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Abstract

This thesis deals with the diffractive devices that can be realized with planar-nematic lignid
crystals. A large part of this work consists of computer calculations done for one, two and three-
dimensional models of liquid crystal devices like Twisted Nematic switches, blazed gratings
and lenses, respectively. The calculations are made not only to know how the molecules are
rearranged by the electric field applied, but also to know the phase modnlation of light and the
far-field image after propagation. Special interest has been put in two-dimensionat spatial phase
modulators like binary gratings and multilevel gratings. They can be reconfigured so that a
tunable hologram becomes available. To prove the validity of the calculations, prototypes have
been constructed and measured, giving a good agreement with the calculation. The results can
be easily extended to lenses or other three-dimensional phase modulators based on the same

configurations as the gratings.
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Introduction

Multiplexing of the optical beams of the fiber optics is a major issue in the telecommunication
systems nowadays. In the early days, the combination of fiber optics for long distance communi-
cation and the classical cable transmission for the connection with the end user allowed to convert
the optical signal into a electrical one by means of photo-detectors and then do the maultiplexing
of the signal electronically. Nevertheless, the connectioa between nodes by fiber optics requires
an optical to electrical and back 1o optical conversion of the signal making the systems heavy
since a new optical source is required. Electro-aptical switching can be one possible solution for
those systems.

Electro-optical transparent switches are switches for optical signals that do not make the
optical to electrical and back to optical conversion to allow the multiplexing of the signal. 1n
this domain, two solution are available. The most recent is 10 use micro-mirrors or deformable
refiective membranes resulting from the new advances in photolithographic processes. Several
version of these have been preseated. Binary micro-mirrors are electro-statically driven and are
actually nsed for recent projection devices. Reflective membranes with a matrix of electrodes to
perform deformation on the film are actually nsed in adaptive optics.

Another possibility is to use liguid crystal devices. The great advantage of these devices is
the low production cost. The technology actually required is well known and althoungh liguid
crystals mixtures are relatively expensive, the velume required is minimal. Electrical driving
requirements are also uncritical, with rms values below 5 V at 1kHz for square signals.

The present work concems planar-nematic liquid crystal devices. These devices are intended
to spatially modulate the phase retardation of a linearly polarized laser beam. This is dene
by modulatiog the orientation of the liquid crystal molecules so that the effective birefringeoce
is spatially modulated. The modulation is obtained through arrays of electrodes with a single
applied voltage in the case of binary and sinuscidal gratings, or a freely configurable set of
voltages for blazed gratings, lenses or reconfigurable holograms in general.

Special interest has been put on the modelization of those devices. Based on finite difference
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calenlation, a commercial software like LCDMaster allows to modelize the spatial rearrangement
of the ligquid crystal molecules by the presence of a complex electric ficld. With the resnlting ar-
rangement, matrix calculations allow to obtain the phase modnlation originated by the device.
Finally the propagation into the far-field of the modulated wavefront is calculated by means of
Fourier transforms.

The thesis has the following structure:

Chapter 1 is dedicated to the basic properties of liquid crystals that arc required to understand
how the devices work. This includes the different anisotropies, that is, dielectric anisotropy
for the reorientation through external electric fields, elastic anisotropy that resnlts in dif-
ferent kinds of rearrangement depending on the reorientation through the electric field and
also the birefringence which is responsible for the optical phase modulation.

Chapter 2 is a brief introdunction to the technology used for the fabrication of the devices and a
discussion of problems and alternative technigues proposed or developed.

Chapter 3 concems the model and software used for the simunlation of distorted nematic liquid
crystal media nnder the action of an external electric field. A commercial software (LCD-
Master') based on the Frank-Oseen model of liquid crystals and nsing finite differences to
perform the calenlations has been nsed all along to modelize the behavior of the devices to
be realized.

Chapter 4 discusses the calcnlation modeis used for the propagation of light in a birefringent
media. Jones matrix method is nsed since it can be proved that the propagation can be
considered straight althongh lateral refractive index gradients exist.

Chapter 5isentirely dedicated to binary gratings. Those are driven with a single voltage applied
to a comb-like electrode. This chapter discusses the limitations in the dimensions that can
be resolved through liquid crystal devices.

Chapter 6 continues with biazed gratings. These devices can be freely reconfigured, changing
cither the periodicity, i.e. number of electrodes per period, or the modulation depth. In ad-
dition, the possibility to extend the same designs tolenses or three-dimensional modulation
devices is discussed.

'LCBMaster is trademark of Shintech Ltd. Japan



Chapter 1

Properties of liquid crystals

1.1 Introduction

If something makes the liguid crystals so interesting, it is the very special properties. Fcw sub-
stances have such a combination of properties, and of such importance. Extremely thin layers,
in the yn range, can perform phase retardation of one wavelength and more. The molecules can
be recriented and moved like in a liquid but still torque and shear constraints take place, like in
a solid. The arrangement can be altered by external, low intensity forces, like those resulting
from magnetic or electric ficlds. Electric voltages in the range of 1 volt are sufficient, while
electro-optic modulators are several mm thick and require kilovolt stimulation.

1n this chapter, a brief review of the liquid crystal state of matter and the properties of nematic
liquid erystals will be presented.

1.2 Liquid crystals: phases and configurations

As the name clearly indicates, liquid crystals are compounds which show properties that are
assigned to the crystalline state of the matter, as well as properties corresponding to the liquid
state of the matter. This is not common in traditional materials, in which transition from solid to
liquid is clearly defined. Those componads are indeed not classical, but a result of the organic
chemistry anrd the aromatic groups. They do not show a steep transition from the solid to the
liguid state, hut intermediate phases. These mesomorphic (= intermediate) phases show the very
special properties liquid crystals are known for.

Liquid crystals are considered liquid, because the molecules can mave and reorient them-
selves within a confined space by means of external forces, for example. The specific shapes of

9



10 CHAPTER 1. PROPERTIES OF LIQUID CRYSTALS

the liquid crystal molecules results in a anisotropic viscous behavior.

Liquid crystals are considerod crystal-like because they show some degree of regular arrange-
ment. This order is not as rigorous and long range as the one in crystals, in the sense that there is
not a regular lattice defined. The different liquid crystal phases have different types and degrees
of order. Nematic liquid crystals have an orientatianal order, while they do not have positional
order. Smectics have a positional order, but restricted to layers. These are the main phases, but
other mesomorphic phases exist. Figure 1.1 shows a schematic view of the phases depending on
temperature for the commonly used thermo-tropic liguid crystals. While increasing the temper-
ature, the initially crystalline phase with long range order and static molecules, looses its rigid
structure. First the molecules gain some rotational mobility, then the long range order is lost and
only a layered arrangement is maintained. Finally, and just before the isotropic state, the nematic
phase has only an average orientational order.

nmwg;& fixed ) :‘:":m;r: Em:l::l&n:
unsble fo rotate f""*,i (R)
WA
LR RN
. Ay -
""—'T-I—— YRR

Figure 1.1: Positional and orieniational order in nematic and smecitic phases. (1]

Liquid crystal molecules have also specific shapes. The most comman is the cigar or rod-like
(calamitic) molecule, represented like a cigar in Fig. 1.2, with the long axis as symmetry axis.
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But the molecules are not rigid, and therefore the resulting macroscopic properties are averaged
values. They result in uniaxial characteristics, i.e. £, and g for the dielectric anisotropy, or #,
and n, for the optical anisotropy.

1.3 Properties of the nematic liquid crystals

The most commonly used phase of liquid crystals for applications is the nematic phase. As shown
in Fig. 1.2, there is no short range positional nor orientational order of the calamitic {cigar-like)
molecules. Nevertheless, a long-range orientational order exists, which is represcoted by an
unitary vector n, called director, also shown in Fig. 1.2. The crientation of the director is an
average of the criemation of the molecules. For simplicity, the director is used as a macroscopic
reference for the molecules. The anisotropic properties of the molecules are referred to the
director, typically as parallel or perpendicular to it.

Oirector b

- Long Range Orlentational
COrdering of the Molecutes

No Postiions] Ordering
of the Molecules

Figure 1.2: Nematic phase. The orientation of the calamitic-shaped molecules is represenied by
the direcror n. [1] '

1.3.1 Elastic properties

As mentioned before, the liquid crystal is viscous and therefore sensitive to torque or sheer.
In addition, the specific shape of the molecules makes the behavior of the liquid crystal very
sensitive to the direction of the constraint. According to the molecular model established by
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Oseen and reviewed by several authors, the general expression of the elastic free energy density
is [2]

fo=K-(¥V-n)—Ky-(n-¥xn)
! 2, ] 2, 1.
+§I{|| (¥ -n)"+ 51{22 . [l'] (v l'l)] + Elﬁ:m : [n x (V x l'l)]

—K.g-[n-(V>cn)]-(V-n]—%(Ix'gg—lx’u)-v-[nxVxn+n-(V-n)}

+K5 V[0 (V )] = Ky V- {n-[n-(V-n)]}, (1.1

where V is the Nabla vector, n the director and the different i; and K, the elastic constants,
The constants noted I, have the dimension of a force [N] except the K type like X, and K,
which have the dimension [N/m] of a foree per unit iength, since they are related to the surface
and not the volume. Equation (1.1) is the general formulation for liquid crystals, which does not
yet take the specific properties of the nematics into account. Non-poiarity, enantiomeorphism or
symmetry considerations reduce the number of the elastic constants involved. Also, several of
the constants are surface-related and do not concern the elastic energy of the bulk. As a result of
these considerations, the final result for the nematic elastic energy density of the bulk becomes
2]

f= % {1\’“ (divn) + Ky - [n - (rotn) + g}’ + K33 -[n x (rotn)]2} . (1.2)

where gy = —K3/ Ky, is the pitch (length required for an helix to tum 360°) of the cholesteric
configuration, which result when chiral dopants are added to the nematic liquid crystal.

1.3.2 Dielectric properties

The electro-chemical bounding of two different atoms results in a electric dipole, due to the
different electro-negativity of the atoms. A complex molecule, such as the ones that become
mesogens, can be regarded as a system of dipoles, with a global dipole resulting from the contri-
butions of the discrete dipoles. Also, complex molecules do not have a rigid structure and their
configuration can change in time, resulting in a rearrangement of the dipoles and the resulting
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global dipole. The dielectric properties of the media results from an average of these properties.

The cffect of re-orientation by means of an external etectric field in the nematic liquid crystal
molecules is the result of the dielectric anisotropy of the material. The electric energy density [
of the media resulting from the interaction of the electric field vector E and the dielectric tensor
€, 1s given by

fr=D -E=(¢-E})-E, (1.3)

where D is the electric displacement. The calamitic shape of the molecules reduces the dielcetric

tensor to

£ 0 0
0 g, 0 (1.4)
0 0 E"

with &) and ¢, the parallel and perpendicnlar components with respect to the director n. Finally,
the dielectric anisotropy is obtained by the difference

QE=E||—£L. (]‘5)

This value is nsually positive for calamitic liquid crystals, Ae > (), which result in an alignment
of the director n (long axis) parallel to the applied electric ficld E. Perpendicular alignment
to the electric field occurs for negative anisotropy, which is the case for molecules with strong
lateral dipolc moments.

The dielectric anisotropy changes with the frequency of the electric signal. For static or quasi-
static fields they have consiant values, but with increasing frequency the values of the dielectric
constants drop in certain frequency ranges. It is also possible that the sign of the anisotropy
changes, as shown in Fig. 1.3.

13.3 Optical properties

The propagation of light is modified by the properties of media. An electro-magnetic wavce is
slowed down by the media, compared with the same wave propagating in vacnum. The wave

equation
2

vaE—ﬁl'ﬂu'E'Eu'
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e,m———\"a
€ -

(A
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log o

Figure 1.3 Schematic frequency response of the dielectric constants £ and £, parallel and
perpendicular with respect to the director n. For siatic and quasi-static electric signals, the
anisotropy is maintained, but sign reversal can occur for higher frequencies.

in an anisotropic medium has planc wave as solutions with the phase velocity

R T3
= cfn Ve (1.7)

where ¢ = \/Jig - £¢ is the speed of light in vacuum and 7 = /u € is the index of refraction of
the medium. With the assumption ¢ = 1 for non-magnetic media, the refractive index is in fact
the square root of the dielectric permeability € at the frequency of the clectromagnetic wave.

In a anisotropic media, the sitnation changes. The medium is not defined by a single scalar
dielectric constant, but by a tensor, which can be represented in diagonal form

£y 0 0
e=|0 e 0]. (1.8)
0 0 £a

The comresponding quadratic form in space can be rewriticn as

, . L ot 2 2?
e.-:r:‘+52-y‘+53-z‘=—5+y +==1 1.9

"2 2
noony

which is known as the index ellipsoid with the major axes 7, 2, and 2,. Calamitic liquid crys-
tals have one axis of rotatioral symmetry and are thus in the catepory of uniaxial optical bire-
fringerce. The corrcsponding index ellipsoid is also of rotational symmetry with the mayor axis
) = ity = 7, and 1y = n,, where n,, and n,. are known as the ordinary and extraordinary index
of refraction. For any given wave-vector k, one finds two plane wave solutions, with orthogonal
linear polarizations, which propagate with different phase velocitics. The corresponding index
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of refraction are u, for the ordinary polarization and
ty ' Mg

Ttﬂff (9) = = =
Viid - cos 0)F + 2 - sin ()}

for the extraordinary polarization, where @ is the angle between the wave-vector k and the optical
axis z. Figure 1.4 shows the ellipsoid and the wave vector together with the solutions for bath

(1.10)

waves (D).

Figure 1.4: Index ellipsoid for uniaxial birefringent media. k is the wave-vector, z is the optical
axis and D, and D, are the electric displacement vectors for the two eigen-polarizations. In the
case of nematic liquid crysials, the optical axis = is parallel to the director n.

The accumulated phase difference A¢ throngh a liquid crystal becames then
Dp=kedonegp—k-d-n,=k d- An, (1.11)

where k = 2w /X is the wavenumber, « the thickness of the liquid crystal and An = n.;7 — 1,
the birefringence. The phase retardation Ay s the main optical value to be considered in liguid
crystal devices.

Wavelength dependence of the refractive Index (dispersion)

The refractive index dispersion model is derived from quantum mechanical theory, and concerns
the malecnlar polarizability at the cansidered wavelengths. According to Wu [3, 4], the polariz-
ability of nematics is related to the oscillator strength relative to the main axes. The single band
model results in o
AT — AR
where G represents different molecular properties (density, oscillator strength...) at the mean
resanance wavelength Ag. Both constants (G and A;) are calcnlated from empirical values of
n. Since Ay is usually in the UV, Eq. (1.12) can be simplilied to the Canchy formula (1.13) for

=G (1.12)
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visible wavelengths {A > Jg),

1J=G-,\§-[]+(%) -{-('):\-9-) + ..

Equation {1.12) is not valid in the vicinity of the molecular vibeational bands, but these occur for

B C
=A+:\‘2-+F+.... (1.13)

wavelengths longer than 3 pvn typically (3],

The index for the common IR wavelengths used in fiber optic applications, 800 nm, 1300nm
and 1550 nm, can be extrapolated after measurements done in the visible spectrum, needed to
determine the three coefficients A, B and C for the ordinary and extraordinary index. This is
valid as long as the wavelength are not close to resonance frequencies. In Fig. 1.5z the resulting
dispersions of the ordinary and extraordinary refractive index of a nematic liquid crystal (BL0O06
by Merck) are shown. Figure 1.5b shows the resulting birefringence

An (A} =1, (A) ~ 1, (A). (1.14)

034 ———
19
033
_LEs
g 0.32|
g8
a an
d175
k| 0.3
o 1.7
8 S029
gl.ﬁi =
0.28
16
R | 0.27
135 Rt s
400 450 500 550 600 650 700 750 026300 450 50050 600 650 700 750
Waveleppih (nm) ‘Wavclength (nm)
(&) {b}

Figure 1.5: Dispersion af BLOOG (Merck) using Eq. (1.13) from 3 measured values. a) refractive
index, b) resulting birefringence.

The current applications of liquid crystals such as displays, are not monochromatic but cover
the whole visiblc spectra. The optical function of such devices reguire typically a specific phase
retardation calculated from Eq. (1.11). But the optimization is only possible for one wavelength,
since the phase shift for the visible wavclengths is not constant but follows the dispersion relation
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_g—f:(%(?w-d-%) N%. (1.15)
This means that the variation on the retardation is more important for longer wavelengths. Op-
timizing a LC display requires correction of this dispersion using birefringent foils, double cells
and other techuiques.

Another aspect to consider is the temperature sensitivity of the refractive indices. Figure
1.6 shows the decay of the birefringence with increasing temperature. This will in turn strongly
change the performance of the device that will not be optimal anymore. Note that the birefrin-
gence is zero when the temperature reaches the point of the nematic to isoropic phase transfor-

mation.
1.9 T T T T
rlll
€
S18f -
Q
g
B
€ 1.7k .
k]
x Mo
H =
216F g -
= - —
1.5 1 L 1 1
00 110 120 130 140 150
Temperetura (°C)
Figure 1.6: Temperature dependence of the refractive indices.
Summary

Three fundamental properties are of importance for the realization of liquid crystal devices:

1. Visco-elastic behavior. By means of the three main elastic constants (/) Ky V), the
liquid crystal can recover from an externally induced stress to an original equilibrium ar-
rangement. The clastic free energy that allows this recovering is calculated after

f= {I\’” Adivn) + Kyy - [0 (rotm) + go]° 4+ Ky - [n x (rot n)]z}.

L=
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2. Dielectric anisotropy. This macroscopic property allows to rearrange the molecules by

means of an externat electric field. The electric free energy is calculated after
fe=D-E=(¢-E)-E,

with the tensor £ and the resulting anisotropy ¢ =¢) — €.

. Birefringence. The polarization of light is modified by the refractive index anisotropy

An = n.4p — 1,, where the effective extraordinary index

T, " T,

\/n'f, -sin (8)° 4+ n2 - cos (8)°

ness (0} =

dcpends on the orientation of the liquid crystal respectively to the wave vector

. Index dispersion. The refractive index is related to the wavelength and the dispersion can

often (not in the vicinity of resonance frequencies) be approximated by the Cauchy formuta

Bo,[-

32 + ...

T ¢ Ay +




Chapter 2

Technological improvements for liquid
crystal devices

2.1 Introdnction

In this chapter, technalogical improvements developed for liquid crystal display (LCD) appli-
cations are presented. Current LCD's are based on nematic liquid crystals with different con-
figurations depending on the properties desired for the device. Figure 2.1 shows the different
components of a generic twisted nematic deviee. The nematic liquid crystal layer is sandwiched
between two glass substrates with a thin transparent and conductive layer of Indium-Tin-Oxide
(ITO). This layer will serve as electrodes after being structured to the desired pattern. The layer
is covered with a protective S1(), layer and over this layer, a layer of polyimide is spin-coated.
The polyimide layer is rubbed with a velour roll in a specific direction so that the liquid crystal
molecules are strongly anchored along this direction. The layers in the upper and lower substrate
are rubbed in different directions to obtain an angle, between these two directions, below 90°
in the case of the twisted nematic {TIN} devices or in a range between 180¢ and 270° for super-
twisted nematic (STN) devices. Between the two orientations of the molecules determined by
the rubbing of the polyimide layer, the nematic molecules arrange themselves to form a helix,
structure which minimizes the clastic encrgy of the system. The pitch of the helix 15, in the case
of STN devices, dectermined with a chiral dopant together with the alignment directions. The
last element in the cell is the spacer. The optical function is directly related to the thickness and
therefare small spherical spacers are randomly distributed between both substrates. The atmo-
spheric pressure and an adhesive frame in the borders of the cell maintains the elements together
at the thickness of the spacers.

19



20CHAPTER 2. TECHNOLOGICAL IMPROVEMENTS FOR LIQUID CRYSTAL DEVICES

The improvements made concern the fabrication as well as the optical performance of liquid
crystal devices. High resolntion structures, with a geometrical size similar to the size of the
spacers, are perturbed by the presence of these spacers within the active zone, A new technology
has been developed to define the thickness and reduce the variations ever the whele area. Also
mechanical stability has been improved.

‘_‘“'—| [Glass substrate

N T — \“‘| ITO layer |

{ = - Cieicom]
— Ef*””@
T | [si0s ey

Figure 2.1: Layers composing a liquid crystal device.
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2.2 Fabrication of ligunid crystal devices

In this section, the fundamental components and steps in the fabrication of a lignid crystal device
are reviewed. As explained in the introduction and with Fig. 2.1, the devices are mainly a stack
of different layers with different function each. The classical techatques are presented together

with the improvements made for specific applications.

