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CHAPTER

1

Introduction

A

liquid crystal (LC) is a phase of matter whose order is intermediate
between those of an isotropic liquid and a crystalline solid. A liquid
as shown in Figure 1.1a has no order and all the molecules are free to
diffuse in a random fashion. A liquid can easily flow and change its shape
in response to its container. A crystal as shown in Figure 1.1c on the other
hand, has long-range, three dimensional positional and orientational order.
All molecules in a solid stay in fixed positions and orientations, with only a
small amount of vibration around these equilibrium positions. The strong attractive forces that are holding the molecules or atoms in place make a solid
very difficult to deform. A nematic LC as shown in Figure 1.1b possesses no
positional order but a certain degree of orientational order. The molecules
are free to move in much the same fashion as in a liquid. But unlike a liquid
which appears completely dark under a polarizing microscope, nematic LCs
show a distinctive texture (Figure 1.2). The contrasting areas in the texture
correspond to domains where the LC molecules are oriented in different directions. Within a domain, however, the molecules have more or less the same
orientation, with the average orientation denoted by a unit vector called the
director (Figure 1.1b).
1

✐

✐
✐

✐

✐

✐

“maketexW9j0OWZWYj” — 2013/5/21 — 21:26 — page 2 — #12
✐

✐

2

Introduction

(a)

(b)

(c)

Figure 1.1: A schematic drawing illustrating how the molecules are ordered
in (a) liquids, (b) nematic liquid crystals and (c) crystals.

200µm

Figure 1.2: A polarizing optical microscopy image (transmission mode
through crossed polarizers) of a typical nematic liquid crystal mixture without
any alignment effect imposed by the cell surfaces.

Besides the nematic phase, there are other LC phases such as smectic
phases, blue phases, discotic phases, hexagonal phase and lamellar phase.
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They possess different types and degrees of positional or orientational order.
Since nematic LCs are most commonly used in device applications, here we
focus on nematic LCs.

C

(a)

N

(b)

Figure 1.3:

A typical liquid crystal molecule 5CB (4’-n-pentyl-4cyanobiphenyl): (a) molecular structure, (b) physical model.

The liquid-like flow ability and crystal-like long-range orientational ordering make LCs perfect materials for tunable electro-optical devices. To meet
the need of device applications, specific LC molecules can be designed and synthesized. Most of those LC molecules exhibit optical and dielectric anisotropy.
Here we take a typical LC molecule 5CB (4’-n-pentyl-4-cyanobiphenyl) as an
example (Figure 1.3). It consists of a rigid core and a flexible hydrocarbon
chain (Figure 1.3a). Because of the symmetry of the molecule, it is modeled
as a cylinder (Figure 1.3b). It has two optical axes: nk (along the long axis
of the molecule) and n⊥ (along the short axis of the molecule). The birefringence of the molecule is ∆n = nk − n⊥ . For most LCs, ∆n is in the region of
0.05 to 0.3. Likewise, LCs also have a strong dielectric anisotropy defined by
∆ǫ = ǫk − ǫ⊥ . For most nematic LCs, ∆ǫ is in the region of -5 to +30. When
the molecules are in nematic LC phase, the long axes of the molecules have
a preferred direction, denoted by n which is a unit vector and it is called the
LC director.

(a)

(b)

Figure 1.4: Schematic drawing of the basic alignment modes of liquid crystals on alignment surfaces: (a) homogenous planar alignment, (b) homeotropical alignment.
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By nature, a single LC domain is of a limited size which is usually much
smaller than one millimeter and its director is in a random direction. The
contrasting areas in Figure 1.2 correspond to LC domains with their director
orienting in different directions: areas where the director is oriented parallel or
perpendicular to the axes of the polarizers appear dark, while areas where the
director makes an angle with the polarizer axes other than 0◦ or 90◦ appear
bright. For device applications, it is therefore essential to align all the LCs in
a well defined direction. This can be achieved by geometrically and chemically
modified surfaces. Typical alignment modes are homogenous planar alignment
(Figure 1.4a) and homeotropical alignment (Figure 1.4b). In most LC devices,
the LCs are sandwiched between two substrates coated with alignment layers.
In the absence of external electric fields, the orientation of the LC director
in a cell are determined by the alignment conditions and the elasticity of the
LCs. For example, the LC director can be aligned uniformly in a tilted planar
orientation in a parallel cell (Figure 1.5a), the LC director can have tilt angles
vary from ∼ 0 degree on one alignment surface to ∼ 90 degrees on the other
alignment surface in a hybrid cell (Figure 1.5b), and the LC director can have
azimuthal angles vary by 90 degrees from one alignment surface to the other
alignment surface in a twisted nematic cell (Figure 1.5c).

(a)

(b)

(c)

Figure 1.5: Schematic drawing of three typical liquid crystal cells: (a) parallel cell, (b) hybrid cell, (c) twisted nematic cell.
When the LC molecules (optical axes) are all aligned in a defined way,
the optical retardance of a LC cell is also well defined. Suppose a normal
incident light (of wavelength λ) propagates through a parallel LC cell (of cell
gap d) with the linear polarization direction parallel to the LC optical axes,
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the retardation of the LC cell is given as:
Z
2π d
∆φ =
(neff (z) − n⊥ ) dz
λ 0

(1.1)

where the effective extraordinary refractive index of the LC is given as:
neff = q

nk n⊥
n2k sin2 θ + n2⊥ cos2 θ

(1.2)

where θ is the tilt angle of the LC director with respect to the alignment
surfaces.
For other types of LC cells, the retardation can be calculated too, as long
as the LC material parameters nk (λ) and n⊥ (λ), the LC molecule orientations,
and the cell gap d are known 1 .
When an electric field is applied to a nematic LC cell, it induces polarization. Because the induced polarization is dependent on the orientations of the
LC molecules, the electric energy density of the LC cell is dependent on the
orientation of the LC director, which is given by 1 :

2
1
~ = − 1 ǫ0 χ⊥ E 2 − 1 ǫ0 ∆ǫ E
~ · ~n
(1.3)
felectric = − P~ · E
2
2
2

where χ⊥ is the permittivity when the electric field is perpendicular to ~n. Due
to the liquid-like flow ability of LCs, the electric energy of a LC cell can be
minimized by reorienting the LC director ~n with respect to the electric field.
If the LC has a positive dielectric anisotropy (∆ǫ > 0), the electric energy is
minimized when ~n is parallel to the applied electric field; therefore this type
of LCs tends to align parallel to the applied electric field. On the other hand,
if the dielectric anisotropy is negative (∆ǫ < 0), then the electric energy is
lower when ~n is perpendicular to the applied electric field. This type of LCs
tends to align perpendicular to the applied electric field. In a real LC cell, the
reorientation of the LC director under an applied electric field is a result of
minimizing the total free energy of the system. That includes electric energy,
surface anchoring energy, and elastic energy. Surface anchoring energy and
elastic energy are dependent on the specific alignment surfaces, the specific
configuration of LC cells and the specific LC materials. Therefore, to know
the LC director configuration and the director reorientation under electric
fields in a real LC device is often very difficult and requires modeling and
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computer simulations 1 . Nevertheless, the optical retardation of a LC cell
can be controlled by alignment surfaces and can be fine tuned by electric
fields according to Equation 1.1, 1.2 and 1.3. This gives the basis for tunable
electro-optical device applications.

Over the last 40 years, LC applications have expanded rapidly from liquid
crystal displays (LCDs) to tunable photonics (such as optical filters, variable optical attenuators, tunable spatial phase modulators, and tunable-focus
lenses), biomedical imaging and data storage 1–9 . The operation of all those
optoelectronic devices is based on the controlled alignment of LC molecules
and voltage-induced molecular reorientations. For example, a LCD is basically
a display-sized LC cell sandwiched in between pixelated thin film transistor
electrodes and two crossed polarizers. It operates as a pixelated light switch
of the backlight by switching the retardation of pixel-sized LC domains of the
LC cell. Here we take a hybrid LC cell as an example (Figure 1.6). When
there is no electric field, the LC molecules have tilted planar alignment (Figure 1.6b). That pixel-sized LC domain has a retardation of π and the pixel is
at the brightest mode. When the electric field is low, the tilt angles of the LC
molecules increase (Figure 1.6c). The retardation of the LC domain decreases
to a value between 0 and π, and the pixel is at an intermediate bright mode.
When the electric field is high enough, the LC director orients in the direction
of the field which is the same as the light propagation direction (Figure 1.6d).
In this case, the retardation of the LC domain is 0, and the pixel is at its
darkest mode.

Since the reorientation of the LC director under applied electric fields is a
process of minimizing the total free energy of the system, the surface alignment
of the LCs influences not only the pixel quality but also the electric switching
properties of the LC devices. Therefore, the understanding of LC alignment at
the solid-nematic interfaces and the development of new alignment methods
are of great importance for modern LC technologies 10–20 .
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Polarizer 2 (90°)
Conductive substrate

V

Hybrid-aligned LC cell

Conductive substrate
Polarizer 1 (0°)

(a)

(b)

(c)

(d)

Figure 1.6: (a) Schematic drawing of the basic parts in a LCD. (b)-(d)
Illustration of the LC director reorientation under applied electric fields in a
hybrid-aligned liquid crystal display: (b) the configuration of the LC director
when there is no electric field applied, (c) the configuration of the LC director
when the electric field is low, (d) the configuration of the LC director when the
electric field is high enough.

Conventionally, LC device factories manufacture alignment surfaces by
rubbing a polymer coated surface in one direction with a cloth-covered cylinder roller 15,20–22 . In this way, microgrooves and anisotropic polymer chains
are created on the surfaces simultaneously. What actually aligns LCs, the
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topological effects or molecular interactions, has been subject to debate for a
long time 23,24 . Some studies suggest that it is the grooves created by rubbing
or other methods that aligns LCs 14,25–31 ; some suggest that it is the reformation of the surface chemicals enforced by rubbing or other methods that does
the alignment 24,32,33 ; and many recent studies show that both grooves and the
chemical nature of solid surfaces influence LC alignment 16,34–38 . In short, how
surface geometry and chemistry play together in LC alignment is still not well
understood. Meanwhile, this rubbing technique poses serious problems to the
LC industry 15,22 :
1. Rubbing degrades the rubbing cloth, requiring frequent replacement and
precise costly readjustment of the rubbing equipment.
2. The rubbed off polymer and cloth waste deteriorate the clean room environments.
3. The lower thin film transistor (TFT) layer can be damaged by the static
discharge introduced by the rubbing process.
4. Rubbing debris on the alignment surfaces degrades the quality of LC
devices.
Therefore, contact-free alternative alignment methods are being actively developed, such as photo-alignment 10,39–42 , ion bombardment 20,24,43–45 , oblique
evaporation 46,47 , micro embossing 16,31,48 , chemical patterning 49–51 and atmospheric pressure plasma jet 52 .
This thesis is a report of the author’s five years of research devoted to a
better understanding of solid-nematic interfaces and the development of new
alignment techniques. Chapter 2 presents experimental and theoretical studies of liquid crystal alignment on grooved surfaces. In the first part of this
chapter, new experimental evidences will be shown, revealing that both surface geometry and chemistry influence the LC alignment. In the second part
of this chapter, a new theoretical model will be described to explain how surface geometry and chemistry play together to determine the alignment and
anchoring energy of LCs on grooved surfaces. From Chapter 3 to Chapter 6,
a novel alignment method is explored experimentally. This method is based
on deep UV photolithography of silane self-assembled monolayers (SAM) on
ITO surfaces. In Chapter 3, a new approach to grow uniform silane monolayers and an optical setup to pattern the monolayers will be described, which
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provides the basic tools to fabricate the alignment layers. In order to test
the alignment layers in real LC devices, experimental methods to assemble
LC cells and characterize their electro-optical properties will be described in
Chapter 4. With the preparation work done in Chapters 3 and 4, an experimental study on LC alignment and switching on stripe patterned surfaces is
carried out in Chapter 5. This study shows that there are intrinsic problems
with this alignment method which make it unsuitable for device applications.
Chapter 6, therefore reports a new alignment strategy based on square patterned surfaces. This method uses closed vertical-aligned LC boundary walls,
induced by the SAM surfaces, to control planar alignment of LCs on the
isotropic ITO surfaces. This simple approach not only presents a new concept
of planar LC alignment, which has been so far achieved only by nanometerscale anisotropic surfaces, but also provides a compartmentalization of those
planar-aligned LC domains. This compartmentalization allows the planar domains to be switched independently by vertical electrical fields without the
dynamic LC cross-talk (molecular orientation interference between neighboring switching LC domains), a serious problem that is known to degrade current
LC devices 17,19,53 . Due to the symmetry of the SAM patterns, our compartmentalized LC cells show multistable states that are tunable by an in-plane
bias. This alignment method, exploiting mature lithography techniques, is
highly reliable and cost effective, and it opens new routes for the design and
fabrication of multistable LC devices, switchable viewing angle displays and
tunable structures of guest materials within a LC host.
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CHAPTER

2

Interplay of surface geometry and chemistry in liquid crystal
alignment

T

he alignment of liquid crystal molecules on solid surfaces is of great importance for modern technologies as well as fundamental science 1–4 . In
the past few decades, extensive studies have been dedicated to the understanding of alignment mechanisms and the development of new alignment
techniques 5–17 . But how solid surfaces align liquid crystals (LCs), in particular whether surface geometry or chemistry dominates, is still under debate 14 .
In this chapter, this subject is revisited. First, the so-called “supramolecular
amplification of nanogroove” is reexamined (section 2.1). Surprisingly, results
that arose from this study could not be fully explained by any existing theories. Therefore, a new alignment model is proposed to explain how surface
geometry and chemistry together influence the alignment of LCs (section 2.2).
With the new model, the results from section 2.1 can be well explained, as well
as a few other unexplained results from literature. But all those results are not
systematic enough to test the new model. Therefore, novel experiments were
designed in section 2.3 and preliminary results obtained by a collaborating
group appear to support it.
17
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2.1 “Supramolecular amplification of nanogrooves” reexamined
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Figure
2.1:
Molecular structure of compounds a
[3-(1,1,1-triethoxysilyl)propyl]-(E)-3-(2-naphthyl)-2-propenamide),
b((3-aminopropyl)triethoxysilane),
c(n-propyltriethoxysilane)
d(phenyltriethoxysilane).

