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In this study, the soft embossing method is proposed to fabricate periodical microgrooved structure on polyimide
surfaces. These microgrooved polyimide surfaces are assembled to form liquid-crystal cells. Itis found that the director
of liquid crystals uniformly aligns along the groove direction even when the groove width is as highnasThe
anchoring energy of these microgrooved polyimide surfaces is higher than that of the typical rubbed surfaces. The
pretilt angle of liquid crystals is adjusted by tuning the surface polarity of the polyimide alignment layer, which is
identified by the advancing contact angle of water. The surface polarity of polyimide alignment layers is manipulated
by simply mixing two kinds of polyimide: a more hydrophilic one and a more hydrophobic one. It is found that the
pretilt angle of liquid crystals increases along with the advancing contact angle of water on the alignment layer under
the condition of a fixed surface topography.

1. Introduction reverse tilt disclinations upon exerting an external electric field.

In the liquid-crystal display industry, the unidirectional Recently,.the co.ntrollof prefult ang(lse of Ilqwd_-crystal molecules
mechanical rubbing process on polymer-coated substrates with'@S been intensively investigated® It was pointed out that the
avelvetcloth is almost exclusively applied to align liquid crystals. "UPPing process induces polar functional groups and repeating
The rubbing process induces microgrooves on the polymer units to_reqnentou_tofthe plape ofthe allgnmentfllm and nonpolar
surfaces, and the liquid-crystal molecules would align along the aliphatic side chains to partially reorient toward the bulk of the
direction of the microgrooves. On the other hand, the rubbing alignment film>=7:15 These studies demonstrate that the pretilt
process also creates debris and electrostatic charge that deteriorafé9€ Of Il_qgwd-crysta! molecules increases along with the rubbing
the display quality: To resolve these problems, nonrubbing St€ngth®™® The pretilt angle can also be increased by simply
methods have been intensively explored, such as ultra¥inlet ~ introducinglong, linear alkyl side chiﬂszorothernonpolargroups
ion beard irradiation. These methods are still subject to the t© the polyimide alignment layefs.®i? On the other hand,
reliance on polymer substances. In this study, a nonrubbing soft2PPIying the surface treatment of UV exposure gplasmato
embossing method is proposed to fabricate reliable periodical e Polyimide alignment layers would increase the surface pcglarlty
microgrooves on the polymer-coated substrates to induce the@nd decrease the pretilt angle of liquid-crystal molechfés:
liquid-crystal alignment without the disadvantages of the rubbing Al these previous studies implied that the pretiltangle is strongly
process. This soft embossing method has been successfully applieﬁelated to the surface polarity. In this study, the advancing contact

to fabricate silica grating substrates for liquid-crystal alignment @ngle of water is used as an index of the surface polarity. The
by using so-gel precursor recentty. soft embossing method is applied to fabricate the microgrooved

In addition to the uniform alignment of liquid-crystal molecules, polymer surfaces to align the liquid-crystal molecules. The surface

an appropriate pretilt angle of liquid-crystal molecules is necessary POlarity of polyimide alignment layers is manipulated by simply
for the twisted nematic liquid-crystal displays to prevent from MiXing two kinds of polyimide: one is more hydrophilic and the
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Figure 2. 2. The atomic force microscopic (AFM) images of the
microgrooved polyimide surface with 840-nm groove period at two
peel off the PDMS mould different groove depths: (a) 190 nm and (b) 360 nm.
peeling off the PDMS mold, the microgrooved structure was
fabricated on the polyimide surface. The surface topology was no
_ different whether the PDMS mold was peeled off before or after the
) o ] ) postbaking process.
Flgure 1. 1. The SChemath |"ustrat|0n Ofthe SOft emboss|ng method. Measurement of the Advancing Contact Ang|e of WaterThe
advancing contact angle measurementwas performed by ahomemade
other one is more hydrophobic. Our experimental results show enhanced video-microscopy system incorporated with a digital image
that the pretilt angle is indeed adjustable by the modification of analysis. The details of the methodology and its experimental setup
the surface polarity of the alignment layer. In addition, the pretilt can be found elsewheté The accuracy of the advancing contact
angle increases along with an increase in the surface polarity ofangle measurements is better the® 1°, even for small angles. All

