ERE
R SWEAG e 3T 22 A EPBEY

Study of Liquid Crystal Surface Alignment: New
Methods and the Properties

RN LY

d s AR R

P X R/ 4 L+ 2 F = 2



N g f!’ 7 - 2 Y -~ - > , N
R A G e 23T 22 HEHEEY

Study of Liquid Crystal Surface Alignment: New Methods and
the Properties

e B § 5 Student : Yea-Feng Lin

dp P L AAod Advisor : Ru-Pin Pan

A Thesis
Submitted to Instituteof Electrophysics
College of Science
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy

In
Electrophysics

July2007
Hsinchu, Taiwan, Republic of China

PEARA LA ES



X
=
gm
g
{3l
Dt
=1
g
CN
9
(Q
She
_{\
J
W
)
s
A
gt
1=
Bt
o+

SEERE L g ALl

BRI AF LG iR bR R o BB ENREF ERR L
i * Rpr iR fo s F RS o R R K A R R, H AR
g i&- A ﬁﬂ,ﬁw PRAFRELEHE o BRBEMGZINR])REEETF R
B R Gfed o ST, oG e 2 2 EARL R che T b B
Rlei@fz A 2 AR B feR TETT i § U A L F ad ook i - Aeh

T EMR A RS L3 RIE) S kA Fpe dZ , RHDEY B
FaE- HaE i o fIr g A RVEI RERAERRSRY , 42T

Fed o 7ok apictp Rk Se(MEMS) i34 i o

A g Hk 5CB ik i (4° -n-Octyl-4-Cyanobiphenyl ) &4 & 7 L {7 /&1
BT RAY e e (BF o AP A LS 4 4 %] eh> % (Reactive Ton
Etch) » B2 BB AF LI N2 P FRASFH AT T ULEN - L R+ 4 K
PR E 2o AWE R CIFRCEAK c RUEEA P EF AR 2RI
TEENTRBRAF RS T IEaR S o # 0 F 2GS 50B iR S



(4'-n-Octyl-4-Cyanobiphenyl ) o f* £ &F 3 2P &5 > Td T o R , 7%

BAFHRLA T O 4 BRFERITY  FAHRRAEDRE o A
PEEIARFIES W AMEfFRANE02 4 20 2 b T e AV E
10" J/m

AP AT RREEOIBRE S T BRI AP LR
e OCB R ftp i RFH , PIERSEZELEREII FERSS 2 E Lo
Feo BT - LB SREE(A £, APERF - B R
aﬁéﬁ%ofWMﬁR,ﬁﬁ&ﬁﬁﬁ%ai&éi@ﬁaﬁﬁﬁ*ofWB
S FRT R LR ERIELARTERFFY 2R, TG 2 md e
RS K A3 bleh, R MR R AT TRA R

Aips FrHEB RS E;farﬁg—z;vl B R i K3 ARG Few Woehgh Iy
R F e AR RS 4 R ALY A G ST R E e W g A E o £ 1
R A BACERARE 25 B o N PR REE L G DRy AR LA
ﬁor&]":“%ﬁ'l}’ W3 A I 1E R T oon APRE T IZAR B BR - B fie e BiEE .

il



Study of Liquid Crystal Surface Alignment: New
Methods and the Properties

Student : Yea-Feng Lin Advisor: Dr. Ru-Pin Pan

Department of Electrophysics
National €hiao Tung University

ABSTRACT

The surface of glass substrate plays an important role in LC physics. Rubbed
polymer layers are widely used to control the alignment of LC molecules. New
generations of LC device will be much further reduced and the substrates will be
much thinner and more delicate compare to present devices. The conventional rubbing
method can not pattern orientations over small areas or multi-domain. New surface
alignment methods will be necessary in urgent. The fiber residues and static charges
introduced by rubbing process can cause trouble for devices with fine patterns. The
application of LC will be much further extended, if the alignment can be achieved
with common semiconductor lithography process. With this process, the small area
and multi-domain alignment can be achieved and the functionality of

Micro-electromechanical system (MEMS) can be increased by including LC

il



components.

The alignment property of the nematic liquid crystal (LC)
4’-n-pentyl-4-cyanobiphenyl (5CB) on glass substrates with parallel grooves are
studied. The U-shaped grooves with a variety of depths and periods are prepared by
the reactive ion etch method. Surface morphology of the grooved glass is examined
by Atomic Force Microscope. Two parallel grooved substrates with chiral doped 5SCB
sandwiched in between were used to form a LC cell. The alignment quality for LC is
studied by measuring its surface azimuthal anchoring strength using an optical method.
The effect of the groove period and depth are studied. Strong anchoring strength of

107 J/my is observed for groove spacing less than 4 pm and depth large than 50 nm.

Temperature dependence of the azimuthal anchoring strength of the nematic liquid
crystal 5CB on parallel grooved glass substrates has been also studied. We measured
the azimuthal anchoring strength in the'némiatic temperature range by measuring the
twist angle in the LC cells using an roptical method. Two lasers with different
wavelengths were used to avoid the limitations-of-either wavelength in particular
conditions. We found the anchoring strength decreases steadily with increasing
temperature. We found that the twist angle and pitch of LC do not change
significantly in a wide temperature range, resulting in that the anchoring strength is

proportional to K3, unless the temperature is close to T..

Other alignment methods, such as atomic force microscope (AFM) modifying
method has been used to modify the polyimide films on glass substrates. The surface
morphology of the PI films was then probed with the AFM operating in the
non-contact mode. The properties of these films for liquid crystal alignment and their
relations to the modifying conditions have been studied. The modifying density is a

dominant factor in the conditions we have studied.
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Chapter 1

Introduction

Surface alignment is a major process for the fabrication of liquid crystal (LC)
devices, such as LC display (LCD). This process provides an initial condition for LC
molecular orientations. For a device working in particular modes, e.g., twisted
nematic (TN) and vertical alignment (VA) modes, reliable control for LC orientation
near the surfaces is most important. Many alignment methods have been utilized in
LC research and industry, including rubbing and non-rubbing methods. [1] The basic
alignment principles are all related to the molecular interaction between LC and the
alignment materials and the interaction within the LC molecules (LCs).
Understanding the specific mechanism for each method and developing new

alignment methods are necessary for new;applications of LCs in the future.
1-1 Rubbing Method

Rubbing is still the most common method in."industry to make large areas of
homogeneous alignment with LC aligned parall¢l to the rubbing direction, although it
has been a long time since Mauguin reported this method to align LCs many years ago.
[2] Fig.1-1-1(a) shows a structural sketch of a rubbing machine and a cross sectional
view of a polymer film in contact with a moving fiber of buffing material is shown in
Fig.1-1-1(b). Almost all of the present LCD manufactures adopted the rubbing process
to control the LC alignment. If the alignment of the LC is not uniform or the
alignment strength is weak, alignment-related defects appear, such as disclination
lines, reverse twist, and reverse tilt. [3] These defects have large effects on the image
quality of the LCDs because of either light reflection from the defect interfaces or the
electro-optical characteristic differences. Therefore, controlling the alignment defects
is a very important issue for LCD manufacturing. However, the fiber residues and
static charges introduced by rubbing can also cause trouble for devices with fine
patterns. And, it is expected that the size of new generations of LC device will be
much further reduced and the substrates will be much thinner and more delicate

comparing to present devices. Novel surface alignment method will be necessary and
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searching for new method is in urgent. The study for alignment mechanism is the

most important for guiding the search.

1-2 Non-rubbing Methods

There are many problems on rubbing process as mentioned above. To overcome
these problems caused by the buffing mechanism, several LC alignments have been
developed. These methods can be divided into two categories. [3] One uses surface
alignment caused by the anisotropy of the surface. The other method aligns the LCs
based on the electric or magnetic field outside the cell, and the surface of the substrate
becomes joined to the aligned LC. After the electric or magnetic field is removed, the
aligned LC on the surface aligns the bulk of the LC. Recently other alignment
methods such as photo-radiation, ion beam bombardment and atomic force

microscope (AFM) modifying method have been also intensively studied.

1-2-1 Oblique Evaporation Method

Oblique evaporate SiO on to a substrate, a micro-columnar structure is realized on
the substrate surface. [4] LC alignment direction' depends on incident angle. The
surface structure of the obliquely evaporated film is illustrated schematically in
Fig.1-2-1. When nematic LC contact such a surface, elastic deformation of the LC
along the surface induced interaction energy between the surface and nematic LC.
This is thought to be the driving force for alignment of the nematic director. The
surface structure of the obliquely evaporated film changes with the evaporation angle

(the angle between evaporation beam and substrate normal).

