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Abstract

We developed a simultaneous UV embossing method to fabricate bank-shaped, two parallel layers with different sur-
face properties in a one-step processing using the mold having loop-shaped protrusions. In conjunction with ink-jet
technology, the molded pattern could be used as barrier ribs for particular flat panel displays. We choose the layer
materials so that the bottom ink-philic one absorb jetted ink and the top ink-phobic one expel jetted ink. Therefore,
the structure prevents ink from staining the barrier ribs’ surface and from mixing between adjacent pixels. The structure
could be an effective barrier ribs for manufacturing of color filter of a liquid crystal display or light emitting layer of an
electroluminescent display with high throughput.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, the organic light emitting display

(OLED) have attracted enormous research interest
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properties; brightness, wide viewing angle, fast re-
sponse time, low power consumption, emission
spectra cover the entire range of visible light and
so forth [1]. There is a possibility they can be used
for flexible displays in a rolled form and on curved
surfaces, even on the surface of cloth as a wearable
display [2]. Therefore, it is plausible that OLED
may be the most competitive FPD industry with
current leading FPD one, liquid crystal display
(LCD) in the near future. However, their success
or even survival might strongly depend on a de-
crease in cost and an increase in display quality
such as color purity or long-life time.

The success of large FPD in the field of PC
monitors and TVs strongly depends on how we in-
crease the mother glass size and lower the manu-
facturing and material cost. As a result, recent
advances in the ink-jet technology, which origi-
nally developed as a printing technology, have ta-
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ken some of the attention away from the display
industry [3]. For LCD, the adaptation of low-cost
ink-jet technology for color filter fabrication is
strongly being considered [4,5] because it is scal-
able to large-size mother glass and economical in
the material cost. On the basis of this standpoint,
the ink-jet technology can also be used in polymer
light emitting display (PLED) because PLED is
capable of a soluble process.

When we use such ink-jet technology in FPD
fabrication, it is inevitable to make the barrier rib
on the substrate before ink-jetting step [6,7]. For
example, the bank-shaped structure for a color fil-
ter of an LCD fabricated by photolithography is
shown in Fig. 1. To prevent jetted ink from mixing
with adjacent pixels and from remaining on the
rib’s surface, the bottom layer should be able to ab-
sorb ink and the top layer should be able to expel
ink.
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Fig. 1. Conventional manufacturing method and preliminary function of the barrier rib for a flat panel display that uses ink-jet
technology. (a) Spin-coating of ink-philic, photocurable resin on a glass substrate and ink-philic bottom structure formed by UV
exposure, (b) thick coating of ink-phobic photocurable material, (c) second photo process for ink-phobic barrier rib formation, (d)
fabricated barrier rib structure consisting of two parallel layers after wet etching of uncured resin and (e) final shape of ink-jetted flat

panel display.
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However, the fabrication procedure is some-
what complicated. For example, to make a bar-
rier rib structure like the one shown in Fig. 1
by means of a conventional photo resist tech-
nique, we have to repeat spin coatings, mask
alignments, UV exposures and wet etching pro-
cesses two times to fabricate the dual layers hav-
ing different surface properties. The mask aligning
is particularly bothersome and timeconsuming.
The main aim of this work is to simplify the fab-
rication by using a new and effective process that
includes just a single embossing and UV exposure
step.

For this, embossing technique is considered. Of-
ten called the imprinting technique, the embossing
technique uses a hard mold with protruded pat-
terns defined on the surface of the mold, and these
patterns even in a nanometer scale are imprinted
onto a substrate’s polymer layer cast [§8]. Unlike
conventional embossing processes that are usually
achieved by applying pressure to a single photo
curable resin film (UV embossing) or at a temper-
ature higher than the glass transition temperature
of a single polymer film (thermal embossing), our
new process requires just one embossing procedure
to fabricate dual layers with different surface prop-
erties. For this purpose, we use two deformable
(flowable), immiscible materials as barrier rib com-
ponents that differ greatly in viscosity. In the next
section, we will deal with the principles of our
method in more detail.

