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Abstract. Due to its flexibility and ease of patterning, ink jet printing
has become a popular technique for the noncontact deposition of
liquids, solutions, and melts on a variety of substrates at lateral reso-
lutions down to 10 um. This article presents a study of ink jet printing
of homogeneous layers of Orgacon™ (Agfa-Gevaert, Belgium), a
water-based dispersion of poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonic acid) (PEDOT:PSS). The printed PEDOT:PSS layer
can be used as a transparent electrode in organic light-emitting
diodes (OLEDs). Fundamental aspects of the interaction between
the ink jet ink and the substrate and the resulting homogeneity of the
active layer in relation to OLED device performance are investigated.
The optimized PEDOT:PSS ink formulation is shown to improve layer
homogeneity, resulting in a uniform light output and device efficiency.
Ink jet printing is shown to be capable of fabricating 25 x 25 mm
OLED devices that have equivalent efficiency and light uniformity
to the ones produced by spin coating. © 2011 Society for Imaging
Science and Technology.
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INTRODUCTION

Organic light-emitting diodes (OLEDs) offer many benefits
over traditional lighting technologies such as fluorescent
tubes. However, for OLEDs to be widely adopted in com-
mercial lighting applications, they need to have a compara-
ble cost of ownership to traditional technologies.

Today, high efficiency white OLEDs are manufactured
through the vacuum deposition of small molecules on glass
substrates coated with a transparent conductive oxide such
as indium tin oxide (ITO). However, vacuum processing is
expensive for high volume, low cost OLED production, and
roll-to-roll (R2R) deposition at atmospheric pressure is
more appealing. Over the last decade, there has been an in-
tensive search for cost-effective polymer light-emitting
diodes (PLEDs) suitable for such production techniques.

As an alternative to vacuum techniques, wet solution
deposition can provide significant cost savings by enabling
R2R printing of large-area electronics on flexible substrates
at low fabrication costs. Therefore, we are currently investi-
gating high volume, R2R-compatible, solution-based depo-
sition techniques."” A major topic in this research is ink jet
printing of organic inks for printed electronics. This has
the advantage of being a noncontact technique that offers
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an ease of patterning in various industrial processes. For
high accuracy deposition of (low viscosity) functional ma-
terial solutions at specific locations on a substrate, ink jet
technology enables fast and easy deposition of thin polymer
films over large areas.

Furthermore, the past few years have seen the develop-
ment of reliable and robust ink jet printer heads, making
ink jet technology more mature for single-pass document
and graphics production.” This development opens new
opportunities for using industrial ink jet technology in
manufacturing printed electronics including PLEDs™” and
thin film transistors.>” Ink jet printing has been used to
fabricate polymer:fullerene bulk heterojunction organic
photovoltaics (OPVs). Here, the OPV cell is made from an
active layer of poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl Cg;-butyric acid methyl ester (PCBM) blends.®’

The replacement of the ITO layer by a printable trans-
parent electrode and metal structures on a thin-film encap-
sulated flexible OLED has previously been demonstrated
using spin coating.'” Currently, poly(3,4-ethylenedioxythio-
phene) doped with poly(4-styrenesulfonate) (PEDOT:PSS)
is used as a transparent electrode for the OLEDs. Further-
more, in combination with printed silver nanoparticles,
OLED devices have been demonstrated."'

This article will demonstrate the use of ink jet technol-
ogy in the fabrication of flexible OLEDs. The main chal-
lenge in using ink jet technology is the deposition of highly
homogenous layers of active materials onto flexible sub-
strates. As a benchmark, device performance will be com-
pared with spin-coated reference devices.

Moreover, several process requirements for the deposi-
tion of homogeneous electroactive layers will be investigated.
These include substrate pretreatment to modify the surface
energy and ink formulations to yield stable ink jet inks with
concentration, wetting behavior, and rheological behavior
determined by the boundary conditions for a robust deposi-
tion process. Furthermore, we will demonstrate uniform light
output of OLED devices on foils with a moisture barrier.

With sufficient reproducibility and reliability, the proc-
essing techniques may be applied not only to the fabrica-
tion of flexible OLED lighting but also for systematic
moisture barrier analysis of thin-film encapsulated foil-
based OPVs.
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Figure 1. Schematic representation of a bottom-emitting (ITO-ree) OLED
on foil.

EXPERIMENTAL

Device Stacks

OLEDs were fabricated on a 150 x 150 mm Teonex® PEN
foil from Dupont Teijin Films, onto which a silicon nitride-
based moisture barrier was applied. This transparent barrier
was created through low-temperature plasma deposition of
amorphous hydrogenated silicon nitride films and was
stacked with planarization layers to spatially separate defects.
To further limit the ingress of water and oxygen, the same
barrier was also applied as an encapsulation stack on top of
the manufactured OLEDs, as sketched in Figure 1.

