
nam 

Université de Neuchâtel 

Institut de Microtechnique 

Liquid crystal diffractive optical elements 

Thèse 

Présentée à la faculté des sciences 
pour obtenir le grade de docteur es sciences 

par 

Manuel Bouvier 

Neuchâtel, Juillet 2000 



UFO Dissertation Band 396 

Die Deutsche Bibliothek- CIP-Einheltsaufnahme 

Ein Titelsatz für diese Publikation ist bei 
Der Deutschen Bibliothek erhältlich. 

Dissertation der Universität Neuchätel 
Datum der mündlichen Prüfung: 21.11.2000 
Referenten: Prof. Dr. R. Dändliker 

Dr. H.-P. Herzig 
Dr. J. Grupp 
Dr. R Ambs 

UFO Atelier für Gestaltung & Vertag GbR 
D-78476 Aliensbach 

internet vnvw.ufo-verlag.de 
Erste Auflage 2001 

Alle Rechte beim Autor 
ISBN 3-930803-96-8 

vnvw.ufo-verlag.de


IMPRIMATUR POUR LA THESE 

Liquid crystal diffrattive optical elements 

de M. Manuel Bouvier 

UNIVERSITE DE NEUCHATEL 

FACULTE DES SCIENCES 

La Faculté des sciences de l'Université de 
Neuchâtel sur le rapport des membres du jury, 

MM. K. Dändlikcr (directeur de thèse), H.-P. Herzig, 
J. Grupp (Asulab, Marin) et P. Ambs (Mulhouse) 

autorise l'impression de la présente thèse. 

Neuchâtel, le 21 novembre 2000 

Le doyen: 

J.-P. Derendinger 



Contents 

1 Properties of liquid crystals 9 

1.1 Introduction 9 

1.2 Liquid crystals: phases and configurations 9 

1.3 Properties of the nematic liquid crystals 11 

2 Technological improvements for liquid crystal devices 19 

2.1 Introduction 19 

2.2 Fabrication of liquid crystal devices 20 

2.3 Thickness control 25 

2.4 Summary 33 

3 Reorientation of nematics under external fields 35 

3.1 Introduction 35 

3.2 Description of the device 36 

3.3 Description of the contributions to the total energy 36 

3.4 Calculation ofthe director profile with numerical methods 45 

3.5 Summary 54 

4 Propagation In biréfringent media 57 

4.1 Introduction 57 

4.2 Representation of the polarization state 57 

4.3 Jones matrix and paraxial propagation 59 

4.4 4 x 4 matrix method 67 

4.5 Examples of optimization 69 

4.6 Summary 74 

3 



4 CONTENTS 

5 Nematic binary pbase gratings 77 
5.1 Introduction 77 

5.2 General optical properties 78 

5.3 Simulated director profiles 80 

5.4 Simulated phase profiles 84 

5.5 Experimental results 89 

5.6 Alternative configurations for binary gratings 92 

5.7 Summary 93 

6 Tunable phase gratings using multiple electrodes 95 
6.1 Introduction 95 

6.2 Simulated Electric Field and Director distributions 96 

6.3 Propagation of light 105 

6.4 Cell fabrication, operation and results 113 

6.5 Extension to diree-dimensional structures 119 

6.6 Summary 124 



Abstract 

This thesis deals with the diffractive devices that can be realized with planar-nematic liquid 

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 modulation of light and the 

far-field image after propagation. Special interest has been put in two-dimensional 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 optica] 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 multiplexing 

of the signal electronically. Nevertheless, the connection between nodes by fiber optics requires 

an optical to electrical and back to optical conversion of the signal making the systems heavy 

since a new optical source is required. Electro-optical 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. In 

this domain, two solution are available. The most recent is to use micro-mirrors or deformable 

reflective membranes resulting from the new advances in photolithographic processes. Several 

version of these have been presented. Binary micro-mirrors are electro-statically driven and are 

actually used for recent projection devices. Reflective membranes with a matrix of electrodes to 

perform deformation on the film are actually used in adaptive optics. 

Another possibility is to use liquid crystal devices. The great advantage of these devices is 

the low production cost. The technology actually required is well known and although liquid 

crystals mixtures are relatively expensive, die volume required is minimal. Electrical driving 

requirements are also uncritical, with rms values below 5 V at IkHz for square signals. 

The present work concerns planar-nematic liquid crystal devices. These devices are intended 

to spatially modulate die phase retardation of a linearly polarized laser beam. This is done 

by modulating the orientation of the liquid crystal molecules so mat the effective birefringence 

is spatially modulated. The modulation is obtained through arrays of electrodes with a single 

applied voltage in the case of binary and sinusoidal 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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calculation, a commercial software like LCDMaster allows to modelize the spatial rearrangement 

of the liquid crystal molecules by the presence of a complex electric field. With the resulting ar­

rangement, matrix calculations allow to obtain the phase modulation 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 die different anisotropics, that is, dielectric anisotropy 

for the reorientation through external electric fields, elastic anisotropy that results in dif­

ferent kinds of rearrangement depending on the reorientation through die electric field and 

also the birefringence which is responsible for the optical phase modulation. 

Chapter 2 is a brief introduction to the technology used for the fabrication of the devices and a 

discussion of problems and alternative techniques proposed or developed. 

Chapter 3 concerns the model and software used for the simulation of distorted nematic liquid 

crystal media under the action of an external electric field. A commercial software (LCD-

Master1) based on the Frank-Oseen model of liquid crystals and using finite differences to 

perform the calculations has been used all along to modelize the behavior of the devices to 

be realized. 

Chapter 4 discusses the calculation models used for the propagation of light in a biréfringent 
media. Jones matrix method is used since it can be proved mat the propagation can be 
considered straight although lateral refractive index gradients exist. 

Chapter 5 is entirely 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 mat can 

be resolved through liquid crystal devices. 

Chapter 6 continues with blazed gratings. These devices can be freely reconfigured, changing 

either the periodicity, i.e. number of electrodes per period, or the modulation depth. In ad­

dition, the possibility to extend die same designs to lenses or three-dimensional modulation 

devices is discussed. 

'LCDMaster is trademark of Sh in tech Ltd. Japan 



Chapter 1 

Properties of liquid crystals 

1.1 Introduction 

If something makes the liquid crystals so interesting, it is the very special properties. Few sub­

stances have such a combination of properties, and of such importance. Extremely thin layers, 

in the /mi range, can perform phase retardation of one wavelength and more. The molecules can 

be reoriented 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 fields. Electric voltages in the range of 1 volt are sufficient, while 

electro-optic modulators are several mm thick and require kilovolt stimulation. 

In this chapter, a brief review of the liquid crystal state of matter and the properties of nematic 

liquid crystals 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 compounds are indeed not classical, but a result of the organic 

chemistry and the aromatic groups. They do not show a steep transition from the solid to the 

liquid 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 move and reorient them­

selves within a confined space by means of external forces, for example. The specific shapes of 

9 



10 CHAPTER I. PROPERTIES OFLIQUID CRYSTALS 

the liquid crystal molecules results in a anisotropic viscous behavior. 

Liquid crystals are considered 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 die 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 orientational 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 Üiermo-tropic liquid 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 orientationa! order. 