2.2.1 Glass substrates and conductive layer

The first elcment of the stack represented in Fig. 2.1 is the snbstrate. High quality glass is nsed,
covered with a conductive and transparent or reflective layer. The glass substrate is several hun-
dreds of micrometers thick, and the conductive layer typically 25 nm thick for a resistivity of
50 $/ square. This layer is vsnally already deposited by the glass supplier, reaching high unifor-
mity and accuracy in both electric and transmissive properties. The conductive layer is made of a
Indium Tin Oxide (ITO). The oxygen content is very important for both the conductivity (higher
for lower concentration) and the transmission (higher for higher concentration). Between this
conductive layer and the glass substrate, a 5i(3, layer is present for protection purposes. The
refractive index of the ITO layer has a value around 1.7 but is variable, depending on the final
composition of the ITO layer.
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The electrodes or segments are etched into this layer using photolithographic processes. The
conductive layer is covered with photo-resist which will be structured with the desired pahern.
The ITO will then be etched either in an acid bath or in a plasma chamber, depending on the
feature size of the pattern. In the prn range, plasma etch is preferred, because of its controlled
directicnality, although the photo-resist must be thick enough to support the attack. For feature
sizes larger than 10 g, wet etch is preferred, even if the acid attacks also the ITO under the
photo-resist mask,

The glass thickness, and thus its weight, is preferred to be as small as possible. Thin glass
plates are highly deformable. This causes the device to be mechanically unstable, with locally
varying thickness and sensitivity to external stresses, resulting in reduced optical performance.
A typical thickness for small displays is 0.3 mm.

2.2.2 Alignment layer

The alignment layer is a component with several functions in the device.

1. As thin dielectric layer, it isolates the molecules from the structured electrode. The edges
of the electrodes create very strong electric fields locally, that can result in electro-chemical
decomposition of the molecules. The thin layer smoothes the electric field and reduces the
effect of fringing fields.

2. As alignment layer, it assures the anchoring of the molecules at the interface. This an-
choring determines the orientation (azimuth angle) and the inclination (polar angle) of the
molecules at the boundaries. This will determine the relaxed configuration of the liquid
crystal together with the characteristics of the specific phase or configuration (nematic,
twisted-nematic, smectic).

Several alignment techniques and materials are available. The easiest way is not to nse any
additional layer and to rub directly the glass substrate. This is clearly the less secure method,
very sensitive to any irregularity and not reliable in the long term. Another method nsed before
the appearance of polyimides, is the oblique evaporation of SiC [5]. The pre-tilt angle is then
fixed controlling the incidence angle of the substrate relatively to the source.

Nowadays, the common technique is to use polyimide layers. They are very reliable and
easy to integrate into ¢clean room processes. The polyimide is typically spin-coated ar printed,
depending on the thickness, over the desired surface and a thermal polymerization cycle follows.
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Finally, the substrate is mechanically rubbed with velour to detcrmine the direction of the align-
ment, as illustrated in Fig. 2.2, The pre-tilt angle is mainly fixed by the material itself, but some
adjusting, specialty through rubbing speed, is possible during the process.

[ Velour cylinder] | } ‘ shadowed,

[unrubbed zone
RN | [ [potymide] |mho_Tolec_Te.J
elec dc director n

1 ~,

:_—aw

Figure 2.2: Alignment sense and direction determination by means of mechanical rubbing of
the alignment layer. The pre-1ilt angle depends on the polymer, but also on the rubbing process
(sense, speed),

New photo-sensitive polyimides are used to determine the alignment direction and pre-tilt
anple. Mechanical rubbing is source of defects, like the white lines that appear along the elec-
trodes shown in Fig. 2.5a, due to the shadowing effect in the presence of large polyimide steps
Hllustrated in Fig. 2.2 or to dirt from the velour roll or other sources. In the case of photo-sensitive
polyimides, the alignment is a result of molecular re-arrangement in the polymer layer by lincarly
polarized UV exposure. The pre-tilt angle is then determined by the angle of incidence of the UV
light. The main intercst of this technology [6, 7), together with the cleanness, is the possibility to
create patterns of different alignment over a single substrate, making several exposures through
different masks. For example, a pixel of a twisted nematic (TN) display can be divided in 4
sub-pixels with different alignment directions, and the angular dependence is highly improved
[B). This was already done with classical polyimides, but it required to cover the polyimide with
photo-resist, structure it, rub and remove the photo-resist for each new desired rubbing direction
[9. 10]. And finally, micro-grooves can be engraved into the polyimide using laser or e-beam

().

Pre-tilt angle

The pre-tilt angle is the angle between the substrate and the director of the anchored molecule, as
shown in Fig. 2.2, For planar alignment, the valnes are typically betwecn 1° and 15°, depending
on the application and the structure desired. Nematic (N) and twisted-nematic (TN) devices
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nsnally require low pre-tilt values, which give steeper response to the external electric fields.
Figure 2.3 is a simulation of the electro-optical response depending on the pre-tilt angle. The
director in the central layer (d/2) has a steeper response at the threshold voltage for very low
pre-tilt values. This threshold is not clearly defined in the case of large pre-tilt valnes (dotted
lineg). Super-twisted-nematic devices, which already have a steep response 1o the electric Aelds
through the strong twist, require larger pre-tilt angles for larger twist, essentially to maintain the
desired twisted configuration,

The interest of a non-zero pre-tilt angle comes from the fact that it renders the system asym-
metric for twisted structures. In a twisted-nematic cell, with a pre-tilt angle of 0°, the twist
could be clockwise or counterclockwise. With the presence of a pre-tilt angle, there is a sense of

rotation with less energy than for the other.

20 — — e
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Figure 2.3: Influence of the pre-tilt angle in the nematic arrangement. The liquid crystal response
(far N and TN) is steeper when the pre-tilt angle is very small, which results in a well-defined
threshold valtage.

2.2.3 Assembling

Two substrates, each one with a specific electrode pattern, are assembled face to face. To keep
a fixed distance between these substrates, calibrated spacers are used. Those are either spheres
or cylinders, and are randomly spread over the surface, Thank to the refractive index difference
between ITO and glass, the structured patterns of the ITO layer are recognizable and vsed as
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alignment marks for the top and bottom substrate. Finally, both subsirates are glued together
leaving a small aperture for vacuum filling.

The presence of the spacers reduces the optical performance of the liquid crystal device [12].
It is possible to solve this problem for some applications using thick glass, several mm thick, and
placing the spacers only at the corners of the subsirate, outside the active zone. Another approach
is to strategically place the spacers in zones where it does not change the optical funetion, for
example between two pixels, as shown in Fig. 2.4, This ean be done in reflective, active devices
as part of the transistor fabrication in the Si subsirate.

L L 1 .‘(_\
Active

Surface Grown-up

spacers
e ®

Figure 2.4: Strategic placement of spacers. Reflective-Active-Matrix displays in Si-technology
use grown columns of Si as spacers.

2.2.4 Filling

Filling with nematies ean casily be performed by eapillar attraction, because the typical thickness
of the devices are in the 5 to 10 yon range. This technique is not very reliable, compared with
vacuum filling. Vacuum filling has the major advantage to remove the air solved in the liquid
crystal. Air bubbles in the device are sources of disclinations and optically inactive spots within
the active zone. After filling, the cell must be sealed. But as a result of the elastieity of glass
and the glue put only at the border of the glass plate, the cell is over-filled and must be flattened
by removing the excess of liquid crystal. When finally sealed, the external pressure assures the
contact of both subsirates with the spacers.

The cholesteric texture is very viscous, and common vacuum filling requires a long time {0
completc. Higher vacuum is not recommended, since some components of the LC mixture could
evaporate. Higher temperature might be & solution, but it must not be forgotten that the cell
must be heated too by contact, siace it is in vacuum, otherwise the cold cell makes the heating
of the LC useless. The temperature is also limited by the evaporation of the components in the
LC mixture, Finally, the process can be aceelerated by combining vacuum followed by high

pressure,
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2.3.1 Photo-resist spacers and ribs

A first possibility to overcome the problem of the presence of spacers in the active zone is to
use photo-resist to fabricate discrete spacers on the substrate, following the principle shown
in Fig. 2.4. The advantage of doing so is the control over the distribution and density of the
spacers, minimizing the perturbing effects on the liquid crystal phase. 1n order to minimize
the effect of the presence of spacers in the active zone, a regular pattern of polymer columns
can be fabricated using photo-resist and 4 mask with the required pattern. To make it simple,
this columns are not aligned with the electrode pattern, but this is uncritical in low resolution
devices. The size and density of the dots in the mask is related to the pressure the cell must
support, but clearly below the classical random spread spheres. Experience has shown that the
density can be quite low (diameter = 20 pur, period = 10 mm) and thus the effect on the optical
function js strongly reduced. Additionally, the photo-resist adheres to both substrates improving
the mechanical reliability and the thickness control. The ecll cannot inflate when filled through
vacuum technique, as discussed before,

A second use of this technology has been investigated. Together with the spacer function,
the photo-resist can also serve as a barrier. Using specific designs, it is possible to reserve
different zones for different liquid crystals within the same plane. The advantage of this process
is multiple. First the spacers are out of the active zone and do not perturb the optical functionality
of the liquid crystal. Second, the mechanical rigidity of the whole cell is improved and the device
is less sensitive to external stresses. This is very important for other liquid crystal textures, such
as the cholesteric texture {14] or ferroelectric liquid crystals [15, 16]. Finally, the use of different
liquid crystals can solve some of the negative aspects of the liquid crystals, such as angular
dependence. Also different functions could be implemented within the same plane, for example,
different colors. This example is discussed later.

Self-Alignment !

The use of an additional mask for the creation of the spacers is usually not welcome in pro-
duction lines, because it adds an additional step. 1n eddition, the alignment of the mask with the
existing pattern is critical. Thus, methods of self-alignment are desired for any photolithographic
processes.

The principle of self alignment is simple. The idea is to use the structures of a previous
step of the fabrication cycle as mask for the folfowing step. Figure 2.6 shows an example of

1For this technology, patents are pending in favor of ASULAB 8. A,
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Figure 2.6: Self-alignment procedure.

self-alignment used for liquid crystal arrays. The process is as follows:

1. Positive photo-resist is spin-coated over the ITO surface of the substrate.

2. The electrode pattern mask (positive pattern) is used for structuration of the
photo-resist by UV-exposure.

3. The exposed photo-resist is removed with the corresponding solvents,

4, The ITO layer is wet-etched.

5. Negative photo-resist is spin-coated over the remaining positive photo-resist.

6. In order to use the positive photo-resist as mask, the substrate is UV-exposed from
the opposite face of the substrate.

7. Not exposed negative photo-resist is removed together with the remaining positive
photo-resist.

£, After spin-coating the alignment layers, the two substrates are aligned and
assembled by heat in vacuum

Using this process, only the negative photo-resist ribs remain exactly between the structured
electrodes. The ribs made of negative photo-resist can be higher than the positive photo-resist
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layer as presented in Fig. 2.6. The process requires chemical compatibility of the different photo-
resists and solvents, which is not obvious. This problem disappears when reflective displays ate
considered. Beginning with the metallized layer, the process is slightly modified after step 4:

5. The alignment polymer is spin-coated over the etched metallic layer, processed
and conveniently rubbed.

6. The negative photo-resist is spin-coated and processed.

7. UV-exposure through the opposite face, The metallic electrodes serve as mask.
8. Removal of the not exposed negative photo-resist.

From the technological point of view, reflective devices have important advantages. First,
there is no mix of positive and negative photo-resist. The negative photo-resist required for
transmissive cells is not common and requires fine tuning of the UV-exposure time. Second,
the alipnment layer is spin-coated over a flat surface. For the transmissive cell, it can enly bhe
spin-coatcd after ribs construction. The uniformity of such a layer has been investigated [17]
and it appears to be inappropriate. Finally, reflective LC-devices require half the thickness of
transmissive devices, thus reducing the switching time 7 by a factor of 4 (7 o d”). Nevertheless,
the choice of a transmissive or a reflective depends on the application.

The final step for the cell construction is assembling. The counter-clectrode substrate is put
over the substrate with the cibs. After alignment, the cell is put in a plastic bag which is in turn
evacuated, so that the atmospheric pressure assures contact of all the surfaces of the ribs with the
other substrate. 1f the photo-resist of the ribs has not been completely dried during the previous
steps, a thermal cycle below the melting temperature [18] can assure an adhesive contact of all the
ribs on the second substrate. No further gluing is required. The assembly resists to peeling-off.

One of the drawbacks of this technigue is the presence of four boundaries compared to the
two boundaries defined by the upper and lower substrate and the rubbed polyimide (see Fig. 2.1).
Those boundaries determine the relaxed state of the liquid crystal phase. Now, four boundaries
represent a new arrangement. Additionally, the above described process does not determine
uniquely a preferential anchoring on the lateral walls generated by the photo-resist ribs.

With the help of LCDMaster, a finite element simulation software that will be presented in
the following chapter, it is possible te mode! the effect of an additional anchoring boundary on
the lateral wall. Figure 2.7 shows the possible effect of a lateral boundary in a nematic cell.
Without any applied voltage, the planar director distribution is perturbed by the lateral boundary.
The width of this altered zone is related to the liquid crystal properties and the thickness of the
cell.

Figure 2.8a clearly presents the advantages of solid ribs compared to a free inter-electrode
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illustrated in Fig. 2.9a, where the cholesteric helix is complete between the two boundaries.
When the switch on signal is applied, the phase first becomes homeotropic and then relaxes to a
stable state which is not in the Bragg region. Finally, when switched off, the helical structurc is
recovered but in a fragmented manner, shown in Fig. 2.9¢. The pitch is maintained and thus the
reflection window (Fig. (2.109), but the aspect is more diffuse that the original. This device is
bistable, i.e., the two selected states are stable even without any applied field, but both require a
specific signal to be changed.

Application: multi-lignid-crystal cells with ribs

An application of the photo-resist ribs is to create different closed zones that can be filled sep-
arately with different liquid crystals. ln the present example, the goal is to fill the cell with
cholesteric liquid crystal. The interest of chelesteric liquid crystals is that they reflect circular
polarized light at the wavelength which matches the pitch of the cholesteric structure in the me-
dia. An effective cholesteric reflector needs to bave a thickness of more than 10 times the piich
of the helix. Higher number of pericds improve the selectivity and steepness of the reflective
mirror. Practically it can be described as a Bragg reflector.

Figure 2,10 shows the result of a calculation using the 4x4 method implemented in LCDMas-
ter, described in chapter 3. The spectral width of the reflection is delimited by the helical pitch
and the ordinary and extra-ordinary refractive index, i.e.

pitch - n, < A < piteh - n,. 2.1}

Cﬁmhining different liquid crystals with different chirality, it is possible to adjust the central
wavelength and the width of the reflection window. This selution would be more efficient and
simple to fabricate than the nsnal grey-level switch with additional color filter. Combining the
color capabilities of cholesterics with the ribs technology, it is possible to combine the primary
colors in a single layer. Figure 2.11 shows a basic concept for a bicolor liguid crystal cell. Two
isolated zones are created by the photo-resist ribs. Each one can be filled with different liguid
crystals for the different colors.

Another interesting aspect of the ribs technology applied to the cholesteric texture is the
mechanical stability. The different configuration in a cholesteric switch are extremely sensitive
to external stress, In fact, some configurations simply disappear when the display is pressed. The
interest of the ribs comes from its resistance to external stress. Each column is physically isolated
from the neighbors and, even if one column of cholesteric may loose its configuration, there is no
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Figure 2.10: Reflection of a cholesteric structure. (LC: ZLI-2293, pitch = 350 nm, thickness =
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Figure 2.11: Bi-color liquid crystal cell. The photo-resist ribs serve both as spacer and as barrier
between the two liquid crystols.

propagation of this destruction. Additionally, each column of LC being very thin, the required
force is much higher than for a display using classical technology. Finally, the cholesteric switch
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is bistable, i. c. oncc one state has been selected, the driving signal can be removed and the

state is maintained. This is interesting, since it does not require constant refreshing of the display

patiern.

24 Summary

The technological improvements realized, which lead also to patent publications, are the follow-

ing;

1.

The randomly distributed spacers have been removed. As a result, the liquid crystal phase
is not perturbed in the active zone and the predefined operating configuration, such as
twisted or super-twisted nematic, is obtained. The whole active area is thus functional.
Therefore, the optical performance are only limited by the configuration itself,

. The thickness is controlled by a photo-resist structure. The spacers have been replaced by

photo-resist which is placed in the dead space of the electrodes. The active area is free of
any other element than the liquid crystal. Nevertheless, the presence of a new boundary,
the photo-resist wall, has an effect on the configuration of the liquid crystal along this
boundary.

. Resistance to exiernal stress has been increased. The arca occupied by the photo-resist

structure is much more impaortant than the ane covered by the spacers. The resistance to
external stress is enforced. In addition, the presence of walls also reduce the possibility of
flow of the liquid crystal when the device is pressed. This is of great intcrest for cholesteric
or ferroelectric devices, which depend on the structure of the liquid crystal in the device.

. Polymer-stabilized cholesteric mixtures have been developed. The adjunction of a small

quantity of polymer has two main positive effects. First, the mixture is morc stablc. Sec-
ond, the presence of the polymerized web reduces the disturbing effect of the photo-resist
walls.

. Different isolated domains are available. They allow the use of different liquid crystals in

the samc layer.
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Chapter 3

Reorientation of nematics under external
fields

3.1 Introduction

A lignid crystal display is from the physical point of view a quite complex system. Several spe-
cific properties are involved in the description of the interaction between the liguid crystal and
the external elements. Those are, apart from the liquid crystal itself: a) the physical boundaries,
that determine the relaxed state of the liquid crystal, b} the external electric or magnetic field,
which modifies the spatial orientation of the molecules by interaction with the anisotropic prop-
erties of the liquid crystal, and ¢) the birefringence, which is modulated by the spatial orientation
of the molecules and changes the polarization of the transmitted light.

A macroscopic model is proposed, that describes the energy density of the liquid crystal
bulk. An equilibrinm of three forces, originated by the elastic properties of the liquid crystal, the
electric or magnetic energy from the interaction of the LC with an external field, and the specific
conditions imposed by the boundaries, is obtained when the total energy density is minimized.
The bulk energy is calcnlated after the Frank-Oseen moedel, which is a vectorial model. Other
approaches are possible, such as the Monte-Carlo algorithm [19] or the Q-tensor representation
(20,21}

This chapter introduces a macroscopic model for liquid crystals and for the calcnlation of
cxternally distorted distributions of the nematic liquid crystal. Some special cases, which allow
analytic solutions, will be presented. Finally, the LCDMaster [22]} implementation, using a finite
element approach, is described.

35
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3.2 Description of the device

Except for hybrid constructions, i.e. micro-structures and liquid crystal [23, 24, 25] and the mote
complex structure of polymer-dispersed liquid crystals [26, 27, 28, 29], liquid crystal devices can
be described by the simple arrangement shown in Fig. 3.1. Glass substrates with a thin conduc-
tive layer of Indium and Tin Oxide (ITO) are covered with a polymer layer that is mechanically
rubbced. The liquid crysta) is confined between two of these substrates and oriented by the bound-
aries along the rubbing direction. Additionally, the spacing between the two snbstrates is kept
constant with spacer balls or fibers of defined diameter. Practically, the device model is simpli-
fied as follows. The glass substrate is ignored, since it does not medify the clectric distribution
in the bulk. The electrodes arc supposed perfectly conductive, that is, no voltage gradients in the
electrode. The dielectric layer modifies the electric field by means of the dielectric constant. The
liquid crystal layer itself is reduced to the boundary layers and the bulk. Since strong anchoring
will be assumed, the bonndary layers have no degree of freedom, only the directors in the bolk

are allowed to change orientation.

Liquid Crystal -—¥/ Glass Substrate

Polymer —2 - ITO Electrode

Figure 3.1: Scheme af a liquid crystal device. The dash-dotted lines represent the limit of the cell
model used for the calculation.

3.3 Description of the contributions to the total energy

As seen from the description of the device, different contributions mnst be taken into account
when dealing with liquid crystal devices. Not only the liquid crystal itself, but also the electric
ficld and the effect of dielectric layers {polyimide, glass) are important. The different contribu-
tions to the energy are

F.sy.m'm = F;'lnsh‘c + Fefcc!rir. + }:‘bmmdnrics + Fkinrfic + Fl" (3'])
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The elastic energy Fetasne of the stressed liquid crystal, the electric energy Fojeqric from the
electric field in the liquid crystal bulk resulting from the voltage applied to the ITO electrodes,
the anchoring energy Fyoundaries at the liquid crystal - polymer interface, and the rotational cnergy
Flinetic during transitions between two stable states. Other contributions F;, such as fiexo-electric
phenomena or flow in the cell are neglected, since we are mainly interested in the final, stable
states. Note that orientational variations are taken into account by Fiinerie, but not positional
variations. The following paragraphs will discuss these diffcrent contributions.