Our glass-based (ITO-free) OLED device typically con-
sists of a transparent anode, a hole-injection layer
(PEDOT:PSS), a white-light-emitting polymer (LEP, Merck
Livilux™) and barium (5 nm)/aluminum (100 nm) as the
cathode. A highly conductive PEDOT:PSS layer (Agfa
Orgacon™ ILHCS5 1J) served simultaneously as the trans-
parent anode and as the hole-injection layer.

The OPV device stack is very similar to the OLED
stack. However, instead of a light-emitting polymer, a
P3HT/PCBM donor-acceptor blend is deposited on top of
the PEDOT:PSS layer and covered with LiF/Al as a reflec-
tive cathode.

Metal busbars/lines around or within the active area
can be deposited by printed metals. The metal structure
within the active area either was honeycomb shaped or
consisted of one or more (evenly spaced) lines. Dry layer
thicknesses were typically 100 nm for the highly conductive
PEDOT:PSS and 200 nm for the P3HT/PCBM blends.

Equipment

Deposition was carried out using a piezoelectrically actu-
ated Spectra Galaxy PH 256/50 AAA ink jet printer head.
The nozzle pitch was 254 um, while the drop volume
(Varop) and drop ejection frequency (fqrop) Were kept con-
stant at 50 pl and 1 kHz, respectively. The lateral separation
of neighboring printed lines could be varied by adjusting
the azimuthal orientation of the printer head with respect
to the direction of substrate motion.

For the OLEDs, current—voltage—light (IVL) character-
istics were measured using a Keithley 2400 general-purpose
source meter. During the IVL cycle, the brightness was
monitored by a photodiode calibrated with a Konica
Minolta LS-100 luminance meter. The luminance meter
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Figure 2. PEDOT:PSS ink viscosity as funcfion of shear rate, measured
with an Anfon Paar Physica MCR rheometer.

was mounted orthogonally to the OLED, which was con-
nected to a Keithley 6517A electrometer/high-resistance
meter. The systematic error in these measurements is
estimated to be =10%.

The current density—voltage (JV) characteristics of the
OPV devices were measured using simulated air mass filter
(AM) 1.5 global solar irradiation (100 mW/ cm?). The light
source was a xenon-lamp solar simulator, which was cali-
brated with a standard silicon photodiode detector.

Materials
For experiments and device fabrication, a commercially
available dispersion of 1 wt. % PEDOT:PSS (Orgacon™
HILHC5-1), Agfa Gevaert N.V.) in water was used.
PEDOT:PSS is basically a (99%) water-based polymer
dispersion.

RESULTS AND DISCUSSION

Ink Rheology

Figure 2 shows the measured PEDOT:PSS ink viscosity as a
function of shear rate (measured with an Anton Paar
Physica MCR rheometer). For shear rates >1 s, the ink
exhibits near-Newtonian flow, with slight shear thinning
behavior. Maximum shear rates for most ink jet heads are
of the order 10°~10° s~'. Depending on molecular weight
and shear rate, the PEDOT:PSS droplet formation shows
viscoelastic behavior.

To obtain a stable droplet formation without satellites
and short ligaments, the solution concentration and the
drop formation waveform must be optimized for the ink
jet printer head used. The surface tension of the ink will
significantly influence the droplet formation as well.

The high surface tension of water causes poor wetting
of the substrate. Hence, surfactants were added to reduce
surface tension and improve wetting behavior, as shown in
Figure 3. Depending on the surfactant additives used, the
equilibrium surface tension of the PEDOT:PSS dispersion
was in the range y = 25-40 mN/m.

Wetting properties are also influenced by the surface
energy of the substrate. For an OLED device, it is common
for the substrate to be structured with silicon nitride and
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Figure 3. Effect of surfaciant, measured surface tension as function of
fime.
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Figure 4. Weitting envelopes for unireated and prefreated substrates.

metal busbars/lines. Wetting behavior is different for each
substrate material.

Figure 4 shows wetting envelopes for each substrate
material. The polar and disperse coordinates of water, the
main component of PEDOT:PSS inks, show the relation
between the ink and the substrate. If the surface energy of
the substrate is much lower than the surface tension of the
ink—as is the case for the untreated substrates—wetting,
spreading, and layer formation will be poor. Large differen-
ces in the surface energy between ink and substrate will
cause inhomogeneous layer formation or even dewetting
spots. Plasma treatment can be used to increase the surface
energies of the substrate and sputtered metal, both sub-
strate materials, and reduce the difference between them, as
shown in Fig. 4. This allows layer formation to be
controlled.