•mm 

Trie Crystal Stai« 
Long flange Order 

Molecules in fixed 
postttons 

unable io rout* 
& 

****** V*» V 

.MSIM* 

mm* 
mm Th* Son Smette Crystal Stan 

tono, Range Transurtlonal Order 
Rotational CXwrder 

Molecules are 
•bio to rotate 

Molecule« free to 
rout« erto tumble 

The Isotropic UquW 
A Disordered Structure 

The Nematic Mesopriace 
OrlmtaUonafTy Ordered 

Figure 1.1 : Positional and orientationa! order in nematic and smectic phases. [ 1 ] 

Liquid crystal molecules have also specific shapes. The most common is the cigar or rod-like 

(calamitic) molecule, represented like a cigar in Fig. 1.2, with the long axis as symmetry axis. 



1.3. PROPERTIES OF THE NEMATIC LIQUID CRYSTALS 11 

But the molecules are not rigid, and therefore the resulting macroscopic properties are averaged 

values. They result in uniaxial characteristics, i.e. £1 and £|| for the dielectric anisotropy, or ÌI,._ 

and u„ 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 represented by an 

unitary vector a, called director, also shown in Fig. 1.2. The orientation of the director is an 

average of the orientation 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. 

long ffenga Orientational 
Ordering ol the Motecutes 

Na Postltonsl Ordering 
ol ttt» Molecule* 

Figure 1,2: Nematic phase. The orientation of the calamitic-shaped molecules is represented by 
the director n. [1] 

1.3.1 Elastic properties 

As mentioned before, the liquid crystal is viscous and therefore sensitive to torque or sheer. 
In addition, die specific shape of die molecules makes die behavior of the liquid crystal very 
sensitive to the direction of the constraint. According to die 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] 

fe = Kt - ( V - n ) - A V ( n V x n ) 

+^A11 • (V - nf + l-K22 - [n • (V - n)f + ^K,, • [n x (V x n)] 

-A',2 • [n - (V x n)] • (V • n) - - (K22 - K24) - V • [n x V x n -fn • (V • n)} 

+ Ktz • V • [n • (V • n)] - Kn • V • {n • [n • (V • n)]} , (1.1) 

where V is the Nabla vector, n the director and the different A,- and K111n the elastic constants. 

The constants noted Km„ have the dimension of a force [N] except the A",- type like K1 and A'2 

which have the dimension [N/m] of a force per unit length, 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-polarity, cnantiomorphism 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] 

I = \ {1<\ i • (*"* n)2 + Kn • I" • (rot n) + C0]
2 + A33 • [n x (rot n)f } , (1.2) 

where q0 = -K2(K22 is the pitch (length required for an helix to turn 360°) of the cholesteric 

configuration, which result when chiral dopants are added to the nematic liquid crystal, 

13.2 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 effect of re-oricntation by means of an external electric field in the nematic liquid crystal 

molecules is the result of the dielectric anisotropy of the material. The electric energy density jF, 

of the media resulting from the interaction of the electric field vector E and die dielectric tensor 

e, is given by 

/ F = D - E = ( e - E ) - E , (1.3) 

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

tensor to 

(1.4) 

with E\\ and s± the parallel and perpendicular components with respect to die director n. Finally, 

the dielectric anisotropy is obtained by the difference 

El 

0 

0 

0 

El 

0 

0 
0 

£ll 

A£ = £ | | - £ _ (1.5) 

This value is usually positive for calamitic liquid crystals, Ae > 0, which result in an alignment 

of the director n (long axis) parallel to me applied electric field E. Perpendicular alignment 

to the electric field occurs for negative anisotropy, which is the case for molecules with strong 

lateral dipole moments. 

The dielectric anisotropy changes with the frequency of the electric signal. For static or quasi-

static fields they have constant 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 wave is 

slowed down by the media, compared with the same wave propagating in vacuum. The wave 

equation 

V 2 E - /( • /J0 • £ • £„ 
d2E 
dt2 = 0 (1.6) 



14 CHAPTER I. PROPERTIES OFLIQUlD CRYSTALS 

E1Pl 

E. 

El V 
V N :̂ " j 

I 4 0 

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

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

Wp = c/n -
l'i) • £i) 

(I •£ ' 
(1.7) 

where c = ^ i 0 • e0 is the speed of light in vacuum and 7( = ,//i. • e is the index of refraction of 

the medium. With the assumption ft = 1 for non-magnetic media, the refractive index is in fact 

the square root of the dielectric permeability e at the frequency of die electromagnetic wave. 

In a anisotropic media, the situation changes. The medium is not defined by a single scalar 

dielectric constant, but by a tensor, which can be represented in diagonal form 

E1 0 0 

0 e-t 0 
0 0 E3 

The corresponding quadratic form in space can be rewritten as 

(1.8) 

x* y'1 z2 

"l «2 "i 
(1.9) 

which is known as the index ellipsoid with the major axes 7) ], H2 and n3. Calamuie liquid crys­

tals have one axis of rotational symmetry and are thus in the category of uniaxial optical bire­

fringence. The corresponding index ellipsoid is also of rotational symmetry with the mayor axis 

?/, = Tf2 — n„ and n3 — 7(,j, where n„ and nK are known as die 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 velocities. The corresponding index 
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of refraction are Ji0 for the ordinary polarization and 

yjrii • cos (9)2 + n\ • si» (0)J 

for the extraordinary polarization, where 0 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 both 

waves (D). 

Figure 1.4: Index ellipsoid for uniaxial biréfringent media, k is the wave-vector, z is the optical 
axis and D0 and Dc are the electric displacement vectors for the two eigen-polarizations. In the 
case ofnemattc liquid crystals, the optical axis z is parallel to the director n. 

The accumulated phase difference &ip through a liquid crystal becomes then 

&<p = k-d- iieif -k-d-n0 = k-d- A«, (1.11) 

where k = 2ir/X is the wavenumber, d the thickness of the liquid crystal and Au = IIP!! — na 

the birefringence. The phase retardation A<p is the main optical value to be considered in liquid 

crystal devices. 

Wavelength dependence of the refractive Index (dispersion) 

The refractive index dispersion model is derived from quantum mechanical theory, and concerns 

the molecular polarizability at the considered 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 

where G represents different molecular properties (density, oscillator strength...) at the mean 

resonance wavelength A0. Both constants (G and Au) are calculated from empirical values of 

n. Since X0 is usually in the UV1 Eq. (1.12) can be simplified to the Cauchy formula (1.13) for 
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visible wavelengths (X > X0), 

n=G-Xl <^Hf + = A + x + T* + (1.13) 

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

wavelengths longer than 3 urn typically [3]. 

The index for the common IR wavelengths used in fiber optic applications, 800 nm, 1300nm 

and 1S50 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. 1.5a the resulting 

dispersions of the ordinary and extraordinary refractive index of a nematic liquid crystal (BL006 

by Merck) are shown. Figure 1.5b shows the resulting birefringence 

Au(X) = Ti6(A)- V0(X). (1.14) 

400 
, . ^ . • j . r , , 

450 500 550 600 650 700 750 
Wavelength (nm) 

400 450 500 350 600 650 700 750 
Wavelength (nm) 

(a) <b) 

Figure 1.5: Dispersion ofBL006 (Merck) using Eq. (1.13} from 3 measured values. a)refraciive 
index, b) resulting birefringence. 

The current applications of liquid crystals such as displays, are not monochromatic but cover 

the whole visible spectra. The optical function of such devices require 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 wavelengths is not constant but follows the dispersion relation 
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I s » r - •'•pJ-F (U5) 

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 biréfringent foils, double cells 

and other techniques. 