1-2-2 Surface Active Agents

It is well known that surface active agents with hydrophobic groups such as long
alkyl chains with hydroxyl or carboxy groups form monomolecular films on the
surface of water. By removing the formed film onto a substrate, the monomolecular
film can exist on the substrate. The monomolecular layers can also be stacked to form
multi-layers with several molecular layers. The monomolecular film is named a

Langmuir-Blodgett film (LB film). [4]



Two particular alkoxysilane materials include N, N-dimethyl-N-octadecyl-3-
aminopropyltrimethoxysilyl chloride (DMOAP) and N-methyl-3-aminopropyl-
trimethoxysilane (MAP) are shown in Fig.1-2-2(a) and (b). [5] For practical alignment
layers for LCDs, polyimides have been used because of their efficiency in the rubbing

treatment and their thermal and chemical resistance. [6]

1-2-3 Photoalignment

The photo-induced alignment for LC has been studied for many years. As early as
in 1991, Gibbons et al. had shown that the direction of the homogeneous alignment of
LC molecules on specially designed optically controlled alignment polymers can be
established and even be altered using polarized light. [7] Recently, the ultra-violet
sensitive polyimide (PI) has been studied intensively. [8-11]The alignment
mechanisms including the photo-induced:alignment of dye molecules [7], photo
induced cross-linking reaction of polyimide {8], and photo-induced decomposition
[9-11] of some groups when they-absorb UV light, The mechanism, process, and
potential applications are all interesting-subjects for-basic understanding of LCs and

useful for related industries.

1-2-4 lon Beam Bombardment

A low energy beam of argon ions is used to bombard the surface of a polyimide
film and illustrated schematically as in Fig.1-2-3. [12] The argon beam produces
directional alignment when the beam is at an angle other than perpendicular to the
polyimide film surface. The advantages of atomic beam induced alignment over the
other techniques are (1) non-contact alignment, (2) a low energy beam ensures that
only the surface layers are affected so that the number of radicals induced by broken
bonds, as for example under UV radiation, is a minimum. This avoids charge build up
when a voltage is applied across a LC cell, (3) large area uniform and parallel beams
can be readily obtained which is a problem with oblique deposition of SiOy, and (4)
atomic beams are well known to the electronics manufacturing community and are

compatible with a clean room environment.

1-2-5 AFM Modifying Method



The atomic force microscope (AFM) modifying method has been studied recently
for controlling the anchoring strength among various surfaces or small area alignment
techniques. The AFM tip modifying methods are illustrated schematically as in
Fig.1-2-4. Ruetschi et al. [13] showed that AFM in contact mode can induce the
alignment of LC on polymer surface. This method has been demonstrated in areas
such as special patterns of LC alignment [14], LC optical waveguide [15], LC grating
[15], controllable gray scale [16], and bistability property. [17] Recently, the
mechanism of LC alignment has been studied on submicron AEM patterned surface.
[18] The atomic force imprinting tip systems have been developed to control the
polyimide surface topology by Lee et al.. [19] The width and depth are both in

nano-scale.

1-3 Molecular Alignment and Alignment Mechanisms of LC

1-3-1 Molecular Alignment of NematicC

In LCD devices, LC materials ' are”usually ;sandwiched between two glass
substrates carrying alignment film with a gap of . 1~10um. By the influence of the
alignment film on the substrates, LC molecular orientations are determined. Typical
orientations are shown in Fig.1-3-1(a)~(h). These orientations are classified into two
groups.[3] The directors of the LC molecules in homogeneous, tilted and homeotropic
cases are aligned in one fixed direction (Fig.1-3-1(a)~(c)), while, the directors of LC
molecules in the splay, twist, bend, hybrid, and super-twisted nematic cases are not
fixed in one direction (Fig.1-3-1(d)~(h)). In the latter orientation, the LCs are under

stress.

1-3-2 Alignment Mechanisms of LC

It has been shown that there are two major mechanisms for the alignment of LC
by rubbed PI films. The first one was suggested by Berreman, the elongated LCs
prefer to align parallel to the induced micro size grooves to reduce the total surface

free energy [20]. Schematic geometry of sinusoidal grooves is shown in Fig.1-3-2.



On the other hand, Geary et al. suggested that LCs is anchored by buffed polymer
chains of the polymer surfaces. The alignment of LCs then follows in an epitaxial
manner [21]. Fig.1-3-3 shows a polymer chain alignment model, (a) before rubbing,
(b) after rubbing. Several processes to produce surfaces with micro size grooves
structures for LC alignment have been proposed, for example: reactive ion etching
(RIE) on glass surfaces with chromium mask [22], the photolithographic technique for
photoreactive polymers using holographic exposure and reactive etching on the SiO,
surface [23], the development and metal evaporation of photoreactive material onto
the epoxy resin layer [24], and the exposure of UV light onto photocurable polymer
film through masks with a grating pattern. [25]

1-3-3 Pretilt Mechanisms of LC

The rubbing generates not only an azimuthal alignment but also a polar directional
alignment. The small tilt angle exists.forithe 1.C director called the pretilt angle. The
pretilt angle is very important in electrooptictapplications when an electric field is
applied to the cell to reorient the LC director.»The dominant mechanism of the pretilt
angle generation of the LC might be 'the tilt angle of the polymer main chains. The
asymmetric distribution of the side chains might be a side effect. [26] Howevere,
Shirota et al. believed that the asymmetric distribution of the side chains was the main
mechanism for the pretilt angle of the LC based on the results of the SHG

measurements. [27]

1-4 Temperature effect

Almost all of the nematic liquid crystals used in industry is thermotropic; all of the
basic physical properties depend on temperature. As temperature increases, all of the
birefringence, elastic constant, and viscosity decrease, only at different rates. [28]
Obviously, temperature also affects the performance of LCD and other LC devices,
such as transmittance and the response time. Up to now, the variations of the
anchoring strength with temperature have been studied with different experimental
techniques for a variety of aligning substrates. The majority of the experiments were
performed using an external electric or magnetic field.[29-35] The temperature

dependence of anchoring strength at a solid-nematic interface (MBBA on DTAC
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coated glass) was first systematically investigated by Rosenblatt [29] using the
application of Fréedericksz transition theory. The anchoring strength showed a
reduction with temperature remarkably, especially in the vicinity of clearing point.
Faetti et al. [36] measured the azimuthal anchoring energy for a nematic 5CB on
obliquely evaporated SiO interface using a torsion pendulum technique. They also
found the azimuthal anchoring coefficient decreases rapidly as the nematic-isotropic
transition is approached. Vilfan et al. [37] measured the azimuthal anchoring strength
of 5CB on rubbed Nylon by using a dynamic light scattering method, where the
equilibrium LC configuration is not distorted during the measurement. They found the
azimuthal anchoring coefficient decreases steadily as the nematic-isotropic transition

is approached.

1-5 Our Works

However, the application of LC willitbesmuch further extended, if the alignment
processes can be carried out with common. semiconductor lithograph process. The
characteristic small area and multi-domain properties of this process can allow LC
devices being integrated with other devices such as-micro-electromechanical system
(MEMS). The functionality of these devices can also be much increased by including

LC components.

In LC display technology, anchoring strength is an important parameter for
designing the display mode. There are two types of surface anchoring involved: polar
and azimuthal anchorings. The polar anchoring is about the out-of-plane tilt of the LC
director on the surface from the easy axis and the azimuthal anchoring is about the
in-plane angle displacement. In our work, the alignment quality for LC on grooved

glass surface is studied by measuring its azimuthal anchoring strength.

1-5-1 Reactive lon Etching (RIE) Method

In our work, we study the alignment of nematic 4’-n-pentyl-4-cyanobiphenyl
(5CB) on etched bare glass substrates without any coating. The U-shaped grooves are
formed on the substrate with variable depths and spacings by using reactive ion

etching (RIE) method and anchoring strength were measured for each condition. [38]

6



We also study the temperature dependence of the azimuthal anchoring strength of
nematic SCB on these parallel grooved glass substrates without any coating. [39] We
used a method that a chiral agent is doped into LC to provide a torque turning the
director away from the easy direction supplied by the grooves on substrates.
Azimuthal anchoring strength was calculated from the measured twist angle in the LC
cells. Due to the limitation of the optical characteristics, we used two lasers with
different wavelengths in order to obtain the complete data in the chosen temperature

range.

1-5-2 AFM Modifying Mothod

In this work we also use the small tip of an AFM to rub or to modify the PI film
on the glass substrate in contact mode, i.e., touching the tip closely to the film and
running through a specified region of the film. The alignment properties of the rubbed
surface, including contrast ratio and.-anchoring strength, are studied. The surface
topology change is studied also by AFMsbut:in non-contact mode and then

investigated by Fourier analysis: The alignment mechanism will be discussed.

In chapter 2, the alignment of:liquid crystals by ion etched grooving glass surfaces
are described. Temperature dependence: of ‘azimuthal anchoring strength of liquid
crystal on microgrooved glass substrate is described in chapter 3. The AFM modifying
method is described in chapter 4. The summary and future scope is given in the last

chapter.
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Chapter 2
Alignment of Liquid Crystals by lon Etched Grooving

Glass Surfaces

The alignment property of the nematic liquid crystal 4’-n-pentyl-4-cyanobiphenyl
(5CB) on glass substrates with parallel grooves are studied. The U-shaped grooves
with a variety of depths and periods are prepared by the reactive ion etch method.
Surface morphology of the grooved glass is examined by Atomic Force Microscope. A
LC cell consist of a pair of parallel grooved substrates with SCB sandwiched in
between is assembled. The alignment quality for LC is studied by measuring its
surface azimuthal anchoring strength. The effect of the groove period and depth is
studied. Strong anchoring strength of {107*J/m’ is observed for groove spacing less

than 4 um and depth larger than 50 nm.