3.3.1 Free energy of the distorted nematic liquid crystal bulk

The most commonly used modcl for the description of nematic distorted liquid crystal configura-
tions is a macroscopic model [5, 30, 2]. The model assumes that the system is a weakly distorted
continnous and anisotropic medivm. This can be admitted considering that the thickness « of
the deviee is in the i range, typically 5 um, while the longest dimension a of a liquid crystal
molecule would be in the nm range. Since a/d < 1, the local optical properties are those of a
uniaxial crystal with an extraordinary and ordinary refractive index 7, and »,, respectively. Thus,
the liguid crystat molecule is described by a vector n (r), called director, which gives the orien-
tation n of the long axis of the rod-like (calamitic) molecules considered here, at any position r
within the considered volume. The director is a unitary vector that represents the orientation of
the moleeulcs, and thus the states —n and +n are equivalent.

When one molecule changes its position relative to its neighbor molecules, the energy of
the system is changed. The macroscopic model considers that the neighbor molecules exert an
elastic force against the deformation. This amount of energy, given as energy density, is [5]

fo= % {.K,, (div rl)2 + Ky (n-rotn+ qg]2 + K33 (n x rot n]"‘} 32)
PR
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Figure 3.2: Schematic description of the stress required for pure bend, twist and splay deforma-
tion.

Equation (3.2) is the simplified formula of the Frank-Oseen model as already discussed in
Eqg. (i.2). This is the simplest formulation, with only three elastic contributions, 1t concerns
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only the bulk of the liquid crystal and neglects other coefficients, specially surface contributions.
Three different contributions are considered: pure splay, characterized by the elastic constant
XK\1, pure twist characterized by K,y end finally pure bend deformation, represented by K,
as shown in Fig. 3.2. 1n the commonly wsed liquid crystal mixtures, iyy > Ky > Ky, and
the order of magnitude is 107" N, ¢, is a parameter added when the nematic in¢ludes a chiral
dopant mixture to force the liquid crystal to twist in a given sense of retation. This is required by
the helical arrangement of the cholesteric texture, and also for the snper-twisted nematic devices
{STN) to assure the correct relaxed configuration, or in twisted nematic devices (TN} to avoid
Teverse twist.

One constant approximation

A common problem when dealing with this formula is the lack of a complete characterization
of the liquid crystal parameters. Tt is indeed very rare that data sheets contains all of the three
clastic constants. On the other hand, excluding very specific and friendly configurations, no
analytical solution can be easily obtained from Eq. (3.2). A simplified modcl assumes that all
three constants are identica), that is,

Kn=RKp=Kz=K. (3.3)

Obviously, and given the differences between the elastic constants, this is a very rough approxi-
mation, but nseful for estimations [31] or when no other data are available. After this simplifica-
tion, the free energy density becomes [5]

fa= %n‘ {(divn)? + (rot n)?}. (3.4)

3.3.2 The anchoring of the molecules at the surface

One of the most important problems in the realization of liquid crystal devices is to define the
initial or relaxed state by an appropriate choice of the boundary conditions. Any perturbations in
this initial configuration will be clearly visible. These perturbations create the so-called discli-
nations that describe a discontinuous transition between different domains [31). Those zones
can have different structures or arrangements and thus have difTferent optical behavior, which
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is nsnally not desired. These disclinations can have different origins, such as scratches on the
substrate, spacers, dust, dirt or even the electric field.

The strength of the anchoring is a very important aspect of the liquid crystal device. If the
anchoring surface is able to fix a well defined easy state, the anchoring is assumed to be strong,
and independent of external stress, specially from the liguid crystal bulk. This is an important
consideration, which reduces the calculation of the minimal encrgy density to the minima of the
liquid crystal bulk energy density, with the boundary conditions imposed by the anchoring. The
energetic contribution of the liquid crystal is therefore limited ta the bulk, described by Eq. (3.2).

3.3.3 External field effects

External fields, either electric or magnetic, can modify the arrangement of the director within the
liquid crystal bulk thanks to the orientational freedam of the molecules and its electric properties.
With the assumptions made before, it comes out that the external field resnlts in a torque applied
to the molecule which will change only its orientation. The origin of this torque is different for
different liguid crystal phases. In the case of the nematics, it is the dielectric or diamagnetic
anisotropy which is responsible for the rearrangement. Under the action of an electric ficld, the
malecuiar diclectric anisotropy results in a torgue which tends to rotate the molecnle and align it
with the local field. The rotation will occur in the sense of minimizing the electric energy of the
system.
As already shown in Eq. (1.3), the energy density

J.=D . E={ B E 3.5

is the product of the electric field E and the electric displacement field D caused by the dielectric
anisotropic media, £ being the dielectric anisotropy tensor that links the dielectric anisotropy
with the director orientation n.

3.3.4 Viscosity

Another contribution to the behavior of confined liqnid crystals is the viscasity. Apart from the
a pure twist dcformation [5], any modification in the orientation of the molecules will result in
flow. Flow in confined spaces is the resnlt of pressure gradients. Nevertheless, flow is neglected.
The only contributian taken in account is the rotational motion, since the modet assumes that
1 (r) only represents the orientation of the molecules.
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From the six viscosity constants, known as Leslie constants, the resnlting rotational viscosity
canstant ) is the only one taken into account, given that the model does not consider posidon
changes of the molecules, i.e. flow. The rotational viscosity determines the evalution in time to
the equilibrium state of the liguid crystal

on
[=m e (3.6)

This is the only time dependent contribution in the macroscopic model.

3.3.5 Final description of the nematic liquid crystal device,

Four contributions to the director configuration have been presented. All these contributions act
together in order to balance each othet. The distorted liquid crystal will thus minimize the overall
energy and reach an equilibnum state. Strong anchoring is assumed, and the anchoting energy is
not considcred. As a result, we obtain

Fu=Fy+F.+ F, (3.1

where the F; are the energies in the considered volume after integration of the energy densities
f:. With the addition of all energetic contributions, it is possible to minimize the energy of the
system. Neglecting flow and flexo-clectric contributions and assuming that the liquid crystal is
ngt compressible, the instantaneous director distribution is obtained from [32]

7'a=dr

where n (1) is the director at the position r, and A is a Lagrange multiplier required to assure that
lIni] = 1.

In ——=—+An (3.8)

on d {aF aF
dn

3.3.6 Analytical solutions to the energy equation

To solve the differontial Eq. (3.8) is not trivial. The only way to solve this equation is to use
numerical methods, such as the finite clement method. Nevertheless, with appropriate assump-
tions and simplifications, some important results can be obtained analytically. This results are,
for example, the threshold voltage (or Fredericks transition voltage) and the switching-on and
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switching-off times. Those are fundamental characteristics of a liquid crystal device, which de-
scribe its performance. For example, in matrix devices refreshing time is limited by the switch-
off time, while the electronic driving requirements are given by the threshold voltage.

The assumptions made concern basically the director distribution and the characteristics of
the cell. As explained before, anchoring is considered strong, and the bourdary directors are thus
fixed. Also, the only boundaries considered are the upper and lower substrates, whose relative
distance defines the thickness. Ctherwise, the device has an infinite extension, avoiding any
{ateral contribution from neighboring molecules. The calculation is made along the axis defining
the thickness and the liquid crystal is represented as a column of directors. The components of
these directars are illustrated in fig. (3.3) and are then given by

Tty cos (i) cos (9)
n=|mn, | =] cos(p)sin(d) |. (3.9
n, sin ()
AZ

0 = twist
N o=tilt
<. L'y_,y

Figure 3.3: Representation of the 1iit (polar angle ) and twist (azimuth angle 0) of the director
n.

Nematic alignment: pure twist deformation

The simplest configuration to solve analytically the Frank-Oseen Eq. (3.8} is the homogeneons-
planar configuration [5, 30] shown in Fig. 3.4. The anchored molecules are parallel to each other
and practically paratle! to the surface. The director points perpendicular to the schematic section
drawn. The external field is applied perpendicular to the molecules, which can be realized by
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two parallel] stripes of electrodes. This specific configurabion allows to describe the directar ficld
cos (8)

n=| sin(9) (3.10)
0

by a single variable, the twist angle §(z), and the electric field

E=|E, {. (3.11)

The sysiem is now reduced to a single equation and therefore becomes scalar. The dielectric
tensor £ is now a sealar of the farm g - Ae.

K=twist

4

Figure 3.4: Schematic device for pure twist deformation (E = E,).

The director profile rotates in the x,y plane, changing anly its twist angle #(z). Compared 10
pure splay or pure bend deformation, this is the only configuration where the dynamic behavior
is not affected by back-flow. Under these conditions, one gets from Eq. (3.8) the differential
equation

0 2 a8
Kyy - e Ae-go- By -sin(8) - cos{0) = 7 - 7

for the twist angle 8(z,#) as function of the position z and the time t. With the additional as-
sumption that # changes continuously, and & < 1, the equation simplifies ta

(3.12)

ot " df
](22'(!?-;-.35'50‘5"'0—’“'5: (3.13)

which has the salntion

0(z,2) = Byma - sin (-’5&—2) exp (_Tf) , (.14)
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where 7 is a time constant,  is the cell thickness, and 8., = 8{c/2) is the maximal twist angle
at the center of the cell.

At equilibrium, the time-dependent term disappears and the Eq. (3.13) can be solved for the
clectrical ficld, using Eq. (3.14). The result gives the threshold field

T Ky
S = : 15
B =3\ ae e, 319

nccessary to induce any deformation through the electrical field.

Solving Eq. (3.13) including the time dependence gives the switch-on and switch-off times
of the device. Under the action of the electric field the switching-on or rise time, that means,
the time required to move from the relaxed state to the corresponding switched states 8 (¢/2) =
0 10 8 (¢/2) = B,pqz. is obtained by introducing 3?8/9z% = —8- (v /d)* and 98/ = —6/7, into
Eq. (3.13). Solving for 7, one obtains for the rise-time or switch-on

T
= — (3.16)
- Ac-e- (B2 - EY)

for E, < Eyy, and for the fall-time or switching-off with £, = 0

1 it o
TI:A(-;\;-th = 1:{-22-1.'2' (.17

From the previous equations, we recognize the most important pararaeters of the liquid crys-
tal devices. Concerning the switching properties, the liquid crystal constants i’ and Ace are de-
terminant, together with the effective liquid crystal thickness d. The time constants are directly
proportional to the square value of the thickness, 7 o< ¢, which is the most easily changeable
variable, compared with the liquid crystal parameters.

The results in Table 3.1 give an idea of the typical values for the liquid crystal BLOO6 from
Merck™™ . Neglecting the flow effects during the switching, which modify the effective rotational
viscosity, the above equations are also commonly used to get approximate results for the device.

The pure twist configuration has gained interest in recent years because of the improved
optical properties of this type of device, compared with the classical twisted nematic (TN) and
super-twisted nematic (STN) configurations. A mayor drawback is the dependence on the twist
elastic constant Ky, which has always the lowest value of the three elastic constants considered,
resufting in a very large rclaxation time (7;) as can be seen in Table 3.1.
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[viPas| KapN]| &c | En Vipn [Up V] 1 ms [, (5V)ms
splay (I} || 0.071 179 [ 155 0.227 1.135 | 10.05 0.55
twist () | 0.071 15 15.5 0.208 1.040 12 0.54
bend (f(3) | 0.071 33 15.5 0.308 1.540 | 5.45 0.57

Table 3.1: Physicol praperties of BLOOG and estimations for th threshold electric field Fyy,, the
corresponding voltoge Uy, the foll time 1; ond the rise time 7. corresponding 10 an applied
voltage of 5 V', For splay and bend, these are rough approximations. (thickness = 5 yrn)

=
— E '
K,,=splay = ? . T K, =bend (3 | ﬂ:?ET
= [ £¥° @ [
®)

(a)

Figure 3.5: Other configurations for nematic liquid crystals. (a) planar configuration, (b)
homeotropic configuration, which requires negative dielectric onisotropy to be switched with
a vertical field. With the configuration in Fig. 3.3, positive anisotrapy is used.

Threshold voltage for the plana'r configuration shown in Fig. 3.5a is obtained from

. C r
(I\‘“ cos? (i) + Ky sin’ ((p)) %-ﬁ-

2
(Ka— K} (:!l—f) £, g E2J stn (ig)-cos () = 0,
(3.18)
which results from the salution of Eq. (3.8) for tilt (> (z)) modulation [33]. Figure 3.5b shows
the homeotropic configuration (pre — tilf ~ 30°) which requires negative dielectric anisotropy.
The same result as for the planar configuration is obtaired, permuting Ky and Ky; in Eq. (3.18).

Singe the threshaold vaoltage is the voltage for which the director begins to change, ¢ and
dpfdz < 1, and the small angles approximation can be applied, i.e. sin{¢) = ¢ < 1 and
cos () ~ 1. This result in an equation similar to Eq. (3.13) but for the filt modulatian (i (z))
and for elastic constaats '), and Ky respectively. Therefore, the same solution for the thresh-
old electric field is found for the respective clastic constants. Nevertheless, Eq. (3.18) clearly
demonstrates that pure bend or pure splay configurations do not exist. For simplicity and ad-
mitting that the medium will be weakly distorted, the previous equations are also used for these
other types of deformations. The main interest is to include the fact that when the electric field
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is perpendicutar to the substrates

V= 20 g [ K

d =7 Ag- g,

(3.19)

which is indcpendent of the thickness of the liquid crystal layer. Tahle 3.1 resumes the results
for all the configurations shown.

More accurate formulas for TN and STN configurations have been developed, including all
three elastic constants [30]. For TN cells, the threshold voltage is found to be [30]

' T . . -
Uit =, /—AE o (4 Kt Ry = 2- Kz), (3.20)
and for STN cells by [30}

ST = s+ \|1 4 2 (B (1—‘,31 - .Kﬂ) gLl d (3.21)

7 7 \K Ku Ki-g

4w - Ky

= 22
US T Ar 0 (3 )

where 8, is the pre-twist angle, d the thickness of the cell, and ¢, the liquid crystal pitch.

3.4 Calculation of the director profile with numerical meth-

ods

Analytical solutions for the director profile are useful approximations te obtain an overall idea
of the behavior of the lignid crystal, but they are of limited value as a design tool. When more
precise results are required, specially if two and three dimensional systems including fringing
ficlds are considered, numerical solutions of the energy differcntial equation are necessary. In
recent years, commercial software has become available. These programs (LCDMaster [22],
TWIST [34], 2DIMOS [35]) include also some optical analysis featres, such as the electro-optic
response curve or the viewing angle dependence. The analysis is completed with the addition of
other optical componeats, such as polarizers and retardation plates.

The finite elements are commonly used to solve nonlinear problems. Typical applications of
this approach are mechanical stress problems or heat transfer. The linearization of the eguation
is obtained by reducing the problem to & subset of small problems where a linear approximation
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can be accepted [36, 37]. The derivatives are then substituted by finite differences [38].

3.4.1 Discrete model of the system

The system is divided in small pieces represented by a grid. Each point of the grid characterizes
the device at this point. The physical properties of the media at the point, as well as the vari-
ables, are asso.ciated to each point. The spatial dcrivatives are then substituted be the differcnces
between neighbor points of the grid. Time derivatives are obtained from two different instants at

the same peint.
Aot 2 ] Ux2)
AE 2 =EE Ulx,z)=U0
aE== e n(x,z)
Z EEes o=t £ u
y A B : (x.2)
. 'E?_}""%‘ e e

Figure 3.6: Regular grid for finite element calculation in LCDMaster for two-dimensional prob-
lem. The black stripes represent the electrodes, which have a fixed voltage U,. From these
canditions, the electric potential U (i1, z) in the dielectric layers (grey stripes), as well as the
electric field U (x, 2) and director n (i, z)orientation in the liguid crystal are calculated.

The accuracy of the caleulation is directly related {0 the mesh size in criticat points. For
optimal results, the grid should be adapted to the requircments of the calculations. A denser
distribution of points is necessary where the gradients are bhigh. Classical finite elements pro-
grams, for example for mechanical stress calculation, are self-adaptive, that means that the mesh
is adapted by the program itself to be denser in critical points. In the case of LCDMaster [22],
the grid is orthogonal and regularly spaced. This approach is not optimal, so that either the cal-
culation is not accurate in some points of the grid or, the calculation takes too long to obtain
the desired accuracy. The reason to do this is the simplicity of implementation and the fact that
optical calculation is easy to perform with layered structures as will be discussed in the following
chapter. Figure 3.6 shows the grid for a two-dimensignal device model. Liquid crystal devices
have different media to be considered for the calculations, which are, the liquid crystal, the di-
electric layers and the clectrodes. Each medium has a different effect on the clectric field and
different boundary conditions have to be imposed.
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3.4.2 Boundary conditions for the electric field
Bonndary conditions for the electrodes

The electrodes are considered ideal condunctive media, which means that the whole electrode is
at the same electric potential. Therefore, no gradients are possible in the electrode and along the
boundaries of the electrode. Fixing the boundary value to solve the finite element problem is
known as the Dirichlet [38] condition,

Uetectroge = const, (3.23)

The boundary of the electrode is an equnipotential line, the electric field must be perpendicular
to the boundary, This implies a condition for the gradients of the electric field, which is known
as Neumann condition, and results in the equation

;;Ubw,,daw =0. (3.24)
The Neumann condition is represented in Fig. 3.7 as B:. The field vector E points perpendicnlar
to the boundary line, while the equipotential ling (U=const.) is parallel to the boundary. In fact,
the houndary is an equipotential line itself.

Bonndary conditions for a periodic structure.

For a periodic structure, along the X or y axis, it is sufficient to calculate one period and to respect
specific lateral boundary conditions. These boundaries are the left and right limits of Figs. 3.6 or
3.7. While the Neumann condition represents a kind of infinite extension of the media after the
boundary, the periodic boundary condition imposes two constraints. Given that the first bonndary
and the last boundary must be identical because they represent the same point within the periodic
structure, the condition is

memdam( A’pz };m 2 ) = Ubaundnry( .Xu );) z ),VZ (325)

where X, X, represent both boundaries for the periodicity along x, with pz as the period
length, and Yj, Y}, represent both boundaries for the periodicity along y with py as the period
length. In this case the three-dimensional device is periodic in = and y. However, this condition
is not jet sufficient; the gradient must also be a continuous function. This imposes the gradient
along the axis of periodicity to be constant. It follows, for the X bonndary,
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@ Y,
2
BN ) o) H

PN B A
(2)
Dp: V-U=cnst
E=V'U= »Hi_JJ
[ Dot
&

W0)=cnst A @
L) (e)

Figure 3.7: Schematic representation of the different electric boundory conditions imposed to
the system. A: Dirichler condition. B: Neumann electrode-dielectric boundary condition. C:
dielectric-LC boundory condition. D's: loterol periodic or infinity condition. The boundary is
represented by a dotted line.

DU( e v z)=fU( X v ) W02 (26)

as shown in Fig. 3.7 as Dp. On the other hand, the normal Neumann condition represented in Fig.
3.7 as Dx applies when the boundary is not pertodic. There is no possibility to cause a gradient



3.4. CALCULATION OF THE DIRECTOR PROFILE WITH NUMERICAL METHODS 49

by an external source. Therefore, the equipotential lines are perpendicular to this boundary and
the electric field parallel is horizontal, ie. £, = E, = 0and E= E,.

34.3 Boundary condition for the liquid crystal

The liquid crystal boundaries are imposed by the model used for the energy calculation. As
explained in section 3.3.2, the model assumes strong anchoring, which means that the molecules
in contact with the interface cannot be reoriented by any means. The values of the directors of the
interface are fixed and time independent. For the Z houndaries, the strong anchoring condition
with the Ncumann conditions are always valid (C in Fig. 3.7), while either periodic or Neumann
conditions are possible for the X and Y bovndaries.

3.44 Implementation of linear equations for the calculation

In the case of the cnergy equilibrium, the Lagrange multiplier A is eliminated by multiplying Eq.
(3.8) with 11, Thus, the final formula wsed for the calcnlation is {32)

oy g ( JF aF
i = (i — o) | | | - . 3.27
L Al (B — i - rme) [6.'1:3' (a?!kd) ank.k] ( )

From the Maxwell equations, and assuming that there are no charges, it follows that

div (D) = div (¢ - E) = div (g - gradlU} = 0. (3.28)

For the calcutation, the electric potential I (r) is used, which is a scalar field [32], yielding

a ar/ a o
a‘ (G,‘j - 5;]) = 5; ([{H - 6,'_,' + (F” - E‘J_) s g "ll-j] - 8—.1"_.,) =1 (329)

The final step is to implement the derivatives as finite differences using the most appropriate
methods [36, 37, 32, 38].
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Ulx,y,z:0), n(x,y,7;0]

Finish

Figure 3.8: Flow Chart of the calculotion olgorithm used in LCDMaster for two and three-
dimensional calculotions,

3.4.5 Calcalation algorithm.

In Fig. 3.8 the calculation flow chart is shown. This diagram shows that two different conditions
control the loop, i.e. the ime of calcnlation T and the electric potential correction § - AV, The
increments in time (Af) are fixed by the user, and an indicative value can be calculated using first
order diffusion equations [32]. If the increment is toe large, the equations do not converge. For
one-dimensional calculations, it is possible to calculate until the system has reached equilibrinm
and the time condition falls. The loop is then controlled by the electric gradient.