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 isotropic phase transfor­

mation. 

1.9 
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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 (K1, A'2a K^), m e 

liquid crystal can recover from an externally induced stress to an original equilibrium ar­

rangement. The elastic free energy that allows this recovering is calculated after 

/ = I {A',j • (divn? + K-u • [n • (rotn) + ¢,]2 + KSJ • [n x ( ro tn) f} . 
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2. Dielectric anisotropy. This macroscopic property allows to rearrange the molecules by 

means of an external electric field. The electric free energy is calculated after 

SE = D • E = (e • E) • E, 

with the tensor e and the resulting anisotropy Ae = e\\ — ex-

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

Au = itejf — Ji0, where the effective extraordinary index 

«<//(*) = 
sjnl- sin (df + n* -cos (ôf 

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

4. 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 formula 

" o , c — st<i,t: T^ Y2 T^ ••• • 



Chapter 2 

Technological improvements for liquid 

crystal devices 

2.1 Introduction 

In this chapter, technological 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 device. 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 SiO^ 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 (TN) 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, die nematic molecules arrange themselves to form a helix, 

structure which minimizes the elastic energy of the system. The pitch of the helix is, in the case 

of STN devices, determined 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 

therefore 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 
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The improvements made concern the fabrication as well as the optical performance of liquid 

crystal devices. High resolution structures, with a geometrical size similar to the size of the 

spacers, are perturbed by the presence of diese spacers within die active zone. A new technology 

has been developed to define the thickness and reduce the variations over the whole area. Also 

mechanical stability has been improved. 

0 6 urn 

-I-
.>. 

•V - -—j !Alignment layer I 

~ SiO1 layer] 

Figure 2.1: Layers composing a liquid crystal device. 

2.2 Fabrication of liquid crystal devices 

In this section, the fundamental components and steps in the fabrication of a liquid 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 techniques arc presented together 

with the improvements made for specific applications. 

2.2.1 Glass substrates and conductive layer 

The first element of the stack represented in Fig. 2.1 is the substrate. High quality glass is used, 

covered with a conductive and transparent or reflective layer. The glass substrate is several hun­

dreds of micrometers duck, and me conductive layer typically 25 nm thick for a resistivity of 

50 Cl/square. This layer is usually 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 boüi the conductivity (higher 

for lower concentration) and the transmission (higher for higher concentration). Between this 

conductive layer and the glass substrate, a SiO-i layer is present for protection purposes. The 

refractive index of die ITO layer has a value around 1.7 but is variable, depending on me 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 pattern. 

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 fnn range, plasma etch is preferred, because of its controlled 

directionality, although the photo-resist must be thick enough to support the attack. For feature 

sizes larger than 10 ftm, 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 wiüi 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 use 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 used before 

the appearance of polyimides, is the oblique evaporation of SiO [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 or printed, 

depending on the Üiickness, over the desired surface and a thermal polymerization cycle follows. 
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Finally, the substrate is mechanically rubbed with velour to determine 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, specially through rubbing speed, is possible during the process. 

I Velour cylinderj | 

Figure 2.2: Alignment sense and direction determination by means of mechanical rubbing of 
the alignment layer. The pre-tilt 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 

angle. 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 

illustrated 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 linearly 

polarized UV exposure. The pre-tilt angle is then determined by the angle of incidence of the UV 

light. The main interest 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 

[8], 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 

[H] . 

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 values are typically between l"and ^",depending 

on the application and the structure desired. Nematic (N) and twisted-nematic (TN) devices 
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usually 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-titt values (dotted 

lines). Super-twisted-nematic devices, which already have a steep response to the electric fields 

through the strong twist, require larger pre-tilt angles for larger twist, essentially to maintain die 

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. Wim the presence of a pre-tilt angle, there is a sense of 

rotation with less energy than for the other. 

Applied voltage [V| 

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

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 used as 
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alignment marks for the top and bottom substrate. Finally, both substrates are glued together 

leaving a small aperture for vacuum filling. 

The presence of the spacers reduces the optical performance of the liquid crystal device f 12J. 

It is possible to solve this problem for some applications using thick glass, several mm thick, and 

placing die spacers only at the corners of the substrate, outside the active zone. Another approach 

is to strategically place the spacers in zones where it does not change the optical function, for 

example between two pixels, as shown in Fig. 2.4. This can be done in reflective, active devices 

as part of the transistor fabrication in the Si substrate. 

I w 

Active 
Surface 

1¾ 

i w 

it 
Grown-up 
spacers 

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 nematics can easily be performed by capillar attraction, because the typical thickness 

of the devices are in the 5 to 10 /mi 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 elasticity 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 substrates with the spacers. 

The cholesteric texture is very viscous, and common vacuum filling requires a long time to 

complete. Higher vacuum is not recommended, since some components of the LC mixture could 

evaporate. Higher temperature might be a solution, but it must not be forgotten that the cell 

must be heated too by contact, since 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 accelerated by combining vacuum followed by high 

pressure. 
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2.3 Thickness control 

The performances of a liquid crystal devices are directly related to die thickness. Not only the 

optical retardation is directly related (k • d • An ) , but also the switching is related to the thickness 

( r x '/*'). Thus the control and the uniformity of the cell thickness are of great importance. The 

usual technology uses spherical or cylindrical spacers distributed randomly over the hole area to 

keep the Üiickness constant. This makes the thickness to about 0.1/on accurate. But the presence 

of die spacers disturbs the optical function of die liquid crystal. Not only die device is optically 

inactive at this point, but also me surrounding liquid crystal structure is perturbed, which results 

in reduced efficiency [12]. In die case of fine gratings, die spacers are of the same size as die 

structures. Figure 2.5a shows both the shadowing effect on rubbing discussed before, which 

appears as white lines. Also, die spacers become transmissive spots. In Fig. 2.5b, the electrodes 

are grouped in number of diree and 4 different voltages are applied (12 electrodes per period). 

The spacers are also a source of disclinadons, as it can clearly be seen in Fig. 2.5b. This cell is 

also excessively filled, which means that die spacers are not in contact with both substrates and 

can move widiin die cell dirough the flow of the liquid crystal. The figure shows how die spacers 

have been grouped into lines dirough repetitive switching on and off. 

(») (b) 

Figure 2.5: High frequency gratings with spacers of similar size, a) Under crossed polarizers, 
the image should be black, but the spacers and the bad alignment in the borders of the electrodes 
become transmission spots, b) The spacers can cause disclinations to appear. The bad thickness 
control allows flow of the spacers that are grouped. In these pictures, the spacer density is 
excessive. 

It would be of great interest to remove die spacers from die active zone. This is possible 

when diis zone is very small or when diick glass is used [13]. Obviously, diis is not die case for 

flat panel displays, but is die best approach for prototyping. 
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23.1 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. In 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 a 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 /.tm, period = 10 mm) and thus the effect on the optical 

function is strongly reduced. Additionally, the photo-resist adheres to both substrates improving 

the mechanical reliability and the thickness control. The cell 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. In addition, 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 die structures of a previous 

step of die fabrication cycle as mask for the following step. Figure 2.6 shows an example of 

'For this technology, patents are pending in favor of ASULAB S.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. 