(N1and

Since the 1970s, it is well known that mechanically rubbed polyimide (PI)
surfaces align LCs 14,18 . In the past four decades, extensive studies have been
carried out to understand the alignment mechanism. Some studies suggest
that it is the grooves created by rubbing that aligns LCs 6,19–22 ; some suggest
that it is the orientational ordering of the polymer chains enforced by rubbing
that does the alignment 11 ; and many recent studies show that both grooves
and the chemical nature of solid surfaces influence LC alignment 23–27 . In
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short, how surface geometry and chemistry play together in LC alignment is,
surprisingly, still not well understood.
In 2003, Johan Hoogboom et al. reported that an organosilane compound a
(N1-[3-(1,1,1-triethoxysilyl)propyl]-(E)-3-(2-naphthyl)-2-propenamide) (Figure 2.1) can spontaneously form hundreds of micrometers long grooves on
indium tin oxide (ITO) substrates, which subsequently aligned LCs 15 . The
formation of these grooves was attributed to the “supramolecular amplification
of nanogroove seeds on the ITO substrates”. In order to improve our understanding of this phenomenon and potentially apply it to a real LC device, we
studied it in more detail. Two major questions needed to be addressed:
1. How exactly do the nanogrooves present on the substrate get amplified
in length by the supramolecular interactions and polymerization?
2. Is the alignment induced by the grooves formed by compound a on the
substrate or by the chemical properties of compound a?
To answer these questions, the topology and LC alignment property of 5 different surfaces was studied: the substrate ITO, rubbed PI, and ITO surfaces
treated with three other organosilane compounds b ((3-aminopropyl)triethoxysilane), c (n-propyltriethoxysilane), and d (phenyltriethoxysilane), as shown
in Figure 2.1b, Figure 2.1c, and Figure 2.1d, respectively. The ITO substrates (Applied Film Corporation, USA) were taken from the same batch as
in Ref. 15 . the PI (PI 2555, HD Microsystems) solution and the LC material
(5CB, Merck) used was also the same as Ref. 15 . Similar as in Ref. 15 , 2wt% of
organosilane compounds in ethanol were used for the ITO surface treatment.
The topology was studied with atomic force microscopy (AFM) in tapping
mode; the LC alignment was studied with polarizing optical microscopy. The
results are shown in Figure 2.2 and Table 2.1.
The so-called nanogrooves were also observed in a 500nm scan (Figure 2.2a).
But when the ITO substrate was scanned over a larger area of 5 × 5µm2 , it is
clear that the entire surface is covered with micrometer grooves (Figure 2.2b).
In fact when random spots on a 1cm2 ITO surface were scanned with AFM,
there are always grooves with a similar topology. It can be concluded that
these ITO substrates already have grooves all over the surface, possibly due to
oblique sputtering in the coating process or due to directional polishing after
coating.
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Further studies on surfaces treated with three other organosilane compounds show that all three organosilane compounds b, c, and d also form
grooves on the ITO substrates, which are very similar as those reported in
Ref. 15 (Figure 2.2c, d and e). The difference in the image sharpness is due
to the different interactions between the AFM tips, which are made of silicon,
and the surface materials. Nevertheless, all the grooves resemble the mechanical rubbed PI surface (Figure 2.2f). Despite the fact that all the surfaces
have grooves, their LC alignment properties are totally different (Table 2.1):
bare ITO and the surface coated with d give rise to random planar alignment;
surfaces coated with b and c give homeotropic alignment and rubbed PI gives
a homogenous planar alignment.
Based on these results, the above two questions can be answered as follows:
1. There are grooves all over the surface of this batch of ITO substrates.
Under some growth conditions such as low silane concentration at room
temperature (see Chapter 3 for more information about silane monolayer
growth), organosilanes most likely form monolayers on the substrates,
which tend to follow the same topology as the substrates.
2. It is a combination of surfaces geometry (grooves) and chemistry that
determines the LC alignment, since not all grooved surfaces align LC
molecules in the same way (see Table 2.1).

Table 2.1: Comparison of 5 different surfaces in the two aspects: presence
of grooves, and mode of LC alignment on the surface.

Surface

Grooves on the surface?

LC Alignment

ITO

yes

random planar

Surface b

yes

homeotropic

Surface c

yes

homeotropic

Surface d

yes

random planar

rubbed PI

yes

homogeneous planar
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100µm
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2.1 “Supramolecular amplification of nanogrooves” reexamined

(f)

Figure 2.2: AFM images (a) ITO surface-500nm scan (b) ITO surface5µm scan (c) (3-aminopropyl)triethoxysilane covered ITO surface (d) npropyltriethoxysilane covered ITO surface (e)phenyltriethoxysilane covered ITO
surface (f) rubbed polyimide covered ITO surface.
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Now one may ask further: how does the surface geometry and chemistry
interact to influence the LC alignment? To answer this question, a simple
model will be described in the next section.

2.2 Interplay of surface geometry and chemistry in liquid crystal
alignment
Since 1972, Berreman’s model has been commonly used when LC alignment on
grooved surfaces is concerned 15,19,23,28–30 .This model says that LC molecules
tend to lie parallel to the direction of surface grooves and the azimuthal anchoring energy is a function of only surface geometry parameters. But since
then several studies show that not all LC alignment phenomena on grooved
surfaces can be explained by Berreman’s model 23,24,27,28 . The study described
in section 2.1 also shows that LC molecules can have totally different alignment
on surfaces with similar geometry.
Is Berreman’s model wrong or is it limited to specific conditions? In fact,
there is a very important assumption on which the whole Berreman’s model
is based, namely that “both ends of each LC molecule have affinity for the
materials on the surface rather than perpendicular to it if it is smooth” 6 .
This implies that, strictly speaking, Berreman’s model is only applicable to
surface materials that favor parallel orientation of LC molecules, i.e. the long
molecule axis is parallel to the surface.
To take into account different surface materials, we will extend Berreman’s
model in the following. To model the interaction of LC molecules with a
flat isotropic solid surface, solid-nematic interfacial energy will be used as a
parameter. The solid-liquid interfacial energy is defined as the free energy
change in expanding their “interfacial” area by a unit area when they are
brought into contact 31 . In the case of a solid-nematic interface, the interfacial
energy is anisotropic, depending on how the LC director orients with respect to
the solid surface. γk is the interfacial energy when the LC director is parallel to
the surface and γ⊥ is the interfacial energy when the LC director is normal to
the solid surface. By definition, these interfacial energies, γ⊥ and γk , depend
on the surface materials, the interaction between the solid surface and the LC
molecules, and the interactions between the LC molecules 31 . They are hard
to predict, but are directly related to surface chemistry.
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The anisotropy of the interfacial energy ∆γ = |γ⊥ − γk | of Methoxybenzilidene Butylanaline (MBBA) on several surfactant treated surfaces has been
measured experimentally. It was found that ∆γ can vary from 2.6 · 10−6 Jm−2
to 1.0 · 10−5 Jm−2 depending on different surfactants and solid substrates 32 .
This shows indeed that the interfacial energy anisotropy can be changed by
surface chemistry. In principle, ∆γ is also dependent on the molecular structure of LC materials. Different LCs on the same solid surface should also give
rise to different ∆γ. As a guideline, the interfaces that lead to a larger molecular interaction energy difference between the two orientations of LC molecules
with respect to the solid surface, give rise to a larger ∆γ.
For simplicity, surface materials are divided into two types. Type 1 induces
parallel orientation of LCs to the solid surface, i.e. γk < γ⊥ (Figure 2.3a).
Type 2 induces perpendicular orientation of LCs, i.e. γ⊥ < γk (Figure 2.3b).
For these two types of surface materials, the alignment and anchoring of LCs
is modeled as follows (see subsection 2.2.1 and 2.2.2 respectively).

γ // < γ ⊥
(a)

γ // > γ ⊥
(b)

Figure 2.3: Schematic drawing of two types of surface materials. (a) Type 1
materials, on which LCs adapt random planar orientation. (b) Type 2 materials,
on which LCs adapt homeotropic (vertical) orientation.

2.2.1 Surface material type 1
The LC alignment on grooved surfaces coated with type 1 materials is the
same as in Berreman’s model (Figure 2.4a). However the azimuthal anchoring
energy (the energy that is needed to rotate the LC bulk 90 degree in the x-y
plane) can be different depending on the surface chemistry, i.e. ∆γ. If the
molecules follow the wavy profile of the surface (Figure 2.4a), elastic distortions
will be induced in the LC molecules at the interface, which propagates into
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the bulk. This elastic distortion energy is given by Berreman 6 :
WE =

2π 3 kA2
λ3

(2.1)

where k is the averaged elastic constant, A is the amplitude of the sinusoidal
wave (or half depth of a square wave) and λ is the wave length (or pitch of a
square wave). The measured surface anchoring energies on various chemically
isotropic grooved substrates are in the range of 10−7 J/m2 to 10−5 J/m2 , according to literature 19,21,24,28,33 . The condition for this configuration is that
∆γ = |γ⊥ − γk | is so high that the LC molecules always follow the profile of
the surface geometry 6 . However, if ∆γ is not high enough, the LC molecules
can reorient with respect to the surface grooves to release the stress by paying
an interfacial energy cost (Figure 2.4c).

z
y
x

(a)

A
λ
(b)

(c)
Figure 2.4: Schematic drawing of LC configurations at the interface of
grooved surfaces with type 1 materials: (a) lowest energy configuration, (b)
configuration of LC molecules after 90 degree azimuthal angle rotation in Berreman’s regime (c) configuration of LC molecules after 90 degree azimuthal angle rotation in a new regime where the solid-nematic interfaces are allowed to
change. The changed interfaces are highlighted by red areas.
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The energy cost per unit aligning surface area is:

WI = ∆γ · ∆S

(2.2)

Here ∆γ is the anisotropy of the interfacial energy, which is ∆γ = |γ⊥ −γk |. ∆S
is the area where LC molecules change orientation with respect to the surface
grooves in a unit aligning surface area. In order to incorporate Berreman’s
elastic theory, the same geometry parameters are used (Figure 2.4b). The
energy cost due to the interface change is:

 
4∆γA
1
=
WI = 2(2A∆γ)
λ
λ

(2.3)

Here the first “2” accounts for 2 vertical walls in a unit square wave; “(2A·∆γ)”
accounts for the interfacial energy increase in each repeating unit square wave,
“(1/λ)” accounts for the number of unit square waves per unit length.
Eq. 2.1 and 2.3 both depend on geometry parameters A and λ, but only
Eq. 2.3 contains the surface chemistry information ∆γ. The azimuthal anchoring energy is determined by the lower energy configuration as:

Wazi =


 WE =


2π 3 kA2
λ3

for WE < WI

4∆γA
λ

for WI < WE

WI =

(2.4)
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3

Berreman elastic energy WE

-4

-2
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Interface energy WI (∆γ=0.9×10 Jm )
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Figure 2.5: Plot of elastic distortion energy WE (solid line) and the change in
interface energy WI (dash-dot line, dashed line and dotted line) against groove
amplitude squared in the case of type 1 surface materials. The elastic constant
k = 6.5 · 10−12 N and the pitch of the grooves, λ = 176nm, are constants in
this plot. When the interfacial energy anisotropy ∆γ is high enough (dash-dot
line) the anchoring energy is determined by WE ; when ∆γ is medium (dashed
line) the anchoring energy is determined by WE at lower groove depth and it
is determined by WI at higher groove depth. The experimental data (square
symbol) are provided by the authors of Ref. 28 ; when ∆γ is very low (dotted
line) the anchoring energy is determined only by WI .

To show how geometry and surface chemistry play together to determine
the azimuthal anchoring energy, WE and WI are plotted in Figure 2.5: when
∆γ is large enough, such as 2.0 · 10−4 Jm−2 , Berreman’s prediction is valid in
the plotted range and the anchoring energy is given by Eq. 2.1; When ∆γ has
intermediate values such as 0.9 · 10−4 Jm−2 , there will be a transition in the
anchoring energy: it follows Berreman elastic energy when grooves are shallow
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and it starts to follow the interface energy curve after a crossing point. The
experimental data of Ref. 28 follow these predictions very well(see Figure 2.5).
Figure 2.5 also shows that when ∆γ is as small as 0.3·10−4 Jm−2 , the anchoring
energy is only determined by Eq. 2.3, i.e. Berreman’s theory is not relevant
here.