the alignment layer. the advancing contact angle measurements in this work were
performed on the flat polyimide surfaces without microgrooves.
2. Experimental Section Images by Using Atomic Force Microscope (AFM)The contact
) ) ) mode AFM (Nanoscope llla, Digital Instrument, Santa Barbara)
Materials. Octadecyltrichlorosilane (OTS),.BO0; (98%), and  \yas used to explore the surface topography of the microgrooved

the nematic liquid-crystal 4-pentyl-4-cyanobiphenyl (SCB) were  olymer surfaces. Silicon nitride tips (Digital Instrument) with a
obtained from Aldrich. HO, (30%) and dichloromethane (99%)  spring constant of 0.06 N/m were used to image samples under
were purchased from Merck. Poly(dimethylsiloxane) (PDMS) ampient conditions.

SylgardTM184 was obtained from Dow Corning Co. Polyimide — agsemply of Liquid-Crystal Cells. A liquid-crystal cell was
prepolymers of planar gllgnmentPIA-SSlO.and ofvertlcal alignment gssembled by two microgrooved polymeric surfaces with parallel
JSR-2021 were obtained from, respectively, Chisso and Japanggove direction. The two substrates were kept apart by inserting
Synt.hetlc Rubbfer Corporation. AII these chemicals were usgd as 10.um Mylar films (DuPont Films) along the two longer edges. The
received. The microscope glass slides (FEA) were cleaned by plranhaﬁ"ing of 5CBs was by capillarity. After the 5CB was filled, the

solution [a mixture 7:3 (v/v) of 98% 5O, and 30% HO,] at 120 edges of the cells were sealed by glues. Next, the cells were heated
C for 30 min before use. _ _ to about 40°C for 5 min to reach the isotropic phase of 5CBs and
Fabrication of Microgrooved Polymeric Surfaces We first then were cooled at room temperature to get into the nematic state.

fabricated the patterned silicon masters either by photolithography Analysis of Optical Textures A crossed polarized optical
or by the electron-beam method. Then, the masters were dipped intoncroscope (Zeiss) was used to observe the texture of the liquid-
OTS solutions to minimize the adhesion between PDMS mold and rystal cells. A digital camera (Canon) attached to the microscope

the patterned silicon masters. After the pretreatment of these patterne(&a‘s used to capture the images of the optical appearance of the
silicon masters, the mixture of the PDMS prepolymer and the curing liquid-crystal cells.

agent (10:1 by weight) was poured onto the patterned siliconmasters. "\1oasurement of Pretilt Angle of Liquid-Crystal Molecules.

After thef”ﬁa' curing at .GOC for 12 h, the patterned ’.D.DMS molds this study, the pretilt angle was measured by the crystal-rotation
were obtained by peeling off the molds from the silicon masters. qthoge (Autronic-Melchers, TBA 105). All the substrates with a
Next, the soft embossing technique was applied to fabricate the ierqqra0ved pattern of 360-nm groove width, 480-nm line width,

rlnqicrog];ttroovgd polymeric surficles. Fig}?{.e ;gchelma'gg:ally iIIusitrates and 360-nm groove depth were used to assemble the liquid-crystal
the soft embossing process. A layer of liquid polyimide prepolymer o\ with a cell gap of 25:m for the pretilt angle measurement
was spin-coated onto the clean glass substrate. Then, the PDMS gap % P 9 ’

mold with a microgrooved structure was embossed on this substrate (17) Yeh, M.-C.; Chen, L.-J.; Lin, S.-Y.; Hsu, C.-J. Chin. Inst. Chem. Eng
and was followed by the thermal curing process: prebaking at 90 2901 32 100. T Y
°C for 10 min and then postbaking at 22Q for 30 min. After (18) Baur, G.; Wittwer, V.; Berreman, D. WRhys. Lett.1976 56A 142.
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Figure 4. 4. Optical micrographs of liquid-crystal alignment taken
between crossed polarizers for the patterned polyimide surfaces with
6-um groove period and @m groove width at three different groove
depths: 60 nm (a and)a330 nm (b and B, and 1630 nm (c and

(d) (d”) ¢). All the micrographs on the left-hand side, a, b, and c, are taken
with the groove direction parallel to one of the polarizer axes, and
all the micrographs on the right-hand sidg, k&, and ¢, are taken

with the groove direction at 450 each polarizer axis.