8. After spin-coating die 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 

£*H :&£££££ ̂ l JuZ&ÊË^I ?£I !ZB£^^ | 
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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 are 

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-exposurc 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 alignment layer is spin-coated over a Rat surface. For the transmissive cell, it can only be 

spin-coated 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 T by a factor of 4 (r oc d2). Nevertheless, 

the choice of a transmissive or a reflective depends on the application. 

The final step for the cell construction is assembling. The counter-electrode substrate is put 

over the substrate with the ribs. 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. If 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 technique 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 mat will be presented in 

the following chapter, it is possible to model 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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(b) 

Figure 2.7: (a) Model for calculation with additional lateral boundary, (b) Final slate of the 
nematic cell through lateral alignment. (NLC, thickness = 5 uni, length = 10 fan. pre-twist = O, 
upper and lower pre-tilt = 2°, lateral pre-tilt = 90°). 

space. Under crossed polarizers, the ribs appear as black horizontal lines in both switched and 

un-switched states. On the other hand, since the vertical inter-electrode spaces are filled with 

liquid crystal, they appear white in the homeotropic (vertical) state of the liquid crystal and 

in an undefined state in die focal-conic state. While die optical effect of die ribs is fixed, die 

uncontrolled LC has an undefined and dierefore variable optical function. 

Figure 2.8b shows how die lateral boundaries can perturb die phase arrangement in die case of 

cholesteric textures. The anchoring at die new boundaries break the cholesteric (helical) texture 

(Fig. 2.9), aldiough this process is considerably slow. A solution to die texture-destruction is to 

use polymer-dispersed liquid crystals (PDLC). The polymer is present in very low concentration, 
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• • 

(D (b) 

Figure 2.8: Transmission through crossed polarizers for cholesteric textures in rib-delimited 
pixels, (a) Homeotropic texture (fully transparent) under applied voltage (U = 50 V). (b) Focal-
conic-like texture after switching back to the selective reflection (Fig. 2. W). 

(•) (b) (e) 

Figure 2.9: Stable configurations of cholesteric texture used for devices. Before any driving 
signal is applied, the texture is the one shown in sub-figure (a). The reflection is like the one 
calculated for Fig. 2.10. Under an applied voltage, far stronger than the usual nematic devices, 
the liquid crystal is arranged homeotropically and becomes transparent (b). When the signal is 
removed, it relaxes to a stable state which is not reflective. When switched back, the texture is not 
recovered as in (a). The cholesteric helix is recovered in different domains, although maintaining 
its pitch (c). The reflection color is the same but looks diffuse, milky. 

but the web which is formed by polymerization stops the propagation of the perturbation of the 

lateral boundaries. Additionally, it stabilizes the cholesteric mixture. 

An additional particularity of confined CT-structures is that they do not recover the initial 

configuration, except after being heated and becoming isotropic. The initial configuration is 

I I I 
I I I 
I I I 
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illustrated in Rg. 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 structure is 

recovered but in a fragmented manner, shown in Fig. 2.9c. The pitch is maintained and thus the 

reflection window (Fig. (2.10)), 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-llqufd-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. In the present example, the goal is to fill the cell with 

cholesteric liquid crystal. The interest of cholesteric 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 have a thickness of more than 10 times the pitch 

of the helix. Higher number of periods 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 • v0 < A < pitch • Tie. (2.1) 

Combining different liquid crystals with different chirality, it is possible to adjust the central 

wavelength and the width of the reflection window. This solution would be more efficient and 

simple to fabricate than the usual 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 liquid crystal cell. Two 

isolated zones are created by the photo-resist ribs. Each one can be filled with different liquid 

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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380 430 480 530 580 630 680 730 780 
Wavelength (nm) 

Figure 2.10: Reflection of a cholesteric structure. (LC: ZU-2293, pilch = 350 nm, thickness = 
3.5/mi, X0 — 550 w», i}e = 1.64, u0 = 1.50. 

.substrat !^columns 
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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 crystals. 

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. once 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 

pattern. 

2.4 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. 

2. 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. 

3. Resistance to external stress has been increased. The area occupied by the photo-resist 

structure is much more important than the one 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 interest for cholcsteric 

or ferroelectric devices, which depend on the structure of the liquid crystal in the device. 

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

quantity of polymer has two main positive effects. First, the mixture is more stable. Sec­

ond, the presence of the polymerized web reduces the disturbing effect of the photo-resist 

walls. 

5. Different isolated domains are available. They allow die use of different liquid crystals in 
the same layer. 
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Chapter 3 

Reorientation of nematics under external 

fields 

3.1 Introduction 

A liquid 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 liquid crystal and 

the external elements. Those are, apart from the liquid cryslal 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 c) 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 equilibrium 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 calculated after the Frank-Oseen model, which is a vectorial model. Other 

approaches are possible, such as the Monte-Carlo algorithm [19] or the Q-tensor representation 

[20,211. 

This chapter introduces a macroscopic model for liquid crystals and for the calculation of 

externally 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 more 

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 

rubbed. The liquid crystal is confined between two of these substrates and oriented by the bound­

aries along the rubbing direction. Additionally, the spacing between the two substrates 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 docs not modify the electric distribution 

in the bulk. The electrodes are 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 boundary layers have no degree of freedom, only the directors in the bulk 

are allowed to change orientation. 

Figure 3.1 : Scheme of 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 must be taken into account 

when dealing with liquid crystal devices. Not only the liquid crystal itself, but also the electric 

field and the effect of dielectric layers (polyimide, glass) are important. The different contribu­

tions to the energy are 

' system — ' elastic. "T" "electric, 'i ^ bmmdaricf " r ^ kinetic > •*»• (3.1) 
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The elastic energy Felaatic of the stressed liquid crystal, the electric energy Ffjcrtric from the 

electric field in the liquid crystal bulk resulting from the voltage applied to the ITO electrodes, 

the anchoring energy F60U11110nC, at the liquid crystal - polymer interface, and the rotational energy 

Fkinetic during transitions between two stable states. Other contributions F1, such as flexo-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 Fonetici but not positional 

variations. The following paragraphs will discuss these different contributions. 

3.3.1 Free energy of the distorted nematic liquid crystal bulk 

The most commonly used model 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 

continuous and anisotropic medium. This can be admitted considering that the thickness d of 

the device is in the /mi range, typically 5 /m<, 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 iie and n0, respectively. Thus, 

the liquid crystal molecule is described by a vector n (r), called director, which gives the orien­

tation n of the long axis of the rod-like (calamine) molecules considered here, at any position r 

within the considered volume. The director is a unitary vector that represents the orientation of 

the molecules, 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] 

/<l = 2 {K* ' (div n ) a + K™ (n ' ro t n + * > ) 2 + K:s3 (n x ro t ")"} <3-2) 

TO $ ^ l 
bend=Kn (WiSt=Kj1 splay=K33 

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 

Eq. (1.2). This is the simplest formulation, with only three elastic contributions. It 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 

A'n, pure twist characterized by K-ei and finally pure bend deformation, represented by KX\, 

as shown in Fig. 3.2. In the commonly used liquid crystal mixtures, /C33 > Ku > K-a, and 

the order of magnitude is 1O-11A'. qa is a parameter added when the nematic includes achiral 

dopant mixture to force the liquid crystal to twist in a given sense of rotation. This is required by 

the helical arrangement of the cholesteric texture, and also for the super-twisted nematic devices 

(STN) to assure the correct relaxed configuration, or in twisted nematic devices (TN) to avoid 

reverse twist. 