2.2.2 Surface material type 2

LC alignment on grooved surfaces coated with type 2 materials is totally different from Berreman’s model. If the solid-nematic interfacial energy anisotropy
∆γ is high, homeotropic alignment of LCs is energetically favored (Figure 2.6a).
The elastic distortion energy WE is the same as Eq. 2.1, because in this case
the LC molecule orientation gradient along the grooves is the same as in Berreman’s case (imaging every molecule turned 90◦ with respect to the grooves).
This elastic strain can be released if LC molecules change their orientations at
the interface. According to Eq. 2.2, the change in interface energy at the y-z
plane of the grooves is WI = (4∆γ · A) /λ (Figure 2.6b) and at the x-y plane
it is WI = ∆γ (Figure 2.6c). Different from type 1 surface materials, if the
LC molecules are planar aligned along the grooves (Figure 2.6d), the change
in interface energy is WI = ∆γ + (4∆γ · A) /λ, which is higher than either
configuration b or c. Therefore this configuration will never be the lowest
energy alignment configuration.
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z
y
x
A

λ

WE =

2π 3 kA2
λ3

(a)
 
4A∆γ
1
=
WI = 2 (2A∆γ)
λ
λ
(b)
WI = ∆γ
(c)
WI = ∆γ +

4A∆γ
λ

(d)
Figure 2.6: Schematic drawing of LC configurations and the energies at the
interface of grooved surfaces of type 2 materials: (a) configuration with lowest
interface energy at the cost of elastic distortion energy, (b) configuration with
released elastic distortion energy at the cost of change in interface energy at
the y-z plane, (c) configuration with released elastic distortion energy at the
cost of interface energy at the x-y plane, (d) configuration with released elastic
distortion energy at the cost of interface energy at both the y-z and x-y planes.
The changed interfaces are marked by red areas.

To show how the surface geometry and chemistry play together in the
alignment of LCs, we schematically plot WE and WI against A2 (keeping λ
as a constant), as shown in Figure 2.7. When A is low, which means shallow
grooves, WE is lower than WI . When A is high enough, WE becomes higher
3
2
than WI . When WE = 2π λkA
> 4A∆γ
> ∆γ, the LC alignment changes from
3
λ
homeotropic alignment (H) to homogenous planar alignment in the x-y plane
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(P). The critical Amplitude A = λ/4, if ∆γ <
π 3 kA
2λ2

π 3 kA
2λ2

=

π3 k
8λ

or A =

π3 k
8λ .

q

∆γλ3
,
2π 3 k

29
if

This gives rise to a bistable point where homeotropic and
∆γ >
=
planar alignment are equally stable. When the interfacial energy anisotropy
is low, the surface geometry dominates this bistable point: A = λ/4. This
could be the mechanism for the well-known zenithal bistable LC alignment 34 .
When the interfacial energy
q anisotropy is high, surface chemistry dominates
3

this bistable point: A = ∆γλ
. This surface chemistry induced alignment
2π 3 k
transition could be used to make liquid crystal based chemical sensors.

WE
W

WI

B

H

P

Ac

A2

Figure 2.7: Schematic plot of elastic distortion energy WE (solid line)
and the change in interface energy WI (dash dot line) against groove depth
squared in the case of type 2 surface materials. When WE < WI , LCs adapt
homeotropic alignment (H), when WE > WI , LCs adapt planar alignment (P),
when WE = WI , LCs adapt bistable alignment (B) as shown in the plot.
In this extended Berreman’s model, the surface geometry is simplified as a
sinusoidal wave to calculate the elastic energy and it is simplified as a square
wave to calculate the change in interface energy. In reality, micro or nano sized
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grooves or gratings are not like any of those mathematical functions. But qualitatively the physics should be applicable. This new model suggests that even
if the surface geometry is the same, different surface chemistry can change the
LC alignment completely. This may explain the phenomena described in section 2.1 and results of numbers of other reported observations 17,23,24,27,35,36 .
Moreover, this new model shows that grooves do not always stabilize LC alignment as assumed in Berreman’s model. Instead they can make homeotropically
aligned LCs unstable and even trigger an alignment transition which has been
observed in experiments 23,30 .
Note that the definition of γ and WI are referring to different interfaces: γ
refers to the interface that follows the microscopic structure of grooves which
is consistent with the nature of molecular interactions; while WI refers to the
macroscopic aligning surface which is consistent with the nature of anchoring
energy and the Berreman’s model. One unit area in WI could contain many
units of area in γ depending on the microscopic structure of the grooves.
Therefore when the alignment surface is completely flat, the polar anchoring energy that was measured in Ref . 32 is the same as the interface energy
anisotropy ∆γ. However the Rapini-Papoular (RP) model (given by Eq. 2.5)
that was used to measure the anchoring energy in Ref. 32 is not the same as
our model.
FRP = W sin2 (θ)
(2.5)
Here W is the anchoring strength and θ is the angle of departure of the director
from the easy direction.
The RP model is commonly used to calculate the surface torque energy
when LC director is forced to deviate from the easy axis. But the model itself
does not give either the direction of the easy alignment axis or the surface
alignment anchoring energy. Berreman’s model is the only existing model that
can predict the easy alignment direction and the alignment anchoring energy of
LCs on grooved surfaces which are covered with isotropic materials. Our model
is an extension of Berreman’s model, which incorporates surface chemistry
effect in the LC alignment. Because of the symmetry of nematic LCs, there
are two different interface energies γk and γ⊥ at the LC and isotropic solid
interfaces. The difference between the two interface energies ∆γ determines
the preferred LC orientation at the surface and the energy that is needed
to change this preferred orientation. By allowing this interface energy to
compete with the elastic distortion energy (given by Berreman’s model), our
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model provides an explanation for many experimental results that cannot be
explained by the Berreman’s model.

2.3 Design of future experiments to test the new alignment
model
Type 2 surface materials, i.e. materials that induce perpendicular orientation of LC molecules, give rise to completely different alignment phenomena
than those predicted by Berreman’s model. Grooved surfaces with this type
of material induce either homeotropic alignment or planar alignment perpendicular to the grooves. This prediction can be tested by using the embossing
method, as described in Ref. 23 , to fabricate well defined grooves on solid surfaces. Holographic gratings (Figure 2.8) of the following dimensions have been
ordered from AMO (Germany) for this experiment. Each silicon substrate is
2cm × 2cm in size with grating area of 1.7cm × 1.7cm. 8 different gratings with
variable depth of 50nm, 100nm, 150nm, 200nm, 250nm, 300nm, 350nm and
400nm, but a fixed pitch of 500nm have been made. The line to space ratio of
all the gratings is 1:1.
After the topography is copied onto a transparent substrate, octadecyltrimethoxy silane monolayer can be used as a type 2 surface material. When
the groove depth is below 250nm, homeotropic alignment of LC molecules is
expected. The alignment should change to planar alignment but perpendicular
to the grooves, after the depth is above 250nm. There should be a zenithal
bistable point at around 250nm depth.
Preliminary results from our collaborator, Prof. Li-Jen Chen’s group (National Taiwan University) indeed showed that on a type 2 surface material,
the planar alignment of LC is perpendicular to the grooves. Unfortunately,
the depth of the grooves could not be measured accurately by atomic force
microscopy because of the limitation of this probing method.
Future systematic experiment with the above holographic gratings should
give us more insight on the mechanism of LC alignment.
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P

d

Figure 2.8: Schematic drawing of holographic gratings. “P” is the pitch of
the gratings and “d” is the depth.

2.4 Conclusions and outlook
It is found in section 2.1 that the ITO substrates have grooves all over that
surface. The grooves are preserved when the ITO substrates are treated with
compound a 15 and 3 other different organosilane compounds b, c, and d. But
the LC alignment on those surfaces and a rubbed PI surface, which has grooves
similar as the ITO surface, are very different: the Surface with compound a
and the rubbed PI surface give rise to homogenous planar alignment, the
surfaces with compound b and c give rise to homeotropic alignment, the ITO
surface and the surface with compound d give rise to random planar alignment.
This surface chemistry induced alignment difference can not be fully explained
by Berreman’s model which contains only surface geometry parameters.
A new model is, therefore, developed in section 2.2. This model takes the
surface chemistry into account by introducing parameter ∆γ = |γ⊥ − γk |, the
anisotropy of the interfacial energy between an anisotropic LC and an flat solid
surface. With the new model, the results in section 2.1 can be qualitatively
explained as follows.
The ITO surface, surfaces with compound a and d, and the rubbed PI
surface are obviously type 1 surfaces. In this case, when ∆γ is very low the
surface chemistry dominate the LC alignment. The lower the ∆γ, the lower
the surface anchoring energy according to Eq. 2.4 The reason why the ITO
surface and the surface with compound d do not align the LC homogenously
could be that the ∆γ of the interfaces are too low to provide effective surface
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anchoring energy. While the reason why the surface with compound a and
the rubbed PI surface give rise to homogenous planar alignment could be that
the ∆γ of the interfaces are high enough so that the anchoring energy (either
in terms of change in interface energy WI or Berreman elastic energy WE ) is
higher than the thermal energy.
The grooved surfaces with compound b and c are obviously type 2 surfaces.
In this case, to minimize the interface energy homeotropic alignment could
be the preferred LC alignment when ∆γ is high enough, despite the cost of
Berreman elastic distortion energy. This explains why the grooved surfaces
with compound b and c give rise to homeotropic alignment.
However, our results in section 2.1 and relevant results found in literature
are not systematic enough to test the new model. A novel experiment is,
therefore, designed in section 2.3, but could unfortunately not be executed
before the writing of this thesis. For this experiment, solid surfaces with well
defined groove geometry and chemistry have to be fabricated. More specifically, grooves with fixed pitch and various depth have to be made on a solid
substrate and then the grooved surfaces have to be covered by a molecular
monolayer which favors homeotropic LC alignment. According to our new
model, when the groove depth increases there will be an alignment transition
from homeotropic alignment to homogeous planar alignment. In contrast to
Berreman’s model, this planar alignment is not along the grooves but perpendicular to the grooves. Preliminary results from our collaborator (Prof.
Li-Jen Chen’s group) has confirmed this prediction of our model. Moreover,
the measured anchoring energy on a type 1 material in Ref. 28 also supports
our model. When the groove depth increased to a certain point so that the
elastic distortion energy was higher than the change in interface energy, the
measured anchoring energy no longer fitted Berreman’s model, but was a good
fit to our model.
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CHAPTER

3

Patterning self-assembled monolayers for liquid crystal
alignment

I

n the previous chapter, the surface geometry (grooves) and surface chemistry effect on liquid crystal (LC) alignment was discussed. All existing
LC alignment methods are based on those two effects and they are all
dependent on nanometer scale surface topological or molecular anisotropy 1 .
In the following chapters, a different alignment principle will be discussed and
experimentally explored. In Section 3.1, a general background and the motivation to carry out the following experimental studies (Chapters 5 and 6) will
be described. The experimental studies in this chapter are dedicated to the
controlled growth of uniform silane self-assembled monolayers (SAMs) (section 3.2) and UV patterning of SAMs on ITO substrates (section 3.3). They
prepare the basic tools for the further studies that are presented in Chapters 5
and 6.

3.1 Introduction
From the previous chapter, we know that on isotropic surfaces LCs adapt either
random planar or vertical orientation, depending on the interface energies. To
39
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obtain planar alignment of LCs, isotropic surfaces are normally treated to
render certain topological or molecular/atomic anisotropy. In line with this
alignment principle, numbers of methods, such as mechanical rubbing, photo
alignment, and ion beam bombardment, have been developed in the past few
decades 1–4 . But all those methods are difficult to control uniformly over a
large area 1,5,6 . In 2001, Lee and Clark first demonstrated that LCs can be
aligned on binary isotropic surfaces 7 . This binary surface was fabricated by
UV lithography patterning of a SAM on glass substrates. Their work opened
up the possibility of using existing standard lithography or printing techniques
to fabricate LC alignment layers. Unfortunately, the binary stripe patterns of
alternating vertical (SAM surface) and random planar (glass surface) aligning
surfaces give rise to alignment defects in LCs 7 . Those defects appeared in
the form of loops running across the vertical aligning stripes and they were
attributed to the tilt degeneracy of the planar alignment and the formation of
twist walls of different handedness 7 .
Four years later, a more detailed experimental study was carried out by
Park et.al. Instead of using a UV lamp to pattern SAM covered glass surfaces,
this group used nanoimprint lithography combined with subsequent reactiveion etching, SAM growth in the gas phase, and lift-off technique 8 . Different
from the result of Lee and Clark, LC alignment on similar stripe patterned
surfaces did not show line defects but only point defects within the random
planar stripes. When they compared their results with the earlier theoretical
predictions from Qian and Sheng 9 , there are also a few discrepancies. In order
to improve our understanding of this new alignment mechanism and further
implement it for LC device applications, we studied the alignment of LCs on
patterned SAMs coated ITO surfaces. For the patterning, UV photolithography was chosen because of its simplicity and compatibility with thin film
transistor (TFT) production. This is attractive for industrial applications.
However, there are two main challenges to overcome before this patterning
method can be used reproducibly for LC alignment. Firstly, uniform silane
SAMs have to be grown on ITO surfaces reproducibly at normal lab conditions. Secondly, a proper light source has to be found and an optical setup has
to be designed and built for the patterning experiments. Therefore, the following two sections are dedicated to solve these two problems for later alignment
studies.
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3.2 A new approach to uniform silane monolayer growth∗

Figure 3.1: Schematic drawing of the basic chemical reactions and chemicals
that are involved in silane monolayer growth.
Silanes are widely used to modify chemical or electronic properties of oxide surfaces or inorganic-organic interfaces 10–14 . In particular, long chain alkylsilanes
are often used to modify solid surfaces for LC alignment 10 . In spite of intensive
research in the past three decades, uniform silane monolayers are still difficult
to obtain 15–17 . In order to solve this problem, it is worthwhile to have a close
look at the basic chemical reactions that are involved during monolayer growth
∗