The first operation is to adjust the director n orientation according to the electric field dis-
tribution from the previons step. Through this operation, the dielectric anisotropy distributien is
also changed. The electric potential at each point is therefore recalculated accordingly to Eqs.
{3.28) and (3.29). This correction is made with a loop within the main loop which is controlled
by the condition [32)

[AU5] =€ 6 - [Vinas — Visial (3.30)

where 4 is the error parameter set by the vser and V4,,,,, 19,4, are the highest and lowest potential
values set by the user. This coefficient sets a limit to the medifications in the distribution of
the electric field {/, that is, it sets a limit to the intensity of the local electric field E during
calculation. As for the timc increments A¢, there is no convergence if the factor d§ - Al is too
large.
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3.4.6 Examples of director profiles
One-dimensional simulations

A typical application of the simulation tool is to calculate the electro-optic behavior and the time
required to switch-on and switch-off 2 TN cell. The electro-eptic behavior is the relation between
the applied voltage and the transmission through crossed polarizers. This is directly related to
the re-arangement of the dircctors by the clectric fields applicd. In Fig. 3.9 the tilt and twist
angle along the thickness of a typical TN cell are shown at the equilibrium state for U=0, 1, 2,
3,4and5 V.

]

-3
wn

g

s
=

Tilt, Twist Angle (deg)
~
v

i5

0 0.2 04 0.6 0.8 1
Normalized Thickness

Figure 3.9: One-dimensianal simulation of a twisted nematic cell. The black lines represent the
1l angle berween the pre-tilt value and the © /2 maximal value. The gray lines represent the twist
angle going from () to 7 /2, (thickness d = 5 jim, pre-tilt = 6°, number of layers N = 50)

At 0V, the twist angle plotied as grey lines changes linearly from 0° to 90° along the thick-
ness, while the tilt angle remains the same, fixed by the pre-tilt value. Increasing the applied
voltage changes both tilt and twist, but differently. The tilt angle is mainly changed in the middle
layer, increasing until the limit of 90° is reached. A smooth transition between this value and
the pre-tilt angle determines the tilt across the cell. Higher voltage increases the part of directors
reaching the upper tilt limit 7 /2. Meanwhile, the twist changes differently. On both extremitics,
the twist angle tends to become parallel to the alignment {0 or 7/2), and the twisted helix is
compressed to the center of the ceil reducing its pitch. The transition becomes steep.

Fipgure 3.10 shows the temporal behavior of this re-orientation when the voltage is appliced.
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go_;j‘rf N

~— Transmission
— Mid-layer tilt
~— Driving Signal (5 V),

-] i (*) Normalized by 90 deg.

e e

0 - T g t T ] T T

0 5 0 15 20 25 30 35 40 45 50
Tlme (ms)

Figure 3.10: Evolution of the mid-layer tilt angle vs. time in a TN cell when a voltage is applied
(switch-on) and removed (switch-off). Transmission through paroliel polarizers, oligned with
one of the alignment layers

The response is quite fast for full commutation accordingly to Eq. (3.16). As already shown in
Table 3.1, the switch-on time is in the ms range. On the other hand, when the voltage is removed,
the system tries to recover the initial relaxed state. This is a relaxation phenomena and this
switching-off process will take longer time, as was described by Eq. (3.17). 1t will depend on the
energy stored (A7;s) and the viscosity (7, ), and it shows an exponential decay. The transmission
through parallel polarizers of the TN cell has been added to show that transmission is not kinearly
related to the mid-layer tilt. Propagation throngh liguid crystals is discussed in chapter 4,

Two- and three-dimenslonal simuiations

The extreme complexity of the director profiles in two and three dimensions makes the calcuta-
tion of the equilibrium state too complex to be calculated directly. Instead, the temporal evolution
is calculated until & stable distribution is reached. In the following figures, a two dimensional
and a threc-dimensional simulation are shown. A typical two dimensional simulation describes
the cross-section of a diffractive grating, while a lens is a typical case of three dimensional sim-
ulation.

Figure 3.11 shows the structure of a simulated period of a planar-nematic grating. All three
fundamental components of the cell, i.e. the electrodes, the diclectric layer and the liquid crystal
directors, are represented, together with the electric equipotential lines. The directors, repre-
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Figure 3.11: Two-dimensional simulation for one period of a nematic multilevel grating. a)
LCDMaster result with the equipotential lines and the short slabs representing the directors. b)
tilr and twist distribution over the thickness and within one period. (Nx =300 layers, Nz =70
layers, thickness d = 6 jmn, LC:BLOOG, 1=200 ms).
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sented by short slabs, tend to align with the gradient of the electric potential {/, which is the
clectric ficld E. The continuity at the lateral boundaries imposed by the periodic boundary con-
dition appears clearly.

The three-dimensional simulation iu Fig. 3.12 corresponds to a micro-lens. The lens function
is caused by the oricntation with the fringing field, resulting from the structured hole in the
counductive layer. Due to the planar alignment, the dielectric anisotropy and the strong anchoring,
the resulting clectric field distribution and the resulting director distribution has not rotational
symmetry. Figure 3.12b shows that the director patiern is not centered, but rather shifted, in the
mid-layer of the cell. Cross-sections (Figs. 3.12a,c) of the same cel) show also this asymmetry
and even some reverse tilt in Fig. 3.12¢.

3.5 Summary

1. The macroscapic Fronk-Oseen madel is used. The elastic energy is calculated after three
elastic constants corresponding to splay {K,;), twist {Ky;) and bend {/3;). An eventual
chirality is represeuted by the pitch parameter go.

Ja= {I('“ (divn)® + Ky (n-rotn + qc.)2 4 Kaz{n x rotn):’} .

h =

2. External electric fields E rearronge the directors n. The interaction is possible through
the diclectric anisotropy represented by the tensor e.

fe=D'E=(E'E)'E.

3. Only rotational viscosity () is considered. Flow, flexo-electricity or any other effect is
not taken into account. The eguilibrium of F = f; + f, is calculated after

+A-D.

"ot “ar\on) on

dn d (BF ) ar
1

4. There are no enolyticol solutions for the previous equation. Approximate results for
threshold voltages and rise and decay times are found in section 3.3.6.

5. Finite difference methods are used to solve equilibrium eguation. commercial software
like LCDMaster™ or 2DIMOS™* implement these algorithms to solve one- two- and
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Figure 3.12: Three-dimensional simulation of a planar-aligned micro-lens. a) model of the sim-

wlation cell. b) Horizontal cross-section at z = d/2. c) vertical cross-section ar x = Af2, d)

Vertical cross-section at y = A /2. (Dimensions: Box,
120 g, mesh; 100 x 100 x 70, LC: E7, pre-silt = 2°).
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Chapter 4

Propagation in birefringent media

4.1 Introduction

Propagation of monochromatic waves through liquid crystals is considered in this chapter [39,
40, 41]. To calculate propagation of light throngh birefringent media, the Jones matrix calculus
[39, 42, 43, 44] is the easiest to perform. Analytical solutions for special configurations can
be found using this method {45, 46]. Rigorous methods based on the solution of Maxwell’s
equations, such as Berreman’s 4 x 4 matrizx method [47], are of interest when reflection must be
taken into account, as it is the case for cholesterics [48].

Two and three-dimensional variations of the liquid crystal makes the calculation of light prop-
agation more complicated. Wave propagation [49] or rigorous methods [50] have been proposed,
but are hard to implement. The easiest solution is ta use one-dimensional methods, that is, divide
the cell in parallel columuas and calcnlate straightforward. This is valid when narmal incidence
is considered and as long as the ray path can be assumed straight. Then, the calculation can be
performed column-wise independently. Using ray-trace formulation [51, 52, 53], i.e. the Eikonal
eqguation, this assumption can be proven for the thin layer gratings we use.

4.2 Representation of the polarization state

A monochromatic plane wave propagating along the z — axis is described [54]
E(z,t}=E-cos(w -t —n-k-z), 4.1}

57
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where I is the electric field, w = 27v the angular frequency,  the refractive index and & = 2n/A
the wavenumber. In isotropic media, the transverse wave oscillates in a plane perpendicular to
the axis of propagation. The state of polarization of this wave can be described by two orthogonal

waves of the form
Efzt)=A-cos{w-{—n-k-z—4;}

, 4.2)
Ez,) =B cos{w-t—n-k-z-4§)

with the amplitudes A and 73, and the phase retardation d, and é,,. Figure 4.1a shows the evolution
in time of a wavc in the ::y plane, perpendicular to the propagation axis 2. The polarization ellipse
is determined by the ratio of the amplitudes 2/A = tany and the phase difference § = 4, — §,
of the two orthogonal waves. By a rotation of angle # (azimuth), the ellipse is redefined by the
semi-axes & and & and the ellipticity angle b/¢ = tane. The amplitude of the wave is obtained

from F = u? + 2.

Some special values of the ellipticity angle € are interesting. Linear polarization is obtained
when tane = (¢ and the ellipse collapses into a line. This occurs for § = 0 and for either 4 = 0
or B = (. Fortane = +1 and tane = —1 we obtain right-handed and left-handed circular
polearized light respectively. This implies that 4 = B and § = %,

Another representation of the polarization is the Poincare sphere. With the relations

tan 28 = tan 2y - cosé “4.3)

sin% = sin2y-sind
any polarization can be represented by a point on the surface of a sphere. As shown in Fig.

4.1b the cireular potarization states (¢ = =+ /4) are the poles of the sphere, while the linear
pelarizations (¢ = 1) are in the equator.

To determine the state of polarization from measurements, the Stokes parameters 5; are used.
The relations

S=FE. -E!+E, -E,=./S7+ 8+ 5}
S =E.-F} —E,,-E,: = 8y - cos2e - cos 20
S;=E}-Ey+ E,- E}, = 5. cos 2 - 5in 20
Sy=E;-E,—E;-E; = S5-sinle

44)

give the coordinates in the same space as the Poincare representation. Normalizing the S; Stokes
coordinates, we obtain Poincare coordinates .X; = S;/Sp.
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(a) )]

Figure 4.1; Polarization mpmséman'ans a) Cartesian representation of the polarization ellipse.
b) Poincare sphere used for the representation of the polarization.

4.3 Jones matrix and paraxial propagation

. The heavy notation used for the optical wave in Eq. (4.2) can be simplified by using the Jones
representation of a polarized monochromatic wave. The temporal and spatial terms are equal for
both components and can be omitted, reducing the representation of the pelarization state to

. A-exp{—i-d;)
= [B-exp(—i-é,,) } ' @3

The propagation of polarized light through polarizing optical systems can be described by

the Jones matrix formulation

Jout = M - Jin. (4.6)

where j;, and j,,. are the input and output Jones vectors defined in Eq. (4.5)and Af isa 2 x 2
matrix, known s Jones matrix of the optical system.
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For the case of propagation through birefringent media, the matrix takes the form

B exp{—i-k-d ng} . 0 : an

0 exp(—i-k-d-mny)
where & = 2w /A = w/cis the wavenumber, d the layer thickness and n,. and n,, are the refractive
indexes of two cigen-polarizations. The phase of the two orthogonal waves are retarded by
k- d - 1z, Known retardation plates are the half-wave plate, where k- o - (n; — n,) = 7, and
the goarter-wave plate, where & - d - (n, — n,,) = /2. The gnarter-wave plate can transform a

linear polarized wave into 4 circular one, and vice-versa.
Dichroic absorption is represented by the matrix

_ | exp(—&-d) 0
A= [ 0 exp (£, - d) ] , 4.8

where £, and £, are the amplitude absorption coeffieients of the two eigen-polarizations. For an
ideal dichroic polarizer, the matrix becomes

Pm=[1 0}. 4.9)

Combined lincar birefringence and dichroie absorption can be represented by the matrix

exp{—i-d-(k-ny=1i-&)) 0

AR = .
[ exp(—i-d-(k-m—1i-£))

(4.10)

If the elements are rotated with respect to the reference frame, the corresponding Jones ma-
trices A/, are transformed as

M, = R(a) - M - R{-q), “.11

where

cosee  siner } .12)

K= )
— 8y COS oy
is the well-known rotation matrix.

Optical activity of a media resnlts in a rotation of the pelarization state. The corresponding
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Jones matrix () is therefore the same a5 the rotation matrix £ but for the angle —cv, namely

0= [ COR(y -—Smex } ) (413)

sinee  CoS

Typical liquid crystal devices have a twisted structure. For caleulation, the device is mod-
elized as a stack of retardation plates, each one slightly rotated respectively to the other. For TN
or 8TN cells, the cell optical behavior is described by

A’IT = {R(—(EN) BNH((EN]} . {‘R(-—(I’N,|)BN_|R(C!'N_])] b {R (—0’;) B|R((t|)} B (414)

where ¢ is the rotation angle of the i" of & layers. Each of this layers of liquid crystal is
characterized as a retardation plate I3;. For uniformly twisted configurations, «; = o = /N,
where # is the total twist and assuming N — oo, the final matrix becomes [39, 40},

My = anifr) . —cos (- i-:r) . jusinta) ws)
cos{f - o) —j% m(:il

with the parameters o = /7 + o and ¢ = T804,

As already discussed in the first chapter concerning the liquid crystal properties, the birefrin-
gence depends on the relative orientation of the molecules with respect to the wave-vector. In
liquid crystal devices, it is the orientation of the molecules which is changed in order to change
one of the refractive indexes of the propagating wave. Accordingly, the terms 7., 7, have to be
replaced by 757 and n,, where 7..¢; is given in Eg. (1.10).

Instead of tilt modulation, oblique incidence can also be considered [42, 43, 44], reformulat-
ing the LC-retardation matrix to take account of the effective angle between the ray and the tilted
molecule and using Fresnel equation for the transmission-reflection matrix.

Analytic model for twisted nematic liquid crystals

With the matrix shown in Eq. (4.15) and ideal polarizers, like the one in Eq. (4.9), it is easy to
describe the behavior of a uniformly twisted nematic cell, that is, in the off-state, when no voltage
is applied. The classical configuration aligns the polarizer iransmission axis with the alignment
of the Frst liquid crystal layer. The output polarizer or analyzer is parallel or perpendicular to the
Brst one. With this configuration, Gooch and Tarry [46] developed a formula for the transmission
of twisted nematic devices, For the normally btack configuration, that is, with parallel polarizers,
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the matrix operations resuit in

sin{fd-a)
[1 0}-1\10-[] 0]:[ a 0]. {4.16)
00 00 0o 0

Remembering that o = /1 4 u? , we obtain for the intensity transmission ,

sin? (9\/1 + u")
T —_—

with g A
u= % (4.18)

where @ is the overall twist angle, An = n, — n, the birefringence, ¢ the thickness and A the
optical wavelength.

1 e S
09 -x—
08 -— —
e0.7 —-\—- — o —
o Maughin
308 =\ //' Limit (u=1) -
50.5 \
204
[-'0_3 - . -
o'z o —— \\
o1 f-———yr- - © -
o — -__\_/'_/__. _..!___._ b= J—-—
0.00 1.57 3.14 4.1 628 7.85 9.42
wdAn/ A

Figure 4.2: Transmissian for a TN cell (8 = m/2) through parallel polarizers using Eg. (4.17).
The minima correspond to linear polarization perpendicular to the analyzer.

Figure 4.2 shows the transmission for a TN cell (# = 7 /2), using Eq. (4.17) with 7-d- An /X
as parameter. For 7 - - An/) = 2.72 The transmission is zero, which means that the output
polarization is exactly linear and perpendicular to the analyzer. This is only valid for a single
wavclength A at a given thickness for a given liquid crystal (An{A)), as shown in Eq. (4.18). In
the first part of the curve, the device is said out of the Maughin condition

d-Ant

>0, {4.19)

w>lorm-
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i.e. the twisted confignration characierized by the ratio /@ is too short for the wave (A) to be
followed.

Ray propagation in inhomogeneons media

For the one-dimensional simulations, the propagatian of the light ray is nsually assnmed to fol-
low straight lines through the cell, since the cell is siratified aloog the » axis. Therefore, the
index gradient cxists only along 2. This is not the case anymore in two or three-dimeosional
simulations, where the directors are also laterally modulated across the cell. This means that
transverse index gradicnts appear .

To obtain the phase profile from two or three-dimensional simulations done with LCDMas-
ter, the easiest way to proceed is to calculate straightforward through the different columns of
directors resulting from the regular orthogonal grid used by the program, as illustrated in Fig.
4 3. To proceed this way, a proof of the paraxial propagation of the ray is required. The effective
index modulatien (n.ss(x, z)) of a binary grating simulation is shown in Fig. 4.3a. The lateral
modilation of the refractive index can rcnder callinear calcolation of the phasc inaccurate [51)
if the beam is deviated and propagates through a eeighbor column, as illnstrated in Fig. 4.3b. If
the ray propagates within a column not larger than the mesh step, and the angle at the ontput can
be considered small, compared with the diffraction angle, Jones calculation can be considered
valid.

The Fermat principle stipulates that the ray r(s) follows the shortest optical path between the
points A and B, so that

]
f u(r) - ds — minimum, (4.20)
A

which leads to [55],

o dr
= ("(”E) = grad (n). 420

In homogeneous media (n=const.),onc gets from Eq. (4.21) that rays propagate in straight
lines. In this case, the optical path can be calculated as in Eq. (4.7} with n - . More accurate
resnlts require to take account of the gradients appearing from the switching of the lignid crystal
and the finite dimensions of the electrodes.

To solve the two-dimensional case, we choose the coordinate system &z and the initial beam
propagates along z, as illustrates Fig. 4.3b. The rays are represented by #(z), so that the differ-
ential optical path becomes
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polynomial {obtained after the data 7 (x;, 2)) to adjust these values io the lateral deviation of the
ray. The coefficients A and B are obtained from these polynomials.

P 1 _, 2
|l _fao] [=] 0B o] (=], 18 4.26)
x 10 | 00} |« 0
1 dn
A=t (4.27)
1 an
p-1.2 (4.28)

This calculation is applied to planar-nematic devices, given that only one polarization is
considered. Figure 4.4 shows the result of applying this calculation to the binary grating shown
in Fig. 4.3a. The lateral gradient has been multiplied 10 times so that the deviation effect can
be seen, The lateral gradients are not strong enough for our devices and straight propagation
can be used to calcnlate the retardaton in two and three-dimensional devices. This is mainly a
consequence of the thickness of the liquid crystal layer, the reduced phase modulation, which is
never higher than 2 - 7, and the visco-elastic properties of liquid crystals that result in smooth
transitions between highly distorted and undistorted local director profiles.

5.
’5‘4
3
_§3
E
2
&1
0 06 1.2 1.8 24 3 a6
Period/10 (um)

Figure 4.4: Ray propagation through the binary grating period shown in Fig. 4.3a. Each ray
starts at a circle for z = 0 and is expected 1o finish at a cross for z = d. The lateral gradients
have been muliiplied by 10 in order to see the deviation. The laleral gradient are very low and
straightforward calculation is admitted,

To have an idea of the lateral gradient limit allowing to use the siraight propagation model,
Eq. (4.25) is further simplifed assuming that &n/@z < 1, which can be admitted for our thin,
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high birefringent and weakly distorted cells. The equation is then roughly simplified to

g T
B (4.29)
which Icads after integration and to
1 on

where § is the lateral variation of the position. Having neglected the gradicut along z meaus that
the x component of the gradient is canstant. Therefore, the maximal deviatiou is obtained when
dmar = 8 (z = d), and the limit gradient becomes

<mE (4.31)

where Az = 0,44, is the width of the mesh in the simulation cell, d the thickness of the cell,
A the optical wavelength and » the refractive index. We can consider this gradient along «z as a
phase difference of the retardation between two neighbor columns, that is

a7 - - Ax

Ay n
—T =k | —_—_
L‘L" d < Aod !

4.32
& 0% (4-32)

from where we can obtain the critical grid size

Aw < 1fM. (4.33)
ar-n

Using BLOO6 with a cell G yon thick and n{A = 633 ) = 1.8, a hinary phase gratiug with
Agp = 7 requires a grid size around Ax < (.725 o, and a blazed grating with Ap = 2n
requires Ax < 1.03 ;. These results show clearly that the tiquid crystal device used allow to
calculate using Jones matrix method straightforward.