2. Simultaneous embossing concept of two parallel
layers of different viscosity and hydrophilicity

In a conventional embossing process, the sur-
faces of the protrusions are flat. In most cases,
the normal stress effect of viscous non-Newtonian
fluid squeezes the flow between parallel plates; and
this effect even works for viscoelastic polymeric
fluid. As a result, this process is widely used for
understanding the rheological characteristics of
the embossing process [9,10]. On the basis of our
new concept of embossing dual layers, we pre-
pared a mold that had a triangular loop-like sur-
face on each protrusion as shown in Fig. 2. The
exterior angle 0 is 15°.

70pm

Fig. 2. Three-dimensional shape of the mold that has a
triangular loop-like surface on each protrusion.

The most basic prerequisites of our process are
that the two resins must be immiscible, and differ-
ent in viscosity and hydrophilicity as illustrated in
Fig. 3. The surfaces of the protrusions were trian-
gular with a small angle, 0, to make the lateral
squeezing flow (indicated by white arrow) in the
top layer. We achieved this flow by pressing the
mold perpendicularly so as not to remain the top
resin of the low viscosity on top of the bottom
layer after full embossing. When the layers of dif-
ferent viscosity are pressed at a speed shorter than
the longest relaxation time of the viscous (strictly
speaking, viscoelastic) bottom layer, the top layer
of very low viscosity flows as a result of the squeez-
ing between the mold surface and the lower layer,
which acts as a solid.

To analyze this behavior, we referred to the
concept of the Deborah number (De = tgyid/Texp)s
a dimensionless number that characterizes the flow
of the material [11]. De is a ratio of the relaxation
time of the intrinsic material fluidity and the time
of the event or experiment. It therefore measures
the relative strength of the elastic and convective
effects of soft materials against external motion,
particularly with respect to whether the soft mate-
rials act as a fluid or (elastic) solid. De of the top
layer for a typical case of unpolymerized mono-
mer, which is purely a viscous and Newtonian
fluid, definitely goes to zero unless the time scale
of the experiment is larger than the relaxation time
of a small molecule in the order of picoseconds. To
define the appropriate relaxation time of the bot-
tom layer, we need the viscosity and elastic modu-
lus under a low shear rate because the longest
relaxation time is the ratio of viscous and elastic
moduli. A typical bottom layer consists of photo
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Fig. 3. Schematics of the simultaneous UV embossing method of two parallel layers. (a) Dual coating of high-viscosity and low-
viscosity layer on glass substrate, (b—c) carefully pressing a mold that had a triangular loop-like surface on each protrusion, (d) curing
of two layers by UV radiation onto the substrate side and (e) final structure of two parallel layer having ink-philic and ink-phobic

layers by our method.

resist material comprised mainly of a linear poly-
mer and a monomer that is photo crosslinkable
and multifunctional after spin coating. However,
if we make a simple assumption that the thermo-
plastic polymer is under or around the glass tran-
sition temperature, then the typical relaxation time
is at least in the order of 1 s according to the def-
inition of glass transition.

For a squeezing flow, the experimental time
scale is usually half the time required for the mold
and substrate to come together [12]. For a typical
embossing process, the pressing speed of V'is in the
order of 10 um/s and the gap between the mold
and the substrate of H is in the order of 10 pm.
By considering these factors, we get

1
Depottom > ————— = 2.0. 1
eren > ) W
Given that Dey, =0 and Eq. (1) is the ex-
treme low limit of Depsiom, the top layer acts
as a liquid and the bottom one acts as a solid

in our embossing concept. However, we must
be able to deform the bottom layer by pressing
the mold.