The results presented in this paragraph have been published in Journal of Physical
Chemistry C 2008, 112, 20105.
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(Figure 3.1). Because monolayers grown from trifunctional silanes are chemically more robust than their monofunctional or bifunctional counterparts 11–13 ,
trifunctional silanes are commonly studied and used (thus, silane refers to trifunctional silane in the rest of the chapter). A typical silane molecule is shown
in Figure 3.1. It consists of 3 reactive (functional) groups and an “R” group.
This “R” group can be any non-reactive side group designed to cover the solid
surface after monolayer growth. The reactive groups can be chloro-, methoxyor ethoxy-. Silanes are extremely susceptible to hydrolysis if care is not taken
to exclude water from the system. The susceptibility of the reactive groups
to hydrolysis decrease as chlorosilanes > methoxysilanes > ethoxysilanes 14,18 .
Hydrolyzed silanes then either covalently bond to hydroxyl-covered solid surfaces or polymerize via condensation reactions 11,15–17 . Polymers with active
hydroxyl groups can also absorb to solid surfaces. This gives rise to nonuniform monolayer with undefined multilayer polymer islands attached 19 .
The common approach to uniform silane monolayer growth, therefore,
avoids water in the bulk solution and employs the absorbed water layer on the
solid substrates for hydrolysis 12,17 . But this approach is difficult to control
and very often leads to irreproducibility 12,17,20 . First, the amount of absorbed
water on solid substrates is dependent on humidity and temperature. Second,
the absorbed water molecules on the solid substrates will diffuse into the bulk
solution while the substrates are in solutions, especially when polar silanes
and polar solvents are used.
Is there another approach to solve this problem? In fact, from Figure 3.1
we can see that a uniform monolayer can be achieved by limiting the adsorption of polymers instead of controlling the location and the amount of water
molecules in the system. One of the options is to tune the system condition so that the polymer adsorption rate is much lower than the monomer
adsorption rate. Since concentration of reactants and temperature are the
basic parameters of chemical reactions rates 21 , the optimal monolayer growth
conditions can be estimated by looking at these two parameters: 1: the concentration effect. It has been suggested that in a relatively dry silane system
(6mM of water), hydrolysis is much faster than condensation reactions due to
the steric hindrance of the generally more complex “R” groups of the silane
molecules. 18 This gives us the basis to assume that silanol concentration is
proportional to the initial silane concentration. Further, we look at how the
initial silane concentration influences surface adsorption and polymerization.
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Silane surface chemisorption has been shown to follow first order kinetics in
the silane concentration 22–24 . Polymerization, on the other hand, requires at
least two silanol molecules. Thus its reaction rate is expected to be of second
order in silane concentration. Consequently, at low initial silane concentrations, monomer surface adsorption should be much faster than polymerization
in the bulk. 2: the temperature effect. According to the Arrhenius equation,
when temperature increases, the silanol population which has enough energy
to cross the activation barrier of condensation reaction increases exponentially.
That gives a similar effect as an exponential increase of the initial silane concentration. This rough estimate immediately gave us the optimal monolayer
growth condition: low silane concentration and low temperature, regardless of
the water content as long as there is enough for hydrolysis reactions.

N
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Si
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MeO
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Figure

3.2:
Molecular structures of the N-(2-aminoethyl)(3aminopropyl)trimethoxysilane (EDA), liquid crystal material 5CB and
octadecyltrimethoxysilane (OTMS).
In an attempt to test this approach, monolayer growth of a hydrophilic
silane N-(2-aminoethyl)(3-aminopropyl)trimethoxysilane (EDA, the molecular structure is shown in Figure 3.2) in pure water at various temperatures
and concentrations was studied. Since the solvent is pure water, there is no
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uncertainty about the water content in the system. This makes it an ideal system to study the kinetics effect. The topology and the thickness of the EDA
layers were measured by Atomic Force Microscopy (AFM) and ellipsometry
respectively; their molecular properties were studied by using liquid crystal
4-pentyl-4’-cyanobiphenyl (5CB, molecular structure is shown in Figure 3.2)
as an optical amplification probe.

3.2.1 Sample preparation
The substrates for the EDA layer growth were cut from objective glass slides
(Knittel Glaser). They were ultrasonically cleaned with detergent (ALCONOX),
1M NaOH (99%, Merck) for 10min each, rinsed with copious amounts of tap
water and then ultrasonically cleaned with 2 times refreshed demi-water, 2
times refreshed MilliQ-water and acetone (99.8%, Merck) for 10 min each.
At last, they were blown dry with N2 and cleaned with a UV/ozone cleaner
(Novascan Technologies, Inc.) for 10 min.
EDA (≥ 98%, Aldrich Chemical Co.) was air-seal stored and transferred to
solution in N2 (grade 6.0) flow to prevent any pre-reaction with air moisture.
Different concentrations of EDA in MilliQ-water were prepared in pre-silanized
glass bottles. The substrates were immersed in each EDA solution immediately
after it was prepared. The bottles were then sealed and stored in a thermostat
for 3 days to allow the SAM growth to reach completion. The substrates were
then ultrasonically rinsed in 3 times refreshed MilliQ-water and iso-propanol
(99.7%, Merck) for 5 min each to remove any non-covalently bonded molecules.
Finally, the substrates were blown dry with N2 .

3.2.2 AFM measurements
The topology of the samples was studied by an Atomic Force Microscope
(AFM, Dimension 3100, Veeco). The AFM images were obtained using a Silicon tip (NSG10, NT-MDT) scanned in tapping mode under ambient air. All
the measurements were done immediately after the samples were prepared.
Figure 3.4(a)-(e) shows the AFM images (5 × 5µm) of the samples (a)-(e)
grown at a fixed temperature of 35.0◦ C and various initial silane concentrations: (a)0.01mM, (b)0.05mM, (c)0,5mM, (d)10mM and (e)100mM. The
corresponding root mean square roughness (RMS) of these samples increases
from 0.20 ± 0.06nm (for (a) and (b)) to 0.81nm, 0.98nm, and 1.30nm (for (c),
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(d) and (e) respectively). Similar results were obtained for samples grown
at 27.5◦ C and 20.0◦ C. Figure 3.3 shows the RMS of all the measured samples. Since the RMS of the glass substrates vary from piece to piece within
0.20 ± 0.06nm under the same AFM measurement conditions (512 × 512 pixels over 5 × 5µm), samples with the same RMS values as the substrates were
considered as smooth layers and samples with an RMS above that of the substrates were considered as rough layers. Accordingly, all the measured samples
were separated into two groups by a separation line in Figure 3.3.

Smooth layer
Rough layer

Initial silane concentration(mM)

1000

100

0.42nm

2.25nm

1.30nm

10

0.21nm

0.57nm

0.98nm

1

0.18nm

0.18nm
0.81nm

0.1

0.20nm

0.18nm

0.16nm

0.01

0.18nm

0.17nm

0.18nm

1E-3
20

22

24

26

28

30

32

34

36

38

Temperature(oC)
Figure 3.3: Measured root mean square roughness (RMS) of EDA layers
grown in pure water at various temperatures and concentrations. The number
next to the measured point is the RMS value of the EDA layer grown at that
condition. Layers with RMS within 0.20 ± 0.06nm are considered as smooth
layers and layers with RMS above 0.20 ± 0.06nm are considered as rough layers.
The separation line between smooth and rough layers is merely a guide to the
eye.
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1µm

1µm

(a)

(b)

1µm

(c)
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(d)
5nm

1µm

0nm

(e)
Figure 3.4: AFM images of EDA samples grown at 35◦ C and various concentrations: (a) 0.01mM, (b) 0.05mM, (c) 0.5mM, (d) 10mM, (e) 100mM.
All the images are 5µm × 5µm in size and shown with the same color scale.
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3.2.3 Ellipsometry measurements
The thickness of the EDA layers was studied by a spectroscopic ellipsometer
VB-400 (J. A. Woollam Co., Inc.) using equally smooth but reflective substrates, which were cut from a single crystal Si(100) wafer capped by a native
SiO2 layer. The substrates were cleaned with the same procedure as that for
the glass substrates. Bare substrates and EDA samples were measured at 60◦ ,
70◦ , and 80◦ incident angles and scanned from 500nm to 1000nm wavelength
at each incident angle, in order to collect a large enough data set for fitting
purposes. All the fitting was done by commercial software WVASE32 (J. A.
Woollam Co., Inc.). The thickness of the SiO2 layer was obtained by fitting
the data set with a two layer model. The thickness of the EDA layers was
obtained by fitting a third layer on top of the measured SiO2 layer. Since
EDA is non-absorbing in the measured wavelength range, the refractive index
dispersion of EDA was fitted with a Cauchy model n = A + B/λ2 , where
A = 1.44 for liquid EDA was obtained from literature 25 and B = 0.007µm2
was fitted from our measurements. This thickness determined by ellipsometry measurements has an inherent limitation in accuracy of ±0.2nm because
of the choice of refractive index for the EDA layers 25 , which is much larger
than our measurement error of ±0.1nm. Two typical smooth layers (grown at
20◦ C, 0.1mM and 35◦ C, 0.05mM) were measured to have the same thickness
0.6±0.2nm. A typical rough EDA layer (grown at 35◦ C, 10mM) was measured
to have a mean thickness of 1.5nm±0.2nm.

3.2.4 Liquid crystal studies
The molecular properties of the samples, in particular their surface terminal
groups, were studied by using LCs as an optical amplification tool. LCs have
been demonstrated to be a sensitive tool for the study of the molecular ordering
of SAM surfaces 26–28 . The basic principle of this approach is as follows: if the
terminal groups of the SAM molecules, which are normal to the surface, orient
the optical axis of LC molecules homeotropically (i.e. normal to the surface),
small zenithal deviations of the surface terminal groups will be amplified to
the LC bulk of a few micrometers thick across the cell, due to the long range
correlation length of LCs. Therefore, the orientation and uniformity of the
terminal groups of SAMs can be studied by studying the bulk LC orientation
and alignment uniformity with a polarizing optical microscope 26–28 . Since
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amine terminated SAM surfaces are known to align 5CB homeotropically 29,30
via hydrogen bonding under < 40% humidity 30 , We used 5CB (Merck) to
study the molecular properties of the EDA layers under < 35% humidity.
The LC cells were made by separating two solid substrates with 4µm spacers (Licristar, Merck). The cells and 5CB were heated to above TIN = 35◦ C,
the cells were then filled with 5CB by capillary force. After that, the filled cells
were slowly cooled down to room temperature. The alignment of LCs in the
cells was studied by using a polarizing optical microscope (BX60, Olympus).
The polarizers of the microscope were adjusted to crossed position (complete
extinction) before the LC cells were placed on the sample stage. The images
of the LC cells were captured by using a CCD camera and image processing
software (Image-Pro Plus 4.0).
Figure 3.5 shows the polarized optical images of LCs sandwiched between
different surfaces, and they correspond to different alignment configurations
of the LCs: (a) random alignment of LCs when they are in contact with two
bare glass surfaces; (b) uniform homeotropic alignment of LCs when in contact
with two smooth EDA-covered glass surfaces. The same uniform homeotropic
alignment of LCs was observed for all the smooth EDA samples defined in
Figure 3.3; (c) non-uniform homeotropic alignment of LCs in contact with
two rough EDA-covered glass surfaces (grown at 35◦ C and 10mM), showing a
large number of defects.
Figure 3.3 shows that the samples grown at low concentrations and low
temperatures are topologically smooth, while samples grown at higher concentrations and higher temperatures are rough. Smooth samples as shown in
Figure 3.4a and b are topologically indistinguishable from the glass substrates
(both have the same RMS value of 0.2 ± 0.06nm). The ellipsometry measurements indicate the presence of an EDA film with a thickness of 0.6nm±0.2nm
for the smooth samples, which corresponds well to the expected thickness
of ∼0.8nm of a densely packed monolayer of EDA molecules normal to the
surface.
Further LC studies on these smooth sample surfaces show that they are
chemically different from the bare substrates. The Schlieren texture of nematic
LCs appearing in Figure 3.5a suggests that the LCs form micron size nematic
domains that are aligned randomly on the glass substrates; the complete extinction of light shown in Figure 3.5b, suggests that the LC molecules are
aligned homeotropically and uniformly over the entire EDA-covered surfaces.
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Since amino groups are known to align 5CB LC molecules homeotropically
by hydrogen bonding, the above observations suggest that the smooth EDA
monolayers are terminated with amino groups, which is different from the hydroxyl termination of the glass substrates. Considering the structure of the
EDA molecule (see Figure 3.2), this amino termination of the smooth EDA layers confirms that they are monolayers. Considering the LC alignment change
with the change of the monolayer density, it has been shown that mesoscopic
changes of the monolayers, such as from a 2D gas to a 2D liquid phase or
2D condensed tilted domain formations at the water-nematic interfaces, give
locally surface-induced alignment changes of LCs 27,28 . Therefore, the uniform
homeotropic alignment of 5CB LCs observed on our smooth EDA surfaces
suggests that these monolayers are relatively densely packed with an average
orientation of the terminal amino groups normal to the surface.
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200µm

200µm

(a)

(b)

200µm

(c)
Figure 3.5: Polarizing optical microscopy images of LC cells (transmission
mode through crossed polarizers): (a) random azimuthal alignment of LCs in
contact with two bare glass surfaces; (b) uniform homeotropical alignment of
LCs in contact with two smooth EDA surfaces; (c) non-uniform homeotropical
alignment of LCs in contact with two rough EDA surfaces (grown at 35◦ C,
10mM). The scale bars in all the images are 200µm.
The AFM images shown in Figure 3.4c to e of the rough samples indicate
that particles of random sizes and shapes are absorbed on the surfaces. The
measured mean thickness of 1.5±0.2nm of a rough sample (grown at 35◦ C and
10mM) suggests that this sample has, on average, more than one EDA monolayer. Considering that all the samples were ultrasonically rinsed in 3 times
refreshed MilliQ-water and iso-propanol for 5 min each and blow dried with
N2 after the solution growth, those particles are very likely to be chemisorbed
EDA polymers. The chemisorbed EDA polymers as shown in Figure 3.4d
can be seen to induce alignment defects in LCs as shown in Figure 3.5c and
those defects are randomly distributed in the homeotropically aligned LC background. Notice that the sample shown in Figure 3.4c, which has a very low
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density of absorbed polymers, still gives a uniform homeotropical alignment
of the LC phase. These two observations suggest that only surface areas with
a locally high density of absorbed polymers give alignment defects in the LCs.
This is consistent with the point that mesoscopic changes of the surface give
locally surface-induced alignment changes of LCs.

