adjust the viscosity of the co-
ating solution. For spin coating, 0.4 g of polystyrene was dissolved
in the solvent. At the viscosity, the resulting film thickness was about
100 nm when the solution was spin-coated by two steps (2,000 rpm
for 5 sec and 4,000 rpm for 60 sec). In order to prepare the film of
same composition and thickness by using screen printing, 0.8 g of
polystyrene was dissolved in the same amount of solvent and the
solution was screen-printed using 400 mesh stainless steel screen
mask. The coating solution was filtered through a 0.20µm PTFE
syringe filter right before the spin coating and screen printing. The
OLED area was 25 mm×25 mm (49 pixels) and a pixel size was
3 mm×3 mm.

The average thickness of the organic film, measured with a KLA
Tencor alpha-step, was about 100 nm. An LiF layer of 0.5 nm and
an Al layer of 120 nm thickness were successively deposited in the
same chamber on top of the printed organic layer under 5×10−7 torr
pressure.

RESULTS AND DISCUSSION

In order to ensure the thickness of a polymer film to be less than
100 nm as the result of spin coating and screen printing, the viscos-
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ity of the coating solutions should be strictly controlled. Not only
does the viscosity of the coating solutions affect the resulting film
thickness, but also the process conditions of coating such as the spin
speed, mesh counts, coating time, etc. have significant influence on
it. In the case of all the process conditions to be fixed other than
solution viscosity, the solution viscosity for spin coating should be
lower than that for screen printing to result in the same thickness.
Fig. 1 shows the resulting film thickness for screen printing with
the solutions of various polystyrene contents in 50 ml chloroform.
When 0.8 g polystyrene was dissolved in 50 ml chloroform, the so-

lution produced a polystyrene film of thickness about 100 nm as the
result of screen printing with 400 mesh screen as shown in Fig. 1.
In order for a polymer film to be used for OLED emissive layer,
the film thickness should be less than 100 nm. In this study, there-
fore, the screen printing has been always carried out with a solu-
tion composition of 0.8 g PS/50 ml chloroform. With the conditions
of spin coating described in the experimental section, the solution
composition of 0.4 g PS/50 ml chloroform has been found to be the
optimal composition for producing the PS film of the same thick-
ness. It should be mentioned here that the addition of low-molecular-
weight organic molecules such as NPB, Alq3, and rubrene did not
affect the solution viscosity significantly. Throughout this study, all
the coating solutions were prepared to have a weight ratio of NPB :
Alq3 : rubrene to be 1.0 : 1.0 : 1.5, regardless of spin coating and
screen printing.

The surface morphology of the screen-printed organic film was
found to be greatly affected by the surface condition of the sub-
strate. When the PS-based coating solution was screen-printed on
bare glass or ITO surface, the screen printing was found to leave
many pinholes behind in the resulting films as shown in Fig. 2.

Spreading coefficient S as a factor determining the wetting and
dewetting is usually defined to be S=SE−FE−SFE, where SE and FE

are the surface energies of the substrate and film on the substrate,
respectively. And, SFE is the interfacial energy between film and
substrate. When S>0, the surface is considered wettable, and if S<0,
dewetting occurs. Wetting and dewetting are important processes
for many applications, including adhesion, lubrication, painting,
printing, and protective coating. Untreated bare glass and ITO are
known to have the contact angles around 50-60o. A surface treat-
ment using oxygen plasma usually gives rise to the reduction of

Fig. 1. The resulting thickness of screen-printed films with respect
to the polystyrene content in 50 ml chloroform solvent.

Fig. 2. Photographs showing the surface morphology of the screen-printed films deposited on the differently treated substrates.
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contact angle to less than 20o. The contact angle of water on the
PEDOT/PSS surface is measured to be less than 10o. Since more
hydrophilic surfaces have lower contact angles and higher surface
energies, the oxygen plasma treatment and PEDOT/PSS coating
should enhance wetting of the printed film. As shown in Fig. 2, the
polystyrene films printed on the bare glass and ITO display a num-
ber of pinholes of size ranging from a few to few tens micrometer.
It could be understood that the pinholes have been created due to
dewetting of hydrophobic polystyrene on the bare glass and ITO sur-
faces. Upon the oxygen plasma treatment or the coating of PEDOT/
PSS of ITO substrates, the dewetting is reduced remarkably because
of the increase in hydrophilicity of the ITO substrate, which means
higher surface energy of the substrate.

The surface roughness depends directly on the surface morphol-
ogy produced by the wetting and dewetting. As shown in Fig. 3,
the root mean square (rms) roughness of the films screen-printed
on the bare glass and ITO was measured to be 0.98 and 1.06 nm,
respectively. It is because there are a number of pinholes on the sur-
faces. As expected, for the organic films screen-printed on the plasma-
treated and PEDOT/PSS-coated ITO surfaces, the r.m.s. roughness
was measured to be 0.48 and 0.74 nm, respectively, which was much
lower compared with that of the films on bare glass and ITO sur-
faces.