Droplet Spreading and Coalescence

To model the ink jet printing process, we assume that the
printer head produces ink droplets of a uniform volume
(Varop) and diameter (Dyyop) at a constant jetting frequency
farop- These droplets hit a nonporous substrate, which
moves at a constant speed (Uy,,). After impact, the drop
takes on a spherical cap shape of diameter D,p. The drops
coalesce to form a line of width w. This picture of ink jet
printing is represented graphically in Figure 5.
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Figure 5. Definition of ink jet droplet impact on a nonporous substrate fo
form a single line.
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Figure 6. Line width of printed PEDOT:PSS as function of dof pitch, com-
parison between experimental measurements and theorefical predicted
values.

For narrow single lines, i.e., where w <</,
= /7/(pg); ¢ is the capillary length (a material parame-
ter), y is the surface tension of the ink, p is the fluid density
and g is gravitational acceleration, the line width can be cal-
culated to be

A
= 2sin0, 1
v s \/(08 —sin 0, cos 0,) )

where A is the cross-sectional area (volume per unit length)
of the printed line and 0, is the equilibrium contact angle
between the ink and the substrate.

The equilibrium contact angle is a constant for a given
ink and substrate combination, depending on the proper-
ties of the two materials. However, in practice, measuring
0. directly is nontrivial due to contact line hysteresis.
Instead, for a given (homogeneous and preconditioned)
substrate, it can be derived from the spreading ratio of the
(measurable) diameters of the initial drop and the resulting
cap on the substrate, which is given by
SR — Dep 4sin’ 0, 3

Darop | (1 — c0s0,)*(2 + cos 0,)

(2)
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Figure 7. Ink jetprinted PEDOT:PSS stripes deposited with line pitches (L)
of {a) 200 um, (b) 160 um, (c) 100 um and (d) 50 um. The white

scraiches in (c) are the result of Dekiak scanning-probe measurements.

Alternatively, a close approximation 0, can be estimated by
measuring the advancing and receding contact angles (0,
and Oy, respectively) and taking a trigonometric average:

(cos 04 + cos Or)

5 (3)

cos by =
To use Eq. (1), we also need to know the cross-sectional
area of the line. In ink jet printing, this can be controlled by

altering the substrate speed and jetting frequency and is
defined by:

\%
A= drop _ Vdrop fdrop
dp Usub

(4)

where the quantity d,, is known as the droplet pitch. For
narrow and thin single lines, i.e., if h < w, the cross-
sectional profile is parabolic to a good approximation and
h is the center height of a printed single line.

From Egs. (1) and (4), we see that, for a given substrate
and ink and a constant drop volume, the width of the
printed line depends only on d,. Figure 6 shows good
agreement across a range of dot pitches between the results

of this theoretical model and measured line widths of in
PEDOT:PSS ink jet printed onto the moisture barrier used.
The experimental measurements were obtained using a
microscope image and Stylus profilometer.

In practice, at very low dot pitches, the cap of a line
contains too much ink, leading to uncontrolled spreading.
As known from previous work, wetting instability occurs if
the dot pitch becomes too small.'”> A smooth line can be
created by increasing the dot pitch. However, if the dot
pitch becomes too large, capillary effects cause a regular
pattern of wider and narrower parts in the line."> At even
larger dot pitches, the drops will no longer merge into a
continuous line.

Layer Formation

Figure 7 shows four series of ink jet-printed PEDOT:PSS
lines of various line pitches that were deposited on a non-
porous substrate (silicon nitride) with line pitches (L,)
between 50 and 200 pm. Generally, patterns were printed
such that the center-to-center distance of neighboring lines
was smaller than the line width, L, < w, guaranteeing a cer-
tain minimum overlap. The width of a single line (w) was
approximately 200 ym.

Moreover, d, was kept much smaller than L,, so that
the leveling dynamics proceeded much faster in the print-
ing direction (y-axis) than perpendicular to it. Hence, in
this work, lateral leveling is only considered along the x-
axis and the ink thickness profile, h(x,,t), is assumed to be
independent of y. For industrial applications, it is desirable
to maximize L, and Uy, to allow larger areas to be printed
faster and with fewer printer heads.

The grayscale contrast in the microscope images
reflects the thickness profile of the printed stripes. Fig. 7(a)
shows distinct individual lines that have not merged later-
ally at all. Fig. 7(b) clearly shows the onset of coalescence.
The grayscale contrast in Fig. 7(c) is very uniform indicat-
ing near-optimal leveling. In Fig. 7(d), the very small line
pitch resulted in a larger overall film thickness. The gray-
scale distribution indicates that the thickness profiles of the
stripes are not flat but more closely resemble parabolas as a
consequence of capillary redistribution.