3.2.5 Conclusions
Thus, we can conclude that the smooth EDA SAMs are formed by chemisorption of monomers on the solid substrates while the rough EDA layers are
formed by chemisorption of both monomers and polymers. Figure 3.3 indicates that monomer chemisorption is favored over polymer chemisorption
at lower concentrations and this concentration range decreases exponentially
with increasing temperature.
The above experimental results agree very well with the initial hypothesis: low concentrations and low temperatures give the optimal conditions
to grow uniform silane monolayers. Since LC mixtures with relatively high
TIN have to be used for device applications and the common feature of different compounds in those mixtures is usually alkyl tails, long alkyl chain
silane monolayers are needed for further LC alignment studies. We chose octadecyltrimethoxysilane (OTMS, molecular structure is shown in Figure 3.2)
monolayer as the alignment layer and the LC mixture E7 as the model LC
mixture. Although OTMS and its solvent toluene are very hydrophobic, the
water moisture in ambient air is enough for the hydrolysis reaction. Similar as
for the EDA monolayer growth, uniform OTMS monolayers can always be obtained at room temperature T= 20 ± 1◦ in a wide humidity range (30%-80%)
if low silane concentrations (0.5mM-1.0mM) are used. This eliminates the use
of anhydrous solvents and glove boxes, which makes further alignment studies
(Chapters 5 and 6) much easier and more reproducible. The detailed method
of OTMS monolayer growth and characterization is described in section 4.2.2.

3.3 Deep UV lithography patterning of silane monolayers on ITO
Once a uniform silane monolayer is formed on an ITO substrate, the second step to make an alignment layer is to pattern the monolayer. Because
high energy photons are needed to dissociate chemical bonds, such as Si-C
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bonds 31,32 , deep UV light with a wavelength shorter than 200nm is used for
this experiment. A UV laser (193nm) and a collimated He(Xe) arc lamp have
been tried out to make patterns with micrometer resolution. The advantage
of using a laser is that the power can be more easily measured and controlled;
the disadvantage is that the optical components are more critical and the light
beam is more difficult to align. The advantage of using a lamp is that it is
easier to operate; the disadvantage is that the light beam has a wide spectrum
and it is almost impossible to define a useful power in a particular patterning
experiment. The most important aspect of this patterning experiment is that
the SAM surface has to be in contact with the photolithography mask and
uneven stress between the SAM and mask should to be avoided.

Corner walls
Mask
Hard spacing

Sample
Soft spacing
Base

Figure 3.6: A schematic drawing of the homemade contact photo lithography setup.

Our photolithography mask (from Toppan Photomasks) is a 5 inches square
quartz mask with 35 different patterns on one side. Each pattern is on an 8mm
square area and there is 5mm space in between the patterns. For our photolithography experiments, it is important that the samples are aligned and
in contact with the chosen patterns on the mask. To do that, a homemade
contact photolithography setup is used (see Figure 3.6). The drawing in Fig-
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ure 3.6 uses 9 different patterns (instead of 35 in our real mask) and 1 sample
(there can be any numbers of samples in a real experiment) to illustrate the
basic concept of our setup. In this setup, there is a flat base at the bottom
which has the same dimension as the photolithography mask. On top of the
base, there is paper print-out of the pattern layout of the mask. This paper
layout is used as a guide for positioning the samples. The base, the paper
layout with samples on top of it, and the mask in the end will be vertically
aligned by the 4 corner walls in the setup. To prevent uneven stress between
the samples and the mask, soft deformable sponge blocks are placed under the
samples as soft spacing. Four corner hard spacing, which is made of flat aluminum blocks with thickness 1mm lower than the thickness of the soft spacing
and the sample add-up together, are used to support the mask. By weight,
the quartz mask will press down on the samples when it is landed on the hard
spacing. Because of the deformability of the soft spacing, any local stress between the mask and the samples can be avoided. Images of patterned SAM
surfaces will be shown later on in Chapter 5 and Chapter 6.

3.4 Discussion and conclusions
In the first part of this chapter, a pratical and reproducible method to grow
uniform silane monolayers is found (section 3.2). This novel method is demonstrated by growing uniform monolayers of a typical hydrophilic silane and a
typical hydrophobic silane. This novel method eliminates the use of anhydrous
solvents and glove boxes that are often used in conventional methods. That
makes our further studies of LC alignment on chemically patterned surfaces
(see Chapters 5 and 6) much easier and reproducible.
It is very likely, based on this chapter, that the organosilane treatment
of the ITO surfaces in Chapter 2 is monolayer growth of those organosilanes
on ITO substrates. This explains why the organosilane treated surfaces show
similar groove topology as the ITO surfaces. Because of the undefined groove
structure on the old batch ITO surfaces, new ITO substrates from a different
supplier are used from this chapter onward.
In the second part of this chapter, a deep UV lithography patterning setup
is built (section 3.3). High quality patterned SAM surfaces can be produced
with this setup (see results from Chapters 5 and 6).
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CHAPTER

4

Liquid crystal cell fabrication and characterization

A

new method of making LC alignment surfaces was established in Chapter 3. In order to test these alignment surfaces for LC device applications, the experimental methods to assemble, fill and seal LC cells and
characterize their electro-optical properties will be described in this chapter.

4.1 Design of liquid crystal cell holder
For device applications, LC test cells should fulfill the following requirements:
1. They should have a uniform cell gap across the cell, which is usually a
few micrometers.
2. They should be air-sealed after they are filled with LC materials.
3. The ITO side of both surfaces should be extended out from the cell in
opposite directions so that external electrodes can be attached to the cell
and vertical (normal to the cell surfaces) electric fields can be applied.
To assemble, fill and seal a LC cell, and mount it on the optical microscope
sample stage or an electro-optical setup, a multifunctional LC cell holder was
59
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designed (Figure 4.1). This cell holder consists of a base (made of tufnol
laminates) and two electrodes (made of copper). It has the same dimension as
a standard microscope object slide (26mm × 76mm) so that a LC cell can be
easily fixed on an optical microscope while connected to a function generator.

Top electrode

Bottom electrode

Base

Figure 4.1: Overview of the mechanical design of the LC cell holder. This
cell holder is used during LC cell assembly and electro-optical measurements.

4.2 Liquid crystal cell fabrication
With the home-built cell holder, LC cells are fabricated as follows:

4.2.1 Substrate preparation
ITO plates (CEC100S, PGO Germany) are cut to sizes of 20 × 20mm (bottom
plate) and 12 × 20mm (top plate). 13 pairs of these plates are then mounted
on a home-built plate holder. Cut ITO plates are ultrasonically cleaned in
detergent (ALCONOX), deionized water and acetone (99.8%, Merck) subsequently. Wet cleaned ITO plates were blown dried with N2 and treated with
a UV/ozone cleaner (Novascan Technologies, Inc.) for 10 min. The clean
ITO substrates show structurally isotropic surfaces with roughness less than
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0.5nm (this information is provided by the supplier and confirmed by home
measurements). Figure 4.2a shows an AFM image of a clean ITO surface.

(a)

(b)

Figure 4.2: AFM images of (a) a clean ITO surface (b) an OTMS monolayer
grown on an ITO substrate. The color scale bar is from 0nm to 5nm.

4.2.2 Monolayer growth
0.5mM-1.0mM Octadecyltrimethoxysilane (OTMS) (≥ 90%, Fluka) solution
was prepared by dissolving OTMS in air-moisture-saturated toluene (≥ 99.97%,
Fisher Scientific). After the OTMS solution is prepared, the cleaned ITO substrates were immediately submerged in the solution for 2 hours. The substrates
were then ultrasonically rinsed with refreshed toluene 2 times for 5 min each
to remove any non-covalently bonded molecules. Finally, they were blown dry
with N2 . The OTMS monolayers were characterized with AFM, ellipsometry
measurement and contact angle measurement. Figure 4.2b shows the AFM
image of an OTMS surface. It is equally smooth as the ITO substrate. Ellipsometry measurements give a 2.0 ± 0.2nm thickness of the OTMS monolayers.
This is consistent with the AFM measurement shown in Figure 5.1. The water
contact angle on the OTMS surfaces was measured to be ∼ 110◦ , suggesting
that they are very hydrophobic surfaces.
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4.2.3 UV patterning of SAM
A uniform SAM-on-ITO plate was then put in contact with a photolithography mask and illuminated with an argon fluoride excimer laser (193nm). At
0.1mJ/cm2 per shot and 100Hz repetition rate, a total dosage of ∼ 5J/cm2
is sufficient to remove the OTMS from the ITO substrates. To remove the
photo-cleaved products, the patterned substrates were soaked in 0.1M NaCl
aqueous solution for ∼ 30 min. They were then rinsed with tap water, MilliQ
water, ethanol and finally blow dried with N2 .

4.2.4 Spacer preparation
The LC cell gap is controlled by micro particles embedded in UV curable glue.
For optimal gap control, 0.7g of particles (Licristar, Merck) are mixed with
1 ounce (28.5ml) UV curable glue (NOA65, Norland). Since the particles are
heavier (specific gravity=1.5g/ml) than the glue (specific gravity=1.2g/ml),
the particle-glue mixture is always stirred for few minutes on an automatic
vibrator before use.

4.2.5 LC Cell assembly
First, a bottom plate is placed on the bottom of the cell holder. Then, small
droplets of the particle-glue mixture are placed on the 4 corners of the overlapping area with the top plate, which can be guided by the square hole (optical
path) underneath. Later, a top plate is placed on the spacer with a 5mm
shift with respect to the bottom plate. To avoid stacking of spacer particles,
a proper pressure in applied on the top plate by loading a piece of borosilicate
glass with dimension of 40 × 40mm and thickness of 4mm on top. At last,
the glue is cured by 5 min. exposure to UV light (320-400nm). Thus the two
plates are glued together with an overlapping area of 12mm × 15mm for filling
the LC mixture and edges of ≥ 4mm for sealing the cell afterwards.

4.2.6 LC Cell filling and sealing
Empty LC cells have to be heated to above the TIN (isotropic to nematic
phase transition temperature of a LC mixture) on a hot plate before filling
in the LC mixture. The LC mixture is filled into the cells by capillary force.
Filled LC cells should still be heated above the TIN for at least 10min and
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slowly cooled down to room temperature to avoid flow alignment. After the
cells are filled, the edges are sealed by an epoxy glue (epoxy rapid, Bison).

4.3 Electro-optical characterization
The alignment and switching of a LC cell can be visualized by a polarizing
optical microscope (see Chapter 5 and 6 for examples). First, set the optical
microscope at the transmission mode and tune the polarizer to be at 90◦ to
the analyzer (extinction of light). Then, place the LC cell on the sample stage
and rotate the cell from 0◦ to 90◦ with respect to the analyzer. Depending on
the transmission profile of the LC cell at those azimuthal angles, the alignment
direction can be determined. To image the switching of the cell, fix the cell at
the brightest azimuthal angle. When a voltage is applied to the cell, changes
in transmission and color should be observed. At high enough voltage, the
cell should become completely dark because all the LC molecules are switched
perpendicular to the alignment surfaces which is parallel to the polarization
planes of the polarizer and analyzer.
LC cell
Laser

Detector

Lock-in
amplifier

Chopper
Function
generator

Figure 4.3: Schematic drawing of the electro-optical switching voltage measurement setup.

The switching voltage (voltage-transmission curve) of a LC cell is measured by a home-built electro-optical setup (Figure 4.3). A lock-in amplifier
is used to filter out the background noise from ambient light. A home-made
LabVIEW program is used to automatically drive the functional generator
(Tektronix AFG 3022) at a defined voltage (continuous 2kHz square-wave)
and time intervals, collect the signal from the lock-in amplifier and finally plot
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the data as a voltage-transmission curve. The switching speed of a LC cell
is measured by a similar setup (Figure 4.4). The driving waveform (200ms
long 2kHz square-wave pulse) is designed and sent to the function generator with commercial software ArbExpressTM. The data from the oscilloscope
(Tektronix TDS2014B) is collected with commercial software OpenChoiceTM .
LC cell
Laser

Detector

Oscilloscope

Function
generator

Figure 4.4: Schematic drawing of the electro-optical switching speed measurement setup.
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CHAPTER

5

Alignment and switching of liquid crystals on stripe-patterned
surfaces

A

lignment of liquid crystals with chemically stripe-patterned surfaces
has been shown to have great potential for future device applications.
The alignment properties, such as alignment defects, pretilt angles,
etc. have been studied extensively in the past. The essential electro-optical
performance of this alignment method, however, has not been investigated.
In this chapter,the electro-optical switching properties of liquid crystal cells
aligned by stripe patterns of various sizes on conductive indium tin oxide
surfaces will be investigated. It is found that the total switching time of LC
cells increases with decreasing the size of the pattern.