We have fabricated single-layer OLEDs using the screen-printed
organic films. For comparison, OLEDs of the same structure have
been also fabricated by using spin coating. In order to adjust the
thickness of the organic films prepared by the spin coating and screen
printing to be the same as 100 nm, the polystyrene content of the
spin-coating solution had to be reduced to half of that for the screen

printing, as mentioned earlier. The hole transporting (NPB), electron
transporting (Alq3), and emitting (rubrene) organic materials were
added when the coating solutions were prepared. The weight ratio
of NPB, Alq3, and rubrene was fixed to 1.0 : 1.0 : 0.15, which was
optimized by way of measuring the brightness of OLEDs fabricated
by the spin coating. The OLED fabricated by the spin coating was
turned on at 10 V and reached a maximum brightness of 1,100 Cd/
m2 at 21 V. On the contrary, the OLED fabricated by screen printing
showed the same turn-on voltage and the maximum brightness of

Fig. 3. AFM images showing the r.m.s. roughness of the screen-printed films deposited on the differently treated substrates.

Fig. 4. Brightness of screen-printed (open symbol) and spin-coated
(filled symbol) OLEDs with respect to the operating volt-
age.
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110 Cd/m2 at 14 V. The voltage-luminance curve is shown in Fig. 4.
The reason why the screen-printed OLED showed the inferior per-
formance is presumed to be due to the inferior quality of organic
thin film. Even though the creation of pinholes has been suppressed
greatly by the surface treatments of substrates, the resulting organic
films have been still inferior to those obtained from spin coating. It
should be also mentioned that the emission from the screen-printed
OLEDs was not perfectly uniform but rather scattered as innumera-
ble tiny emitting dots throughout the device area. From this obser-
vation, we could conclude that the emitting dyes were not uniformly
dispersed in the PS layer for some reasons. We attribute this non-
uniform dispersion to the pinholes still present in the organic film.
Even though the pinholes have been suppressed by the surface treat-
ments of the substrate, it is expected that the pinholes could still
exist in the organic film and the aggregation of emitting dyes could
have been facilitated by the non-uniform drying during the creation
of pinholes. In order to investigate the non-uniform emission of the
screen-printed OLEDs further, we have observed the OLED deg-
radation behavior and the dark spot generation.

Burrows et al. [10] thoroughly investigated the formation of dark
spots in OLEDs and suggested that these formations were a result
of high current areas in the device. Once formed, dark spots increase
in size leading to total device failure. Antoniadis et al. [11] also in-
vestigated the degradation mechanisms involved in OLEDs. They
proposed that dark spots are pinholes in the cathode material in which
water and oxygen can enter the device and affect the organic mole-
cules. Particles and other imperfections existing on the ITO surface
or introduced during device fabrication are prime candidates for
pinhole formation.

As shown in Fig. 5, the degradation behavior of the OLED fabri-
cated by the spin coating, which is the bottom series of pictures in
the figure, exhibits the dark spots. In the micrographs, the black area

represents emission, while a white or gray area represents the dark
spots. The dark spots began appearing during emission, and as time
passed they grew bigger along with the creation of new dark spots.
However, the degradation behaviors of the OLEDs fabricated by
the screen printing could be characterized to exhibit the abrupt cre-
ations of big dark spots until the OLEDs completely failed. As can
be seen in the figure, the dark spots for the screen-printed OLED
on the untreated ITO substrate seem to be unchanged after a few
dark spots were created. It means that the OLEDs have completely
failed. However, the screen-printed OLEDs on the plasma-treated
or PEDOT/PSS-coated ITO substrate seem to live much longer even
though more dark spots have already been created. It can be under-
stood that the OLEDs fabricated by the screen printing on untreated
ITO substrate have many pinholes on the surface and the pinholes
may act as points where the electrical shorts occur. Even though
the screen-printed OLEDs on the surface-treated ITO substrates live
longer than those on untreated ITO substrate, the size of dark spots
is found to be much bigger compared with the case of the OLEDs
fabricated by the spin coating. It can be attributed to the fact that
the emitting dyes in the screen-printed OLEDs should have not been
dispersed uniformly but aggregated in areas unlike the case of the
spin-coated OLEDs. We presume that the non-uniformity of dye
dispersion has been caused by the pinholes or non-uniform drying
of surface. In order to improve the performance of the screen-printed
OLEDs close to that of the spin-coated OLEDs, it is important to
have the organic thin film to be dried more uniformly while keep-
ing the surface pinhole-free.

CONCLUSIONS

Single-layer OLEDs have been fabricated by the screen printing
method and their device performance has been compared with the

Fig. 5. Photographs showing the degradation of screen-printed and spin-coated OLEDs.
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single-layer OLEDs fabricated by spin coating. We have shown that
it is possible to deposit a 100 nm-thick organic film by screen printing
and the film can be used to fabricate the single-layer OLEDs. It has
been found that the oxygen plasma treatment or PEDOT/PSS coat-
ing of ITO substrate surface could suppress the creation of pinholes
by reducing the dewetting. At this stage of research, even though
the brightness of the screen-printed OLEDs is only slightly above
100cd/m2 and the emission is not perfectly uniform, it is expected
that the performance of the screen-printed OLEDs can be improved
further by the optimization of materials used and process conditions.
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