Furthermore, we are developing a theoretical model of
the leveling and redistribution dynamics of ink jet-printed

Figure 8. Photographs of [a) ink jetprinted PEDOT on a glass substrate with sputtered metal, (b Livilux™" LEP
ink jef printed over the PEDOT layer (under UV illumination) and (c] electroluminescence, after cathode evapora-
tion and encapsulation with a metal lid, of the device when driven at a voliage of 8 V.
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Figure 9. IVL measurement of 25 x 25 mm OLEDs on glass with benchmark of spin-coated and ink jetprinted

HILHCS5 PEDOT:PSS and LEP layers.

lines in the presence of surfactants. Both the fluid proper-
ties and printer parameters can influence the leveling rate
and subsequently affect the equilibration dynamics of mul-
tiple ink jet-printed lines.'* This simple model provides a
basis for estimating ink jet process windows.

Characteristics of Printed OLEDs

As explained previously, our glass-based (ITO-free) OLED
device typically consists of a transparent anode, a hole-
injection layer (PEDOT:PSS), a white-LEP (Merck
Livilux™) and barium (5 nm) /aluminum (100 nm) as the
cathode. Metal busbars around and within the active area
were created in a honeycomb pattern through screen print-
ing or RF patterning. These structures were 1.5 um high
when screen printed and 300 nm high when sputtered. In
both case, the metal lines were of the order of 200 um wide.

The PEDOT:PSS and the LEP were deposited from so-
lution using ink jet printing under ambient conditions.
Typical dry layer thicknesses were 100 nm for the
PEDOT:PSS and 80 nm for the LEP. After thermal evapora-
tion of the cathode, the devices were sealed by applying a
metal lid with an ultra-violet curable epoxy adhesive.

Figure 8 shows photographic images of the ink jet-
printed OLED at various stages of production: after ink jet
printing the PEDOT:PSS layer, after ink jet printing the
LEP (on top of the PEDOT:PSS) and the finished device
driven at 8 V. Fig. 8(c) shows that the light output of the
ink jet-printed OLED is extremely uniform.

Figure 9 compares the IVL performance of four
25 x 25 mm OLEDs produced using various combinations
of ink jet printing and spin coating for the PEDOT:PSS and
LEP layers. All PEDOT:PSS layers were formed from the
same Orgacon ink jet printing formulation. The exception
was a benchmark OLED created using spin coating and
indicated in blue on the graph.

In general, the IVL cycles of the four nearly overlap.
The OLED with the ink jet-printed LEP layer does exhibit a
somewhat higher IV profile, stemming from local layer
thickness variations. In addition, the parasitic current in
the low-voltage regime before turn-on is higher than for
spin-coated samples. These leakage currents could be due
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Figure 10. Device performance of 25 x 25 mmOPV on glass with
benchmark of spin-coated and ink jetprinted PEDOT:PSS and spin-coated
OPV layers.

to dust, scratches, etc., in the active area. Alternatively, they
could be due to inhomogeneity in the LEP layer (the use of
high-conductivity PEDOT:PSS requires extremely homoge-
neous LEP coverage).

Deposition of the LEP by ink jet printing again poses a
challenge: namely, forming a homogeneous film on a hy-
groscopic PEDOT:PSS surface. Fig. 8 shows uniform light
emission with optimal droplet formation, compatibility
with the substrate, coalescence, leveling, and drying to
form a homogeneous 80 nm dry LEP layer. Despite this
complexity, the brightness and efficacy levels were found to
be in the same range as the OLEDs manufactured by spin
coating, as shown in Fig. 9.

Characteristics of Printed OPVs
Various PEDOT:PSS ink formulations (conductive varia-
tions) and deposition techniques (spin coating versus ink
jet printing) have been investigated. The device perform-
ance of a 25x 25 mm OPV cell has been measured, as
shown in Figure 10.

Ink jet printing PEDOT:PSS delivers layer homogene-
ity and device performance that is comparable with spin
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coating. When using the same PEDOT:PSS formulation,
the ink jet-printed OPV device shows slightly better per-
formance in terms of leakage current than the spin-coated
version. This might be related to the removal procedure for
spin-coated PEDOT:PSS film. Such a step is not required
for ink jet-printed devices, which could have potential ben-
efits for upscaling of R2R OPV production.

CONCLUSIONS

In this work, some fundamental aspects of the interaction
between ink jet ink and substrate have been addressed. The
resulting homogeneity of the active layer (PEDOT:PSS) and
related device performance of OLED and OPV have been
investigated.

PEDOT:PSS and a LEP were deposited in homogene-
ous layers using commercially available printer heads.
Using a combination of theoretical and experimental
approaches, the ink jet formation and creation of homoge-
nous layers on a moisture barrier was optimized. Further-
more, the ability to use ink jet printing to fabricate 25 x 25
mm OLED devices has been demonstrated.

Ink properties and substrate pretreatments have also
been optimized to ensure robust printing and drying proc-
esses. The resulting ITO-free OLEDs on glass using ink jet-
printed PEDOT:PSS and ink jet-printed LED layers were
found to exhibit uniformity of light emission, and device
performance comparable with spin-coated reference devices.
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