Anuother distinction made for diffraction gratings is the classification in thin and thick grat-
ings. Thick gratings would require a rigorous approach for the calculation and diffraction. To
distinguish whether a grating is thin or thick, we can use the criteria ' - v < lestablished by
Gaylord & Moharam [56] with

m-Ae-d

. — - - 4.34
? 2-) e cosd (434
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Q= 2. Aed ‘

VE-A-cosd

Here, A stands for the wavelength, A for the period, d for the thickness, # for the incident angle

and £ = n? Using the distribution shown in Fig. 4.4a, with = Bum, A = ?5[!1”; 8 =0,

A = 633n1, £ = 3.08 and Ar = 0.16, we obtain (' - v = 1.0125 - 107%. A simpler approach

considering the angular-wavelength characteristics, uses the criteria d/A < 10 which is largely

verified (d/A = 0.2).

We can conclude that our gratings can be cansidered as thin and the Jones matrix calculation

accepted to reconstruct the phase profile after the director profile obtained by simulation.

(4.35)

4.4 4 x4 matrix method

Jones matrix method is a fast and simple method to calculate transmission of the usual liquid
crystal configurations. The improvements made concerning the obliquc incidence renders this
method very effective for LC-device design. Nevertheless, special configurations or more precise
results require more precise and rigorous formulations. Berreman’s formulation is a rigorons
4 x 4 matrix method derived from Maxwell equations in nan-canductive media (7 = p =10),
{p=1)
rotE=% rotH=22 D =¢{2)E (4.36)
and ¢ (z) is the diclectric tensor describing the stratified media along z, the axis of stratification
of the birefringent media.
Figure 4.5 shows the stratification of the media and the orientation of the electro-magnetic
wave in the plane. The wave is therefore represented as a 4 component vector of the form [57, 47]

(4.37)

The normal incidence allows to reduce the system of six equations resulting from Eqgs. (4.36), to
four. The system is then presented in the form

WE) ity a) v, 439)
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111

94%

I kaz

Figure 4.5: Initial configuration for the Berreman representation of the normal incident electra-
magnetic wave (E, H) thraugh a stratified media Az = d [N (d = thickness, N = number of
strata).

where

Ay By Ay D

By Apy Ap O
0 0 0 Au

Ay A Ay 0

Alz) = (4.39)

is the matrix containing the parameters of the z-layer resulting from £ (z) [40, 411. The coeffi-
cients Ay; assure also the tangential continuity of the fields at the interfaces . The difficulty is
now to obtain a matrix * such that

W (z+h) = P(h) - (2). (4.40)

This matrix /* is obtained from the expansion of

A QU RN TR TR 2
Py =exp(—j ko O h) = z% (4.41)
n=0 -
using a third order approximation [57]
PRY=8-FT+8- D +0, AP+ 8- A%+ . (4.42)

For an inhomogencous birefringent media, the matrix equation becomes

Glzdd) =Py Pacyo Py Pr(3) (4.43)
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The layers of the stack must be thin enough to be considered as homogeneons and thus A
independent of z within the cousidered layer. The final matrix PP {d) = [] I describes the in-
homogenecus birefringent media and it is possible to obtain the transmitted and reflected waves,

from
‘/J!rﬂils =P (‘[) ' (w:'nm'dm! + wﬂ‘.ﬂec!t'd) (444)

Note that I” (d) is not reversible, i.e. the matrix describes the propagation in one sense. This
is a consequence of the description of A (z) at the interfaces of the layers. Practically, for the
small gradients of ¢ that occur in TN or STN cells, the coupling terms in P are so small that P
is practically reversible. The 4 x 4 matrix can be decomposed in a sum of twe 2 x 2 matrices.
The forward propagation matrix is equivalent to the Jones matrix {58, 41]. This is not the case
for large gradicnts, like those described by [59].

Figure 4.6a compares the calculation methods, i.e. 2 x 2 Jones matrix methoed, 4 x 4 Berre-
man matrix method and the analytical Gooch and Tarry approximation. The total extinction is
practically identical for all methods, which is the most important consideration to obtain a high
contrast ratic between the on and off state. Concerning the maximal transmission, the Gooch
and Tarry formula gives the highest valnes, since it does not take account of the losses at the
interfaces of the stratified model. This is done by the LCDMaster implementations of the 2 x 2
and 4 x 4 methods. While the 2 x 2 method only takes account of the losses, the 4 x 4 method
considers the coupling of the forward and backward propagating waves. Figure 4.6b compares
the 2 x 2 and 4 x 4 methods for a driven cell of optimized thickness.

4.5 Examples of optimization

4.5.1 Infrared TN-cell

With the tools presented, it is possible and quite easy to optimize a twisted nematic cell [60].
Our goal was to optimize a TN cell for monochromatic operation at the infrared wavelength of
1.55 e, which is used for fiber optic communications. This is an ancommon wavelength for
liquid crystals to operate, which are mainly nsed for white light or at least visible wavelengths.
Indeed, LCDMaster only works with a spectrum between 380 am and 780 nm. In addition, the
docnmentation on liquid crystals does not contain the refractive index at 1.55 yn. Therefore,
some calcalation parameters have been changed in order to use LCDMaster for the calcnlations.
To calculate with a wavelength included in the visible spectrum, the initial wavelength of 1550
nm is halved and 775 nm is nsed instead. By doing this division, any related geometrical param-
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Figure 4.6: Transmission plats for TN cells using 2 % 2, 4 x 4 and Gooch and Tarry methods. a)
Transmission vs. thickness for the stable configuration at 0 V. The optimal thickness is 4.19 pmn
b) Transmission vs. applied voliage for the aptimized thickness. (LC: ZLI-2293®@¢633nm, pre-
=2 An=0.131)

eters most be homothetically transformed to replicate the same conditions as the initial problem.
Table 4.1 shows how these parameters and constants are modified.

parameter | physical vnit | modified
A [m] Af2
Kii [N] -
v {Pa.s 4.
if {m] df?
v {V] -
n 1] -

Tabie 4.1: Hamatheiic modifications for the main parameters and constants of a cell.

From the units of the parameters, one sees that the elastic constant /<;; are nnchanged. This
is different for the viscosity . Although is named rotational viscosity, the unit clearly shows an
inverse square dependence to length nnits. The cell thickness « for calculation is also divided
by 2, like the wavelength A. In one-dimensional simulations, the voltage must not be changed
since it appears to be direcily proportional 1o the cell thickness J and inversely proportional to
the distance between electrodes, also ¢, and thercfore they compensate each other. Finally the
refractive indexes  are not modified since the phase retardation is related to the ratio of thickness
and wavelength o/ A, whase modifications compensate each other, However the birefringence at
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1550 nm must be known, The 3-caefficient Canchy approximation presented in Eq. (1.13), is
used to extend the values from the visible to the infrared.

Thickness

The thickness of the device is calculated for the relaxed configuration and U = 0 V. We are
looking for a device that performs a phase retardation of (2 + 1) - 7, which transforms the
linear input polarization into a linear output polarization perpendicular to the initial one. Figure
4.7a shows the Stokes parameters of Egs. (4.4) vs. the thickness obtained by simnlation of a
TN cell with liquid crystal ZLI-1565 at U = 0 V for a wavelength of 1550 nm. The output
polarization state is perfectly linear, if 5, = 5§y = 0. This occurs far a thickness of 11.95 .
Figurc 4.7b shows the Stokes parameters vs. the applied voltage of a cell of this thickness, The
two opcrating points, relaxed and completely switched, arc found at 0 V and 5 V, where both
polarizations are practically linear. Since S3(V') # (), the linear polarization is oot simply rotated
but becomes slightly elliptic for the intermediate voltages, as shows Fig. 4.7c.

The aperation mode is important, since it will determinc the maximal contrast ratio, that is,
the ratio of the transmission between the two operating points. The contrast ratio is highest when
the transmission is lowest. Since the switched state is never perfectly homeotropic, therc will be a
residual ellipticity at the output. Thus, the only perfectly defined state, concerning the ‘outcoming
polarization state, it is the un-switched one (U = 0 V). The state of minimal transmission is then
chosen to work in this mode, i.e. normally black (NB) with parallel polarizers. In this way
the extinction is limited by the quality of the palarizers. High quality polanizing beam-splitiers
(PBS) can perform a contrast ratio of C'R, = 10% = 50 dB.

Angular dependence of tbe contrast ratian (CR)}

The thickncss optimization is valid for normal incidence. Since the birefringence of the liquid
crystals depends on the incident angle, and the path is longer for oblique incidence, the transmis-
sion values will not be optimized anymore, thus reducing the efficiency of the device.

Figure 4.8 shows a iso-contrast simulation. The transmission of the two operating modes (0
¥V and 5 V) are calculated for different polar and azimuth angles of incidence. For each angle
the contrast ratio is calculated and the lines of the contrast are ploticd in the figure. The contrast
ratio drops drastically when the incidence is not normal. Also, the cell is clearly not symmetrical
when the azimuth angle is changed. Therefore, a bad alignment of the source has important
consequences on the efficiency of the device.
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Figure 4.7: Simulation and optimization af a TN cell using the 2 x 2 (Jones) matrix approach
implemented in LCDMaster. a) Stokes parameters S, S, and S vs. thickness in the relaxed state
(U = 0 V). The output is linearly palarized if S, = 5y = 0. b) Stokes parameters vs. applied
voltage for the cell of the ideal thickness (11.95 prm). ¢} Polarization ellipses for different applied
valtoges. (LC: ZLI-1565, A = 1550 nm., pre-1ilt = 2°.)

4,5.2 Liquid crystal micro-lenses

Another situation where the liquid crystals directors are modulated taterally appears in micro-
Jenses. As shown in Fig. 4.9, armmays of lenses of 120 ;1 in diameter are obtained using the
pattern of the photoiithographic mask (&), originally used for photo-resist micro-lenses (b)[61]
as electrode pattern {c). The edge of the holes is responsible for fringing electric fields in the
liquid crystal bulk. The tilt modulation is three-dimensional and is intended to obtain a spherical
phase front modulation. The interest is to obtain a lens with variable focal length without any
moving pars.
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Figure 4.8: Iso-contrast lines for the TN cell opiimized for infrared operotion in Fig. 4.7.
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Figure 4.9: a) Schematic photolithographic mask used to fabricate photo-resist micro-lenses. b)
Photo-resist micro-lenses array. ¢) Cross-section of a LC micro-lenses array. .

Using three-dimensional simulations, the phase profile for different configuration, basically
planar and homeotropic alignment, can be calculsted [62]. From the practical point of view, the
operating range is also of interest. .

From the two configurstions, only the homeotropic alignment has revolution symmetry. This
means that this is the only configuration where the phase profile can be spheric. It also means
that & cross section calculation is cnough to calculate one cross-section. But on the other side,
the directors are not aligned with the polarizer except for one orientation.

Planar alignment has not this problem with polarized light, but the director profile has no
rotational symmetry. The deformation under applied voltage was already presented in Fig. 3.12.
Parallel and perpendicular cross-sections, with respect to the alignment show very different di-
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rector profiles.

The characteristic of these devices is its unusnal thickness of some 50 y. This large thick-
ness results in several wavelengths of retardation within the liquid crystal. The index gradients in
these cells, together with the effective thickness of the liquid crystal layer [51] could be enough
to deviate the incideat ray out of the considered liguid crystal column where Jones calculus is
performed. Although the path is much longer than usual, the gradients are still too small to devi-
ate the ray more than allowed. Still, the deviation is more important than with classical devices.
Figure 4.10b shows the intensity distribution throngh crossed polarizers at 45° with respect to
the alignment. The pattern is almost circular, but the asymmetries in the director field result in
and a slightly shifted and elliptical patiern.

4.6 Summary

1. Stroight propagation can be considered. In two- and three-dimensional deviccs, lateral
gradients in thin layers (< 10 ym) and low voltages (< 5 V) are not strong enough.

2. Jones matrix method is used in ane-, two- and three-dimensiona! simulations. This is
allowed by the straight propagation proof. The director profiles of the simulations can be
directly used for normal incidence.

3. Phase profiles can be obtained after two- and three-dimensional simulations. Using Jones
matrix, the amplitude and phasc retardation by the propagation through the liquid crystal
device is calculated.

4. Far-field propagation can be calculated. With the phase profiles obtained before and with
the Fraunhofer diffraction calculation, Fourier transformation gives the far-field diffraction
image.
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Chapter 5

Nematic binary phase gratings

5.1 Introduction

This chapter concerns planar nematic binary phase gratings. From the technological point of
view, these are the simplest gratings to consider, since a single electrode with a comb-like struc-
ture in one of the substrates is enough to obtain a binary pattern in the liquid crystal layer.

Several other configurations are nevertheless possible. In additioo to the planar-oematic con-
figuration [63] treated in this chapter, other possibilities have been considered. For example, an
hybrid device, i.¢. a micro-structured grating covered with a second substrate and filled with lig-
nid crystal {23, 24]. This reguires a good optimization of the phase shift throngh accurate control
of the thickness and the phase retardation of the liquid crystal and the isotropic medium, to get
high efficiency and contrast. The use of cholesteric mixtures with a pitch, such that the device
is below the Manghin limit for the considered wavelength, is also interesting. Assuming that
the wave undergoes a phase retardatioo corresponding to an averaged index of the liquid crys-
tal whatever the input polarizatioo is, and that the micro-structure is isotropic, the cell conld be
considered polarization insensitive. When switched, the homeotropic configuration of the liquid
crystal is also isotropic for normal incidence,

Polymer dispersed liquid crystals are also used for diffractive gratings. Holographic patterns
are used for local polymerization, changing locally the density of liguid crystal [26]. Also,
specific textures which result from special electric driving result in diffractive patterns [64, 65,
66]. 1n-plane clectric fields from inter-digitated clectrodes give also periodic modulation (67, 68).

Another interesting approach, which aims also to pet polarization-insensitive devices, is
based on multi-domain alignment [10, 69, 70]. Using rubbing technique or LPP [g], parallel
strips with diffcrent alignment are produced in the liquid crystal layer, which results in neighbor

77
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domains with mutually reverse twist. For short periods, and although the local domains are po-
larization sensitive, the far ficld diffraction pattern corresponds to polarization insensitive binary
gratings. This configuration requires also optirnization of the parametets.

5.2 General optical properties

Binary phase profile
A binary phase function is characterized by two levels of retardation

P =1 D<w<p

< A), 5.1
p=ge+Ap pLar<A {I ) (

where A is the periodicity of the function, 37 is the position where the phase changes by Ay and
o is the common phase retardation. Figure 5.1 illustrates a this binary phase functior and its

.(
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Figure 5.1: Representation of a binary phase function ond its mathematicol representation for
Fourter transformation (the stor * stands for convalution).

decomposition in basic functions that can be easily be analyzed through Fourier transformation.
For p = A /2, the phase function becomes

w(2) = o+ Aip-rect (2\) * wmb(A) (5.2)

and the Fraunhofer diffraction (Fourier Transformation FT) of the phase grating is obtained from
7]

exp(i-w(z) = i Ap(Ag)exp(i - N K .1), (5.3)

N=—tc
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where K = 2 /A and

s
2
The far-field diffraction efficiency in a specific order /V is then obtained from

'
Ap{Ag) = sim:(%} -cos(N— + a—;i]. G4

v = |Anl? (5.5)

which yields

L (D 2 oA
th = COS'! (-2—.'0) THn+1 = (m) Sim (%) Thn = 0. (5.6)

In the case of a binary grating of duty cycle 50% (p = A/2) and Ay = 7, the zero order vanishes
and light is only diffracted into the odd orders with the efficiency

= 2 ’ 5.7
Taps = (m) 5.7

The diffraction efficiency into the first orders is then 14, = 40.53%, that is, 81% of the energy
goes into the 1** diffraction orders when the 0% order vanishes. This case is illustrated in Fig.
5.2a.

Sinusoidal phase profile

Another type of grating which can easily be described is the sinusoidal phase grating. The phase
function is then

Ay i @
wle) = N (1 + sin (QFK)) , (5.8)
with the period A and the amplitude Ay of the phase modulation. The Fraunhofer diffraction
(FT) is obtained from [71]

exp (i-%sin(%f))= T In(2E) exp (-a-N.z-rf), 5.9
2 AT = M A

where Jy is the N order Bessel function. The diffraction efficiency in a specific order ¥
becomes

— 3 (%) . (5.10)
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Figure 5.2: Diffraction efficiencies of phase gratings. a) Binary phase grating with Ay = 7 and
» =2, b) Zerv, 1** and 2" diffraction order of sinusoidal phase grating vs. modulation depth
A,

Figure 5.2b shows the evolution of the 6*, 1 and 2™ diffraction orders vs. the phase mod-
ulation amplitude Ay. Compared with the binary grating in Fig. 5.2a, the maximal diffraction
efficiency of the 1™ order and the extinction of the 0" order do not occur for the same modula-
tion. If the extinction of the 0 is the goal, the efficiency of the 1% order is only 26.8% instead
of 33.8%, and the 2" is as high as 20%.

5.3 Simulated director profiles

Grating configuration

To produce a binary phase profile with nematic liguid crystals, two basic configurations with
planar nematic arrangement arc considered . Relative to the electrodes, the alignment can be
cither parallel or perpendicular, as shown in Fig. 5.3, These two arrangements should resultina
local modulation of the director tilt angle only.

The input polarization must be paralle] to the alignment direction. Maintaining the initial
polarization state is desired, when the phase grating is part of a system inclnding other polariza-
tion sensitive devices. Twisted configurations which might change the polarization or untwisted
configurations which would become twisted during operation, are to be excluded.



5.3, SIMULATED DIRECTOR PROFILES : 8l

|

ittt INNINNG
eo B0V ool . - M om MW

|
ﬁ

—
(=N
—

(c)

Figure 5.3: Binary gratings with different alignment directions of the liguid crystal. (a) Parallel
aligned grating and (b) perpendicular aligned grating rubbing directions. Spatial modulation of
the directors for {c) paratlel alignment and (d) perpendicular alignment.

Alignment perpendicular to the electrodes

When a voltage is applied between the comb electrode and the counter-electrode shown in Fig.
5.3a, a vertical electrical field appears, which will increase the tilt angle of the directors between
ithe electrode array and the counter-electrode, as shown in Fig. 5.3c. The difference A of the
phase retardation is given by

!.\rp:k-d-nc~k—/'rrc”-dz. {5.11)

This is 1he ideal case, but due to 1he elastic forees of the liquid crystal and the fringing
fields appearing at the edges of the structured electrode, the director profile for the whole period
is different. Figure 5.4a shows the parallel aligned cell as it appears in LCDMaster [22] after
calculation. A single period with periodic boundary conditions is caleulated, with the structured
electrode at the top, and a full electrode at the botiom. The solid lines represent the equipotential
lines. The dense equipotential lines close to the edges of the upper elecirode indicate a very
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strong clectric ficld . The short sticks or dots represent the directors, tilt-modulated in the center
of the cell and relaxed at the borders.

(a) (b

Figure 5.4: Director simulations for {a) paralle! and (b) perpendicular-aligned binary gratings.
Periodic baundary canditions are impased. The dark lines at the 1ap and the boitom represent
the electrodes, cavered with a dielectric layer. The solid lines are the equipotential lines and the
dots and sticks the directors. The width of the structured electrodes is half a period (see Fig.
5.5).

Figure 5.5a shows how the tilt angle of the directors is modulated over a period and across the
cell thickness. The modulated zone alonp the thickness can clearly be recognized in the center
of the period, as well as the un-modulated zone at the extremities of the period. The main aspect
characterizing nematic gratings is the transition between the modulated and the un-modulated
zones. The Fig. 5.5a shows this smooth transition. The quality as binary grating will be mainly
influenced by the relative width (respectively to the period) of this transition.