One constant approximation 

A common problem when dealing with (his formula is the lack of a complete characterization 

of the liquid crystal parameters. It 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 model assumes that all 

three constants are identical, that is, 

AU = KM = K33 = K. (3.3) 

Obviously, and given the differences between the elastic constants, this is a very rough approxi­

mation, but useful for estimations [31] or when no other data are available. After this simplifica­

tion, the free energy density becomes [5] 

fH = \K{(divn? + (rotn?}. (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 ["3IJ- Those zones 

can have different structures or arrangements and thus have different optical behavior, which 
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is usually 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 liquid crystal bulk. This is an important 

consideration, which reduces the calculation of the minimal energy 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 to 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 freedom of the molecules and its electric properties. 

With the assumptions made before, it comes out that the external field results in a torque applied 

to the molecule which will change only its orientation. The origin of this torque is different for 

different liquid 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 field, the 

molecular dielectric anisotropy results in a torque which tends to rotate the molecule 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 

/ e = D • E = (f • E) • E (3.5) 

is the product of the electric field E and the electric displacement field D caused by the dielectric 

anisotropic media, e being the dielectric anisotropy tensor that links the dielectric anisotropy 

with the director orientation n. 

33.4 Viscosity 

Another contribution to the behavior of confined liquid crystals is the viscosity. Apart from the 

a pure twist deformation [5], any modification in the orientation of the molecules will result in 

flow. Flow in confined spaces is the result of pressure gradients. Nevertheless, flow is neglected. 

The only contribution taken in account is the rotational motion, since the model assumes that 

n (r) only represents the orientation of the molecules. 
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From the six viscosity constants, known as Leslie constants, the resulting rotational viscosity 

constant 71 is the only one taken into account, given that the model docs not consider position 

changes of the molecules, i.e. flow. The rotational viscosity determines the evolution in time to 

the equilibrium state of the liquid crystal 

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

33.5 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 other. The distorted liquid crystal will thus minimize the overall 

energy and reach an equilibrium state. Strong anchoring is assumed, and the anchoring energy is 

not considered. As a result, we obtain 

FM = Fd + Fe + FP: (3.7) 

where the Fi are the energies in the considered volume after integration of the energy densities 

Ji. With the addition of all energetic contributions, it is possible to minimize the energy of the 

system. Neglecting flow and flexo-electric contributions and assuming that the liquid crystal is 

not compressible, the instantaneous director distribution is obtained from [32] 

cfn d (dF\ dF 

where n (r) is die director at the position r, and A is a Lagrange multiplier required to assure that 

Hn[I = I. 

3.3.6 Analytical solutions to the energy equation 

To solve the differential Eq. (3.8) is not trivial. The only way to solve this equation is to use 

numerical methods, such as the finite element 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 



3.3. DESCRIPTION OF THE CONTRIBUTIONS TO THE TOTAL ENERGY 41 

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 boundary directors are thus 

fixed. Also, the only boundaries considered are the upper and lower substrates, whose relative 

distance defines the thickness. Otherwise, the device has an infinite extension, avoiding any 

lateral 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 directors are illustrated in fig. (3.3) and are then given by 

«* 

»V 

"« 
= 

cos (<p) cos (9} 

COS (tp) Sill (0) 

sin (tp) 

(3.9) 

,n 
B = twist 
<p = tilt 

-¾-^ 

Xt. 

Figure 3.3: Representation of the tilt (polar angle tp) and twist (azimuth angle 8) of the director 
ii. 

Nematic alignment: pure twist deformation 

The simplest configuration to solve analytically the Frank-Oseen Eq. (3.8) is die homogeneous-

planar configuration [5, 30] shown in Fig. 3.4. The anchored molecules are parallel to each other 

and practically parallel 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 configuration allows to describe the director field 

(3.10) 

by a single variable, the twist angle 0(z), and the electric field 

cos(Ô) 

si» (9) 

0 

E = (3.11) 

The system is now reduced to a single equation and therefore becomes scalar. The dielectric 

tensor e is now a scalar of the form E0 • Ae. 

K,,=twist 3¾. 

Figure 3.4: Schematic device for pure twist deformation (E = E11). 

The director profile rotates in the x,y plane, changing only its twist angle 0{z). Compared to 

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 

<P9 (10 
K-n - - + £€-€,!-£'- sin (9) • cos (0) = 7 , • -r (3.12) 

tit* ' " -» l" ' ""•*"' " dt 
for the twist angle 9(z, t) as function of the position z and the time t. With the additional as­
sumption that 9 changes continuously, and 9 S. 1, the equation simplifies to 

tW dB 
K-i2- —+ ^€,^4-0 = ^ . -

ilt 
which has the solution 

6{z^)=9,nai-smi^y^(-^y 

(3.13) 

(3.14) 
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where T is a time constant, d is the cell thickness, and 6,„IIX = 0(<l/2) is the maximal twist angle 

at the center of the cell. 

At equilibrium, the time-dependent term disappears and die Eq. (3.13) can be solved for the 

electrical field, using Eq. (3.14). The result gives me mreshold field 

necessary to induce any deformation through me electrical field. 

Solving Eq. (3.13) including the time dependence gives the switch-on and switch-off times 

of me device. Under me 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 9 (d/2) = 

0 to e (d/2) = 9,w, is obtained by introducing &20/dz2 = -B • (ir/df and 00/dt = -9/T, into 

Eq. (3.13), Solving for r, one obtains for the rise-time or switch-on 

for Ey < Elh, and for die fall-time or switching-off with £,, = 0 

From me previous equations, we recognize me most important parameters of the liquid crys­

tal devices. Concerning me switching properties, the liquid crystal constants Ku and Ae are de­

terminant, together with the effective liquid crystal tiiickness d. The time constants are directly 

proportional to die square value of die thickness, T OC d2, which is die 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 BL006 from 

MerckTA/. Neglecting die flow effects during the switching, which modify the effective rotational 

viscosity, me 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 die 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 me dependence on die twist 

elastic constant A'22, which has always the lowest value of the three elastic constants considered, 

resulting in a very large relaxation time (rf] as can be seen in Table 3.1. 
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splay (K,,) 
twist ( /½) 
bend (K33) 

7i Pa.s 
0.071 
0.071 
0.071 

tf«pN 
17.9 
15 
33 

Ac 
15.5 
15.5 
15.5 

E,h Vl[tin 
0.227 
0.208 
0.308 

Uà, y 
1.135 
1.040 
1.540 

Tj mS 

10.05 
12 

5.45 

rr (5 V) ms 
0.55 
0.54 
0.57 

Table 3.1: Physical properlies of BL006 and estimations for th threshold electric field En1, the 
corresponding voltage Ufi,, the fall time Tf and the rise time TT corresponding to an applied 
voltage of S V. For splay and bend, these are rough approximations, (thickness = 5 fjin) 

Kj3=splay ( 9 

(a) (b) 

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

Threshold voltage for the planar configuration shown in Fig. 3.5a is obtained from 

( " i l cos2 ((p) + K33 sina (tp)) ^ + (A3 , - A ' u ) - ( ^ + En-US-E2 •sin (ip)-cos(^) = 0, 

(3.18) 

which results from the solution of Eq. (3.8) for tilt (y> (z)) modulation [33], Figure 3.5b shows 

the homeotropic configuration (j>re — tilt ~ !)fl°) which requires negative dielectric anisotropy. 

The same result as for the planar configuration is obtained, permuting K n and K33 in Eq. (3.18). 