Table 1. Geometric Effect of the Polyimide PIA-5310
Microgrooved Surfaces on the Anchoring Energy

it =be ~-aw~

c
Figure 3. 3. Optical micrographs of liquid-crystal alignment on the [} microgroove
microgrooved polyimide surfaces taken between crossed polarizers. ‘
(a and g line widtha = 0.48um, groove widthb = 0.36um, and - - - -
groove deptte = 0.36um; (b and b) a = 1.42um, b = 2.42um, line width, groove width, groove depth, anchoring energy
andc = 0.74um; (c and & a = 4.44um, b = 5.27um, andc = a(nm) b (nm) ¢ (nm) (/)
0.32um; (d and @) a = 9.28 mm,b = 10.2um, andc = 0.36um. 480+ 10 360+ 10 190+ 10 2.43 (£0.26) x 1075
All the micrographs on the left-hand side, a, b, ¢, and d, are taken 480+ 10 360+ 10 360+30 11.1@5.6)x 105
with the groove direction parallel to one of the polarizer axes, and 800+ 20 610+ 20 190+ 10 1.74 ¢0.49) x 10°5
all the micrographs on the right-hand sideJ4 ¢, and d, are taken 8004+ 10 610+ 20 3504+ 40 7.11 ¢&4.06) x 10°°
with the groove direction at 450 each polarizer axis. 910+ 100 1000+ 40 660+ 20 2.20 ¢-0.40)x 10°°
910+ 20 1000+ 30 1030+ 20 3.91 ¢&0.62)x 10°°
3. Results and Discussion 1420+ 100 2420+ 80 740+ 50 2.40 &0.00)x 1075

14204+ 40 2420+ 30 1230+ 130 4.42 £0.79)x 10°°
The AFM images of the polyimide alignment layer with

periodical microgrooves fabricated by the soft embossing methodand there are microdomains, as shown in Figure 3c and 3d. It
are shown in Figure 2. All the edges are not sharp but are roundeds found that the smaller is the spatial period of the microgroove,
in every surface relief because of the slight shrinkage after solventthe more effective is the liquid-crystal alignment along the groove
evaporation. This patterning technique demonstrates good patterrlirection.

fidelity for the fabrication of large-area microstructures. There ~ According to the minimization of the elastic energies for
is no need of extreme high pressures as used by nanoimprintiematic liquid crystals, Berrem#&hproposed that the groove
lithography!® The alignment of the 5CB molecules in the liquid- ~ effect is the primary factor to induce the alignment of liquid-
crystal cell is observed by optical polarized microscopy with Crystal molecules along the rubbing direction. It had also been
crossed polarizers. Figure 3 shows the optical micrographs takenshown that the rubbing process realigns the polyimide main chains
from the liquid-crystal cells assembled by using the substrates@long the rubbing direction that induces the liquid-crystal
of four different microgrooved structures. The liquid-crystal alignment rather than the rubbing groove effédturthermore,
molecules align planarly on the microgrooved polyimide PIA- the modern popular nonrubbing methods, such as the photoin-
5310 surfaces along the groove direction and even the grooveduced liquid-crystal alignment by polarized light expostre,
width is up to 2.4«m, as shown in Figure 3a and 3b. When the also confirm that the realignment of the polymer main chains
groove width is increased to/m or 10um, the liquid-crystal
alignment along the groove direction is not uniform anymore ,,

(20) (a) Berreman, D. WPhys. Re. Lett. 1972 28, 1683. (b) Berreman, D.
Mol. Cryst. Lig. Cryst1973 23, 215.

(21) Castellano, J. AMol. Cryst. Lig. Cryst.1983 94, 33.