A second aspect characterizing this configuration is the appearance of twist modulation. As
mcntioned before, till-only modulation is required to maintain the same linear polarization at the
output as at the input. Figure 5.5b shows that a twist medulation exists, although gnite small
(< 10°). The twist modulation is cansed by the structure of the electrodes. At the edge, a strong
horizontal fringing field appears, and the directors tend to align with it. Note that al any point
of the cell, the electric field vecter E is in the plane of the cross-section, while the director n is
practically perpendicular to this plane. With the influcnce of the positive dielectric anisotropy,
the obligue fringing fields are strong enough to initiate the twist re-orientation,
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(a) (b

Figure 5.5: Paralliel alignment. a) Director tilt modulation for one period. b) Director rwist
distribution along the period and thickness. (U = 14V, p = 36pum, t = 4.610n, pretilt = §°)

Allgnment parallel to the electrodes

For this configuration, shown previously in Figs, 5.3b, the director and the electric field vector
are in the same plane, thus no twist re-orientation will take place. But the fringing field is
sull present, inducing a perturbation of the director re-orientation locally. Figure 5.4b shows
the simulated cell with perpendicular alignment. 1t appears clearly that the director profile is
different compared with the perpendicular configuratioo (Fig. 5.4a) . The equipotential lines
show an irregular distribution, quite different from the symmetric distribution of the parallel
aligned configuration shown in Fig. 5.4a. The tilt distribution presented in Fig. 5.6a, shows also
this asymmetry. The origin of this asymmetry is the fringing field together with the pre-tilt angle.
Close to the upper electrode, the orientation of the electric field E {r) and the director n (r) are
shown in Fig. 5.4b. On the left side of the upper electrode, the angle between the director n
and the electric field E;, is quite small and the director will easily align with the field, rotating
clockwise. On the opposite side of the electrode, the angle between Eg and the director is much
larger and a anti-clockwise re-orientation is possible. Reverse tilt may occur, that is, a local
value of the tilt angle smaller than the pre-tilt, as shown in Fig. 5.6b. The stress on each zone
is unbalanced, and an asymmetric dircctor profile results. In Fig. 5.6a, the complete director
profile is shown. The asymmetry appears clearly togcther with a shift of the deformed pattern
with respect to the center of the upper electrode.
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Figure 5.6: Tilt modulation of the director for perpendicular alignment. a) Director 1ilt modu-
lation for positive pre-tilt. b) Cross-section of the tilt distribution at half the cell thickness. The
local stress and fringing field is responsible for the reverse 1ilt modulation. (same parameters as

Fig. 5.5)

5.4 Simulated phase profiles

With the tilt and twist distribntion it is possible to calcnlate the phase prafile. The nse of the
Jones matrix method appears to be appropriate for narmal incidence. This is only true if the
lateral index gradients are not large cnongh to deviate the beam ont of the straight path. As
shawn in chapter 4, for these lignid crystal devices the transitions are smooth enough and the
gradients small enobgh to accept Jones calculus,

For maximal efficiency, a binary phase profile is preferred to a sinnsoidal one. But the elastic
properties of nematic liquid crystals do not allow steep transitions. For a given cell thickness,
period, and lignid crystal properties, the width of this transition is the same. Only for very short
periods, these transition zoncs overlap and the required modulation is not reached. Figure 5.9
shows the profiles for parallel-aligned cells while Fig. 5.7 shows the resnlts for perpendicnlar-
alignment. The differences observed in the director profiles appear also in the phase profiles.
Only paralle] alignment shows a profile close to the desired binary profile, while perpendicular
alignment shows an asymmetric phase profile. The pericds of the different profiles have been
narmalized for comparison. The desired binary profile is practically obtained with long period,
parallel aligned gratings, while a sinusoidal profile is obtained for shorter periods.
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Figure 5.7: Perpendicular alignment phase profiles using Jones calculus obrained after the pre-
viously calculated director profiles a) For different period lengths. (thickness = 4.61 i,
pretift = 6% U = 14V, except U = 1.9V for 12 jun period) b) For different pre-tilt angles.
(period = 36 jun, thickness = 4.61 pon, pretill = 12, 68425, U = 1.4V)

Figure 5.7a shows that the phase profiles are clearly asymmetric. A possible remedy is to
increase the pre-tilt angle. Figure 5.7b shows how the phase profile changes when the pre-tilt
angle is changed. Lower pre-filt result in the already mentioned reverse tilt, which causes an
asymmetry in the director profile. With larger pre-tilt, the problem caused by the locally different
orientation between the directors 1 and the electric field E discussed in Fig. 5.4b is reduced. The
sense of rotation of the director is more clearly defined and the final director profile is closer to
the symmetric profile desired for binary gratings.

Using the Fourier transforin for periodic functions, the far field image (Fraunhofer diffrac-
tion) is calculated from the phase profiles, and the diffraction paticrn is alsg asymmelric, as
shown in Fig. 5.8b.

The asymmesric phase profile is responsible for the unbalanced diffraction pattern, From this
point of view, perpendicular aligned gratings may have an advantage for some applicatious, for
example for switchable blazed gratings.

Parallel alignment

As Fig. 5.9 shows, reducing the period changes the profile from almost binary to sinusoidal-
like. The reduction of the period changes the form of the profile, but not the modulation depth,
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Figure 5.8: Calculated far-field diffraction pattern for (a) parallel and (b) perpendicular-aligned
gratings (A = 3600, Ayg = 7). The plots are normalized to the highest value.

at least not until n critical period length is reached. When the period is further reduced, the
director profile is modified over the whole period, that is, all the directors are tilt-modulated,
thus resulting in a reduction of the modulation depth. Therefore, the voltage must be increased
to reach = modulation (A = 12m, U = 1.917 in Fig. 5.9). Nevertheless, the voltage correction
reaches a limit where it is no longer possible to reach the desired modulation depth. Note that
the part of the phase function that links the high and low levels of retardation in the binary
phase profile has & width (transition width) which is determined, for a given LC and the required
voltage for # modulation, by the thickness of the cell. Since the period has been normalized in
Fig. 5.9, these transitions do not lock identical. Instead, the figure iilustrates clearly how much
this transition is important in the final shape of the phase function. When the critical period length
is reached, the phase function is only composed of these transitions resulting in a sinusoidal-likc
phase profile.

In Fig. 5.10, the relation between the critical length for the period, the thickness and the
required voltage is shown. With the assumption that the period is long enough, the required
voltage for 7 modulation is calculated, as illustrates Fig. 5.10a. The curve has a asymptotic
limit for very thick cells corresponding to the threshold voltage Vi, = /K /eqAe. Besides, &
minimum thickness > A/(2 - An) is required. Figure 5.10b shows a linear rclation between
the thickness and the shortest period that performs o modutation for the voltages plotted in Fig.
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Figure 5.9: Phase profiles for parallel aligned grotings using Jones calculus obtained afier the
previously calculated director profiles for different period lengths. (thickness = 4.61 pomn,
pretidt = 65U = 14V, except U = 1.0V for 12 um period).
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Figure 5.10: Calculation of the relations between thickness, voltage and critical period length
Jor parallel-aligned gratings. a) For an uncritical period length, the voltage (U) required for
T modulation vs. the cell thickness d. b) For the calculated thickness and voliage, the period
length A is reduced uniil the modularion depth drops below w. This limir defines the critical
period length. (pretilt = 6°).

Using the Fourier transformation integral
1 2now- N
An = K[\A(:u) cexp (7 - (x)) -exp (—i- l!\;l—) dx (5.12)

to calculate the amplitude of the N** order diffraction iu the far-field (Fraunhofer), the efficiency
yx = |Ay|® can be calculated numerically. The equatiou is used to calculate the diffraction
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efficiency into the 1% order (N = 1) for the phase profiles o (2). The profiles are obtained
for a fixed thickness, and the comresponding voltage for # modulation. The plot labeled U =
1.4 V" in Fig. 5.11 shows how the efficiency at constant voltage is rednced for shorter perieds.
Longer periods show an asymptotic efficiency towards the theoretical limit {~ 40.5 %) for binary
gratings. Smaller periods change both the shape and, below the critical period length, also the
modulation depth.

The second curve, labeled “optimized A¢”, shows the maximurn efficiency possible for op-
timized modulation depth. The same director profiles have been nsed bt the modulation depth
of the phase profiles has been corrected to obtain the highest efficiency. The modulation must
be increased for shorter, sinusoidal-like gratings, from the initial # modulation for binary phase
gratings to 1.17 - 7 for sinusoidal phase pratings.
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Figure 5.11: Diffraction efficiency into the first order for parallel aligned cells using the values
for U, d and A shown in Fig. 5.10.

From the calculated phase profiles, the Frannhofet diffraction pattem can be calculated nsing
Fourier transform. The grating is assumed to be a thin element which modulates amplitude and
phase. Figure 5.8a shows a typical diffraction pattern in the far-field for the calculated parallel
aligned profiles. The modulation depth is 7, but the zero order does not vanish, which means
that the phase profile is not rectangular, but something between rectangular and sinusoidal. For
the difference of the rectangular and sinusoidal phase grating see Fig. 5.2.
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5.5 Experimental results

Cell fabrication

The gratings which have been realized are 6 pm thick, with periods of 24 gerre, 36 g and 48 pre
(diffraction angles of 1.5°, 1 and 0.75° at 633 nm) For this feature size (> 12 juan), wet etching
is nsed to structure the electrodes. P1 2545 or SN-70XX polyimides is spin-coated as alignment
layer. The substrates are velour-rubbed and spherical spacers are used for thickness determina-
tion. The cells are driven with square signals of 1 kHz frequency.

Under this conditians, the cells are not critical in the sense described in section 5.4. The
amplitude of the driving signal must not be corrected and is the same for all period lengihs.

Experimental setup

Figure 5.12 shows the experimental set-up for the measurement of the diffraction patterns. The
incident laser beam is spatially-filtered and an expanded plane wavefront is obtained with a colli-
mating lens, The light is linear polarized with a high quality polarizer (Contrast — Ratio > 10°),
and the polarization plane is set parallel to the alignment of the liquid crystal in the cell. The
incidence is normal to the substrate.
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Figure 5.12: Experimental setup for the measurement of diffraction patterns and efficiency.

Perpendicular-aligned cells

The previous results with the calenlated profiles already announced that the diffraction patierns
will be asymmetric, The measured diffraction patiern is shown in Fig. 5.13a. Compared with the
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calculated diffraction pattern in Fig. 5.8b, the shapes are gnalitatively identical.

A more important aspect to point ont is the behavior of the different diffraction orders as a
function of the applied voltage. Figure 5.13b shows the measured efficiencies for the zero, 1
and 2™ order diffraction. The intensity of the zero order decreases smoothly and does not
vanish in the considered range of voltages. The behavior of the +1* and —1*! orders is asym-
metric as expected from the phase profile. Even considered as biazed prating, and considering
the extinction of the zero order and a high contrast ratio between the selected order and the zero
order as criteria, there is no optimized operating point in the considered voltage range. Although
this grating is not efficient as blazed prating, the configuration shows grcat potential for mult-
electrode blazed gratings, because of the smoother transition between the electrodes, compared
to paraliel aligned gratings.
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Figure 5.13: Perpendicular-aligned cells (A = 36 jun, d = G ). a) Diffraction pattern for
U = 1.5V. b) Measured intensities af the 0, 1** and 2™ diffraction arders vs, applied voltage.

Parallel-aligned cells

Figure 5.14 shows the measured diffraction pattern and the diffraction intensities of the principal
diffraction orders vs. applied voltage. Figure 5.14a shows a diffraction patiern where the zero
order does nearly vanish. As predicted by the theoretical calculations and simulations in section
5.4, the diffraction pattern is symmetrical.

The measured intensities of the orders versus the applied voltage is shown in Fig. 5.14b.
The difiraction for positive and negative orders is always the same. Also, a second operating
point cxists, where the 0% order is again maximal and the 1°¢ vanishes. This corresponds to a
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Figure 5.14: Parallel-aligned cell with A = 36 pym and d = 6 . a) Diffraction pattern for
best 0" order extinction (U = 1.5 V). b} Evolution of the 0, 1 and 2" diffraction orders vs,
the opplied voliage.

binary grating with a modulation depth of 2, which is theoretically equivalent to no grating
at all. The interest of this second operating point, althongh less efficient (50% of loss), is that
this configuration has morc elastic energy stored and would result in fastcr commutation through
relaxation.

The second and most important aspect to point out is the difference in the required voltage
for zero order extuncton and maximal diffraction into the frst order, observed in Fig. 5.14b. The
same behavior appears in the theoretical efficiency plot for sinusoidal gratings (Fig. 5.2). Since
high diffraction angle is preferred, the trend goes to shorter periods and more sinusoidal-like
gratings. If contrast is the criteria, it is beiter to choose the best extinction voltage.

An additional perturbation comes from the amplitude grating produced by the refractive index
differcnce between glass and the ITO of the structured electrodes. In this case, two gratings of
the same period are superposed. For an amplitude grating, the +1* and —1% diffraction orders
have the same sign, contrary to a phase grating, for which they have opposite sign (see Egs. (5.4)
and (5.9)). Therefore the sum results in an asymmetric diffraction pattern. Nevertheless, the
amplitude grating has only a small cffect and can practically be neglected.
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5.6 Alternative configurations for binary gratings

Hybrid liquld crystal grating

Using the ribs technology it is possible to create binary gratings as shown in Fig. 5.15. The
ribs made with photo-resist are isotropic and the phase retardation is fixed. Between the ribs,
the liquid crystal can have different configurations, i.e. planar-nematic, homeotropic, twisted-
nematic or cholesteric. Nematic phases are not so interesting, given that they require linear
polarization to be used. Instead, cholesteric phases below the Maughin limit could be of great
interest to eliminate the entrance polarizer. The cholesteric phase can be used in this sense for
wavelengths longer than the upper limit of the reflective window (see chapter 4).

The main problem appears at the new boundaries, introduced by the rib walls, There is no
defined alignment at these surfaces and, if the alignment occurs in a manner opposed to the
relaxed state, usually determined by the upper and lower boundaries, this state will be perturbed ‘
and the efficiency of the device wonld be strongly reduced.
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Figure 5.15: Operation scheme for the hybrid binary grating with ribs and cholesteric texture.

A second problem appears, when working below the Manghin limit. In twisted or super-
twisted nematic eells, the linear polarization is intended to follow the helix of the lignid crystal
and remains linear, changing only the orientation. Now, the polarization state is undetermined
and the phase retardation is directly related to the thickness and an averaged refractive index.
This means that precise thickness control is required for efficient operation of the grating. Since
cholesteric textures are bistable, there is no possibility to electrically adjust the two operation
states.

Figure 5.15 describes the two operation modes. When the cholesteric helix is present, the
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phasc retardation of the LC is different with respect to the retardation of the rib. This causes the
binary phase grating, When the voltage is applied, the LC is homeotropic. The retardation is the
same as the one of the ribs.

5.7 Summary

1. The relative alignment between the electrode and the aligned directors has a fundamen-
tal effect on the director’s arrangement. Planar NLC binary gratings with an alignment
parallel or perpendicular to the structured electrode do not give the same director profile.

2. Only parallel-aligned gratings give binary-like phase profiles. The shape of the phase
profile changes from almost binary to sinusoidal-like when the period of the grating is
reduced.

3. The resolution limit, called critical period length, is linearly proportional to the thickness.
Below this limit, the phase modulation drops without correction of the applied voltage.

4. The measured gratings prove the accuracy of the calculations.
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Chapter 6

Tunable phase gratings using multiple
electrodes

6.1 Introduction

In this chapter, phase modulators with tunable phasc profiles will be discussed. This is the logical
way to follow after the binary gratings discussed in chapter 5. Most of the properties of multilevel
gratings are logical consequences of the results obtained with binary gratings. Nevertheless, the
characteristics desired for binary gratings arc in general opposed to those of the tunable gratings
considered here, i.c. blazed gratings.

The interest of tunable phase gratings is obvious. The same functions as made by lenses
[72, 73] or prisms [74, 75] can be produced and corrected electrically. Even more complex
modifications of the phase-front of a wave is possible, leading finally to a tunable hologram.

We will focus on blazed gratings. The goal of such a phase function is to deviate a beam by a
certain angle as a prism does. This is done through diffraction instead of refraction. Figures 6. 1
shows how the refractive prism can be replaced by a diffractive liquid crystal grating. The solid
prism of Fig. 6.1a can be replaced by a solid blazed grating by making slices with a thickness
of one wavelength, at least for monochromatic applications. The micro-prisms of the blazed
gratings represented in Fig. 6.1b are difficult to fabricate, so they are rcplaced by a staircase
using photolithographic processes. The efficicocy of the staircase grating shown in Fig. 6.1c
is related to the number of steps. The steps of the staircase can now be replaced by parallel
electrodes with different voltages that will spatially modulate the liquid crystal and to obtain a
phase modulation like the one illustrated in Fig. 6.1d.

95
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P NN

® ® (c} (d)
Figure 6.1: Evalution from the refractive prism to the diffrative liguid crystal grating. a) Solid

refractive prism. b) Ideal diffractive blazed grating. c) Staircase profile. d) Liguid crystal tunable
grating.

6.2 Simulated Electric Field and Director distributions

6.2.1 General description of the multilevel phase modulator

Figure 6.2 shows a cross section of the multilevel phase modnlator. Parallel electrodes can be
electrically driven with diffcrent veltages, 17, V...V, The resulting electric field between these
eloctrodes (V) and the counter-electrode (1)) reduces locally the phase retardation by increasing
the tilt angle of the underlying directors of the planar-aligned nematic liquid crystal.

Period 3 | [Parallel clectrodes
- Vi,

1

== 1" | Dielectric layer |

| = .
¢ fee Liquid Crystal modulation
_\—-—~\__/ Phase modutation
7 ‘“1 Counter electrode |

Figure 6.2: Cross-section of a multifevel, periodic, liguid crystal grating. The different vertical
fields created by the discrete electrodes are represented by the long vertical arrows. Alse, hari-
zontal fields appear between the discrete electrodes caused by the different applied voltages, in
addition to the fringing fields of the discrete electrodes (see chapter 5).

>

Thickness ,

As for the binary gratings in chapter 5, two main configurations for planar-aligned nematic
lignid crystal are possible in order to perform tilt modulation only. The alignment is either
parallel or perpendicnlar to the electrodes. The device is polarization dependent. The input beam
is assumed 1o be linearly polarized, parallel to the alignment of the director.
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As it was already the case for the binary gratings, there are some side-effects that modify
the expected performanccs of thesc devices. The fringing electric fields that appear at the edges
of the electrodes of the binary gratings (chapter 5} arc now rc-cnforced by the presence of the
different applied voltages to the amray of the electrodes. In addition, the pre-tilt angle will play
an important role in the director re-arrangement, specially in the case of perpendicular-aligned
devices.

6.2.2 Electric field distribution

For an easy manipulation of the blazed grating, a linear dependence of the phase shift as a
function of thc applied voltage would be ideal. This linear domain should have a dynamic range
of 2r resulting in & minimum valuc for the thickness «f imposed by the condition d - An/fA > 1.
Figure 6.3 shows the rctardation vs. applied voltage of BLOO6 for d = 6 pne and different
pre-tilt angles. The large birefringence (A (633 nn) = 0.28) of this liquid crystal results in a
modulation range of more than two wavelengths at 633nm. Increasing the pre-tilt angle has two
consequences. First, the threshold voltage, clearly present for (* pre-tilt, is slightly reduced for
small pre-tilt angles {< 5%) and becomes undefined for larger pre-tilt angles. Also, the slope of
the curves becomes smoother at small voltages.

6.28
5.50

g4 .
53.93 =i

Bt -—M/j,*j- - w[=--01deg ~--1deg

/ fé} .2dcg 4dcg

% —6deg  —9dcg

-~ 12deg 15 deg

0 1 2 3 4 3
Applied voltage (V)

Figure 6.3; Mid-layer tilt angle vs. applied voltage. (1D simulation, 50 layers, LC: BLO06)

The results obtained with one dimensional simulations, like those of Fig. 6.3, cannot be
directty applied to pratings of high spatial frequency, since other constraints apply to the lig-
nid crystal. The small electrodes and distances in between, together with the different voltages
applied, result in an irregular reoricntation of the molecules, and not only in a vertical reorienta-
tion caused by the vertical electric field. The electric field distribution is far more complex; the
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clectric fields from the diffcrent electrodes overlap, The main contributions to this director dis-
tribution of the nematic liguid crystal are: the liguid crysta! dielectric and elastic properties, the
eell thickness, the width and separation of the electrodes, the dielectric constant and thickness
of the alignment layer (76], and finally the applied voltage. The last three aspects are of special
importance for the multi-electrode gratings we are discussing.

Figure 6.4: The staircase profile of voltoges applied to the electrodes becomes a smooth electrical
profile in the liguid crystol.

For the binary gratings (see chapter 5), the lower limit for the period length is determined by
the extension of the fringing field beyond the lateral limits of the structured electrodes. While
for binary gratings the overlap of fringing field should be avoided in order to obtain steep phase
steps, for multilevel gratings overiap may be desired instead, in order to get smoother and more
continnous transition between the eleetrodes, leading to a ramp instead of a staircase profile. On
the other hand, a steep phase jump is required at the end of the period to obtain a high efficiency
as blazed gratings. Figure 6.4 shows the different aspects discussed above. The closeness of the
clectrodes results in & smooth profile (solid line) which is close to a ramp with fly-back (dotted
line).

To obtain a smooth ramp, thicker cells would be preferred. But due to the strong dependence
between switching time and thickness (7 « #¥), a better solution is to put the electrodes as close
as possible together, than making a thick eell. The distance between electrodes is limited by the
technological process (dry-ctehing), which is about 3 prn in our case.

Finally, small grating periods are required to perform large diffraction angles, with calls for
small electrodes, going to the limit of the available technology. With such small structures the
field distribntion is mainly given by the overlap of the fringing fields. The resniting phase profiles
will be smooth curves, very different from the staircase profile of Fig. 6.1¢.
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In-plane fleld

The Figs. 6.5 and 6.8 show that the main component of the electric field resulting from the
potential lines is vertical. But they also show that a horizontal component of the field exists,
specially close to and between the electrodes. The narrow field lines between the electrodes
result in a very strong in-plane field, as iilustrated by Fig. 6.6. This effect is specially important
for parailel alignment. In the mid-layer, the field distribution is quite smooth and close to the
desired blazed profile.