Since the threshold voltage is the voltage for which the director begins to change, tp and 

dip/dz -C 1 , and the small angles approximation can be applied, i.e. sin (<p) Rr <p <§C 1 and 

cos(ip) as 1. This result in an equation similar to Eq. (3.13) but for the tilt modulation (tp(z)) 

and for elastic constants .K N and K33 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 perpendicular to the substrates 

i / ^ " ' / ^" ii i n i 

Ktft = —- = ÎT • J- (3.19) 
d \ &£•£<> 

which is independent of the thickness of the liquid crystal layer. Table 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] 

Vjh
N = * J ^ ^ (̂  " '<"" + A'M - 2 - ICn), (3.20) 

and for STN cells by [30] 

i-.STN _ jj 
V ih = US 

j + «. I*. / £ . _ ì^sN + i_^\ (321) 
jr \ TT VAn A1, J An -çu y 

where 0„, is the pre-twist angle, ti the thickness of the cell, and r/0 the liquid crystal pitch. 

3.4 Calculation of the director profile with numerical meth­

ods 

Analytical solutions for the director profile are useful approximations to obtain an overall idea 

of the behavior of the liquid 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 

fields are considered, numerical solutions of the energy differential equation are necessary. In 

recent years, commercial software has become available. These programs (LCDMaster [22], 

TWIST [34], 2DIMOS [35]) include also some optical analysis features, such as the electro-optic 

response curve or the viewing angle dependence. The analysis is completed with the addition of 

other optical components, 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 equation 

is obtained by reducing the problem to a 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 associated to each point. The spatial derivatives are then substituted be the differences 

between neighbor points of the grid. Time derivatives are obtained from two different instants at 

the same point. 

i i i i i i i i i i 

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

The accuracy of the calculation is directly related to the mesh size in critical points. For 

optimal results, the grid should be adapted to the requirements of the calculations. A denser 

distribution of points is necessary where the gradients are high. 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-dimensional 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 electrodes. Each medium has a different effect on the electric field and 

different boundary conditions have to be imposed. 
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3.4.2 Boundary conditions for the electric field 

Boundary conditions for the electrodes 

The electrodes are considered ideal conductive 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 die boundary value to solve die finite element problem is 

known as die Dirichlet [38] condition, 

Ucicctrodc - const. (3.23) 

The boundary of die electrode is an equipotential line, die 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 

•fcUbovnda,T, = 0- (3.24) 

The Neumann condition is represented in Rg. 3.7 as B:. The field vector B points perpendicular 

to die boundary line, while die equipotential line (U=consL) is parallel to die boundary. In fact, 

die boundary is an equipotential line itself. 

Boundary conditions for a periodic structure. 

For a periodic structure, along die 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 die media after die 

boundary, the periodic boundary condition imposes two constraints. Given mat die first boundary 

and die last boundary must be identical because they represent die same point within the periodic 

structure, die condition is 

^boundary ( Xpx Ypy Z J = t/fcouiidarK ( -^O ^O 2 j , V^ ( 3 . 2 5 ) 

where ,Y0, Xp1 represent both boundaries for the periodicity along x, with px as die period 

length, and V0, Ij^ represent botìi boundaries for the periodicity along y witii py as die period 

lengüi. In this case die tìiree-dimensional device is periodic in :r and y. However, this condition 

is not jet sufficient; the gradient must also be a continuous function. This imposes die gradient 

along the axis of periodicity to be constant. It follows, for the X boundary, 
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Figure 3.7: Schematic representation of the different electric boundary conditions imposed to 
the system. A: Dirichlet condition. B: Neumann electrode-dielectric boundary condition. C: 
dielectric-LC boundary condition. D's: lateral periodic or infinity condition. The boundary is 
represented by a dotted line. 

J^(A '° v O = I ^ - V y z)yy,z (3.26) 
dx VJ*U " ~ / dx 

as shown in Fig. 3.7 as Dp. On the other hand, the normal Neumann condition represented in Fig. 

3.7 as Da applies when the boundary is not periodic. There is no possibility to cause a gradient 
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by an external source. Therefore, the equipotential lines are perpendicular to this boundary and 

the electric field parallel is horizontal, i.e. Ex = Ev = 0 and E = E1. 

3.4.3 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 boundaries, the strong anchoring condition 

with the Neumann conditions are always valid (C in Fig. 3.7), while either periodic or Neumann 

conditions are possible for the X and Y boundaries. 

3.4.4 Implementation of linear equations for the calculation 

In the case of the energy equilibrium, the Lagrange multiplier A is eliminated by multiplying Eq. 

(3.8) with ii. Thus, the final formula used for the calculation is [32] 

Ix-Q^ = {àik-ni-Uk) 

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

(Iw (D) = diu (e • E) = div (s - gradi/) = 0. (3.28) 

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

The final step is to implement the derivatives as finite differences using the most appropriate 
methods [36, 37,32, 38]. 

DdF 
dxj \dnkj 

dF 
di>k,k 

(3.27) 
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Figure 3.8: Flow Chart of the calculation algorithm used in LCDMaster for two and three-
dimensional calculations. 

3.4.5 Calculation algorithm. 

In Fig. 3.8 the calculation flow chart is shown. This diagram shows that two different conditions 

control the loop, i.e. die time of calculation T and die electric potential correction 5 • AV. The 

increments in time (A1) are fixed by the user, and an indicative value can be calculated usingfirst 

order diffusion equations [32], If die increment is too large, die equations do not converge. For 

one-dimensional calculations, it is possible to calculate until the system has reached equilibrium 

and die time condition falls. The loop is then controlled by die electric gradient. 

The first operation is to adjust the director n orientation according to the electric field dis­

tribution from the previous step. Through this operation, the dielectric anisoiropy distribution is 

also changed. The electric potential at each point is therefore re-calculated accordingly to Eqs. 

(3.28) and (3.29). This correction is made with a loop within die main loop which is controlled 

by the condition [32] 

\^Uti\=<6-\V1w-V1^n], (3.30) 

where <Hs the error parameter set by the user and V11111x, Kn,-,, are the highest and lowest potential 

values set by the user. This coefficient sets a limit to the modifications in the distribution of 

die electric field U, tiiat is, it sets a limit to die intensity of the local electric field E during 

calculation. As for die time increments At, there is no convergence if the factor S-AV is too 

large. 



3.4. CALCULATION OF THE DIRECTOR PROFILE WITH NUMERICAL METHODS 51 

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 a TN cell. The electro-optic behavior is the relation between 

the applied voltage and the transmission through crossed polarizers. This is directly related to 

the re-arrangement of the directors by die electric fields applied. 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, 

3,4 and 5 V. 

0 0.2 0.4 0.6 0.8 1 
Normalized Thickness 

Figure 3.9: One-dimensional simulation of a twisted nematic cell The black lines represent the 
lilt angle between the pre-tilt value and the -a/2 maximal value. The gray lines represent the twist 
angle going from 0 tow/2. (thickness d = 5 fini, pre-tilt = 6", number of layers N = 50) 

At 0 V, the twist angle plotted as grey lines changes linearly from 0° to 00° 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 ir/2. Meanwhile, the twist changes differently. On both extremities, 

the twist angle tends to become parallel to the alignment (0 or TT/2), and the twisted helix is 

compressed to the center of the cell reducing its pitch. The transition becomes steep. 