5.1 Introduction
The alignment of liquid crystals (LCs) on chemically patterned surfaces is of
great interest for various device applications 1–14 . In particular, the alignment
of LCs on one dimensional stripe patterns have been investigated by theoretical
calculations, computer simulations and experiments in recent years 2,8,9,11–13,15 .
It was first proposed by Qian and Sheng that LCs can be aligned by alternat65
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ing stripes of homeotropic and planar alignment surface conditions 15 . In their
study, a phase transition from hybrid alignment to homogenous alignment
state was also predicted. This alignment principle was first explored by Lee
and Clark in 2001 2 . In their experiment, reasonable LC alignment on stripe
patterned surfaces was demonstrated. But alignment defects were found,
which were attributed to the orientational degeneracy inherent to this alignment method. Other experiments confirmed the alignment defects. Depending
on different patterning methods and LC cells that were used in the studies,
different defects such as line defects or point defects were reported 8,11,16 . Nevertheless, alignment defects have to be removed before this method becomes
an effective device technology. In an attempt of solving this problem, smaller
stripe patterns down to 400nm periodicity were fabricated 8 . On these surfaces,
the LC alignment appeared to be uniform under an optical microscope. But
the lack of complete extinction of light under crossed polarizers indicated that
LC alignment is not uniform and that splay rotations of LCs still occur upon
crossing the homeotropic and planar boundary lines 8 . All the past studies
were focused on the alignment properties. The essential electro-optical (EO)
performance of this method has not been addressed. In this chapter, the EO
switching properties of LCs on stripe patterned surfaces especially patterns
with different sizes are studied.

5.2 Results and Discussion

Patterned SAM surfaces are prepared with the method described in Chapter 3.
Figure 5.1 shows an AFM image of a stripe pattern, which corresponds well
to the thickness (∼2nm) of the octadecyltrimethoxysilane monolayer and the
dimension (Periodicity = 4µm and width of the planar aligning surface =
1µm) of the pattern.
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(b)
Figure 5.1: AFM image of a patterned SAM surface. (a) Height image.
(b) Cross-section at the dotted line on the height image.

LC cells are fabricated with the method described in Chapter 4. All the
cells are filled with an E7 LC mixture, they are aligned with one patterned and
one non-patterned SAM surface and they all have a 3.5µm cell gap. Figure 5.4
shows the polarized optical image of 6 different LC cells. “P” is the periodicity
of the pattern and “W” is the planar stripe width of the pattern. All the cells
show planar aligned stripes. But on those planar stripes, there are randomly
distributed point defects. This is in agreement with the result of Park et.al. 8 .
In contrast, lines defects that are parallel to the stripes and running across
the homeotropic stripes were observed in a similar LC cell by Lee and Clark 2 .
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(a)

(b)

Figure 5.2: Polarizing optical images of a stripe pattern aligned LC cell. (a)
viewed with boundary lines at 45◦ to the crossed polarizers. (b) viewed with
boundary lines at 0◦ /90◦ to the crossed polarizers. This stripe pattern has a
periodicity of 10µm and a planar stripe width of 5µm.
To study the structure of the point defects in more detail, images of a
cell that is at different orientations with respect to the crossed polarizers are
shown in Figure 5.2. When the boundary lines are at 45◦ to the polarizers,
shown in Figure 5.2a, the planar aligned stripes are the brightest. On the
boundaries of these bright stripes, there are dark points with a pair of dark
brushes emerging from each point. When the boundary lines are at 0◦ /90◦
to the polarizers, shown in Figure 5.2b, the planar aligned stripes become the
darkest. The dark points stay dark. But the dark brushes become bright and
the bright space in between the dark brushes becomes dark. This suggests
that the LC director is homeotropically oriented at the dark points and the
LC director field radiates out from those points. Clearly, those dark points
are defect points. Thus the defects in our LC cells are point defects. Note
that the boundaries of the planar stripes appear to be bright and irregular
in Figure 5.2b, indicating that LC molecules on these areas are not perfectly
aligned parallel to the boundary lines. This is attributed to the imperfection
of the SAM patterns which do not have molecularly straight boundary lines.
Based on the information that is obtained from Figure 5.2, the LC director
field profile around a point defect is schematically drawn in Figure 5.3. Since
the neighboring defect points can be found on the same boundary line of the
same planar stripe (see Figure 5.2), it is very likely that there are two types of
point defects in our cells. They appear the same on the top view in Figure 5.3a,
but very different on the cross section in Figure 5.3b and c.
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top-view
of a defect

(a)

69
crosssection at a
type one defect

(b)

crosssection at a
type two defect

(c)

Figure 5.3: Schematic drawing of the LC director field profile at a defect
area. (a) top view, (b) cross section parallel to the boundary plane with a type
one defect point at the middle of the bottom line, (c) cross section parallel to
the boundary plane with a type two defect point at the middle of the bottom
line.

It is not clear why line defects are observed in one study and point defects
are observed in another study, since different surface patterning methods, different LC materials and cell gaps were used in every study. The quality of the
patterns could also vary from one study to another. More systematic studies are required to clarify this. Nevertheless, there is tilt degeneracy on the
boundary lines. This tilt degeneracy gives rise to two energetically equal twist
handedness at the boundaries where LCs cross from a homeotropic aligning
stripe to a random planar aligning stripe. Therefore, alignment defects are
intrinsic to this alignment method.
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P10W5

(a)

P8W4

(b)

P6W3

(c)

P4W3

(d)

P4W2

(e)

P4W1

(f)

Figure 5.4: Polarizing optical images of 6 different LC cells. “P” is the
periodicity of the pattern and “W” is the planar stripe width of the pattern,
in micrometer. They are viewed in white-light transmission between crossed
polarizer and analyzer and with boundary lines at 45◦ to the polarizer.

Figure 5.5 shows the uniformity of our LC cells aligned by a typical patterned surface. Figure 5.6 shows the electro-optical switching of this LC cell.
At around 4.5V, the cell is completely dark under the microscope. The color
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change at different voltages is due to the wavelength dependent retardation
of the cell. The planar aligned part of the defects switches in the same way
as the rest of the planar aligned LCs until all the defects merge to a uniform vertically-aligned LC bulk when the E-field is high enough. Clearly, the
homeotropically aligned LCs do not switch at all. That means the homeotropically aligned LCs only provide alignment boundaries to align LCs on the random planar stripes and they are not involved in the switching processes of
the planar aligned LCs, which is consistent with the scheme of LC alignment
shown by Park et.al. 8 . This allows us to study the EO switching properties of
the LC cells in relation with the planar stripe width of their alignment surfaces
in the following.

1mm

1mm

(a)

(b)

Figure 5.5: Polarizing optical images of a typical uniform LC cell. (a) Viewed
with the stripes at 45◦ to the crossed polarizer and analyzer. (b) Viewed with
the stripes at 0◦ to the polarizer.
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0.0V

(a)
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(b)

1.0V

(c)

1.5V

(d)

2.0V

(e)

2.5V

(f)

3.0V

(g)

3.5V

(h)
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4.0V

(i)

4.5V

(j)

Figure 5.6: Polarizing optical images of a LC cell under different switching
voltages. They are viewed in white-light transmission between crossed polarizer
and analyzer and with boundary lines at 45◦ to the polarizer.

Quantitative switching voltage and switching speed of the 6 cells with
planar stripe width varing from 5µm to 1µm are measured with the laser EO
setup that was described in Chapter 4. In fact, cell P6W3 and cell P4W3
show very similar switching behavior, in agreement with the above mentioned
result that the homeotropic stripe width does not influence the EO switching
process. In the following studies, cell P4W3 is therefore excluded.
Figure 5.7a shows the switching voltage of the cells. All the 5 different
cells show very similar switching voltages, indicating that the electric field
dominates the response process. Figure 5.7b shows the response curve of cell
P10W5 (Periodicity = 10µm and width of the planar surface = 5µm). The
response time of this cell is 0.73ms, which is the time the cell switches from
100% to 10% relative transmission when the voltage is on. Figure 5.7c is the
relaxation curve of the same cell. The relaxation time is 22ms, which is the
time the cell switches from 0% to 90% relative transmission after the voltage
is switched off. Figure 5.7d shows the switching times of all the 5 cells. They
all have a very short response time (<1ms) and a rather long relaxation time
(>20ms). With decreasing planar stripe width, there is a clear decrease in
response times and increase in relaxation times. Since the relaxation times
are much longer than the response times, the total switching times for smaller
patterns are longer than for larger patterns.
The above measured switching time and pattern size relationship is attributed to the elastic distortion energy at the boundaries and the planar
aligned LC stripes. From homeotropic alignment on top of the homeotropic
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aligning surfaces to tilted planar alignment on top of the random planar aligning surfaces, there is a counious spatical orientational variation of LC director.
This variation gives rise to elastic distortion in the LC bulk. Minimization
of this elastic energy is the underlying mechanism responsible for the planar alignment of LCs on the random planar aligning surfaces 2,9,14,15 . Since
the elastic energy is proportional the the spatial variation rate of the LC director, narrower planar stripes could create higher elastic energy. Since the
switching-on process corresponds to the release of this elastic energy and vice
versa, narrower planar stripes give rise to LC cells with faster response and
slower relaxation.

Our result could be applicable to LC cells aligned by smaller stripe patterns
if similar elastic distortion is present in the LC cells. Considering smaller patterns (<400nm) as suggested in Ref. 8 , although the LC cells visually appeared
uniform , elastic distortions still exist in the cells. This was suggested by the
fact that there was no extinction of light when the pattern lines are parallel to
the polarizer or analyzer 8 . Extrapolating from our result, the switching time
of those LC cells would be >40ms. Yet fabricating submicron-sized patterns
is technically challenging and time consuming 8 . Thus, from the device application point of view, decreasing the stripe pattern size is not a proper solution
to the alignment defect problem as suggested in Ref. 8 . In the next chapter,
therefore, a new approach will be explored.

Note that the chemical stripe patterns here resemble very shallow grooves
that were discussed in Chapter 2. But neither Berreman’s model nor our
new model are applicable here. Firstly, the surface material is not isotropic
as required in both models. Secondly, the planar aligned LC molecules do
not follow the curvature of the grooves when they are perpendicular to the
grooves. That groove-induced curvature in LC director field is the origin of
the Berreman elastic energy. Thus the geometry factor here does not play an
effective role in LC alignment.
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Figure 5.7: Electro-optical switching of 5 stripe-pattern aligned LC cells.
(a) Transmission-voltage curves. (b) The response curve of the stripe pattern
P10W5. (c)The relaxation curve of the stripe pattern P10W5. (d) Response,
relaxation and total switching times of all 5 LC cells operated at 5V.

5.3 Conclusions
In this study, the electro-optical switching properties of stripe-pattern-aligned
LC cells are measured and the switching times are found to be related to the
stripe width of the planar stripes. With decreasing the planar stripe width,
the response time decreases and relaxation time increases. Since the relaxation
time is more than 20 times higher than the response time for all the cells, the
total switching time is longer for LC cells aligned with narrower planar stripes.
By extrapolating our result to smaller stripe patterns which was suggested
by Ref. 8 , it is found that LC cells aligned with those submicron-sized stripe
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patterns could have switching time >40ms. That is not practical for device
applications.
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CHAPTER

6

Compartmentalized multistable liquid crystal alignment∗

I

t has been discussed in the last chapter that alignment of liquid crystal
(LC) molecules with stripe patterned surfaces leads to intrinsic alignment
defects. Decreasing the pattern size, which has been suggested to solve
this problem, was found to slow down the electro-optical switching speed of
LC cells. In this chapter, a novel method for planar LC alignment based
on micrometer-scale photolithographic patterning of self-assembled monolayer
(SAM) coated indium tin oxide (ITO) surfaces will be described. We use
closed vertical-aligned LC boundary walls, induced by the SAM surfaces, to
control planar alignment of LCs on the isotropic ITO surfaces. This simple approach not only presents a new concept of planar LC alignment, which has so
far been achieved only by nanometer-scale anisotropic surfaces, but also provides a compartmentalization of those planar-aligned LC domains. This compartmentalization allows the planar domains to be switched independently by
vertical electrical fields without dynamic LC cross-talk (molecular orientation
interference between neighboring switching LC domains), a serious problem
that is known to degrade current LC devices 1–3 . Due to the symmetry of the
∗

The results presented in this chapter have been published in Advanced Materials 2010,
22, 961.
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SAM patterns, our compartmentalized LC cells show multistable states that
are tunable by an in-plane bias.

6.1 Introduction
It is well known that vertical alignment of LCs can be induced by long alkyl
chain terminated surfaces 4 , but achieving a reliable and cost effective planar
alignment remains a challenge 5 . Existing alignment methods, such as mechanical rubbing, photoalignment and ion beam bombardment, all rely on
nanometer scale topological or molecular/atomic anisotropy of the alignment
surfaces, properties that are difficult to control uniformly on a macroscopic
scale 5–9 . Alignment with micro patterned isotropic surfaces, consisting of
stripes of alternating random planar and vertical aligning materials, has been
suggested as a more reliable and cost effective technique 6,10 . The LC alignment with those stripe patterns suffers however from random defects 6,10 due
to the finite elastic correlation length of LC molecules and the tilt degeneracy within the planar stripes. To solve this problem, it has been suggested
to use oblique illumination in combination with photoactive SAMs 6 , yet this
approach relies again on molecular-level anisotropy of the surfaces.
In this chapter, we will explore patterned surfaces with random-planar
aligning squares embedded in a vertical aligning surface background. The
closed vertically-aligned LC boundaries induce well-defined planar LC alignment on the random-planar squares. A macroscopic in-plane bias, such as a
directional LC flow, removes the tilt degeneracy. This simple approach enables
not only controlled planar alignment of LCs with lithography techniques, but
also compartmentalization of those planar aligned LC domains to avoid dynamic LC cross-talk during vertical switching. We demonstrate the potential
of this method for device applications by visual and quantitative electro-optical
measurements.