The in-plane effect has been studied in the mid-nineties to obtain better optical properties for
commercial displays [77, 78, 79, 80, 27], but in our case this effect is undesired. Depending on
the type of alignment considered, i.e. parallel or perpendicular to the electrodes, the effect is
diffcrent.

Figure 6.5: Electric field profile for paralle! aligned LC over one period of the grating. { 6 level,
electrode width and spacement = 3 pun, alignment layer thickness = 0.125 um, cell thickness =
&y, BLODG, Ae = 2.9, Volrages = 0, 1.7, 1.825, 1.975,2.15and 2.4 V,

Paraliel alignment

In the vicinity of the inter-electrode space, the electric field and the director is practically perpen-
dicular. This means that if the electric field is strong enough, the director can be twisted. This
reorientation is in conflict with the desirod tilt modulation, but occurs only close to the structured



100 CHAPTER 6. TUNABLE PHASE GRATINGS USING MULTIPLE ELECTRODES

substrate. Following Eqs. (3.15) and (3.19) of chapter 3, we know that the twist reorientation
does not occur before a certain threshold voltage is reached. This threshold voltage [78] is given

by,
in—plane { f ]"'22
‘f;hre:;:dd' = J Ac - Eo‘ (6.])

where d is the cell thickness and { the distance between neighbor electrodes. Using BLOOS, with
Ky = 15 pN and Ae = 17.3, and { = 3 um, the threshold voltage for cells with a thickness
o = 6 pn gets, Viy 22 0.4917, On the other hand, the threshold voliage for tilt modulation can be
estimated by replacing Ky, with /{;; in Eq. (6.1). In this case, the distance { between electrodes
is equal to the thickness «, which gives

Ky
Ag-g,

srertiend
} threshold —

(6.2)

With iy, = 17.9 pN, Eq. (6.2) yields ¥, =~ 1.1 1/, which is close to the value shown in Fig.
6.3. Therefore, to obtain a smooth profile, the voltage difference between consecutive electrodes
has to be small. For example, a high number of clectrodes results in a smooth profile, since the
highest voltage applied is the one required for 2m modulation and therefore independent of the
number of electrodes.

Figure 6.6: The electrodes with the highesi {Vy;) and lowest (M|} applied voliages produce a
zone of high in-plane field. Also, the sense of field is reversed (Vi > Vo > 14 2 Vo =0). For
parallel or obligue alignment, the liquid crystal is wwisted [77].

As shown in Fig. 6.6, the first clectrode (V) with the lowest applied voltage is the critical
one concerning the in-plane field, . Usnally at the same voltage as the counter-electrode, i.e.
19 = 14 =0, it is neighbored by two electrodes with much higher voltages. Vs has the highest
voltage (~ 2.5 V') and % must be above the vertical threshold voltage (> 1.1 V). Thus, the
resulting in-plane field with V| is clearly above the calculated threshold of 0.5 V. For the other
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electrodes (4, V....Vys_ (), the in-plane ficld will depend on the number of electrodes Af per
period.

For small and closely spaced electrodes, it is no longer possible to think in terms of isolated
electrodes, since the clectric field of one electrode influences also its neighbor electrodes, The
only solution to reduce the in-plane cffect is to enlarge the electrodes, since thicker cells are
excluded because they slow down the device. With a larger electrode it would be possible to
increase the voltage of | (usually set 10 0 V) to a value below the vertical threshold, so that it
does not modifies the directors but reduces the in-plane fields caused by 1, — 1Y, and 1 — 14,.

Perpendicular Alipnment

1 this case, both the in-plane field and the director are practically parallel and in the cross-section
plane shown in Fig. 6.7a. Thus, there is no danger of twist. Although iu this case the in-plane
electric ficld would kecp the directors flat, and being a K'5; dependent phenomena, the threshold
voltage is extremely high. The in-plane ficld has practically no effect, as shows the absence of
deep valleys in the equi-potential lines of Figs. 6.8a and b compared to those in Fig. 6.5.

/_,,\Tﬂ\\—\_
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Figure 6.7: The reverse tilt is caused by small pre-tilt and the fringing field. a) The relative
orientation of the directors towards the local electric fields is different close ro the edges of the
electrodes. b) The sense of the voltage romp and the direction of the pre-tilt will change the field
disiribution of perpendicular-aligned gratings as shown in Fig. 6.8.

Already in the case of binary gratings, the reorientation of the directors was not the same on
the two sides of the structured electrode. The relative orientation of the initial director and the
local electric field is different, as shown in Fig. 6.7a. In the case of a staircase voltage profile, the
pre-tilt can be cither in the sense of the staircase or against it, as illustrates Fig. 6.7b. This small
difference has strong consequences in the equilibrium state, as can be seen from the comparison
of the equipotential lines in Figs. 6.8Ba and b.
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The ideal solution would be a pre-tilt of zero. Practically, this is not feasible because of the
uncertainty of the director reorientation. Being perpendicular to the electric field, the sense of
the reorientation is not pre-determined and can be different on different periods. 1In the ideal,
simulated case, either the algorithm does not obtain a equilibrium statc or a disclination takes
place because of the local fringing fields as occurred in low pre-tilt binary gratings. This same
behavior was found in binary gratings, where reverse tilt occurs (see chapter 5).

(a) ()

Figure 6.8: Electric field profile far perpendicular aligned LC over one period of the grating. a}
Positive pre-tile. b) Negaiive pre-tilt. Same simulation conditions as Fig. 6.5.

6.2.3 Director profile

Figures 6.9 and 6.10 show the tilt and twist angles of the director after reorientation resulting
from the clectric field distributions shown in Figs. 6.5 and 6.8. Although the devices are identi-
cal concerning the geometrical aspects {thicknesses, electrode width and spacing, pre-tilt angle,
etc...) and the driving parameters (14 values, frequency), the alignment direction, parallel or per-
pendicular to the electrodes, makes the difference. And, as mentioned before, the pre-tilt angle
also differentiates the recrientation in the case of perpendicular alignment.

Parallel alignment

Figure 6.9a shows how the tilt profile reminds of the staircase profile, even if the electrodes are
as closc as possible. A thicker cell would smooth out the valleys in the tilt profile. The short
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distance between the electrodes and the clastic behavior of the hiquid crystal are responsible
for the slight reorientation of the tilt angle at the beginning of the period, although the appliod
voltage is zero at this first electrode.
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Figure 6.9: Director profiles for planar-aligned liquid crystals resulting from the same simulation
as Fig. 6.5. Although the applied voltages are the same, the resulting director distribution is quite

different. This configuration shows an important ltigh frequency undulation in the tilt distribution
and the existence of twist modulation.

But the twist is more important for parallel alignment. Figure 6.9b shows how the large in-
plane fields can result in a twist angle rotation of 20°, while fringing fields in binary gratings
caused only twist variations of less than 10° . This is, in fact, what happens between the other
electrodes, since the voltage difference is quite low and the in-plane fields below the in-plane
threshold voltage. The sense of the twist rotation is imposed by 1he intensity of the applied
voltages, 1hat is, by the local tilt gradients. As shows Fig. 6.9b, the maximal twist angle is
negative between the intermediate electrodes but positive between the last and first electrode of
a period.

In all cases shown in Figs. 6.9 and 6.10 both the valleys in the tilt modulation and the peaks
in the twist modulation arc closer to the structured substratc than to the counter-electrode. The
usc of two structured electrodes would increase both effects, making the device worse. It would
also require perfect alignment.
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Perpendicular alignment

Al any point of the eell, the electric field vector and the director lie in the same plane. Thus,
the twist angle will be zero whatever the applied voltages are. The main problem to be pointed
out is the pre-tilt angle responsible for the asymmetry of the device. In order 10 compare the
dircctor profiles when the voltage staircase is reversed from 14, 4.V 10 Vir. . 15 1, the pre-
tilt has been changed to the same but nepative value instead, which is equivalent. Reversing the
voltage staircase in order to change the sign of the diffraction order selected {(+17 — —1%),
results in different directors profiles for this configuration as illustrate Figs. 6.10aand b. n
addition, the directors arc “shifted” due to the different constraints, This is also true in the case
of parallel-aligned gratings, where the local maxima of tilt angle are not centered with respect to
the electrode. 1n Fig. 6.10b the smailest tilt values appear where the the highest vertical fields
are. Also the shape appears smoother, but quite different from a staircase or a blazed profile.
This clearly mcans that the device is not symmetrical and that the driving parameters rmust be
rcadjusted when the light beam is steered from a positive to a nepative diffraction order.

U

2
Thickness (um) &o Perlod (um)  Thickness (um) 0o Pertod (um)
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Figure 6.10: Directar profiles far perpendicular-aligned liquid crystals resulting from the same
simulation a Fig. 6.8. Changing the sign af the pre-tilt is equivalent to change the sense of
the vallage romp. a) and b) show different directar profiles far the same but inverted valtage
siaircase / pre-tilt angle.

Another aspect of the pre-tilt influence in the director profile cornes from the smali value of
this angle. The problem already appeared in binary gratings. Figure 6.10b shows that the director
distribution is sornewhat disturbed between the electrodes with highest and lowest veltage. This
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problem was already pointed out for small pre-tilt in binary gratings, where a reverse tilt was
observed.

Figure 6.3 shows that higher pre-tilt reduces and finally smears out the threshold voltage,
whilc it showed smoother and less asymmectric behavior in binary gratings. This change would
improve both the symmetry and eliminate the reverse tilt, but an excessive pre-tilt wonld also
increase the fly-back length A+, which is the distance within the period going from the highest
to the lowest value of the phase profile that will result from the calcolated director profile.

6.3 Propagation of light

6.3.1 Phase grating function

The Jones matrix calcnlus can be nsed for two-dimensional simulations as long as the rays follow
a nearly straight path within the limits of the colurns defined by the grid used for the sirmulations.
In chapter 4 it has been shown that the gradients resulting from two-dimensional simulation of
binary pratings are not strong enough to require rigorous calculation. Even if the voltage required
for 27 modulation in blazed pratings is higher than the one used for binary gratings, the lateral
gradient will not increase enough to require rigorons calcnlation of the phase profile.

Perpendicular allganment

The most importam property of this kind of device is the fact that the linear input polarization
remains linear. The director is only tilt modulated, i.e. it rotates only in the plane parailel to the
grating lines. As long as the polarization plane and the alignment direction are the same and the
incidence is normal to the device, the linear polarization will be maintained. For the same reason,
the transmission amplitude along the period is uniform. The only amplitude modulation comes
from the difference of the refractive index between ITO and glass. Thus, the complex amplitude
of the linear output polarization becomes Jones matrix that comes out from the parallel-aligned
liquid crystal is,

v(x) = a (x) - exp (¢ -l (a)}, 6.3)

where ¢ stands for perpendicnlar (senkrecht in German). The calcnlated pbase profile using the
previously calculated director profiles is shown in Fig. 6.11.

For this configuration the problem comes from the voltage driving and the pre-tilt angle. The
director profiles in Fig. 6.10 have already revealed that the deformation is different when the
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staircase voltage profiles are applied in opposite direction. The resnlting phase profiles for 6-
level gratings are shown in Fig. 6.11b. Not only the shape, but also the relative pasition with
respect to the electrodes is different. This means that it will not be possible to switch from the
~1¢ diffraction order to the +17 simpty reversing the voltage staircase. Each order will require
a specific driving pattern.

et o gt Rt ps e
0y
[+%]
in.o
=208
<04
k)
nz
ol
% S 4T Tox TR ¢ o5 s o7 o1 08 1

e - ad m el amie s ek ke ke ey
[ [:3] a: &3 04 05 as 07 LX) (L] 1
Normalized period Normalized pertod

(m) ®

Figure 6.11: Amplitude (a) and phase (b) of the linearly polarized output wave (dash-dotted: +
pre-tilt, solid: - pre-tilt).

Parallel alignment

In this case, the device behaves symmetrically, but the linear inpnt polarization is not maintained.
In fact, the twist is responsible for a much stronger gradient at the end of the period. The question
now is to know if the twist canses a too strong lateral gradient that would reqnire a rigorous
caleulation of the propagation in the liquid crystal or if we can admit that the Maughin condition
is respected and the lincar polarization is maintained and follows the twisted liquid crystal, thus
allowing Jones matrix calenlation,

For linear polarized input, parallel to the alignment of the LC, the Jones vector at the output
becomes

_ b{z)- exp (17 - ('r))
d{x) - exp (1’ b (.‘L‘))
where () and ) () are the parallel components and & () and ¢} (z) are the perpendicular

(6.4)
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components of the output polarization, with respect of the input polarization. The perpendicular
component is caused by the twist, i.e. the optical activity of ihe device. p stands for parallel.
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Figure 6.12: Amplitude and phase plots for a parallel aligned, G jun thick and 2° pre-tilt cell. The
zero values that appear in the perpendicular term U () are respansible for the diseontinuities in
the phase component ¢;, ().

Figure 6.12 shows amplitude and phase profiles for the parallet and perpendicular polariza-
tions along the period of a 6 level grating. Figure 6.12a shows that almost all the energy goes to
the parallel polarization component of the output. The phase profile for this polarization shows
a more important influence of the high frequency modulation caused by the discrete electrodes
than in the case for the perpendicular aligned gratings.

From Fig. 6.12a we see that the perpendicular polarization component is not zero (b (x) # (),
except at some points where discontinuities (7 phase jumps) occur . Since the input polarization
is parallel to the alignment, this means that the device is optically active, i.e. there is twist defor-
mation. Except for the hot spot between the first and last clectrode of consecutive periods, the
value of b {z) is relatively small compared to d (z). Only where the twist deformation is rela-
tively strong, the b () becomes important. The Maughin condition (0 <%i-d- An). discussed
in chapter 4, is respected in this critical zone. Using the maximal twist angle (., ~ 25°)
shown in Fig. 6.9b, we obtain that the twist should take place within a length of 0.32 s, almost
1/20 times the thickness, which is certainly no the case. We can conclude that the condition is
respected.



108 CHAPTER 6. TUNABLE PHASE GRATINGS USING MULTIPLE ELECTRODES

6.3.2 Propagation in free space

Figure 6.13 shows the diffraction patterns for the parallel-aligned grating. Using the Fraunhofer
approximation described in chapter 4 and with the FFT functions implemented in Matlab [81],
the propagation in free space can be calculated from the phase and amplitude functions shown in
Figs. 6.11 and 6,12, Both polarizations are calculated independently for the parallel-aligned cells
and the intensities are added at the image plane. Practically, the contribution of the perpendicular
component in Eq. (6.4) and Fig. 6.12 is neglectible.
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Figure 6.13: Diffroction pottern calculated for the profiles in Fig. 6.12 of a} between —2.5° and
2.5° b} is the blown-up part. (6 levels, period p = 36 yrn, X = 633 nn, aperture of = 250 yon.

Figure 6.13a shows that the diffraction pattern has many orders. The —1*" order is the one
selected by the blaze, while the others are parasitic orders duc to residual modulation originating
from the discrete electrodes.

Althongh the simulated phase profile has not been fine-tuned for high diffraction efficiency
into the —-1* order and extinction of the 0** order, the performance is quite good, as shown in the
detail of Fig. 6.13b. Given the long time required to perform two-dimensional calculations of
the director profile, fine tuning of the voltages for high efficiency has not been performed. Nev-
ertheless, the diffraction efficiency has been calculated nsing the phase profiles and correcting
the phase retardation to find the ideal phase modulation depth for the diffexent profiles. Figure
6.14 shows the relation between diffraction efficiency and modulation depth nsing Eq. (5.5) and
the phase profiles of Figs. 6.9 and 6.10. The efficiency of the diffraction into the first order can
be estimated at 65%.
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Figure 6.14: Diffraction efficiency vs phase modulation depth far the phase profiles carrespand-
ing ta parallel and perpendicular alignment. (A) Parallel alignment. (B) Perpendicular align-
ment with pasitive pre-tilt. (C) Perpendicular alignment with negative pre-tili. Fly-back and high
frequency modulation by the elecirodes are the main causes for the relatively low value of the
maximal efficiency (65%) . (6 levels, p = 36 pun, d = 6 pn, pre-tilt = 2°)

6.3.3 Efficiency estimation

To fabricate gratings of very small size, photolithographic processes can be used, approaching
the blazed grating with a staircase of M steps. The steps must have an optical retardation equal
to 27 /M. The theoretical efficiency of an ideal staircase into the first order is [18],

. ™ 2
Har = (Smgﬁ)) . 6.5)

hr

As seen in the previons sections, a liquid crystal cell with an array of parallel electrodes
produces a staircase like phase profile (Fig. 6.4). But through the elastic properties of the liquid
crystal, the steep profile will be smoothed out. The 27 steps at the borders of the period should
be perfectly steep to obtain high efficiency. In practice, however, this transition has 4 finite width
A, called fly-back length, which reduces the diffraction efficiency by,

A—Ary?
Ay = ( A r) {6.6)

where A is the period length of the grating.

The resulting efficiency of a liquid crystal grating is then giver by the product of Egs. (6.5)
and (6.6), with the assumption that Ap < A [E2, B3]. Figure 6.15 illustrates the improvement of
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the diffraction efficiency vs. the number of steps, nsing Eq. (6.5). The efficiency # is calcnlated
with the assumption that the Ay-back length is equal to the width of one step {(Ar = A/AM). Itis
interesting to note, that the length fly-back is responsible for at least 20% of efficiency reduction.
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Figure 6.15: Diffractian efficiencies far staircase profiles, fly-back effect and the product af bath.
The fly-back length Ar is assumed 1o be equal 1o the width af ane step, that is Ap = %

6.3.4 Phase function model to calculate diffraction efficiency

The director profiles previously obtained with the finite ¢lement simulation give a good indication
of the shape of the phase profiles. Nevertheless, it is not reascnable to spend hours of computer
calculation to find the best profile and to fine-tune the applied voltages for any possible number of
electrodes. Instead, simple models of the phase profile are used, inspired by the results obtained
from the simulations. They take account of the most important parameters, such as the number
of electrodes, the fly-back and the depth of the phase modulation.

Main phase profile model

As a result of the small dimensions of the electredes, the phase profile is considered to be a
coatinuous and smeoth function. Therefore, the average phase function is modeled by two sinu-
soidal functions, as shown in Fig. 6.16a. The two parameters considered are the depth Ay of
phase modulation and the fly-back length A . Mathematically, this profile is represented by,

wla) = %\‘lsin (,\f_—xp — %) D<a<A—Ap 67)
W(u:):%sin(%ﬂ-%) A—Ap<E <A )
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where A is the period length. Using the Eq. (5.12), the amplitude of the N order diffraction in
the far-field (Fraunhofer), the efficiency 4y = |4x|* can be calculated numerically. The results
for the blazed diffraction order (N=1) are presented in Fig. 6.16b as a function of the modulation
depth Agp and for different number M of electrodes. The fly-back length A is assumed to
be equal to one electrode width (A = A/M). Although a fly-back of Ap = 0 is practicatly
impossible with nematic liquid crystals, the correspanding efficiency is shown as the ideal case

for comparison.
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Figure 6.16: a) Model for the average phase profile. b) Diffraction efficiency as a function of the
phase modulation depth Ay for different number of electrodes.

High frequency modulation caused by the electrodes

To include the effect of the valleys in the phase profiles (Fig. 6.12b), caused by the discrete
electrodes, an additional modulation is superposed to the average phase profile introduced above.
The first term in Eq. (6.7) is multiplied by,

; 2.7 (M- }) s
() = 1+ dip - cos AT A, 6.8}

where J the modulation depth of the additional modulation and Af is the number of electrodes
within cne period.
Figure 6.17a shows the phase profile corresponding to this model, which matches better
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Figure 6.17: Effect of the high frequency modulation. a) Example of the phase function. b)
Calculated diffraction efficiency for M=12, 6, 4 and 3 electrodes per period calculations as o
function of the phase modulatian amplitude.

the calculated phase profiles of parallel aligned gratings shown in Fig. 6.12b. In Fig. 6.17b,
the maximal diffraction efficiency is plotted for M=3, 4, 6 and 12 clectrodes and for different
modulation amplitudes dy between 0 to 0.5 radians. The fly-back, assumed tobe Ap = 1.5 -
A/M. This assumptions matches better with the simulated phase profiles (Fig, 6.16a) than
Ap = A/M, although it dcpends also on the number of electrodes and the applied voltage. It is
interesting to note that the efficiency is improved with respect to the smooth profite (Fig. 6.16b)
for small numbers of electrodes. The efficiency is always lower that for the first mede] presented
in Fig. 6.16a. It comes clearly out that a low number of electredes is not interesting to reproduce
a blazed grating, since the efficiency is very low,

Amplitude grating

In addition to the high frequency phase modulation, the electrodes have a second effect on the
grating efficiency. Because the glass and the ITO do not have the same refractive index, an ampli-
tude grating is present in the device. ITO has a higher refractive index (z ~ 1.7) as the substrate
(n = 1.5). The ITO layers are about 25 n thick and its contribution to phase modulation can be
neglected. Instead, the reflection is quite important. The efficicncy for the investigated devices
drops by 10 to 15% because of this amplitude grating. The grating has the same spatial frequency
as the electrodes. This means that its first diffraction order corresponds to the Af™ diffraction
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order of the phase grating. The amplitude modulation is considered as a binary grating, where !
is the pitch, i.e. the distance between two consecutive electrodes. Equation (6.9) considers two
transmission states corresponding to 1 {(100% transmission) and «, the low iransmission valne.

v 1for 0<2<1f2
Afx) {afor 2 <n<i (6.9)

Figure 6.18: Efficiency vs. the low transmission value (a) for 3, 4, 6 and 12 elecwrode per period
gratings. The amplitude grating is applied to the optimized smooth profiles of Fig. 6.16h.