Figure 3.10 shows the temporal behavior of this re-orientation when the voltage is applied. 
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— Transmission 
— Mid-layer tilt 
— Driving Signal (5 V)1 

{•) Normalized by 90 deg. 

0 5 10 15 20 25 30 35 40 45 50 
Time (ms) 

Figure 3.10: Evolution of the mid-layer till angle vs. time ina TN cell when a voltage is applied 
(switch-on) and removed (switch-off). Transmission through parallel polarizers, aligned 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). It will depend on the 

energy stored (K'^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 linearly 

related to the mid-layer tilt. Propagation through liquid crystals is discussed in chapter 4. 

Two- and three-dimensional simulations 

The extreme complexity of the director profiles in two and three dimensions makes the calcula­

tion of the equilibrium state too complex to be calculated directly. Instead, the temporal evolution 

is calculated until a stable distribution is reached. In the following figures, a two dimensional 

and a three-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 dielectric layer and the liquid crystal 

directors, are represented, together with the electric equipotential lines. The directors, repre-
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(a) 

Twist Angle Tilt Angle 

thickness 0 0 period thickness |) 0 period 

G>> 

Figure 3.11: Two-dimensional simulation for one period of a nematic multilevel grating, a) 
LCDMasier result with the equipotential lines and the short slabs representing the directors, b) 
tilt and twist distribution over the thickness and within one period. (Nx =300 layers, Nz =70 
layers, thickness d = 6 p.m. LC:BLO06,1=200 ms). 
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sented by short slabs, tend to align with the gradient of the electric potential U, which is the 

electric field E. The continuity at the lateral boundaries imposed by the periodic boundary con­

dition appears clearly. 

The three-dimensional simulation in Rg. 3.12 corresponds to a micro-lens. The lens function 

is caused by the orientation with the fringing field, resulting from the structured hole in the 

conductive layer. Due to the planar alignment, the dielectric anisotropy and the strong anchoring, 

the resulting electric field distribution and the resulting director distribution has not rotational 

symmetry. Figure 3.12b shows Üiat the director pattern is not centered, bui rather shifted, in the 

mid-layer of the cell. Cross-sections (Figs. 3.12a,c)of the same cell show also this asymmetry 

and even some reverse tilt in Fig. 3.12c. 

3.5 Summary 

1. Tlie macroscopic Frank-Oseen model is used. The elastic energy is calculated after three 

elastic constants corresponding to splay (Ku), twist (K22) and bend (/133). An eventual 

chirality is represented by die pitch parameter ^0. 

fd = g {/t'n('/iyn)2 + / v ' ï ï ( n r o t n + ?0)
2 + /\ '33(n>:rotn)2}. 

2. External electric fields B rearrange the directors n. The interaction is possible through 

the dielectric anisotropy represented by the tensor e. 

j r = D • E = (e • E) • E. 

3. Only rotational viscosity (71 ) is considered. Flow, flexo-elcctricity or any other effect is 

not taken into account. The equilibrium of F = fd -+- ff is calculated after 

dn d fdF\ OF , 

4. There are no analytical 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 equation, commercial software 

like LCDMasterTA' or 2DTMOSTAf implement these algoritìims to solve one- two- and 
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Figure 3.12: Three-dimensional simulation oja planar-aligned micro-lens, a) model of the sim­
ulation cell, b) Horizontal cross-section at z = d/2. c) vertical cross-section at x = A/2, d) 
Vertical cross-section at y = A/2. (Dimensions: Box; 150 /mi x 150 /mt x 50 //m, diameter; 
120 /mi, mesft; 100 x 100 x 70, LC; £7, pre-tilt - 2"). 

three-dimensional problems. One-dimensional analysis is very complete, while two- and 

three-dimensional can only solve low resolution problems. 
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Chapter 4 

Propagation in biréfringent media 

4.1 Introduction 

Propagation of monochromatic waves through liquid crystals is considered in this chapter [39, 

40, 41]. To calculate propagation of light through biréfringent 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 matrix 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 to use one-dimensional methods, that is, divide 

the cell in parallel columns and calculate straightforward. This is valid when normal 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. theEikonal 

equation, 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(2, t ) = E • cos ((J • t - n • k • z), (4.1) 

57 
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where E is the electric field, w = 2nv the angular frequency, n the refractive index and k = 2TT/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 
Ex(z, t) = A - cos {w - f - » • k • z - Ox) 

Ey(z, t) = B • cos (u> • / — Ji • k • z — Sv) 

with the amplitudes A and 13, and the phase retardation 6T and <S„. Figure 4.1a shows the evolution 

in time of a wave in the xy plane, perpendicular to the propagation axis z. The polarization ellipse 

is determined by the ratio of the amplitudes D/A = tan 7 and the phase difference 6 = 6X - <5„ 

of the two orthogonal waves. By a rotation of angle 9 (azimuth), the ellipse is redefined by the 

semi-axes a and b and the ellipticity angle b/a = ta 11 e. The amplitude of the wave is obtained 

from E = \AJ'' + b'z. 

Some special values of the ellipticity angle e are interesting. Linear polarization is obtained 

when tan e = 0 and the ellipse collapses into a line. This occurs for S = 0 and for either .4 = 0 

or B = 0. For tane = +1 and tane = —1 we obtain right-handed and left-handed circular 

polarized light respectively. This implies that A = B and S = ±TT. 

Another representation of the polarization is die Poincaré sphere. With the relations 

tan 29 = tan 27 • cos S 
(4.3) 

sin2c = sin27 -sin5 

any polarization can be represented by a point on the surface of a sphere. As shown in Fig. 

4.1b the circular polarization states (e = ±n/4) are the poles of the sphere, while the linear 

polarizations (e = 0) are in the equator. 

To determine the state of polarization from measurements, the Stokes parameters S, are used. 

The relations 

S0 = Ex • E* + Ey • E; = ßfTsJTsl 
S1 = Ex-E;-Ev-E1) = S,-cos fe. cos 20 

S* = -f; • Ey + E1 • El = S0 • cos 2e • sin 29 
.¾ = E1-Ey-E1-E*y = S0- sin 2e 

give the coordinates in the same space as the Poincaré representation. Normalizing the S1- Stokes 

coordinates, we obtain Poincaré coordinates A'j = S;/Su. 
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i X 
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(b) 

Figure 4,1 : Polarization representations a) Cartesian representation of the polarization ellipse. 
b) Poincaré 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 me polarization state to 

J = 
A -exp(-i -Sx) 
B - e x p ( - j • óy) 

(4.5) 

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

the Jones matrix formulation 

j™, = M - j , (4.6) 

where j,-„ and j f f l l ( are the input and output Jones vectors defined in Eq. (4.5) and M is a 2 x 2 

matrix, known as Jones matrix of die optical system. 
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For the case of propagation through biréfringent media, the matrix takes the form 

B = 
exp(—ï • k • d • Hx) 0 

0 exp(—t • k • d- Ti,,) 
(4.7) 

where k = 2T\J\ = w/cis the wavenumber, d the layer thickness and nr and nv are the refractive 

indexes of two eigen-polarizations. The phase of the two orthogonal waves are retarded by 

k-d- vXty. Known retardation plates are the half-wave plate, where k- d • (nT — ns) = TT, and 

the quarter-wave plate, where k-d- (nx — nv) = TT/2. The quarter-wave plate can transform a 

linear polarized wave into a circular one, and vice-versa. 