In section 2-1, the glass etching ‘'méthod, surface characterization, and LC cell
preparation are described. The anchoring strength.measurement and its principle are
described in section 2-2. The results together with the discussion are presented in

section 2-3. A conclusion is given in the section 2-4.
2-1 Substrate Preparation

Two common processes in the semiconductor integrated circuits industry,
lithography and reactive ion etching (RIE), were used to create parallel grooves on
uncoated glass surface. The STN LCD (super-twisted nematic liquid crystal display)
grade glass was obtained by removing the Indium-tin-oxide (ITO) coating from
industrial-quality ITO-coated STN LCD glasses. A positive photo-resist (FH-6400L)
was then coated on the glass with a spin coater and a soft baking at 80°C afterward.
An exposure process followed to induce a photochemical transformation of patterns
on a mask having nine grating-like patterns with various periods by using a contact

method. The exposed photo-resist was then developed for 20 seconds followed by
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hard baking at 110°C for 20 minutes to form photo-resist stripes on glass. The part of
glass surface uncovered by photo-resist was etched away from the bulk by using the

RIE method. The etching time of RIE was varied to give different groove depths.

Surface morphology of the grooved glass was examined by a tapping-mode AFM
(Digital Instruments Nanoscope 3100). Fig.2-1-1(a) and (b) shows an example of the
AFM image of our etched glass surface. In this example, the groove depth is 13.640.3
nm and period is 7.0 um. The root mean square roughness for the top surfaces and

bottom surfaces are 0.37 nm and 0.46 nm, respectively.
2-2 Azimuthal Anchoring Strength Measurement

The alignment quality for LC is studied by measuring its surface azimuthal

anchoring strength.
2-2-1 Cell Gap Measurement

Two substrates with parallel grooves created as/mientioned in the previous section
were placed together with Mylar spacer to form an empty cell. The cell gap between
the two substrates was measured by a rotational interferometric method [1, 2]: A
He-Ne laser beam was incident on the empty cell and the transmittance is measured as
a function of the incident angle. In Fig.2-2-1, we show a sketch for the optical
interference from the cell. An example of transmittance of the empty cell is shown in
Fig.2-2-2. The peaks correspond to incident angles satisfying the following condition:

2d cosO =mA, (2-1)
where m is a positive integer and d is the cell gap. We choose two peaks with angles
0, and 6, respectively, in the transmittance curve. From eq. (2-1), d can be calculated
by

d= AmA
2(cosO, —cosb))

(2-2)

where Am is the number of minima between the two chosen peaks. The accuracy of
the cell gap measurement and the uniformity of the cell gap on each cell are both

under 0.2 um. Among all of the samples used in this study, the gaps varied between 7
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and 10 um.

2-2-2 Natural Pitch Measurement

To measure the anchoring strength of the grooved substrate, nematic LC 5CB
doped with a 0.15 wt% of left handed chiral dopant ZLI-811 (Merck) was filled into
the gap of the above empty cell and a LC cell was formed. The natural pitch of the
mixture, P,, was measured with the Cano-Wedge method [3] and found to be 41.5 um
and 45.4 um, respectively, for the two mixtures used in this study. The chemical
structure of ZLI-811, illustration of Cano-Wedge method, and an example of

disclination lines are shown in Fig.2-2-3(a) ~ (c).

The planar alignment and the uniformity of alignment of LC in the cells were
confirmed by using a polarizing microscope with crossed polarizers attached

(Fig.2-2-4).

2-2-3_Azimuthal Anchoring Strength Measurement

The anchoring strength was ‘measured by an ‘Optical method [4] with a system
shown in Fig.2-2-5. The temperature of LC cell was controlled at 25.5+0.3°C during
the measurements. We briefly describe our method here. At the boundary, the director
deviates from the direction of the grooves by an angle 4 due to the spontaneous

twisting power of the chiral doped nematic LC.

The free energy per unit area is obtained as the sum of the elastic energy F}, and

the surface anchoring energy F; as follows [4],

F=F,+2 F,, (2-3)
Where
1 2 02
F=—K, ,(—-—)4d, 2-4
=5 Kl =) @-4)
1 .,
F, =5Asm a4, (2-5)

Here, K>, is the twist elastic constant, P, is natural pitch, d is the cell gap, 4 is the

surface azimuthal anchoring strength, 4 is the deviation of the director at the surface
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from the groove and @ is the twisting angle of the director in the cell. The director
orientation in this cell is obtained by minimizing F, which gives the torque balance
equation, and then the azimuthal anchoring strength, 4, was then obtained by

4= n 0y (2:6)
sind P, d

With a total twist angle, 6, in the «cell the transmission, 7,

can be written as following [5]:

T, = sin1+120)sin(0~ 7)) +cosy1+u20) o0~ )1
V1+u? 2-7)
2
+ | u > sin®(V1+u*6) cos® (0 + 2, =¥ o),
+u
and
u="C0=n,), (28)

where ¥,and ¥, are the angles of LC director at the first surface and the analyzer
(exit polarizer), respectively, with téspect to the polarizer (entrance polarizer), n, and
n, are the extraordinary and ordinary refractive indices of the LC, and A is the
wavelength of incident light (1=632.8nm).-The relationship among 0, ¥,, and ¥, are
shown in Fig.2-2-6(a).The value of 7. teaches its absolute minimum with respect to
the two variables ¥,and ¥,, where both of the two terms in eq. (2-7) are zero, i.e.,
the two following conditions are satisfied,

1

V1+u?

sin(V1+u”0)sin(0 - ¥ ;) +cos(Vl1+u’0)cos(0~¥,,)=0,  (2-9)

and

O+2¢, ¥, =+

oY

(2-10)

Our polarizer was parallel to the groove direction and the analyzer was perpendicular
to the polarizer initially. Then we rotated the LC cell and the analyzer to vary ¥,and
'

p

- Simultaneously with a ratio of 1 to 2 (Fig.2-2-6(b)). In this way, the second term
of eq. (2-7) was kept at constant. The minimum of 7, occurred when eq. (2-9) was
satisfied. Then, we deduced @ from eq. (2-9) by using the indices of refraction for
5CB from ref.6. To measure the anchoring strength precisely, it is necessary to select
appropriate measurement condition. [7] For this purpose, we calculated the optical

transmittance 7, as a function of dAn/A, ¥,and ¥,, in detail. The relationship among
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dAn/A, V,, and ¥, are shown in Fig.2-2-7. When dAn/A is close 0.5, 1.5,..., as shown
in Fig.2-2-7(a), the conditions are not suitable for anchoring strength measurement.
When dAn/A is the other values, as shown in Fig.2-2-7(b) and (c), there is a minimum
condition which allows ¥?,, to be determined easily. Fig.2-2-8 shows an example of

transmittance measurement. The value for K, (25.5°C) was obtained from ref.8.

2-3 Results and Discussion

The periods of U-shape grooves were varied from 2 pum to 9 um in this study. We
obtained three different depths by changing the etching time in the RIE process. The
depths were 21 £ 5 nm, 56 + 6 nm, and 121 =+ 5 nm for etching time 1, 6 and 20
minutes, respectively. Fig.2-3-1~2-3-5 shows some example of the AFM image of our
etched glass surface.

In Fig.2-3-6, we show the measured anchoring strength versus the groove periods for
the samples with groove depth of 21+ 5 nm. The anchoring strengths are within the
range of 1x10® ~ 2x10° J/m* with an @ncertainty less than 1%. A uniformly planar
alignment was achieved, although the anchoring" was weak comparing to the

conventional rubbed substrate (with 4-around-t0 J/m).

The effect of groove depths to anchoring strength is shown in Fig.2-3-7 with
samples having various etching depth. When the depths are larger than 50 nm, the
anchoring strength (larger than 107 J/m?) was more than an order of magnitude larger

comparing to the substrate with shallower grooves.

The anchoring strength of samples with groove depth of 21 + 5 nm (Fig.2-3-6) is
insensitive to its period. The effect of groove period on anchoring strength for samples
with groove depths of 56 £ 6 nm and 121 = 5 nm, on the other hand, can be clearly
observed in Fig.2-3-7. The anchoring strength decreases with the groove periods and
drops drastically when the period reaches 5 pm. The anchoring strength is compatible
with conventional rubbed PI substrate when the groove periods are less than 4 um and

depths above 50 nm.