Figure 6.3.4 shows the influence of the amplitude grating when combined with the smooth
model for the phase profile. Beginning with the optimized parameters for the phase profiles of
Fig. , the amplitude grating is applied resulting in a efficiency drop vs the low value transmission
of the amplitude binary grating, Compared to the phase profile that diffracts into the £1* order,
the amplitnde grating diffracts to the A7 order, being A the number of electrodes of a period.

6.4 Cell fabrication, operation and results

6.4.1 Cell fabrication
Array structoration

The electrode pattern for the cells is designed after the model shown in Fig. 6.19. The cells
have been fabricated with a total number of 200 electrodes. The width of the contact-electrodes
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is 250 grine, half the piteh. The whole cell is 5 em x 5em x 1.1 mm in size. Standard glass
substrates (0.55 mm) with pre-deposed ITO (25 i, 50 Q/sq) is used. Because of the small
feature size of 3 pra, the structure was dry-etched in & plasma reactor with Ar ions, Standard
alignment polymer (P1-2545 for 2°, SN-70XX for 6") were spin coated and velour rubbed either
paralle! or perpendicular to the electrodes. Spheric spacers of G pm are used. The counter-
electrode substrate was assembled together with the structured substrate and the cell was finally
vacuum-filled with liquid erystal (BLOO6).

=._Ei—
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Figure 6.19: Madel of the electrode pattern.

Cell mounting and driving

The cell is mounted on a board for connection. The board has two arrays of electrodes which
are grouped to form a 24 electrode period. The connection is made throngh zebra connectors of
360y pitch. The driving signal is supported by a 25 pin parallel port. Through 2 PC (486) board
(Amplicon PC224), 12 channels can be driven independently with DC and AC square signals of
1kHz frequency. The 24 channels of the connection pont are therefore wired to get 12 electrodes
per period. Driving voltage range lies within 5 Vrms,

6.4.2 Diffraction measurement

Figure 6.20 shows the measurement setup. The collimated, spatially filtered and linearly polar-
ized {Contrast — Ratio > 10°) beam impinges the cell perpendicularly and with the polariza-
tion parallel to the alignment direction of the liquid crystal. A linear CCD detector array with
512 pixels is used to record the intensity of the Frannhofer diffraction pattern. The same PC
that drives the channels makes also the acquisition of the array measurement and the detector of
the reference beam 7.;. The optimization of the voltage profile is cbtained by optimization of
two values: Improving the contrast between the N™ diffraction order and the 0'" order, and the
absolute efficiency into the selected diffraction order N
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Figure 6.20: Measurement setup with loop for the optimization.

Perpendicular aligned cells

This kind of cell shows a behavior which corresponds to the theoretical previsions. In particular,
the asymmetry in the diffraction pattern is observed when the voltage ramp is reversed, i.e. when
the opposite diffraction order is addressed. Figure 6.2 1a shows also that the large dynamic range
of the cell, more than two wavelengths of modulation, which allows to select up to the 3™
diffraction order by changing the staircase vc;ltagc profile. This works particularly well for large
numbers of electrodes, in this case M = 12. Figure 6.21b shows that reversing the voltage ramp
result in & very different diffraction patiern. This is werst for shott number of electrodes than for
large number of electrodes.

Another aspect of the driving of perpendicular-aligned cells to point out is that they appear to
waork better with a bias voltage, bt the same steepness of the voltage ramp. A probable reason
is that a bias voltage homogeneously increases the tilt angle, thus reducing the risk of reverse tilt
or any other director perturbation as those observed in Fig. 6.10.

Parallel-aligned cells

Figure 6.22a shows the different 1** order diffraction efficiencies that can be selected using par-
allel aligned gratings of different periodicity. Peak values of the efficiencies are lower that those
of perpendicular-aligned gratings, mainly due to the stronger effect of the in-plane Feld on the
phase profile. On the other hand, a symmetric diffraction pattern is obtained with reversed valt-
age ramp, contrary to the previously discussed perpendicularly aligned gratings. Figure 6.22b
shows the diffraction pattern of a grating with four electrodes per period and the resulting pattern
for both voltage ramps.
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Figure 6.21: Measurements of a perpendicular oligned cells. o) The lorge dynomic range of the
cell allows to switch up to the 31 diffraction order with 12 electrodes period. b) Perpendicular
olignment results in asymmetric behavior. Higher number of electrodes and levels reduce this
difference. (LC:BLOOG, thickness = 6 um, feature size = 3 pn, pre-tilt = 2°).
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Figure 6.22: a) Diffraction efficiencies for different number of electrodes per period M. b) Sym-
meiric diffraction patterns for a paroliel aligned grating with optimized and reversed voitage
romp. (LC: BLOOG, thickness = 6 ym, fearure size = 3 pm, pre-tilt = 6°).

Response time of the gratings

The main reason for the limit of response time of the device is the slow switching of the grat-
ings with low voltages. The highest voltages applied to the electrodes are about 2.5t0 3 V¥ and
decrease monotonically when the 1% diffraction order is addressed. In addition, the grating de-
pends strongly on viscous and elastic smearing for the director profile between the electrodes,
even when the voltages are applied. Altogether, the result is a relatively long switching time.
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The first step is to determine the ideal voltage profiles. The optimization algorithm begins
with a ramp and all the electrodes have a voltage different from zero. Figure 6.23a shows some
optimized voltage ramps for different periods. The lowest voltage is below 1 V, i.e. the threshold
voltage where it has no more effect on the director profile. In one of the examples, it has been
set 10 zero, which had nearly no effect on the far-feld pattern. The ramp is approximately linear
with some corrections to compensate driving inaccuracies.
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Figure 6.23: (a) Optimized valtages ramps for different periods. (b) Different schemes of switch-
ing.

Afier having determined the voltage ramps, different switching schemes, as shown in Fig.
6.23b, can be analyzed. First, switching on and off all etectrodes is considered. Also, reversing
the voltage ramp has been studied. This can be done in two different ways, either by rotating
around the center of the ramp and thus replacing the higher voltages by the lower veltages and
so on (A), or by rotating at the highest voltage electrode (B).

Figore 6.24a shows some measurements for switching on and off the voltage ramps. Differ-
ent combinations of voltage ramps have been considered. Althongh there are some differences,
the values are similar. The switching time is thus mainly defined by the importance of the highest
applied voltage and not the shape of the grating. On the other hand, Fig. 6.24b shows a scheme
of the response signals when the ramps are reversed. The measured signal is the selected diffrac-
tion ordcr. The local minima and maxima are causcd by the rearrangement of the liquid crystal
molecules in the ccll. Although the cell is symmetric is of parallel alignment type, the mea-
surement curves are not of the same shape. The main reason is that the corves do not show the
same measurement. The continnous line shows how fast the optimized diffraction pattern is lost
reversing the voltages, The second, dashed line shows how long it takes 1o the signal (o recover
after reset of the original voltage ramp. Most of the time is *wasted” by the flow and it takes also
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longer to obtain a specific shape than to delete it. Reversal of type A is some milliseconds slower
than type B.

4 %

E
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2 8
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Figure 6.24: a} Measurements af switch-on and switch-off times for different period lengths. b)
Typical respanse for ramp reversal of the 0 and 1% order. (LC: BLOOG, thickness = 6 pm,
Jfeature size = 4 jnn, pre-tilt = 2°, parallel-aligned).

6.4.3 Other aspects inflnencing the diffraction efficiency

There are two main effects influencing negatively the diffraction efficiency which are not cansed
by the liquid crystal itseff. The first one is the presence of spacers in the active zone, and the
second one is due to the structured electrodes.

Spacers

As mentioned in chapter 2 on technology, the presence of the spacers in the cell is responsi.
ble for a decrease in the performances of a liquid crystal device in general. The transmission
through crossed polarizers is not zero, becaunse the spherical spacers act as scattering centers,
As a consequence, the diffraction efficiency cannot be further improved by optimizing the phase
profile.

Etching

Dry erching is an aggressive method, which results in rough edges of the electrode. Again, this
is a scattering source that is recognizable from the spreading of the zero order compared to the
width of the other diffraction orders. Figure 6.25 shows the measured diffraction pattern. Clearly,
the base of the zero order is by far larger than these for other diffraction orders.
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Figure 6.25: Measured diffraction pattern for the best voltage profile (parallel aligned cell).

ITO pattern

As discussed in section 6.3.4, the amplitude grating cansed by the difference of the refractive
index between the ITO and the glass substrate is responsible for an efficiency loss of at least
12%. This value has been measnred by comparing the transmission of the cell in an unstructured
zone with the transmission through the grating.

Electric impedance

Two aspects render the driving of the cell more difficult. First, as it can be seen in Fig. 6.19,
the outer electrodes have a longer path than the inner ones. For a given resistivity of the ITO
layer, the voltage drop is more important for the extemal electrodes. For the driving, every
twelfth electrodes are connected to the same voltage. However, becanse of the different lengths
of the connecting paths, the phase profiles are not the same at the center of the grating and at the
ends. The resulting grating is not exactly periodic. Second, the cover-snbstrate is not etched and
represcnts a large surface capacity.

6.5 Extension to three-dimensional structures

Given the flexibility to produce specific two dimensional phase profiles, it is interesting to study
the possibilities of extending this method to three-dimensional devices, especially lenses. Two
main configurations are considered, one is based on thc properties of binary gratings and the
other on thosc of tunable gratings. The micro-lens array base on fringing field effects was already
discussed in chapter 3.
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Binary profile lenses

This type of lenses is based on a binary phase modulation of = retardation. The lens consists
of a set of rings with variable width and separation, as illostrated in Fig. 6.26. The width
and separation of these rings decrcascs for an increasing radins. Thus, the maximum numerical
aperturc (NA) of the lens depends on the resclution limit fixed either by the technology (~ 3 )
or by the liquid erystal minimal period. This later is related with the discussed critical period

length,
perpendicular,
alignment %
section H —
- paralle!
/ alignment
section |
LC
H alignment

Figure 6.26: Fresnel lens with rings of variable width. The one directional alignment at the
surface resulis in sections with parallel, perpendicular and oblique alignment of the LC, with
respect to the electrodes.

As discossed in chapter 5, the length of the period where a n phase shift can be realized
is linearly dependent of the thickness. With high birefringent liquid erystals like BLOO6, the
minimal thickness required for = retardation is d > /{2 - An) = 1.15 pm. According to Fig.
5.10, the electrodde width must be > 5 g, With standard technology, thicknesses below by are
very difficult to realize because of the high risk of electrical shortcut. This limits the ring smallest
width 10 15 pmn. Figure 6.27 shows that both in simulated and measured lenses the efficiency is
at its theoretical maximom (40.5 %) until the zones or rings of width below the critical length
are reached.

Driving this type of lens is simple, because all rings are electrically connected and the same
voltage is applied. This reduces the functionality to two working states, that is, either focusing
at the designed focns length, or not focusing at all. If the device conld be realized at its smallest
thickness, it would be a quite fast device, with an estimated switching off time of ~ 5 !

Nevertheless, it must not be forgotten that the one dimensional alignment at the surfaces
results in section with parallel, perpendicular and oblique alignment of the LC with respect to
the electrodes, as indicated in Fig. 6.26. Therefore, sll the problems and limitations mentioned
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Figure 6.27: Efficiency vs. diameter for fixed focal length = 100 mm. The continuous line
corresponds to a simulated binary lens of 6 pon thickness, where the efficiency of each zone
is calculoted after Fig. reffig:p-diff-eff. The crosses correspond to a measured cell of 5 pun
thickness.

in chapter 5 are present. Specially, high pre-tilt is necessary to improve the rotational symmetry.

Tunabie lenses

Based on the tunable blazed gratings, these lenses are only technologically limited by the width
of the electrodes. The efficiency of the phase profile will depend on the suppression of the
high frequency caused by the discrete elecirodes which can be realized with a more important
thickness although strongly worsening the switching speed. Again, the problems concerning the
planar alignment are found for this type of device.

Given that each ring has its own voltage, the overall shape of the phase profile can be adjusted
and therefore the focal length becomes adjustable too. Two operating modes are possible, either
as refractive lens or as diffractive lens. For the first case, all the electrodes are used to reproduce
the spherical profile in a single zone. This is specially interesting if th modulation depth of the
cell is of several wavelengths. For the diffractive type illustrated in Fig. 6.26a, the thickness is
again a important parameter, since it will determine the width of the 27 phase steps and therefore
the efficiency.

Figure 6.29 shows how the efficiency drops when the numerical aperture increases. The outer
zones have a decreasing number of electrodes and therefore the efficiency drop. The efficiency
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Figure 6.28: a) The spherical profile is approximated with the liquid crystal. At least 3 electrodes
are required for each zane. b) Cannecting each ring individually resulls in a loss af active area
and efficiency drop.

of each zones is calculated using

2

oo = (sin£ﬁ)) ‘ (A _AAF)Z- (6.10)

M

The highest effictency is obtained with the smallest feature size. But the numerical aperture
(NA) is extremely small and, it is not a diffractive lens at all, since the limit of 100 electrodes is

reached with a single zone.

A specific problem of this device comes from the different voltages used. A scctor of the disc
must be used to connect the inner rings with the driving voltages. More rings resolt in a more
important surface wasted for connecting and therefore a decrease of the efficiency of the lens.
Figure 6.26c shows this connecting zone.
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Figure 6.29: Efficiency vs. number of zones or numerical aperture for different featre sizes. The
calculation is limited to a maximum of 100 electrodes and at least 3 electrodes per zone.
Conclusion

For all types of lenses, including micro-lens arrays, the main problem comes from the alignment.
Planar alignment result in a phase profile which is not spheric. The homeotropic (vertical) align-
ment has a rotational- or radial-symmetric director profile, but the phase profile is not, due to the
twist modulation that results from the radial alignment itlustrated in Fig, 6.30.
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Figure 6.30: Radial director profile and polarization direction. It is clear that the device will not
result in a spheric phase modulator.
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A cascade of two identical lenses might be a solution although requiring a half-wave plate

between baoth lenses.

6.6 Summary

1.

A staircase phase profile can be reproduced in liquid crystals with an high frequency array
of electrodes.

. The smooth deformation improves efficiency between the electrodes except between the

extreme voltage electrodes. The phase transition is smooth creating a fly-back and resulting
in efficiency drop. This fly-back length is proportional to the thickness and limits the
resolution of the grating.

. Parallel alignment 1o the electrodes gives high efficient gratings whose ramp can be re-

versed without efficiency loss.

. Perpendicular alignment is also high-efficient but nat reversible.

. Several wavelengths of modulation depth results in a very flexible device which can select

up to the 3 diffraction arder.

. The high frequency of the electrodes can decrease the efficiency for thin layers and through

the intensity modulation of the electrodes.

. Diffractive lenses, with binary or spherical profile, can be produced with planar-aligned

nematic liquid crystal. But the relative alignment of the liquid crystal with respect to the
edge of the electrode rings will not result in a perfect rotational-symmetric profile.

. The efficiency of the lenses is direcily influenced by the resolution that can be reached with

the liguid crystal profiles. (Critical peried length for binary profiles and fly-back length for
tunable profiles)



Conclusion

With this wotk, it has been shown that an ad initio analysis of nematic liquid crystal devices,
and more concretely diffractive devices, is possible. The different steps of the modeling have
been considered, from the director profile to the far-field propagation of light, and give accurate
results. The following points have been discussed and further improvements are proposed.

LC simulation Software One dimensional simulations are current nowadays for the optimiza-
tion of the optics of liquid crystal displays. The software used (LCDMaster) allows to analyze
the behavior of the liquid crystal when switched, both at eguilibrium and vs time. Bnt it also
allows to analyze the optical characteristics of the device as a whole inciuding all the compensa-
tion sheets, polarizers, snbstrates, etc. This ool has been also be used in the infrared spectra, at
1550 nm wavelength. The properties database have been adapted to the new spectra (dispersion)
and the related parameters have been scaled conveniently.

Two and three-dimensional simulations are nat so often used and the program does not give
as much information as for the one-dimensional simnlations. Bat they give the more imporiant
result, that is, the two or three-dimensional distribntion of the directors resulting from a complex
eleciric field disiribution. The calculations are mainty limited by the calcnlation grid, which
is regularly spaced and of limited density of points. The grid is not locally adaptive to the
strong gradients of the clectrical field that might appear at the edges of the electrodes. These
simulations are extremely resources- and time-consuming. Therefore, optimization of devices
is not imaginable nowadays. Nevertheless, quite complex configurations have been analyzed,
such as multi-electrode gratings and lenses. From the simulations of diffractive devices nsing
planar-nematic LC’s, the most important result to point ot is the effect of the relative orientation
of the directors with respect to the edges of the discrete electrodes.

Light propagation The device configuration nsed, that is, planar-aligned nematic lignid crystal
in thin layers {~ By, permits to use the Jones matrix method to calculate the propagation
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of polarized light throngh the device using the refractive index distribution obtained from the
LCDMaster two and three-dimensional simulations. The lateral gradients appear to be smocth
enough to accept the propagation as straight. The orthogonal grid obtained from LCDMaster
can be directly used and the calculation performed for each column independently. This is only
valid for normal incidence. An amplitude and retardation profile is obtained after the calculation.
This profile. gencrally part of a phasc grating. is propagated in free space. This is done assuming
Frannhofer diffraction and calculated using Fourier transform. The results obtained are in very
good agreement with the measurements of the gratings realized.

Binary diffractive gratings The main result obtained from this type of grating is that the
resolution of such gratings is limited. The period length is limited by the lateral extension of
the deformation, which is an obvious consequence of the visco-elastic properties of the liquid
crystal together with the appearance of fringing fields at the edges of the structured electrodes.
This limit is also directly related to the thickness of the cell. As expected, the relative orientation
of the directors respectively to the electrode edges result in an asymmetry in the far-field image.

Maultilevel gratings It has been shown that high efficient diffractive devices with electrodes of
340n width can be made. Still, a large margin for improvement is present. Two main aspects
limit their performarnce. First, the design of the electrodes. The voltage drop along the electrode,
dne to the resistive characteristics of ITQ, is not the same for all the electrodes, since they are
of different fengths. Second, the same ITO electrodes act as a binary diffractive grating which
results in an important efficiency drop of the device.

Simple driving methods have been nsed for multilevel diffractive gratings. There is also
a large margin for improvement, specially what concerns the switching speeds and the corre-
spending driving signals. For applications such as routing of optical fiber beams, high efficient
algorithms conld be implemented in the driving and control loop to improve the diffraction effi-
ciency and sclectivity of the diffractive gratings. The slow response of the devices to the driving
signals is a result of the low voliages used, close to the threshold, and the chamcteristics of
nematics. Specific driving signals would be required for specific applications.

The measurement and control loop used has allowed to characterize the properties of the
diffractive gratings that have been realized and to verify the previsions made before, which have
been proven correct.

Adaptivc lenses  After the observations obtained from binary and maltilevel gratings, the ap-
plication to adaptive lenses is obvions. Three types of leoses have been considered; micro-lenses,
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binary Fresnel lenses and mnltilevel Fresnel lenses. While micro-lenses and binary lenses have
practically a single focal point, multilevel lenses could be variable focal devices. But a more flex-
ible device would be a less efficient one by the presence of connecting electrodes. Also, all three
types of lenses present the asymmetry discussed with the gratings thraugh its relative alipnment
to the electrodes. The rotational symmetry of the electrodes is not matched by the planar-aligned
LC, presenting a natural asymmetry for the device.

Technology Besides, a new technology for cholesteric texture devices has been developed. The
ribs technolopy allows to isolate different lignid crystals within a single layer acting as a barrier.
they serve also to control the thickness of the layer in two ways; by fixing the thickness and as
adhesive. Additionally, they improve the resistance of the device apainst external mechanical

stresses.
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