The Reynolds number (Re) is another dimen-
sionless number that is needed to make clear the
flow stability of the top resin layer of, for example,
n = 10 mPa s. The calculated result is

HV,

Retop =
(107> m)(10~° ms~")(10° kg/m?)
(107> kg m~1 s71)
=107 (2)

~

which is low enough to assume an absence of
vortex, turbulence or a secondary flow in the
top layer. In other words, the flow is a laminar
flow, and thus there is no mixing between top
and bottom resins. The process also lowers the
possibility of the presence of a residual top resin
on the outer surface of the bottom layer. Even
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Fig. 4. Contact angle formation during embossing step.

though the viscosity of the top layer is very low,
Reyop is not high due to the slow embossing
speed.

The next issue is the hydrophilicities of the res-
ins before and after UV curing. A key material
property to determine the shape of the fluid—fluid
interface is the contact angle, the angle formed at
the intersection of the solid and the fluid—fluid
interfaces. The static contact angle between the
smooth solid surface (S) and two immiscible layers
(L1, L) is described by Young’s equation [13]

cos ¢ — VsL, = Vsi, ’ (3)

VLiLy

where y;; is the surface tension of the interface be-
tween component i and j. The cohesive forces be-
tween molecules are responsible for the surface
tension. We would like to make yg,, to be low by
selecting mold surface S, and bottom layer mate-
rial Ly, of either same hydrophilicity, and yg, to
be high by selecting a top layer material L, of
the opposite hydrophilicity. Therefore the value
of cos¢ in Eq. (3) tends to be negative or at least
small, that is, ¢ > 90° as illustrated in Fig. 4. In
other words, the top layer does not wet either mold
surface or bottom layer sufficiently, whereas the
bottom layer wets the mold surface well.

3. Preparation of the mold

A new method of fabricating Si mold whose
protrusion surface is of triangular loop-shape is

developed. It exploited a microloading effect of
inductively coupled plasma (ICP) dry etching to
form an inclined surface on Si substrate. In our
case, we controlled the depth of the etching by
using the difference in the gaps of the pre-pat-
terned photo resist. The size of the difference in
the gaps induces the difference in the depths of
the dry etching due to the loading effect. A sche-
matic illustration in Fig. 5 shows the preparation
steps for fabricating the Si mold with protrusion
pixel units in detail. Fig. 5(a) shows a predeter-
mined photo resist pattern on the Si substrate.
We formed the photo resist pattern on the Si
wafer with controlled critical dimensions consid-
ering the loading effect. The gaps between the
patterns were 2, 3, 4.5, 6.5 and 9.0 pum, respec-
tively. This data is based on the depths of the
etching after the preliminary dry etching experi-
ments. STS ICP etcher (HR model) was used
to form the Si mold with inclined surface. A typ-
ical process for forming high aspect ratio (HAR)
structure, Bosch process, which fabricates HAR
structure by repeating etching and deposing cy-
cles, was adopted [14]. Since microloading effect
influences the etch rate, the etched depth is
dependent on the photo resist gap size. Typical
etch rates were 0.63 pm/min for 6 pm gap and
0.84 pm/min for 9 um gap [15]. After conducting
ICP dry etching, we obtained Si structure with
valleys of controlled depths, as illustrated in
Fig. 5(b). We removed the photo resist that acted
as a mask by wet etching (Fig. 5(c)). The scan-
ning electron microscopy (SEM) images were
shown in Figs. 6(a) and (b), both of which corre-
spond to Fig. 5(c). We further carried out wet
oxidation process at over 1000 °C for 4 h. It
turned the 2 um thick dummy Si blocks into sil-
icon dioxide. All silicon oxide dummy blocks
were removed by wet process using buffered
oxide etcher (DI water/HF = 6:1) [16]. Therefore,
stair-shaped inclined surface was obtained as
illustrate in Fig. 5(d).