The major error of this measurement comes from the measurement of twist angle
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and the misalignment of the two substrates. When the anchoring strength is less than
10°J/ny, the method for measuring anchoring strength employed here is very accurate
with error less than 1%. On the other hand, for strong anchoring (anchoring strength
above 10™* J/m), the anchoring strength measuring method employed here has larger
error bar. Because the surface anchoring becomes much stronger than the spontaneous
twisting power caused by chiral doping in nematic LC, the director of LC molecules
near the surface deviate only by a small angle (less than 0.5 degree) from the direction

of grooves.

Figure 2-3-7 shows that the anchoring strengths of samples etched for 20 minutes
(groove depth of 121 nm) are smaller than those etched for only 6 minutes (grove
depth of 56nm). The mechanism for this phenomenon is not clear yet. It is possibly
due to the roughness along the side surfaces within the grooves. Suffice to say,
preparation of the surface with an etching time of 6 minutes would yield excellent
alignment results. This is important,processing information for the fabrication of

future devices requiring integration of LG.devices with MEMS.

2-4 Conclusions

In this work we have developed an: LC ‘alignment process employing standard
semiconductor processing steps (do not need alignment film). This is advantageous
for integrating LC devices with other devices such as MEMS. We have etched
U-shape grooves of micron scale with various periods and depths and studied their

alignment property and anchoring strength to LC.

The periods of the grooves are varied between 2 and 9 um. When the depths of the
grooves is small (21 £ 5 nm), the anchoring strength (<10 J/ny) are smaller than
traditional rubbed polyimide surfaces. It can be increased more than an order of
magnitude by varying the groove depth and period._Strong anchoring with strengths
larger than 107 J/m? can be achieved with the depths of the grooves 56 or 121 nm and

periods less than 4 pum.
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Chapter 3
Temperature Dependence of Azimuthal Anchoring
Strength of Liquid Crystal on Microgrooved Glass
Substrate

Temperature dependence of the azimuthal anchoring strength of the nematic liquid
crystal (LC) 4’-n-pentyl-4-cyanobiphenyl (5CB) on parallel grooved glass substrates
has been studied. The U-shaped grooves are prepared by the reactive ion etching
method. Two parallel grooved substrates with chiral doped 5CB sandwiched in
between are used to form an LC cell. The azimuthal anchoring strength in the nematic
temperature range is determined by ‘measuring the twist angle in the LC cells using an
optical method at two laser wavelengths. The anchoring strength is found to decrease
steadily with the increasing temperature. The change of the anchoring strength is
attributed to the change of elastic constant K37;funless the temperature is close to the

clearing point.

In section 3-1, the glass surface etching, characterization, and LC cell preparation
are described. The anchoring strength measurement and its principle and the
limitation of the optical characteristics are described in section 3-2. The results
together with the discussion are presented in section 3-3. A conclusion is given in the

section 3-4.
3-1 Substrate and LC Cell Preparation

We use the common processes in semiconductor integrated circuits industry,
lithography and reactive ion etching (RIE), to create parallel grooves on uncoated
glass.[1] An atomic force microscope (Digital Instruments Nanoscope 3100) under
tapping mode is used to examine the surface morphology and to determine the groove

depth and period. Figure 3-1-1 shows an example of the surface profile of our etched
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glass surface measured by AFM. Substrates used in this work have parallel grooves
with depth of 26+5 nm and period of 4 um, as shown in this figure. The rms
roughness for the top surfaces and bottom surfaces are 0.917 nm and 2.28 nm,

respectively.

Two substrates obtained by breaking the etched glasses to two halves are placed
together with grooves parallel to each other and a Mylar spacer in between to form an
empty cell. The cell gap, d, between the two substrates was measured by the rotation
interferometric method. [2, 3] Two cells (S; and S;) with cell gaps 11.13 and 11.65

um, respectively, are studied in this work.

To measure the anchoring strength, we fill the nematic LC 5CB (from Merck)
doped with a 0.15 wt% of left handed chiral dopant ZLI-811 (Merck) into the gap to
form LC cells. The natural pitch of the mixture, P,, is measured with Cano-Wedge

method. [4]

3-2 Temperature dependence of Anchoring Strength Measurement

The anchoring strength is determined by measuring the twist angle of LC in the
cell by an optical method [5] with a”system shown in Fig. 3-2-1. Light intensity
through the arrangement from left to right in this figure detected by a photo-detector,
PD1, is divided by the reference intensity measured by PD2, to eliminate the
fluctuation of laser power. The temperature of the cells is controlled with temperature
stability around £0.2 °C. The measurement is carried out for temperatures from 25 °C
to above 7. (about 33°C). The 7, for pure SCB from Merck should be 35.3 °C,
however, it is lowered with dopant. We have observed that the 7, of our 5CB with
dopant can be affected by humidity significantly. It can be varied as much as 2 °C. To

use the data in literature, all temperatures are expressed in terms of 7- T...

At the boundary, the director deviates from the direction of groove by an angle A
due to the spontaneous twisting power of the chiral doped nematic LC. The azimuthal
anchoring strength, A4, is defined with the surface free energy F; by the following

equation:
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N

F, :%Asinz 4 . (3-1)

With the measured total twist angle @ in the cell, the anchoring strength 4 is given by

2K,, 2n 6
A="22220 Ty, 3-2
sinf (Po a’) -2)

where K3, is the twist elastic constant of SCB at the measuring temperature.[6] The
principle and method for measuring & were described in our previous work.[1] Briefly,
for the setup shown in Fig. 3-2-1, the transmittance, 7,, can be written as following:
[7]

SR

T =[ N sin(V1+u’0)sin(0 ¥ ,,)) +cos(V1+u’0)cos(0 - ,,)F
1+u

2
+ L sin’ (W1+u20)cos’ (0+2¥, -,

S1
+u2

(3-3)

and
—n,), (3-4)

where ¥, and %,, are the angles of LC-director at first surface of the cell and the
analyzer (exit polarizer), respectively, with respect to the polarizer (entrance
polarizer), n, and n, are the extraordinaryrand ordinary refractive indices of the LC,
and A is the wavelength of incident light. - The value of 7, reaches its absolute
minimum with respect to the two variables ¥, and ¥,, when both of the two terms in
eq. (3-3) are zero. However, to determine the twist angle €, only the first term is
needed. In our work, the polarizer is parallel to the groove direction and the analyzer
is perpendicular to the polarizer at the beginning. Then we rotate the LC cell and the
analyzer to vary ¥,and ¥,, simultaneously with a ratio of 1 to 2. In this way, the
second term of eq. (3-3) is kept as a constant. The minimum of 7, is achieved when

the first term of eq. (3-3) is zero, then the twist angle € can be determined.

However, to determine € precisely, the value for dAn/A=d(n.-n,)/A should be away
from half integers. [8] In general, when d, A are fixed, this value will change with
temperature, because the birefringence of LC changes with temperature. In some
temperature range, the value of dAn/A becomes close to 0.5, 1.5, 2.5, the conditions
not suitable for anchoring strength measurement. In Fig. 3-2-2(a) we shows an

example of the calculated the transmittance 7" for £=15° and, dAn/A=3.5. Under this
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condition, the value for 7, does not have minimum points, and the twist angle can not
be determined. Experimentally, we get a flat transmittance with cell angle as shown in
Fig. 3-2-2(b) as we rotate the sample and analyzer synchronously along the white line
in Fig. 3-2-2(a). To avoid this optical limitation, we use two lasers in our work to
obtain the complete results for the chosen temperature range. One is a He-Ne red laser
and the other is a green laser pointer (second harmonic of a diode-pumped N4g:YVOg4
laser, Leadlight Corp., Taiwan) with wavelengths A,=632.8 nm and A,=532.6 nm,
respectively. Because the laser pointer has large fluctuations in power, the reference
power measurement by PD2 in Fig. 3-2-1 is necessary. The values of refractive
indices (see Fig. 3-2-3) at various temperatures are interpolated from that measured by

Wu et al.. [9]

3-3 Results and Discussion

From eq. (3-2), we can see that thelanchoring strength is determined by P,, K>»,
and 6. Our measured pitch versus temperaturé. is plotted in Fig. 3-3-1. The
temperature is raised from 25°C to above 77, and then lowered down to 25°C. Note
that the pitch P, remains a constant 9f51.2+£0.2 nm-throughout this range except for

temperatures near 7., where the pitch. becomes unstable.