6.2 Experimental methods
6.2.1 Alignment surface preparation
The ITO substrates were initially cleaned and treated with UV-ozone to oxidize the surface layer. The oxidized surface provides a high density of re-
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active hydroxyl groups for the self-assembly of silane monolayers 11,12 . The
substrates were then submerged in a freshly prepared octadecyltrimethoxysilane (OTMS) solution in air-moisture saturated toluene. To grow uniform
SAMs, the optimal condition was found at low silane concentrations at corresponding temperatures, similar as another silane system that we have recently
studied 13 . Under the condition of 0.5mM-1mM OTMS concentration at room
temperature (20 ± 1◦ C), no anhydrous solvent or environment is needed and
uniform SAMs can be reproducibly made under a wide range of humidity
(30%-80%) within 2 hours. The resulting OTMS monolayer was patterned
via mask photolithography using an argon fluoride excimer laser (193nm) to
remove the exposed parts of the SAM. At 0.1mJ/cm2 per shot and 100Hz repetition rate, a total dosage of 5J/cm2 is sufficient to remove the OTMS from
the ITO substrates. Similar results were obtained with a collimated 200W
Hg(Xe) arc lamp (Newport) which produces a broad spectrum from ∼180nm
to the visible.
To remove the photo-cleaved products, the patterned substrates were soaked
in 0.1M NaCl aqueous solution for ∼30 min. They were then rinsed with tap
water, MilliQ water, ethanol and finally blow dried with N2 .
All the chemicals are analytical grade and they were used as received.

6.2.2 Cell fabrication
The LC cells were fabricated with a UV curable glue (NOA65, Norland), using
embedded particles (Licristar, Merck) to control the cell gap. The cells were
filled with LC material E7 (Merck) by capillary force at ∼ 80◦ C (TIN = 60◦ C).
The filled cells were kept at ∼ 80◦ C for 10 min. before they were cooled down
to room temperature to avoid flow alignment. The cooled cells were finally
sealed with epoxy glue (Epoxy Rapid, Bison).

6.2.3 Electro-optical characterization
The electro-optical switching curves were measured at normal incident angle
with red light (λ = 633nm) in transmission. The cells were mounted between
crossed polarizer and analyzer. The compartmentalized LC cells and the TNcell are measured with the boundary lines and with the rubbing directions
respectively at 0◦ /90◦ to the polarizer (their extinction ratio is < 5·10−5 ). The
hybrid cells were measured with the rubbing direction at 45◦ to the polarizer.
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Continuous and 200ms 2kHz square waves were used for the static and dynamic
switching measurements, respectively.

6.3 Results and discussion

10µm

Figure 6.1: Scanning electron microscopy image of a patterned SAM on
ITO.

Figure 6.1 shows a scanning electron microscopy image of a patterned SAM-onITO surface (prepared from octadecyltrimethoxysilane SAM that is patterned
by deep UV photolysis). The brighter areas correspond to unexposed SAM
(vertical aligning surface) and the darker areas correspond to where the SAM
is removed (random planar aligning surface). The image contrast is due to the
conductivity difference between SAM and ITO. The pattern size corresponds
well to the photolithography mask which has a periodicity of P = 42µm
and an aperture width of W = 37µm. Removed SAM could be re-grown by
submerging the patterned substrates in a freshly prepared OTMS solution,
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suggesting that the complete alkyl chains of the exposed SAM are removed
by photolysis. This allows further chemical modification of the surfaces by
growing a different silane SAM in the previously photo etched regions 14 .

LC cells with a cell gap of 4.0µm are fabricated using one patterned and
one non-patterned SAM-on-ITO surface. Figure 6.2 shows the LC alignment
in these cells. The LCs on the planar squares appear brightest when the
boundary lines are at 0◦ /90◦ with respect to the polarizer (Figure 6.2a) and
they appear darkest when the boundary lines are at 45◦ with respect to the
polarizer (Figure 6.2b). This suggests that the majority of the LC bulk on
the planar squares is aligned along the diagonal axes of the squares. The
dark corners in Figure 6.2a which appear bright in Figure 6.2b indicate that
the LC director at those corners are aligned along the two orthogonal boundary lines. From these images, four stable alignment states can be identified
(Figure 6.2a); the LC director configuration of one of the alignment states is
schematically presented in Figure 6.2g,h. The other three states can be generated by in-plane rotation over 90◦ , 180◦ and 270◦ from this alignment state.
For a detailed LC director configuration of this alignment three dimensional
computer simulations are required, however a qualitative explanation can be
given on the basis of minimization of the total free energy, i.e. the sum of
the surface-LC interface energy and the LC bulk elastic energy. Due to the
isotropic nature of the material on the planar squares, LC director will have
random planar orientations on such surfaces. To minimize the interface energies and the elastic distortion energy introduced by the vertical aligned LC
boundaries, the LCs adopt a tilted planar alignment along one of the diagonal
axes of the planar squares.
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Top view

Diagonal cross section

θ0
Vertical aligning surface
Random planar aligning surface

(g)

(h)

Figure 6.2: Optical Microscopy images of LC aligned with a uniform SAMon-ITO surface and different patterned SAM-on-ITO counter surfaces, viewed
in white light transmission between crossed polarizer and analyzer. (a)-(b)
Randomly distributed multistable alignment with square pattern of P = 16.5µm
and W = 11.5µm. The four stable alignment states are highlighted with red
circles (a) viewed with boundary lines at 0◦ /90◦ to the polarizer (b) viewed
with boundary lines at 45◦ to the polarizer. (c)-(d) Flow-induced monodomain
alignment with square pattern of P = 16.5µm and W = 11.5µm, the flow
direction is indicated with a red arrow (c) viewed with boundary lines at 0◦ /90◦
to the polarizer (d) viewed with boundary lines at 45◦ to the polarizer. (e)-(f)
Flow-induced monodomain alignment with larger square patterns viewed with
boundary lines at 0◦ /90◦ to the polarizer (e) P = 25µm and W = 19µm (f)
P = 42µm and W = 37µm. (g) Schematic representation (top view) of one
of the 4 stable states of LC alignment. (h) Schematic representation (diagonal
cross section) of one of the 4 stable states of LC alignment.
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To estimate the surface tilt angle θ0 (Figure 6.2h) we use the Frank elasticity theory and one-constant approximation (K11 ≈ K33 , where K11 and K33
are the splay and bend elastic constants respectively); assume that the LC
molecules have a simple hybrid alignment at the diagonal cross-section plane
of the planar cubes and have π/2 tilt angle at the top vertical surface, the tilt
angle distribution θ(z) along the vertical distance z (normal to the surfaces)
is approximately a linear function of z as:

z π
(6.1)
− θ0 + θ0
θ(z) =
d 2
Thus, the total retardation of the planar aligned LC domains is:
2π
∆φ =
λ

Z

0

d

∆neff (z) dz =

Z

d
0

no ne
p
− no
2
2
ne cos θ(z) + n2o sin2 θ(z)

!

dz (6.2)

where no and ne are the ordinary and extraordinary refractive indices of the
LC material which are found from literature to be no = 1.519, ne = 1.737
(at λ = 633nm and T=20◦ C); and d is the cell gap which was measured by
spectroscopy to be 4.0 ± 0.1µm.
Since the retardations of our compartmentalized LC cells were measured
to be ∼ π, the surface tilt angle θ0 can be estimated to be ∼ 17◦ from Eq. 6.1
and 6.2. This surface tilt angle is dependent on the polar anchoring energies
of the vertical and random planar surfaces, the elastic constants of the LC
material and the boundary conditions.
Because of the symmetry of the boundary conditions, the four alignment
configurations sketched in Figure 6.2g and h are expected to have the same
free energy. Therefore, one of the stable states can be favored by a slight
in-plane bias, such as a directional flow (Figure 6.2c,d). This flow bias is induced by a directional capillary flow of the LC molecules into the cell at about
80◦ C (TIN = 60◦ C) and immediately cooling down to room temperature. The
multidomain or monodomain LC cells are stable for at least 3 months at room
temperature and the alignment changes only after being heated above the
TIN = 60◦ and cooled down to room temperature, suggesting that the four
alignment states are indeed stable states and separated by high enough energy
barriers. The thermal stability of the alignment could be further improved by
using LC materials with higher TIN . Similar results were obtained with different planar domain sizes: 11.5µm, 19µm and 37µm, as shown in Figure 6.2c,
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e and f. We expect that larger or smaller domain sizes are possible, depending on the elasticity of the LC materials and their interface energies with the
surface materials.

0.0V

0.7V

1.5V

3.0V

Figure 6.3: Switching of multidomain (left) and monodomain (right) aligned
LC cells (P = 25µm and W = 19µm) under vertical electric field. They are
viewed in white light transmission between crossed polarizer and analyzer, and
with boundary lines at 0◦ /90◦ to the polarizer.

The switching of multidomain and monodomain aligned LC cells under
vertical electric fields is shown in Figure 6.3. The color change under different
voltages is due to the wavelength dependent retardation of the LC cells. The
absence of a transmission change in the dark boundary areas confirms that the
vertically aligned LCs do not switch under vertical electric fields. Thus, these
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LCs serve as boundary walls between the bright LC domains and allow them
to switch without interfering with each other. This provides a simple solution to the serious problem of flow-induced dynamic LC cross-talk in existing
pixelated LC devices, which has recently been shown to degrade the dynamic
contrast and switching speed during pixelated switching of multidomain and
monodomain LC devices 1–3,15 . Our multidomain or monodomain LC cells do
not change their initial alignment after they have been switched on and off for
> 106 times with up to 10V, supporting again the multistable nature of this
alignment.
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(c)
Figure 6.4: Electro-optical switching of three square-pattern aligned LC cells
in comparison with the conventional TN-cell and hybrid cells. Cell gaps that are
not mentioned in the figures are all 4.0µm. (a) Transmission-voltage curves.
(b) Response curves. (c) Relaxation curves.

Quantitative electro-optical measurements on our compartmentalized LC
cells and a comparison with two rubbed polyimide aligned cells are shown in
Figure 6.4. All the cells are filled with the same LC mixture E7. The twisted
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nematic cell (TN-cell) consists of two rubbed polyimide surfaces with rubbing
directions rotated 90◦ from one to the other. The reference hybrid cell has the
same vertical aligning surface as our cells but with rubbed polyimide as the
planar aligning surface. Our cells show similar characteristics as the reference
hybrid cell: no threshold voltage and a very fast response (< 1ms). This
suggests that our cells switch like compartmentalized hybrid cells, consistent
with the schematic drawing in Figure 6.2g and h. The 4µm thick hybrid cell
(dashed red line in Figure 6.4a) however shows higher retardation than our
cells, indicating that the tilt angle at the planar surface of our cells is larger
than that of the reference hybrid cells. This could be due to a lower polar
anchoring energy of our planar surface or to the extra LC boundary walls in our
cells. As monotonic transmission-voltage dependence is required for displays,
a hybrid cell with a smaller (3.5µm) cell gap is used for the switching speed
measurements. Compared to the TN-cell and hybrid cell, our cells require
considerably lower operating voltages in the intermediate transmission range
(Figure 6.4a), greatly reducing the power consumption. Our cells also show
much faster response and relaxation speeds than the TN-cells, but a slower
relaxation than the reference hybrid cell (Figure 6.4b, c). This difference in
relaxation time is because of the smaller cell gap (3.5µm compared to the
4.0µm of our cell) of the reference hybrid cell (τoff ∝ d2 ) 16 and the absence of
domain walls in the non-pixelated switching of the hybrid cell. The small peak
in the relaxation curve of the TN-cell (Figure 6.4c) is caused by the well known
back-flow effect 17 . Our compartmentalized LC cells with different domain
sizes show very similar switching voltages and response times (Figure 6.4a, b).
This indicates that the electric field dominates the response process. There is
however, a clear increase in the relaxation time with decreasing domain size
(Figure 6.4c), which we attribute to the increased elastic distortion energy
caused by the vertically aligned LC walls. This is consistent with the fact
that domain walls that are temporarily created during pixelated switching of
conventional LC devices can slow down the switching speed 1–3,15 . The contrast
ratio (CR) of our compartmentalized cells is dependent on operating voltage,
initially stored elastic energy, surface anchoring energy, and viewing angle.
The CR increases with operating voltage. At a practical voltage of 5V and
vertical viewing angle, the CRs of our compartmentalized cells with domain
sizes of 37µm, 19µm and 11.5µm are 500:1, 700:1 and 1400:1 respectively. This
indicates that cells with smaller domains have higher stored elastic energy at
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the bright state and they can switch to a darker state at the same operating
voltage of 5V. Therefore, the CR could be increased by using LC materials
with higher elastic constants or by using planar aligning surface materials with
lower polar anchoring energy. Because the retardation of a monodomain cell is
strongly angle dependent, the CR will decrease at wider viewing angles. This
could be improved by using multidomain cells with each pixel consisting of 4
axially symmetric stable alignment states.
Our alignment surfaces (patterned SAM-on-ITO) are stable against chemicals (detergent, acetone, and water), heat (up to 120◦ C), and UV light (>
300nm), fulfilling the requirements for basic device applications. For applications where a high voltage holding ratio is required, similar photolithography
or printing techniques can be used for other materials, such as a combination of
specially developed planar and vertical aligning polyimides. Since photolithography is already used in the current thin film transistor (TFT) production 16 ,
our alignment technique can be easily integrated into LC device mass production lines, yielding a reduced total production cost. For independent pixelated
switching and maximum aperture of the backlight in actual LC devices, the
dark vertically aligned LC area can be aligned or directly produced on top of
the TFTs to overlap with the non-transparent matrices of the pixelated TFT
electrodes 16 .