To make the surface smooth, further planari-
zation of the surface of the mold was performed
by repeating several wet etching steps with a tet-
ramethyl ammonium hydroxide (TMAH) solu-
tion at 80 °C for 3 min. The irregular tips left
after removing dummy blocks were removed
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Fig. 5. Schematic illustration of the mold preparation steps. (a) patterning of predetermined photo resist structure on the Si
substrate, (b) anisotropic dry etching which makes the depth difference, (c) removal of photo resist, (d) obtained Si mold which has a
rough loop-like shape on each protrusion after removal of unnecessary dummy blocks by oxidation and wet etching. Final mold
structure shown in Fig. 4 can be obtained by further planarization by repeated wet etchings with a tetramethyl ammonium hydroxide

solution.

successfully by the TMAH treatments and hence
the surface of loop-like protrusion of our Si mold
was sufficiently smoothed. The final mold’s SEM
image and a three-dimensional confocal laser
scanning microscope image after planarization
were shown in Figs. 6(c) and (d).

Finally, we coated super-hydrophobic polymer
film (typically ~30 nm thick) on the surface of
the Si mold by dip coating with Zonyl® TC-10,
by courtesy of Dupont Japan. The contact angle
of the water on the coated surface was at least
110°.

4. Results and discussion

For the top layer of the purely viscous, hydro-
philic material, we prepared 2-hyroxy(ethylene
methacrylate) (HEMA) purchased from Aldrich,
which contains a UV initiator (Irgacure 184 from
Ciba Specialty Chemical). For the bottom layer

of the highly viscoelastic, hydrophobic material,
we used ORMOCER®, a transparent, UV-cur-
able, organic-inorganic hybrid polymer, which
we purchased from Micro Resist Technology,
Germany. To measure the contact angle of these
materials, we used sessile water drop measure-
ment. The water contact angle of poly(2-hyr-
oxy(ethylene methacrylate)) (PHEMA) (60°) was
reported by Mora et al. [17]. ORMOCER is a
hybrid material that contains silicon and acrylic
multifunctional monomers. We added small
amount of tetra-fluoropropyl methacrylate (~5
wt%) to make bottom layer’s surface more
hydrophobic and maintain its viscous character-
istics. Its contact angle after UV curing was
about 85° which is slightly larger than that of
PMMA.

In our system, it is important to analyze the
dynamic contact angle while pressing the mold
(squeezing the two immiscible layers) because
the shape change of the interface might strongly
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Fig. 6. SEM images of (a) a pattern corresponding to Fig. 5(c) from the top view, (b) a pattern corresponding to Fig. 5(c) from the
section view, (c) the final mold after removal of unnecessary dummy blocks, and (d) a confocal laser scanning microscope image of final

mold.

influence on the presence of top resin residue on
the surface of bottom layer before UV curing,
however, its theoretical analysis is beyond our
research scope because of the difficulty in mea-
surement of layers’ liquid states before UV cur-
ing. This might be another interesting research
topic when associated with squeezing flow prob-
lem. Instead, we experimentally show the clear
separation of each layer after mold pressing
and UV curing.

In preparing the two-layers with different
viscosity and hydrophilicity, we dropped the
ORMOCER resin on a soda lime glass of 0.7-
1.1 mm in thickness, and then spin-coated at a

rotation speed of 2000-3000 rpm for 30 s to
ensure the bottom resin layer had a thickness
of 8-15 um. The ORMOCER layer is sufficiently
viscous (about 5000 mPas after spin coating
measured by ARES rheometer in a cone-and-
plate geometry at a shear rate 0.1 s~!) even
though it has not been cured. We dropped sev-
eral droplets of HEMA mixture on the uncured
ORMOCER bottom layer, and then pressed
our mold on the layers with a pressure of 5
kgf/em?. Subsequently, the UV light was radiated
on the back face of the soda lime glass for 3-5
min. After finishing the curing, we released the
mold and observed the resultant pattern with
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the aid of an optical microscope, as shown in
Fig. 7(a), and a scanning electron microscope
(SEM), as shown in Fig. 7(b). Its surface was
observed using confocal laser scanning micro-
scope (Keyence, VK-9500). As shown in Fig.
8(a), a smooth and clear surface was obtained.
For comparison, another sample was prepared
by leaving the pressed layers for 30 min quies-
cently and then curing by UV radiation. Its sur-
face was a little bit wrinkled as shown in Fig.
8(b). This wrinkling surface might be induced

(a)

by slight mixing of top and bottom resins in
the interface during intermediate duration of 30
min because ORMOCER contains an acrylic
ingredient that has some affinity to HEMA’s
methacrylic unit even though they are apparently
immiscible. Therefore, instantaneous coating,
pressing and UV radiation are preferential for
production of smooth surface.