Two cells (S; and S;) with U-shaped parallel grooves (depth=26+5nm and
period=4um) are studied in this work. In Fig. 3-3-2, we have plotted the twist angle &
vs. temperature for both samples. The solid points are for S; and the hollow points for
S,. The circular points are measured with the red laser and the triangular ones with the
green laser. We can see that the twist angle itself is essentially a constant (0.460.01
rad) at most temperatures except when the temperature is close to the clearing point
(T-T < 1.74 °C). With the total twist angle &, and P, measured in this work and K3
from literature(Fig. 3-3-3), [6] the anchoring strength A4 is determined by eq. (3-2). We
plot the measured anchoring strength, 4, as a function of temperature in Fig. 3-3-4.
Because both cells S; and S, are made with similar substrates, the data are shown
together in Fig. 3-3-4. The anchoring strength of either cell has values around 10
J/m® with an uncertainty less than 1% and manifests a monotonic decrease with

increasing temperature. There are several temperature ranges, where the optical
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limitations of dAn/A being close to half integers are encountered: 1.0 °C < T,-T' < 3.4
°C for SyatA;; 1.5°C < T,-T<5.9°C for S; at Ay; T.-T < 2.1 °C for S, at A;; and 1.6
°C < T,T<4.8 °C for S, at 4, having the dAn/A value close to 2.5 or 3.5. As a result,
A can not be determined using light of just one wavelength. With two cells of different
thickness and two lasers, the anchoring strength of the grooved substrates can be

determined for the whole nematic range.

The well-known Berreman model [10] of the azimuthal anchoring energy, used to
model the grooved structure of the obliquely evaporated SiO film originally, is given
by
A 27[th

)

where /4 and [ are the amplitude and period of the sinusoidal grooves, respectively, and

K, (3-5)

K is an average elastic constant of LC molecules.

From eq. (3-5), the Berreman theory, théranchoring strength is proportional to the
elastic constant; therefore the ratio-of 4 to K is a constant. Following eq. (3-2), this
ratio can be expressed as:

A 2 2 6

A _ 9y 3-6
K,, sinH(PO d) (3-6)

If the pitch does not vary with temperature the twist angle & will be a constant, which
is demonstrated in this work (see Figs. 3-3-1 and 3-3-2). Therefore, it is proved that
the anchoring strength is proportional to the elastic constant K, as predicted by
Berreman. At a temperature close to 7, this method for determining the anchoring
strength using chiral doped nematic has larger uncertainty due to the unstable pitch

near 7.

In our case, the experimental value of the azimuthal anchoring strength is found to
be several orders of magnitude higher than that predicted by applying our depth and
period directly into eq.(3-5) (1.6x10° J/m?). If we consider our U-shaped grooves
having a square wave form, then the Fourier series for this square wave with period /

and amplitude 4 is given by [11]
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o0

Ty =2 3 lsin(zl;—nx). (3-7)

n=135..
In other words, our U-shaped periodical grooves can be considered consisting of a
series of sinusoidal grooves with amplitudes 44/nz and periods //n, where n=1,3,5---.

Then 4 becomes

327h*
A=K=—"— >'n, (3-8)

n=1,3,5...

which is a divergent series. Therefore, eq. (3-5) is not accurate enough to predict the
value of our anchoring strength; a much larger value for 4 can be anticipated due to

the diverging of eq. (3-8).

Lee et al. [12] have studied the 4 values for rubbed polyimide film and compared
with Berreman’s theory. The values obtained experimentally were more than two
orders of magnitude hihgher than that obtained from Berreman’s theory. The major
reason was considered to be the following: a,surface morphology with very fine
grooves (periods less than about‘l5nm)jor mtermolecular interaction between the LC
and polymer molecules. Hallanret'al. [13]and Ohta et al. [14] demonstrated that the 4
values on sinusoidal grooved photo=résist-suiface is closely related to Berreman’s
theory for small depth/period ratio:

Recent finite element calculations [14, 15] have shown that the groove shape plays
a crucial role for anchoring strength. For rectangular grooves, the anchoring strength
is higher than the sinusoidal grooves. Particularly, when the groove depth is small as
in our case, the rectangular grooves can give an anchoring strength more than two
orders of magnitude higher than the sinusoidal grooves. Our results agree with these

predictions.

3-4 Conclusions

We use an improved method for measuring the temperature dependence of
azimuthal anchoring strength by using two lasers with different wavelengths. A chiral
dopant is added into the nematic liquid crystal 5CB for anchoring strength
measurement. The azimuthal anchoring strength of 5CB on parallel grooved glass

substrates are found to decrease monotonically with the increasing temperature. The
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change of 4 is due to the change of K, at most nematic temperature range unless the
temperature is very close to the clearing point, 7,. Near 7. the pitch changes and
becomes unstable, therefore this method is not suitable for anchoring strength

measurement at this temperature region.
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Chapter 4
Liquid Crystal Alignment by Surface Modification on

Polyimide Film with Atomic Force Microscope Probes

Atomic force microscope (AFM) has been used to modify the polyimide films on
glass substrate. The surface morphology of the films was then probed with the AFM
operating in the non-contacting mode. The properties of these films for liquid crystal
alignment and their relations to the modifying conditions have been studied. The

modifying line density is a dominant factor in the conditions we have studied.
4-1 Substrate and LC Cell Preparation

The PI films are formed by coating a 2.5 % (volume) of Nissan SE-130B in NMP
(N-methyl-2-pyrrolidinone) solution' on glass substrates with a spin coater followed
by thermal curing in oven. The PI film is then modified with the probe tips of an AFM
(Digital Instruments Dimension 3 1Q07Withr™NanoScope Illa controller) scanning
through specified region with a. particular-'scanning line density. To make a
modification on the film, the AFM is operated in the contact mode, in which the tip is
closely touching the PI film. The glass substrate used is the regular substrate for
super-twisted-nematic liquid crystal display (STN LCD) with indium tin oxide (ITO)
coating on one side. The ITO coated side of the substrates is the surface we work on,

only that the ITO is removed.

Before and after the modification, the film surface morphology is measured by the
same AFM, but operating in a non-contact tapping mode. In this mode, the tip does
not touch the film. Therefore, it will not make further changes to the film. Besides
taking the 3 dimensional images of the films, we have also carried out a Fourier

analysis to see how the tip modifying process changes the surface structure.

The substrate with modified film is combined with another glass substrate with

conventional mechanically rubbed PI film to form a LC cell. The cells are filled with
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nematic 4-n-pentyl-4-cyanobiphenyl (5CB) from Merck. The cell thickness is
controlled with a 6pum-thick mylar film. Both parallel cell and twist nematic (TN) cell

have been prepared.
4-2 Optical properties and Anchoring Strength Measurement

The optical properties of the cells are observed under a polarized optical
microscope. The optical transmission curves of the LC cells between crossed
polarizers, while rotating the cell, are also measured under the same microscope with

a line filter (546nm), a CCD camera and image processing tools.

With the same setup mentioned above, we have also measured the anchoring
strength of the AFM-modified film to LC with the optical method. The definition of
anchoring strength is the same as being defined in chapter 2. The azimuthal anchoring

strength A is defined with area surface,free energy, F, by
F, =%Asin2¢5, (4-1)

Where ¢, is the angle deviation of surface director from the easy direction. The
measuring has been carried out by using eithera parallel or a TN cell filled with chiral
doped 5CB. After measuring the twisting angle @ of LC and the surface angle ¢,, we
can obtain the anchoring strength by the following eq. [1],

2K,, 2n 0
e B A (4-2)
sin2¢, P, d

o

where K, is the twist elastic constant, P, is the natural pitch of the chiral doped

nematics LC.

The twisting angle and the surface deviation angle are measured by the following.
We put the sample under the microscope between two polarizers (crossed for parallel
cell and parallel for TN cell). We rotate the sample until the minimum is reached and
then rotate the second polarizer until another minimum is reached again. This process
is repeated a couple of times then the real minimum will be reached. The final angle
between the two polarizers gives the twisting angle, 6. The surface deviation angle is
0 for parallel cell or 90°-6 for TN cell, assuming the surface by rubbing has strong

anchoring. The natural pitch P, is measured using Cano wedge method [2]. While
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both parallel and TN cells can be used for anchoring strength measurement, a chiral
dopant must be added for the parallel cell. A left-hand dopant S811 (from Merck) is
added into 5CB with weight of 0.15%.

4-3 Results and Discussions

We have modified the PI films on the glass substrate using AFM tips with line
densities between 5 to 25 lines per um. In Figs.4-3-1 and 4-3-2, we show pictures of
one sample taken under the polarized microscope. In this example, the modified area
is 80x80 pm? and the line density is 6.4 lines per um. Figure 4-3-1 is for the parallel
cell while Fig.4-3-2 is for the TN cell, re-made with the same substrates. In
Fig.4-3-1(a), the parallel cell is between crossed polarizers with the modifying
direction parallel to the first polarizer. Dark region is the modified region. In
Fig.4-3-1(b), the sample has been rotated 45°, which gives the brightest situation. In
Fig.4-3-2, the TN cell is between twerparallel polarizers, and the modifying direction
is parallel to one of the polarizers-; With theses results, we confirm that the

AFM-rubbed PI surface aligns EC 'parallel to-the tip moving direction.