(19) Chou, S. Y.; Krauss, P. R.; Renstrom, PSdiencel996 272, 85. (22) O'Neill, M.; Kelly, S. M. J. Phys. D: Appl. Phys200Q 33, R67.
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Table 2. The Advancing Contact Angles §.) of Water and the Corresponding Pretilt Angles @) of 5CBs on the Pure Polyimide (PI)
Surfaces and on the Surfaces Prepared from the Mixtures of the Prepolymers of PIA-5310 and JSR-2021 at Different Volume Ratios of
PIA-5310/JSR-2021

volume ratio (PIA-5310/JSR-2 025

PI JSR-2021 <100 100 175 250 375 500 625 750 875 1000 PIA-5310
0Oa 99° 95° 93 89° 82 80° 78 4 73 70 67°
Op 90.C° 90.0° 89.9 a a 14.9 11.5° 8.4 2.3 0.8° 0.7 0.3

aPoor alignment.

dominates the liquid-crystal alignment. It remains a controversial this observation who manipulated mechanical rubbing on
problem of whether the surface topography or the polymer polyimide alignment layers with different pile impressions (the
backbones dominates the alignment of nematic liquid crystals. maximum depth of the rubbing cloth when pressed down by the
It is obvious that the soft embossing method does not reorientroller). He found that the anchoring energy increases monotoni-
the polyimide main chains, as the rubbing process does. As acally along with pile impression, indicating that the interaction
consequence, the groove effect should be the sole factor thatbetween the rubbed polyimide surface and the liquid-crystal
induces the alignment of the liquid-crystal molecules in this molecules is enhanced with larger rubbing strength. Our result
work. Especially, there is a strong long-range ordering within isin contrastto that of Rastegar e4T hese authors demonstrated
the liquid-crystal molecules when they are confined in the grooves that the anchoring energy of the atomic force microscope scanned
and even the width is up to 24m, as shown in Figure 3. polyimide surfaces is independent of the vertical scan force, that
The anchoring ability of the microgrooved polyimide PIA- s, equivalent to the groove depth. Our result implies that the
5310 surface is further examined by measuring the anchoringgroove effect is indeed responsible for the uniform alignment of
energy of liquid crystals on the surface. The anchoring energy the nematic liquid crystal along the groove direction on the
is an index of the interaction energy between the alignment layer microgrooved polyimide surfaces fabricated by soft embossing
and the liquid-crystal molecules. Rubbed polyimide surface is process.
known to strongly anchor the liquid-crystal molecules in the  The anchoring energy increases along with the groove depth
rubbing direction and is used as a reference surface. The liquid-and decreases with an increase in the spatial period of grooves.
crystal cell with a cell gap of 10mis assembled by two alignment It is thus plausible to observe good planar alignment along the
surfaces perpendicular to each other: one patterned polyimidegroove direction at large groove depths and poor alignment along
surface with microgrooves and one conventionally rubbed the groove direction at small groove depths under the condition
polyimide counter plate. The cell rotation metRdi applied of a fixed spatial period of grooves. Consequently, it is possible
to determine the surface anchoring energy by determining theto extend the lateral correlation length of liquid-crystal molecules
twist angley of the liquid-crystal molecules in the liquid-crystal  in the confinement by simply increasing the groove depth. The

cell according to the following equation. microgrooved polyimide PIA-5310 surfaces are further fabricated
under the condition of a fixed spatial periodg(f) and a fixed
_ 2K @ groove width (3«m) but at three different groove depths. They
¢ dsin 2 are 60, 330, and 1630 nm. It is found that the planar alignment

) ) ) ) of 5CBs along the groove direction becomes more uniform with
whered is the cell gap (1Qum) andKy, is the twist elastic  |arger groove depth, as shown in Figure 4. There are microdomains
constant of the liquid crystal (3.2 107**N for 5CBs used in  for small groove depths, say 60 and 330 nm, and the director of
this work). the liquid crystals does not uniformly align along the direction