To analyze the presence of top resin on the
bottom layer of the pattern, we conducted micro
Raman image mapping using a Nanofinder 30

(b)

HodBuB 20.dkV =180 187 rm

Fig. 7. (a) Optical microscope and (b) SEM images of the PHEMA-ORMOCER dual layer pattern.

(b)

Fig. 8. Comparison of confocal laser scanning microscope images of samples for (a) instantaneous pressing and UV curing and (b)

UV-cured after for 30 min duration.
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Tokyo Instrument. The experimental conditions
included 100 points along one dimension, 100
scanning steps, a shift speed of 2 um/s, and an
exposure time of 0.5 s. The first step was to find
a distinctive peak of ORMOCER after the UV
curing. Fig. 9(a) shows that the ORMOCER
has distinct shift peak at around 980 cm™'. Next,
we scanned the sample. Figs. 9(b) and (c) show
the results of the two-dimensional image map-
ping. In the top layer region, very low level of
the Raman peak was observed, which implies
the absence of ORMOCER resin on the top layer
of our sample. In the caved region, on the other
hand, there was a strong Raman shift peak at
980 cm~', which implies an absence of PHEMA
in the region of the bottom layer. This result
strongly indicates that our method of UV
embossing sufficiently separates each layer on
the top and bottom regions.

Because ORMOCER contains an acrylic mono-
mer, it does not make a clear interface in SEM
images between the top and bottom layer with
PHEMA, even though we rapidly did the emboss-
ing and UV radiation. We therefore prepared an-
other dual layer pattern by simultaneous thermal
crosslinking of polydimentyle (PDMS) as a bot-
tom layer and UV curing of HEMA as a top layer
to show that our method separates the top and
bottom layers clearly. In case of PDMS, the water
contact angle is about 95°. In Figs. 10(a) and (b),
the discrete interface is indicated by an arrow.
Thus, it could be concluded that clearly separated
two parallel layers possessing different hydrophi-
licity was successfully fabricated by our new
embossing method.

Ink-jet printing using our bank-shaped pat-
terns is beyond the scope of this report. How-
ever, we would like to mention the problems
associated with jetting and drying on the basis
of simple physical intuition: The droplet shape
of jetted ink (hydrophobic ink in our case) might
be determined by the bank shape and interface
properties of the top and bottom layers [18].
Moreover, during drying, the thickness of the
solute’s residue is strongly affected by the local
flux of the solvent and the pinning position but
hardly influenced by the gravity or geometrical
shape of the bottom. Therefore, neither jetting
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Fig. 9. Micro Raman image mapping experiments. (a2) Raman
shift of ORMOCER, (b) top view of intensity profile, (c)
intensity profile of ORMOCER Raman peak at 980 cm ™.

nor drying is thought to be influenced by the
caved shape of our method unless the exterior
angle of protrusion, is high.
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Fig. 10. SEM images of the PHEMA-PDMS dual layer pattern.

5. Conclusions

We successfully fabricated clearly separated two
parallel layers in just one embossing process. Our
fabrication method has great merit and potential
because it is easy, inexpensive, expandable to a flex-
ible substrate, capable of repeated embossing for a
large pattern with LCD color filters or PLED that
use ink-jet technology. In contrast, conventional
methods of fabricating barrier ribs involve a multi-
ple coating-mask, UV alignment and exposure-
and-etching processes for masking with a pattern.
Moreover, the two-layers with different hydrophi-
licity are also well fabricated. In our opinion, the
ink-jetting of either a color filter or light emitting
materials on the slightly caved surface of the banks
would not give rise to serious problems if the exte-
rior angle of protrusion of the triangular loop-
shaped mold is sufficiently small.
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