With a line filter of wavelength 546 nm before-the first polarizer in the polarizing
microscope, we have measured the transmission of light through the LC cell between
the crossed polarizers versus the rotation angle of the LC cell. Results for the sample
shown in Fig.4-3-1 and another parallel cell with line density 12.8 lines per um are
shown in Fig.4-3-3. For an ideal parallel LC cell, the transmission T of the cell
between a pair of crossed polarizers is

T =sin*(zdnd/2) - sin® (2¢) =Csin’(2¢), (4-3)
where 4n is the birefringence, 4 is the wavelength and ¢ is the angle between the
alignment direction and one of the polarizers. With fixed sample and wavelength,
€q.(4-3) has a simple form as

T =C-sin’(2p), (4-4)
where C is a constant. In real situation, the scattering of light, the non-uniformity of
surface, and the extinction rate of the polarizers can all make the 7' vs. ¢ curve deviate

from the ideal curve. The quality of the alignment is a dominant factor that determines

how close the real curve is to eq.(4-4). A good approximation to the measured

30



transmission 1S
T=a+b-sin’(2p), (4-5)

where a and b are constants.

A quantity R is defined as the ratio of the difference between maximum

transmission (7,,) and minimum transmission (7},;;) to the sum of T, and T, 1.€.,

T —-T.
= max min — b . (4_6)
r . +T. 2a+b

For an ideal cell, with transmission given by eq.(4-4), a is equal to 0 and hence R
equal to 1. While for a non-aligned sample, b is equal to 0 and R becomes O.
Therefore we use R, which is between 0 and 1, as a quantity to indicate the alignment
quality. In Fig.4-3-4(a), we compare R, for several modifying density. These samples
were modified just once in any chosen region. It is clear that the R increases with line
density monotonically. We have also studied the effect of multiple modifications by
running the tip repeatedly in the same region with a fixed line density of 12.8 lines per
pm. The results are shown in Fig.4-3-4(b), we can'see that the R remains a constant
value. The multiple modifying-processes do not improve the alignment quality nor

make it worse.

For all of the samples shown in Fig.4-3-4, we have measured their anchoring

@ 9
*

strength, which are plotted in Fig.4-3-5. The points with a mark are for the
samples made into parallel cells, where the chiral dopant SCB is used. The anchoring
strength is found to increase with the line density and approximately proportional to
the line density [see Fig.4-3-5(a)], except for the one with chiral dopant in the cell.
The difference caused by the chiral dopant is expectable, because the LC material
becomes different with chiral dopant added in and the anchoring strength is a quantity

that indicates the anisotropy of molecular interaction between LC molecules and the

PI films.

We have varied the number of times to modify the PI films with a fixed line
density (of 12.8 lines per um). The measured anchoring strength is shown in Fig.
4-3-5(b); it does not change significantly with the number of times for multiple

modifications.
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In the work by Lien et al. [1], the anchoring strength for the photo-induced
alignment was found to be between 10” and 10 J/m® while the anchoring strength
we measured for the rubbed surface is about 10™* J/m*. The anchoring strength in our
study is 0.8~3x10” J/m?, which is compatible to the strength by photo-induced
alignment. Our assumption of strong anchoring by rubbed surface when determining &

and ¢ is justified.

We have used the same AFM but working on the tapping mode to study the
surface topology of the samples. Figure 4-3-6 shows a typical example for the surface
topology. No trace of any groove due to the AFM modification process can be seen.
All other samples show similar topology, which is also similar to the one prior to
AFM modification. Although some scratch-like grooves can be seen, they are not
parallel to the modifying direction. They may be intrinsic fine grooves on the glass

substrates while they were polished.

Even though we do not see any difference on.the surface topology by directly
looking at the 3- dimensional plots; some very shallow grooves may still be buried in
the rough surface topology. To-clarify this possibility, we have carried out a Fourier
analysis of the surface topology data. The powerspectrum of the topographic data is

calculated according to the following equations.

For a line with data taken from L equal spaced points, the height of each point is

denoted by f(x) with x=1 to L. The function f{x) can be expressed as a Fourier series,

) = 2;{?:[/1” cos(”zT”x) B sin(nzTﬂx)} , 4-7)
where

4, =12 f()e0s "), @)

B - %TZ f(x)sin(”zT”x) . (4-9)

The power spectrum P, is then calculated by

P=A4+B. (4-10)
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In Fig.4-3-7, we show a set of typical power spectrum obtained in this manner. For
the sample with the modifying density 5.12 lines per um shown in Fig.4-3-6, we have
analyzed the data with a scanning density of 82.58 points per um and a total of 256
points are scanned for each line. We have also scanned the sample with scanning
directions parallel and perpendicular to the modifying direction. In this figure, the
power spectra for lines parallel and perpendicular to the modifying direction are
plotted. The curve for the surface before modification is also shown for comparison.
While the one parallel to the modifying direction is a little different from that for the
unmodified region, the result for the line perpendicular to the modifying direction is
very different from both of them. From these plots, we can see that the surface has
ripples of large period, i.e., small n, caused by the AFM modification. The ripples

perpendicular to the modifying direction are much more profound than that parallel to.

Grooves caused by the AFM-modification are still not found. If there were
grooves caused by the AFM tip during!thé meodify processes, the spacing would be
16.1 points, which is the ratio ,of scanning.density and modifying density. In the
“perpendicular” curve, there should-then be a-peak atn= 16, which is the ratio of total
points in a line scan to the spacing. However; there is no clear peak at n=16 or its

multiples.

For all of the samples we studied, none of them shows a characteristic peak for the
grooving structures after Fourier analysis. The feature that lines scanned
perpendicular to the modifying direction have lager values at small n is very common,
although the difference may differ from sample to sample. The only exception occurs
when the film has been multiply modified for three times. The results together
indicate that the wide ripples are formed perpendicular to the modifying direction and

possibly caused by a dragging shear force from the AFM tip.

4-4 Conclusions

We have modified the PI coated glass substrate surface with AFM tip by running

the tip touching the surface with various line densities. This process can make the PI

film interacting with the LCs on the surface anisotropically and make the liquid
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crystals aligned along the tip moving direction. The aligning property and anchoring
strength to the LCs are nearly proportional to the modifying line density. On the other
hand, they are not affected by how many times the same processes are repeated.
Overall, the anchoring strength is compatible with that from a common rubbing

process [3] and [4].

The positioning for the modified region is very fine; in principle it can be near 10
nm. However, the LC cell thickness and the LC coherence length limit the real
resolution of the alignment. In our samples, which have a thickness of 6 um, the

resolution is about 3 pum.

Either by looking at the AFM topographical picture or by Fourier analysis on the
topology data, no any grooving structure due to the AFM modify on the PI films is
found. However, the Fourier analysis results do show changes caused by the
modifying process. The irregular but:large space period ripples are formed on both
directions perpendicular and parallel to.the modifying direction, although the ripples
are more profound in the direCtions perpendicular to the modifying direction. We

consider this caused by the sheat pulling force acted on the film by the moving tip.
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Chapter 5

Summary and Future Scope

5-1 Summary

In this work we have developed a LC alignment process employing standard
semiconductor processing steps (do not need alignment film). This is advantageous
for integrating LC devices with other devices such as MEMS. We have etched
U-shape grooves of micron scale with various periods and depths and studied their

alignment properties and anchoring strengths to LC.

The periods of the grooves are varied between 2 and 9 um. When the depths of the
grooves is small (21 £ 5 nm), the anchorifg:strength (<10 J/m’) are smaller than
traditional rubbed polyimide suffaces. It/ can .be lincreased more than an order of
magnitude by varying the groove depth and périod. Values larger than 107 J/m? can be
achieved with the depths of the grooves-larger than-50 nm. Strong anchoring can be
obtained when the periods are less than 4 um and depths are above 50 nm. However,

grooves much deeper than 50 nm may reduce the anchoring strength.

We used an improved method for measuring the temperature dependence of
azimuthal anchoring strength by using two lasers with different wavelengths. A chiral
dopant is added into the nematic liquid crystal 4’-n-pentyl-4-cyanobiphenyl (5CB) for
anchoring strength measurement. The azimuthal anchoring strength of 5CB on
parallel grooved glass substrates was found to decrease steadily when temperature
increases. The change of 4 is due to the change of K, at most nematic temperature
unless the temperature is very close to the clearing point. When temperature is very
close to T, the pitch changes and becomes unstable, therefore this method is not

suitable for anchoring strength measurement at this temperature range.

We have modified the PI coated glass substrate surface with AFM tip by running

the tip touching the surface with various line densities. This process can make the PI
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film interacting with the LCs on the surface anisotropically and make the liquid
crystals aligned along the tip moving direction. The aligning property and anchoring
strength to the LCs are nearly proportional to the modifying line density. On the other
hand, they are not affected by how many times the same processes are repeated.
Overall, the anchoring strength is compatible with that from a common rubbing

process.

The positioning for the modified region is very fine; in principle it can be near 10
nm. However, the LC cell thickness and the LC coherence length limit the real
resolution of the alignment. In our samples, which have a thickness of 6 um, the

resolution is about 3 um.