Table 1 lists the anchoring energies for the polyimide PIA-  of microgrooves, as shown in Figure 4a and 4b. When the groove
5310 alignment layers at different microgrooved structures. Itis gepth is increased to 1630 nm, the liquid crystal uniformly aligns
found that the microgrooved polyimide surfaces have higher ajong the groove direction. When the liquid-crystal molecules
anchoring energies than that of the conventional rubbed polyimide are confined in the microgrooves, even the groove width up to
surfaces, 1.6840.33) x 107° J/n? in this study. Itis believed 3 ,m  this confinement effect would induce the director of the
that the reason for higher anchoring energy is simply due to the |iquid crystals to uniformly align along the groove direction.
large groove depth of the microgrooved polyimide surfaces Thjs observation is consistent with the results of Behdanit al
compared to that of the rubbed ones. For the rubbed polyimide who pointed out that the lateral correlation length of 5CBs on
surfaces used in this work, the groove width and depth are 30 atomic force microscopy nanolithographic ITO films is 2:2.
and 4 nm, respectively. Consider a condition of a fixed groove The groove depth of the microgrooved surfaces plays animportant
depth, say 190 nm. The anchoring energy for the system of ro|e in the uniformity of the planar alignment of the nematic
360-nm groove width is larger than that of 610-nm width, as jiquid crystals along the groove direction. The lateral correlation
shown in Table 1. That is, the anchoring energy of the |ength of 5CBs could be extended taB) by the compensation
microgrooved polyimide surfaces increases along with a decreasesffect of the deep groove depth in this work.
in the groove width for those grooves with a same groove depth.  On the other hand, the effect of the groove depth on the
Consequently, the liquid-crystal molecules have a better p|anarhomeotr0pic alignment had been discussed previduilyas
alignmentalong the groove direction for the surfaces with smaller foynd that the liquid-crystal 5CB exhibits homeotropic alignment
spatial periods of grooves, as shown in Figure 3. on surfaces of small groove depths under the condition of fixed

The microgrooved polyimide PIA-5310 surfaces are also spatial period and groove width. When the groove depth is further
fabricated with a fixed spatial period but at different groove jncreased, there is a transition of the liquid-crystal alignment
depths. Itis found that the anchoring energy increases along withfom homeotropic to pland.
the groove depth, as shown in Table 1, consistent with the
prediction of Berrema#f?In addition, Paek et &lalso confirmed

(24) Rastegarr, A.?b&rabot, M.; Blij, B.; Rasing, Thl. Appl. Phys2001, 89,
960

(é5) Behdani, M.; Rastegar, A.; Keshmiri, S. H.; Missat, S. I.; Vlieg, E.; Rasing,
(23) Bryan-Brown, G. P.; Sage, I. Cig. Cryst.1996 20, 825. Th. Appl. Phys. Lett2002 80, 4635.
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Figure 5. 5. Optical micrographs of liquid-crystal alignment on the
mixed polyimide microgrooved surfaces wikh= 175 taken between

crossed polarizers. (a) The groove direction parallel to one polarizer (b) (b”)
axis; and (b) the groove direction at*4® each polarizer axis.

The polyimide PIA-5310 microgrooved surface can uniformly
align 5CBs along the groove direction. Furthermore, itis important
to have an appropriate pretilt angle of liquid crystals on an
alignment layer to meet the requirement of electrooptical
characteristics for the application in liquid-crystal display industry.
It is found that the pretilt angle of 5CBs on the polyimide PIA-
5310 microgrooved surfaces is only ©.3 rather small value. .
The pretilt angle can be adjusted by tuning the surface polarity (©) ()
of the polyimide alignment layers.

In this work, the surface polarity of the polyimide surfaces is
modified by simply mixing two kinds of polyimides: one is the
planar alignment type (PIA-5310) and the other one is the
homeotropic alignment type (JSR-2021). The alignment layers
of PIA-5310 and of JSR-5310 are fabricated by the soft embossing
method to generate the periodical microgrooves with 360-nm
groove width, 480-nm line width, and 360-nm groove depth.
The pretilt anglesd,) on the PIA-5310 and JSR-5310 alignment (d) (@)
layers are 0.3and 90.0, respectively. On the other hand, the
advancing contact angle& of water on flat polyimide surface
of PIA-5310 and JSR-5310 are®and 99, respectively. Indeed,
the PIA-5310 polyimide is more hydrophilic than that of the
JSR-2021.