6.4 Conclusions and outlook
In conclusion, we have demonstrated a potentially cost effective and reliable method for compartmentalized LC alignment. LC cells fabricated with
this method show superior electro-optical performance compared to conventional TN-cells: lower operating voltages, faster switching speeds and no flowinduced dynamic cross-talk between neighboring switching LC domains. The
pattern symmetry induced multistability that is intrinsic to our method opens
new routes for the design and fabrication of numerous LC devices, such as
multistable LC devices (by using in-plane electrodes) and switchable viewing
angle displays (by using vertical electrodes for display and in-plane electrodes
for viewing angle switching).
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ver the last 40 years, LC applications have expanded rapidly from liquid crystal displays (LCDs) to tunable photonics (such as optical filters, variable optical attenuators, tunable spatial phase modulators,
and tunable-focus lenses), biomedical imaging and data storage. The operation of all those optoelectronic devices is based on the controlled alignment
of LC molecules and voltage-induced molecular reorientations. Therefore, the
understanding of LC alignment at the solid-nematic interfaces and the development of new alignment methods are of great importance for modern LC
technologies.
The studies presented in this thesis are pursuits of those two goals:
1. To understand LC alignment on grooved surfaces, in particular, how
surface chemistry and geometry together influence the alignment of LCs
(Chapter 2).
2. To develop a new alignment method for device applications based on
a mature and high throughput industrial technique: photolithography
(Chapters 3, 4, 5 and 6)
In Chapter 2, surfaces with similar groove structures but different chemistry are found to align LC differently. This can not be explained by the widely
used Berreman’s model. A new model, therefore is developed in this chapter.
93
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With our new model, our results and a few other unexplained results from
literature can be explained very well. To further test this new model, a novel
experiment is designed and preliminary results support this model.
In parallel, a novel alignment method, which is based on photolithography
of silane monolayers on ITO surfaces, is pursued. It starts with establishing
a novel reproducible method to grow uniform silane monolayers in Chapter 3.
This method eliminates the use of anhydrous solvents and glove boxes that are
often used in conventional methods. For further patterning silane monolayers,
a home-built UV photolithography setup is described in the same chapter.
In order to test the new alignment method for device applications, the
experimental methods to assemble, seal LC cells and characterize their electrooptical properties are established in Chapter 4.
Once the preparation work is done, stripe-pattern-aligned LC cells are
first studied (Chapter 5), since this alignment method has been studied by
other groups. In agreement with other groups, the LC cells that are aligned
with this method show alignment defects. Using submicron-sized patterns has
been suggested as a solution to this alignment problem. Our electro-optical
switching measurements, however, show that this is not a proper solution for
device applications, because LC cells aligned with those stripe patterns could
have > 40ms switching time.
In Chapter 6, square patterns are explored. LC cells aligned with the
square-patterned surfaces do not show alignment defects, but show superior
electro-optical performance compared to conventional TN-cells: lower operating voltages, faster switching speeds and no flow-induced dynamic cross-talk
between neighboring switching LC domains. The pattern symmetry induced
multistability that is intrinsic to this method opens new routes for the design and fabrication of numerous LC devices, such as multistable LC devices
(by using in-plane electrodes) and switchable viewing angle displays (by using vertical electrodes for display and in-plane electrodes for viewing angle
switching).
Based on the new model developed in Chapter 2 and the new alignment
method extablished in Chapters 3, 4, 5 and 6, more interesting studies could
be explored in the future. A few examples of the future studies are suggested
as follows:
To further test the new model that is described in Chapter 2, more experiments could be carried out to test the predictions for type 1 surface materials.
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Using the same embossing method that is described in Chapter 2, grooves with
1µm pitch and 20nm depth could be created on alignment surfaces. By growing monolayers of different silanes on the grooves, the surface chemistry could
be varied while the groove structure stays the same. When silane monolayers
which lead to high interfacial tension anisotropy are used, the LC alignment
on such grooved surfaces should be planar alignment along the grooves. When
silane monolayers which lead to very low interfacial tension anisotropy are
used, the grooved surfaces may show no alignment effect to the LCs.
In addition to the basic experiments that are reported in Chapter 6, more
surface chemistry of the square-patterned surfaces could be explored. Since
the removed SAM in the square areas can be re-grown by submerging the
patterned substrates in another silane solution, these planar aligning surfaces
could be chemically modified. For example, silane SAMs that lead to high
interfacial tension anisotropy with the LCs could give rise to faster relaxation
LC cells. Silane SAMs that lead to low interfacial tension anisotropy with the
LCs could lead to lower switching voltage and higher contrast ratio at a fixed
operating voltage.
Beyond the LCs, chemically patterned surfaces could be explored to direct
the self-assembly process of other organic or even biological molecules. This
could give more insight to the mechanisms of self-assembly. It could also be
used to fabricate new molecular structures for designed functions.
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G

edurende de afgelopen 40 jaar is het aantal toepassingen van vloeibare kristallen snel toegenomen: van liquid crystal displays (LCD’s) tot
adaptieve photonica (zoals optische filters, variabele optische versterkers, adaptieve ruimtelijke fase modulatie, en lenzen met instelbare focus),
biomedische visualisering en data opslag. De werking van al deze optoelektronische apparaten is gebaseerd op de gestuurde uitlijning van vloeibare kristallen en spannings-geı̈nduceerde oriëntatie verandering van moleculen. Begrip
van de uitlijning van vloeibare kristallen aan het grensvlak tussen vaste stof
en nematische vloeibare kristallen is daarom van groot belang voor moderne
technologie gebaseerd op vloeibare kristallen.
Deze thesis beschrijft een reeks studies met de volgende twee hoofddoelen:
1. Begrip van het uitlijnen van vloeibare kristallen op gegroefde oppervlakken, in het bijzonder: op welke wijze beı̈nvloeden oppervlakte chemie en
geometrie samen de uitlijning van vloeibare kristallen (Hoofdstuk 2).
2. Ontwikkeling van een nieuwe methode voor de uitlijning van vloeibare
kristallen voor toepassing in de industrie; gebaseerd op een volwassen
proces met een hoog productie volume: fotolithografie (Hoofdstukken 3,
4, 5 en 6)
In Hoofdstuk 2 wordt getoond hoe oppervlakken met een vergelijkbare
groef structuur, maar met verschillende chemie, vloeibare kristallen verschil97
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lend uitlijnen. Dit kan niet verklaard worden met het veel gebruikte Berreman
model. Daarom wordt in dit hoofdstuk een nieuw model gepresenteerd. Met
dit nieuwe model kunnen de resultaten uit dit hoofdstuk, en een aantal andere
onverklaarde resultaten uit de literatuur zeer goed verklaard worden. Om het
nieuwe model verder te testen is een nieuw experiment ontworpen, waarvan
de eerste voorlopige resultaten het nieuwe model ondersteunen.
Parallel aan het werk beschreven in Hoofdstuk 2, is een nieuwe uitlijningsmethode voor vloeibare kristallen ontwikkeld. Deze nieuwe methode is gebaseerd op fotolithografie op silaan monolagen op een ITO (Indium Tin Oxide)
oppervlak. De eerste stap van deze methode is een nieuwe reproduceerbare methode voor het groeien van uniforme monolagen van silaan moleculen,
beschreven in Hoofdstuk 3. Deze methode maakt, in tegenstelling tot conventionele methoden, het gebruik van watervrije oplosmiddelen en het werken
in een afgesloten omgeving (glovebox) overbodig. Voor het aanbrengen van
patronen in deze silaan monolagen, is een fotolithografische opstelling ontwikkeld, die ook beschreven wordt in dit hoofdstuk.
De experimentele methoden voor het samenstellen, het afsluiten en het
optisch-elektrisch karakteriseren van de schakelbare cellen met vloeibare kristallen (LC cellen), die nodig zijn voor het testen van de nieuwe uitlijningsmethode voor toepassing in de industrie, zijn beschreven in Hoofdstuk 4.
Na het voorbereidend werk, zijn LC cellen uitgelijnd aan een strepen patroon, voor het eerst bestudeerd in Hoofdstuk 5. Er is gekozen voor uitlijning
met een strepen patroon, omdat deze methode reeds onderzocht is door andere groepen. Overeenkomstig de resultaten van deze andere groepen, blijkt
dat LC cellen uitgelijnd met deze methode defecten vertonen. Een oplossing
voorgesteld in de literatuur is het gebruik van patronen met een periode kleiner dan een micrometer. De elektrisch-optische schakel experimenten uit dit
hoofdstuk laten echter zien dat dit geen goede oplossing is, omdat LC cellen
met een dergelijk fijn lijnenpatroon een schakeltijd van meer dan 40ms kunnen
hebben.
In Hoofdstuk 6, worden ruitpatronen onderzocht. LC cellen uitgelijnd op
oppervlakken waarop een ruitpatroon is aangebracht, vertonen geen uitlijningsdefecten en laten tevens beter elektrisch-optisch gedrag zien dan conventionele
twisted nematic LC cellen: lagere schakel spanning, hogere schakelsnelheid, en
geen stroming geı̈nduceerde dynamische overspraak tussen aanliggende schakel domeinen. De symmetrie van het patroon induceert een multi-stabiliteit

✐

✐
✐

✐

✐

✐

“maketexW9j0OWZWYj” — 2013/5/21 — 21:26 — page 99 — #109
✐

✐

Samenvatting

99

die intrinsiek is aan de methode en nieuwe wegen opent voor de ontwikkeling
en productie van diverse apparaten gebaseerd op vloeibare kristallen. Zoals:
multi-stabiele vloeibare kristallen (door het gebruik van in het vlak gelegen
elektrodes) en beeldschermen met een verstelbare kijkhoek (door het gebruik
van verticale elektrodes voor het afbeeldend systeem, en in het vlak gelegen
elektrodes voor het instellen van de kijkhoek).
Gebaseerd op het nieuwe model beschreven in Hoofdstuk 2 en de nieuwe
uitlijnings-methode uit de Hoofdstukken 3, 4, 5 en 6, is verder onderzoek
mogelijk. Een aantal suggesties voor verder onderzoek zijn:
Voor het verder testen van het nieuwe model beschreven in Hoofdstuk 2,
kunnen meer experimenten uitgevoerd worden om de voorspellingen voor type
1 oppervlakte materialen te valideren. Door gebruik te maken van dezelfde
reliëfdruk methode uit Hoofdstuk 2, kunnen groefpatronen met een periode
van 1µm en een diepte van 20nm gemaakt worden op uitlijnings-oppervlakken.
Door monolagen van verschillende silaan moleculen te groeien op de groefpatronen, kan de oppervlakte chemie worden veranderd, terwijl het groefpatroon
hetzelfde blijft. Volgens het nieuwe model zouden bij het gebruik van silaan
monolagen die een hoge mate van anisotropie geven in de grensvlakspanning
de uitlijning van de vloeibare kristallen planair en langs de groeven zijn. Bij
het gebruik van silaan monolagen die een lage mate van anisotropie geven in de
grensvlakspanning zou de uitlijning van de vloeibare kristallen niet beı̈nvloed
moeten worden door het groefpatroon.
Aanvullend aan de elementaire experimenten gerapporteerd in Hoofdstuk 6,
kunnen meer variaties in de oppervlakte chemie van oppervlakken met een ruitpatroon worden onderzocht. Omdat op de plek van de verwijderde monolaag
in de ruit opnieuw een monolaag gegroeid kan worden door de oppervlakken in
een andere silaan oplossing onder te dompelen, kunnen de planaire uitlijningsoppervlakken in de ruit chemisch gemodificeerd worden. Bijvoorbeeld: het
gebruik van silaan monolagen die een hoge mate van anisotropie geven in
de grensvlakspanning met de vloeibare kristallen zou kunnen leiden tot een
snellere relaxatie in cellen met vloeibare kristallen. Het gebruik van silaan
monolagen die een lage mate van anisotropie geven in de grensvlakspanning
met de vloeibare kristallen zou kunnen leiden tot een lagere schakel spanning
en een hogere contrast ratio bij een vaste spanning in cellen met vloeibare
kristallen.

✐

✐
✐

✐

✐

✐

“maketexW9j0OWZWYj” — 2013/5/21 — 21:26 — page 100 — #110
✐

✐

100

Samenvatting
Breder kijkend dan vloeibare kristallen, zouden de in dit werk beschreven
methoden voor het maken van chemisch gemodificeerde patronen op oppervlakken ingezet kunnen worden voor het sturen van de zelf-organisatie van
andere organische of biologische moleculen. Dit kan meer inzicht geven in
de mechanismen achter zelf-organisatie. De methoden zouden ook gebruikt
kunnen worden voor de fabricage van nieuwe moleculaire structuren met doelgericht ontworpen functies.
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