Either by looking at the AFM topographical picture or by Fourier analysis on the
topology data, no any grooving structure due to the AFM modify on the PI films is
found. However, the Fourier analysis'results do show changes caused by the
modifying process. The irregular but lafge space period ripples are formed on both
directions perpendicular and parallel to the modifying direction, although the ripples
are more profound in the directions ‘perpendicular-to the modifying direction. We

thought that this caused by the shear pulling force'acted on the film by the moving tip.

5-2 Future Scope

Understanding the dependence of the shape of the grating surface on the surface
azimuthal anchoring is important. We will use Nanoimprint lithography technique to
create microgroove with arbitrary surface shape. And to design the surface azimuthal
anchoring energy of the arbitrary surface shape of the relief grating by FEM. After
tracing the real surface by using AFM, traced pattern can be directly input to FEM,

and the surface azimuthal anchoring energy can be obtained by FEM.

37



(2)

Roller

N

/

Glass substrate

Stage

(b)

Fiber of buffing material

Rubbing

/Polymer film

Glass substrate

Fig. 1-1-1(a) A structural sketch of a rubbing machine. (b) A cross sectional view of a

polymer film in contact with a moving fiber of buffing material.
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SiO Columnar Structure Evaporation

Beam

i

Fig.1-2-1 Surface structure of the oblique evaporated film. When nematic LC contact

such a surface, elastic deformation of the LC along the surface induced interaction
energy between the surface and nematic LC. This is thought to be the driving force for
alignment of the nematic director. The surface structure of the obliquely evaporated
film changes with the evaporation angle (the angle between evaporation beam and
substrate normal). K. Takatoh, M. Hasegawa, M. Koden, N. Itoh, R. Hasegawa, and M.
Sakamoto, “Alignment Technologies and Applications of Liquid Crystal Devices”
(Taylor & Francis, 2005).
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Fig.1-2-2(a) N, N-dimethyl-N-octadecyl-3- aminopropyltrimethoxysilyl chloride
(DMOAP). (b) N-methyl-3- aminopropyltrimethoxysilane (map). F. J. Kahn, Appl.
Phys. Lett., 22, No. 8, pp.386-388 (1973).
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Anode

Ar'

Fig.1-2-3 Low energy beam c‘f é . _‘a'c to bombard the surface of a

polyimide film. The argon beam prod ircctional alignment when the beam is at

an angle other than perpendicular to the polyimide film surface.

Fig.1-2-4 The AFM tip modifying methods.
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Fig.1-3-1 Typical orientations are shown. These orientations are classified into two
groups. (a)~(c) The directors of the LC molecules in homogeneous, tilted and
homeotropic cases are aligned in one fixed direction, while(d)~(h), the director of LC
molecules in the splay, twist, bend, hybrid and super-twisted nematic cases are not
fixed in one direction. K. Takatoh, M. Hasegawa, M. Koden, N. Itoh, R. Hasegawa,
and M. Sakamoto, “Alignment Technologies and Applications of Liquid Crystal
Devices” (Taylor & Francis, 2005).

44



LCs

Fig.1-3-2 Schematic geometry of sinusoidal grooves is shown. Berreman suggested
the elongated LCs prefer to align parallel to the induced micro size grooves to reduce

the total surface free energy. D. W. Berreman, “Solid surface shape and the

alignment of an adjacent nematic liquid crystal”, Phys. Rev. Lett. 28, pp.1683-1686
(1972).
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Fig.1-3-3 A polymer chain alignment model (a) before rubbing, (b) after rubbing.
Geary et al. suggested that LCs is anchored by buffed polymer chains of the polymer
surfaces. The alignment of LCs then follows in an epitaxial manner. J. M. Geary, J. W.
Goodby, A. R. Kmetz, and J. S. Patel, “The mechanism of polymer alignment of
liquid-crystal materials”, J. Appl. Phys. 62, pp.4100-4108 (1987).
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Fig. 2-1-1 AFM image of parallel grooved glass surface, which were prepared by
RIE method with depth of 13.6+£0.3 nm and period of 7.0 um. (a) Section analysis:
the root mean square roughness for the top surfaces and bottom surfaces are 0.37 nm
and 0.46 nm, respectively. (b) The AFM surface topology of the sample
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Fig. 2-2-1 Rotational interferometric method of LC cell gap measurement. A
sketch for optical path goes through a cell.

0.452

045 |

Intensity (arb. Unit)

0.448 f
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Angle(degree)

Fig. 2-2-2 Rotational interferometric method of LC cell gap measurement. An
example of the transmittance through an empty cell (6,=31.0°, 6,=26.4°, rm=1,
A=632.8 nm), from which we can obtain d=8.2 pum -
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Fig.2-2-3 (a) The chemical structure of ZLI-811. (b) Cano-Wedge method. (c)
Disclination lines.
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Fig.2-2-4 The planar alignment and the uniformity of alignment of LC in the cells
were confirmed by using a polarizing microscope with crossed polarizers attached.
(P1,P2)
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LC cell
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L1 AP L2 P

Temperature
Control

L3

v

PD

PC

Fig. 2-2-5 Setup for anchoring strength measurement. L1, L2, L3: lenses; AP:
aperature; P: polarizer; A: analyzer; PD: photo-detector; PC: personal computer.

Light intensity through the arrangement from left to right in this figure detected by a
photo-detector, PD1, is divided by the reference intensity measured by PD2, to
eliminate the fluctuation of laser power. The temperature of the cells is controlled

with temperature stability around +0.2 °C.
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A =632 .8nm

Fig.2-2-6(a) The relationship among &, ¥,, and ¥,, (b)The LC cell and the analyzer

are rotated to vary ¥,and ¥,, simultaneously with a ratio of 1 to 2.
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(a) dAn/A1s close 0.5, 1.5,... (b) dAn/A is close 1 (c) dAn/A otherwise
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Fig.2-2-7 The relationship among dAn/A, ¥,, and ¥,,. When dAn/A is close 0.5, 1.5,..., as shown in Fig.2-2-6(a), the conditions are not suitable for
anchoring strength measurement. When dAn/A is the other values, as shown in Fig.2-2-6(b) and (c), there is a minimum condition which allows
¥, to be determined easily. Y. Saitoh, and A. Lien, “An Improved Azimuthal Anchoring Energy measurement Method Using Liquid Crystals
with Different Chiralities”, Jan. J. Appl. Phys., 39, pp.1743-1746, (2000).
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Fig. 2-2-8 The transmitted intensity versus the angle between the polarizer and

analyzer, ¥,,. The minimum is obtained by a curve fitting. In this example, we obtain
an angle with minimum intensity, where ¥,,,=-117.46°.
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Fig. 2-3-1 AFM image of parallel grooved glass surface, which were prepared by
RIE method with period of 5.0 um.
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Fig. 2-3-2  AFM image of parallel grooved glass surface, which were prepared by
RIE method with period of 6.0 pm.
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Fig. 2-3-3 AFM image of parallel grooved glass surface, which were prepared by
RIE method with period of 7.0 pm.
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Fig. 2-3-4 AFM image of parallel grooved glass surface, which were prepared by
RIE method with period of 8.0 um.
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Fig. 2-3-5 AFM image of parallel grooved glass surface, which were prepared by
RIE method with period of 9.0 pm.
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Fig. 2-3-6 Anchoring strength of RIE 1 minutes substrates with different groove
periods (2 um ~ 9 um). The depth of groovesis 21 £ 5 nm.
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Fig. 2-3-7 Anchoring strength versus periods of grooves for various groove depth.
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Fig. 3-1-1 AFM image of parallel grooved glass surface, which was prepared by
RIE method with depth of 26 =5 nm and period of 4 pm.
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Fig. 3-2-1 Setup for anchoring strength measurement. Laserl ( 4 ;=632.8nm):
He-Ne laser, Laser2 ( A ,=532.55nm): Semiconductor laser, M1, M2: mirror, L1, L2,

L3: lenses; AP: aperture; P: polarizer; A: analyzer; PD: photo-detector; PC: personal
computer.
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Fig. 3-2-2 (a) An example of calculated optical transmittance as a function of %, and
¥, in case where 0 =15°, d An/ A=3.5. (b) The transmitted intensity versus incident

angle, where the minimum does not exist.
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Fig.3-2-3 The relation of the refractive index and temperature. The values of
refractive indices at various temperatures are interpolated from that measured by Wu
et al.. S. T. Wu, and C. S. Wu, “Refractive index dispersions of liquid crystals”, Opt.
Eng. 32(8), pp.1775-1780 (1993).
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Fig. 3-3-1 Pitch versus temperature. The temperature is raised from 25°C to above
T., and then lowered down to 25°C. Note that the pitch P, remains a constant of

51.240.2 um throughout this range‘except for témperatures near 7., where the pitch
becomes unstable.
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Fig. 3-3-2 Twist angle versus temperature. Circles: S1-R ( A4 ;); Triangle: S1-G ( A );
Open circles: S2 ( A ;); Open triangle: S2( A »).
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Fig. 3-3-3 K, versus temperature. J. D. Bunning, T. E. Faber, and P. L. Sherrell,

“The Frank constants of nematic 5CB.at/atmespheric pressure”, J. Physique., 42, pp.
1175-1182 (1981).
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Fig. 3-3-4 Anchoring strength versus temperature . Circles: S1-R ( A ;); Triangle:
S1-G ( A »); Open circles: S2 ( A ;); Open triangle: S2( A ,).