Then, two prepolymers PIA-5310 and JSR-5310 are mixed at
different volume ratios to fabricate the alignment layers with
periodical microgrooves by soft embossing method. The volume

ratloR,ls_def|ned byR, _.VP'A‘5310(VJSR‘2°21' The surface p0|ar'ty between crossed polarizers for the patterned polyimide JSR-2021
of the qllgnment layer is successfully mqnlpulate(_j. _That is, the g\ rfaces with G¢m groove period and @m groove width at four
advancing contact angle of water on the mixed polyimide surfaces giferent grating depths: 60 nm (a an,830 nm (b and B, 900
decreases along with increasiRg Table 2 lists the advancing  nm (c and ¢, and 1630 nm (d and ) All the micrographs on the
contact anglestt,) of water and the corresponding pretilt angles left-hand side, a, b, ¢, and d, are taken with the groove direction
(6,) of 5CBs on the surfaces fabricated from the mixtures of the parallel to one of the polarizer axes, and all the micrographs on the
prepolymers PIA-5310 and JSR-2021 at differéts. The right-hand side,‘ab/, ¢, and d, are taken with the groove direction
advancing contact angles of water on the mixed polyimide surfaces™ 45 to each polarizer axis.
remain unchanged unt, exceeds 100. Itis believed that during
the thermal curing process, more hydrophobic JSR-2021 tendsFurthermore, the pretilt angle increases along with the advancing
to have direct contact with the PDMS mold, which is very contact angle of water on the surfaces. However, Wwkien 175
hydrophobic, and more hydrophilic PIA-5310 would orienttoward and 250, the alignment of liquid-crystal molecules is poor, as
inside the bulk phase of the alignment layer avoiding direct contact shown in Figure 5, and the pretilt angle is not measurable. The
with the PDMS mold. Hence, wheR, is smaller than 100, the  exact reason of poor alignmentRt = 175 and 250 is unclear
surface is still fully covered by the hydrophobic polyimide JSR- and s stillunder examination. Itis very likely that the hydrophobic
2021, and the advancing contact angle of water on these surfacegSR-2021 aggregates to form microdomains instead of homo-
does not change and remains’ 98lowever, when the amount  geneously distributing on the alignment layer surfaces, resulting
of PIA-5310 is further increased, the amount of hydrophobic in poor alignment of liquid-crystal molecules.
JSR-2021 is not enough to cover the whole surface, leading to  |n addition, we would like to demonstrate that the topographical
a decrease in the advancing contact angle of water on the mixedeffect could also affect the pretilt angle of the supported liquid
polyimide surface. crystals on alignment layers of a weak polarity. It is mentioned
Next, the soft embossing method is applied to fabricate the above thatthe liquid-crystal 5CB aligns vertically on the polyimide
microgrooved surfaces with mixed prepolymers of PIA-5310 JSR-2021 surface. Since the advancing contact angle of water
and JSR-2021 at differef,’s to generate the alignment layers on the polyimide JSR-2021 surface is°9¢he polarity of this
of different surface polarities. As shown in Table 2, the pretilt surface is relatively weak. The microgrooved polyimide JSR-
angle is indeed adjustable by the change of the surface polarity.2021 surfaces with @m spatial period and gm groove width

Figure 6. 6. Optical micrographs of liquid-crystal alignment taken
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are prepared on glass substrates at four different groove depths. 4. Conclusion
There is no light passing through the cell of the groove depth
at 60 or 330 nm when the micrographs are taken with the groove
direction either parallel or at 450 one of the polarizer axes,

The soft embossing method is proposed to fabricate the
microgrooved polyimide surface for the liquid-crystal alignment

as shown in Figure 6a and 6b. That implies the 5CBs exhibit layer. It i; found that the quuid-crystall SCB would have bettgr
homeotropic alignment on these surfaces. When the groove depttPanar alignment along the groove direction when the spatial
i further increased, there is a transition of the alignment of 5CBs Period of groove is shorter and the groove depth is greater. Itis
from homeotropic to planar, as shown in Figure 6¢ and 6d. This also demonstrated thaf[ .the pretilt angle of liquid crystals is the
observation indicates that when the surface topography is weak 2utcome of the competition between the surface topography and
the surface polarity dominates the alignment of 5CBs. On the the surfgce polarity. The pretilt angle of liquid crystal; increases
other hand, when the surface topography gets more pronounced2/0ng with the advancing contact angle of water, an index of the
it becomes the primary factor for the alignment of 5CBs. surface polarity, under the condition of a fixed surface topography.
Therefore, the liquid-crystal alignment is simply the outcome of

the competition of the surface topography and the surface polarity. LAO61875F