66



(a)

(b)

Fig. 4-3-1 The microscope picture of a parallel cell with modifying density 6.4
lines/um and the modified area is 80x80 pum” while the cell is between two
crossed polarizers. (a) The modifying direction is parallel to the first polarizer;
this is the darkest situation. (b) The modifying direction is with an angle of 45°
from the polarizer direction, which gives the brightest situation. The white
square in (b) is drawn to delineate the border of the modified region.
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Fig. 4-3-2 The microscope picture of a TN cell made with same substrates as in Fig.
4-3-1. The cell is between two parallel polarizers, and the modifying direction parallel

to the first polarizer.
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Fig.4-3-3. The transmission of two parallel cells between a pair of crossed polarizers
vs. the angle of modifying direction with respect to the polarizer. The transmission is
normalized at 1 for the case without sample and the two polarizers parallel to each

other.
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Fig.4-3-4. R= (Tax - Tin) / (Tax + Tmin). (2) R vs. modifying density. The observing
regions are modified only once. (b) The ratio R vs. number of times of modifying at

same region. The modifying density is kept at 12.8 lines per um.
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Fig.4-3-5. The anchoring strength, 4. (a) The value of 4 vs. modifying density. The
observed regions are modified only once. (b) The value of 4 vs. number of times of
modifying at same region. The modifying density is kept at 12.8 lines per um. The
mark by a data point indicates that point is measured with a parallel cell with chiral

dopant in LC.
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Fig.4-3-6. The AFM surface topology of the sample modified with line density 5.12
lines per um. The scanning line density is 82.58 lines per pm, which is 16.1 times of

the modify density. (a) 2-D surface topology (b) 3-D surface topology.
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Fig.4-3-7. The Fourier analysis results for the sample shown in Fig. 6. If there were
grooves formed by tip modifying, a peak for the “perpendicular” curve would appear

at n=16.
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Appendix A
Refractive Indices of 5CB as a Function of

Temperature

In chapter 2, the refractive indices of SCB used for fitting is published by R. G. Horn
(reference in chapter 2, R. G. Horn, J. Physique., 39, p.105, 1978). We used TABLE
CURVE for fitting the data. The equation of the fitted curve is given as
ne-n,~1.3727805+1.4580522E-1T,-1.1831345E-4T, In(T},)-1.5684267TE-17*¢™
-0.59246585*T,/In(T,) (A-1)

The fitted curve is shown in Fig.A-2, where An=n,-n,

0.25

02 |

015

An

0.1

005 |

20 25 30 35
Temperature (C)

Fig.A-2 Fitted curve of An as a function of temperature.
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Appendix B
Temperature Dependence of K;,, K,,, and K33 for 5CB

The data of temperature dependence of K;;, K>,, and K;; for SCB have been published
by J. D. Bunning et al. (reference in chapter 2, [8]).

1.2, . -

1.0

0.8
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101 K, 5 5/N
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.20
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(T-T)K

Fig. 4. — Temperature dependence of K4, K, and K, for 5CB : @,
specimens B and C;(, Karat and Madhusudana’s results {1, 2]
after scaling ; %, unpublished data from Raynes et al.

Fig.B-1 Temperature dependence of K;;, K»», and K33 for SCB. J. D. Bunning, T. E.
Faber, and P. L. Sherrell, “The Frank constants of nematic SCB at atmospheric

pressure”, J. Physique., 42, pp.1175-1182 (1981).
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Appendix C
Anchoring Strength for Different Depths and Periods

The periods of U-shape grooves were varied from 2 pm to 9 um in this study. We
obtained three different depths by changing the etching time in the RIE process. The
depths were 21 £ 5 nm, 56 £ 6 nm, and 121 = 5 nm for etching time 1 (Table C-1), 6
(Table C-2), and 20 (Table C-3) minutes, respectively.

Table C-1 RIE 1min
RIE 1min |Temp A (I/m"2) Average of 4 Depth (nm) |Protrusion (um)

2um 25.66 1.50E-06 1.50E-06 27.8 0.703
25.68 1.50E-06
25.62 1.50E-06

3um 25.5 1.89E-06 1.88E-06 27.55 0.821
25.49 1.91E-06
25.48 1.84E-06

4um 25.57 1.46E-06 1.46E-06 26.01 2.169
25.5 1.45E-06
25.48 1.48E-06
Sum 25.23 1.68E-06 1.68E-06 26.6 2.636
25.2 1.68E-06
25.12 1.68E-06
6um 25.42 4.19E-07 4.19E-07 13.82 4.044
7um 25.49 1.27E-06 1.23E-06 13.84 491

25.47 1.23E-06
25.43 1.19E-06

8um 255 1.23E-06 1.21E-06 15.42 4.843
25.36 1.20E-06
25.37 1.20E-06

9um 25.39 2.26E-09 1.05E-08 13.75 5.357
25.48 1.86E-08
25.52 1.05E-08
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Table C-2 RIE 6min

RIE 6min Temp A (I/IMm”2) Average of 4 Depth (nm) |Protrusion (um)

2um 25.7 1.49E-04 1.46E-04 52.29 0.782
26.1 1.42E-04

3um 25.49 1.29E-04 1.20E-04 50.95 1.406
25.39 1.15E-04
25.3 1.16E-04

4um 25.18 7.31E-05 7.83E-05 52.7 1.718
25.32 7.60E-05
25.35 8.57E-05

Sum 25.52 4.75E-05 4.69E-05 62.27 2.364
25.47 4.63E-05

Table C=3 RIE 20min

RIE 20min |Temp A (I/IM"2) Average of 4 Depth (nm) |Protrusion (um)

2um 25.37 8.96E-05 8.99E-05: 125.61 0.880
25.28 9.02E-05

3um 25.51 8.37E-05 845E-05 117.49 1.217
25.52 8.61E-05
2.54 8.37E-05

4um 25.51 6.36E-06 6.38E-06 126.36 2.246
25.57 6.52E-06
25.72 6.26E-06

Sum 2542 1.46E-05 1.48E-05 118.81 2.383
25.44 1.49E-05
2548 1.49E-05
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Appendix D
Refractive Indices of 5CB (for Wavelength 632.8nm

and 532.55nm) as a Function of Temperature

The values of refractive indices (see Fig. 3-2-3) at various temperatures are
interpolated from that measured by Wu et al. (reference in chapter 3, S. T. Wu, and C.
S. Wu, “Refractive index dispersions of liquid crystals”, Opt. Eng. 32(8), pp.
1775-1780 (1993)).We choice a power series as

n zcl—i% . (D-1)

Two appropriated wavelength at a fixed temperature to solve c¢; and ¢, (c; and c; are
expansion coefficients). We obtained the relations of the refractive indices and

temperature (Fig. 3-2-3). The values of refractive indices at various temperatures are

interpolated from Table A1~AS in thé reference,’and are shown in Table D-1~D-2.

Table D-6 Refractive:ndices-of 5SCB for A=532.55nm

A;(um) Ao(pm) ey Ne2 (C) 532.55n,
0.5317 0.5361 1.7312 1.7298 25.1 1.730927
0.5294 0.5338 1.728 1.7267 27.2 1.727066
0.5288 0.5333 1.7199 1.7186 29.9 1.718814
0.5295 0.5341 1.7062 1.7049 32.6 1.705334
0.5292 0.5341 1.6839 1.6828 34.8 1.683145
As(pm) Ao(pm) Mol No2 (C) 532.55 n,
0.5306 0.5373 1.539 1.5383 25.1 1.538794
0.5309 0.5374 1.5392 1.5384 27.2 1.538994
0.5263 0.5326 1.5418 1.5409 29.9 1.540907
0.5304 0.5367 1.546 1.5451 32.6 1.545689
0.5312 0.5374 1.5542 1.5532 34.8 1.553979
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Table D-7 Refractive indices of SCB for A=632.8nm

A(um) Ao(um) Nel Ne2 (C) 632.8 n,

0.6298 0.6367 1.7094 1.7084 25.1 1.708961
0.6273 0.6341 1.7065 1.7055 27.2 1.705689
0.6281 0.6351 1.6988 1.6978 29.9 1.698125
0.6318 0.6391 1.6854 1.6845 32.6 1.685275
0.6303 0.638 1.6664 1.6657 34.8 1.66617

) ) " o 7(C) 632.8 1,

0.6242 0.6339 1.5305 1.5299 25.1 1.529967
0.6243 0.6339 1.5306 1.5299 27.2 1.529979
0.6262 0.6358 1.5321 1.5315 29.9 1.531685
0.6308 0.6406 1.5361 1.5356 32.6 1.535996
0.6295 0.639 1.5437 1.543 34.8 1.543453
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