Dichroic absorption is represented by die matrix 

A = 
exp(-&-rf) 0 

0 .wp(-Vrf) 
(4.8) 

where £x and £v are die amplitude absorption coefficients of the two eigen-polarizations. For an 

ideal dichroic polarizer, die matrix becomes 

Px = 
1 0 

0 0 
(4.9) 

Combined linear birefringence and dichroic absorption can be represented by me matrix 

AB = 
e x p H - ( / • ( * • T I , - ! • & ) ) 0 

0 exp [-i • d • (k • vs - i • £„)) 
(4.10) 

If the elements arc rotated with respect to the reference frame, the corresponding Jones ma­

trices M«, are transformed as 

where 

Mn = E(a) • M • R(-a), 

R = 
COS(K RlIUf 

— sin« cose» 

(4. M) 

(4.12) 

is die well-known rotation matrix. 

Optical activity of a media results in a rotation of the polarization state. The corresponding 
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Jones matrix 0 is therefore the same as the rotation matrix R but for the angle — «, namely 

0 = 
COS« —SHI« 

sin (t cos« 
(4.13) 

Typical liquid crystal devices have a twisted structure. For calculation, the device is mod-

elized as a stack of retardation plates, each one slightly rotated respectively to the other. For TN 

or STN cells, the cell optical behavior is described by 

MT = {R(-aN)BNR(afl)}-{R(~af{-l)Bjr.iR(alf-l)} —[Rt-U1)BtR(Ut)], (4.14) 

where «i is the rotation angle of the ith of JV layers. Each of this layers of liquid crystal is 

characterized as a retardation plate B,. For uniformly twisted configurations, «j = a — BjN, 

where 9 is the total twist and assuming A' —t oo, the final matrix becomes [39, 40], 

M0 = 
HJn(Oa) 

c o s < ö . f f W i ü s £ 

-COS ( f f - ( 7 ) - J f ^ = I 
siii(Q'ir) 

(4.15) 

with the parameters a ~ Vl + u1 and a — 

As already discussed in the first chapter concerning the liquid crystal properties, the birefrin­

gence depends on the relative orientation of die 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 nx, ny have to be 

replaced by itejf and n0, where uejj is given in Eq. (1.10). 

Instead of tilt modulation, oblique incidence can also be considered [42, 43,44], reformulat­

ing die LC-retardation matrix to take account of the effective angle between the ray and me 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 transmission axis with the alignment 

of the first liquid crystal layer. The output polarizer or analyzer is parallel or perpendicular to the 

first one. With this configuration, Gooch and Tarry [46J developed a formula for the transmission 

of twisted nematic devices. For the normally black configuration, that is, with parallel polarizers, 
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the matrix operations result in 

SiIi(On) J-! 
ti 

0 0 

Remembering that a = \/l + u1, wc obtain for the intensity transmission , 

[ i ol 
0 0 

-M9-
1 0 

0 0 
= 

T = 

with 

sin3 ( ö / m ? ) 
(1 + u2) ' 

_ TT • lì • Ali 
= 6-\ ' 

(4.16) 

(4.17) 

(4.18) 

where 0 is the overall twist angle. An = ve — n0 the birefringence, d the thickness and A the 

optical wavelength. 
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Figure 4.2: Transmission for a TN cell (6 = TT/2) through parallel polarizers using Eq. (4.17). 
The minima correspond to linear polarization perpendicular to the analyzer. 

Figure 4.2 shows the transmission for a TN cell {0 — TT/2), using Eq. (4.17) with ir -d-An/X 

as parameter. For n • d • An/A = 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 

wavelength A at a given thickness for a given liquid crystal (AK(A)), as shown in Eq. (4.18). In 

the first part of the curve, the device is said out of the Maughin condition 

d • An „ 
u > 1 or jr — > 0, (4.19) 
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i.e. the twisted configuration characterized by the ratio d/0 is too short for the wave (X) to be 

followed. 

Ray propagation in inhomogeneous media 

For the one-dimensional simulations, the propagation of the light ray is usually assumed to fol­

low straight lines through the cell, since the cell is stratified along the z axis. Therefore, the 

index gradient exists only along z. This is not the case anymore in two or three-dimensional 

simulations, where the directors are also laterally modulated across the cell. This means that 

transverse index gradients 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 modulation (11,.//(:*;, 2)) of a binary grating simulation is shown in Fig. 4.3a. The lateral 

modulation of the refractive index can render collinear calculation of the phase inaccurate [S 1] 

if the beam is deviated and propagates through a neighbor column, as illustrated in Fig. 4.3b. If 

the ray propagates within a column not larger than the mesh step, and the angle at the output can 

be considered small, compared with the diffraction angle, Jones calculation can be considered 

valid. 

The Fermât principle stipulates that the ray r{s) follows the shortest optical path between the 

points A and B, so that 

I it (r) • ds —» inmimtnti, (4.20) 
JA 

which leads to [55], 

^ A i ( r } ^ i = g r a d W . (4.21) 

In homogeneous media (n=const.),one 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 11 • d. More accurate 

results require to take account of die gradients appearing from the switching of the liquid crystal 

and the finite dimensions of the electrodes. 

To solve the two-dimensional case, we choose the coordinate system xz and the initial beam 

propagates along z, as illustrates Fig. 4.3b. The rays are represented by 2:(2), so that the differ­

ential optical path becomes 
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Figure 4.3: Bi-dimensional gradients appearing in a two-dimensional simulation, a) Effective 
index (n»//(x, I )) modulation through a period of a binary grating simulation, b) Column-wise 
calculation of the phase retardation after the regular grid obtained with LCDMaster. If the 
lateral gradient is too strong, the ray propagates out of the limits of a column. It is then not 
possible to proceed with Jones matrix calculation with the isolated columns. 

\ 
(Is — dz • 

We can proceed calculating the z component of Eq. (4.21), which yields to 

dx 1 + I — ) = dz • Vi + xri. 

*r+5 1 

(1+x") dz (1+x") 

71 /lTn = d" 
( I+**) Ox 

(4.22) 

(4.23) 

or 

r » ( ! - , « ) + / • - ^ 
Tl OZ 

On 

(! + *«) 
where x' = dx/dz and x" = dx/dz. Assuming x' <C 1, this later equation is simplified to 

j m 1 Bnx, [ (1 + a") fri 
n dz ii dx 

(4.24) 

(4.25) 

The differential equation can be solved using the Euler method implemented in Matlab. The 

input ray is normal to the device (x'(z = 0) = 0). With a fixed step along O-z, the values of 

n(x, Zi), -g-n (x, Zi), and ^n (x, z, ) are approximated for each calculation step with a high order 
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polynomial (obtained after the data n(x. z)) to adjust these values to the lateral deviation of the 

ray. The coefficients A and B are obtained from these polynomials. 

(4.26) 
' *; ' 

X 

I 

A 0 

1 0 

x' 

X 
+ B 0 

0 0 

X* 

xl 
+ 

B 

(I 

1 On 
A = — 

71 OZ 

n ox 

(4.27) 

(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 calculate the retardation 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 • -a, and the visco-elastic properties of liquid crystals that result in smooth 

transitions between highly distorted and undistorted local director profiles. 

Sn 

3 

b 

0.6 1.2 I.S 2.4 
Perìod/10 (uni) 

3.6 

Figure 4.4: Ray propagation through the binary grating period shown in Fig. 4.3a. Each ray 
starts at a circle for 2 = 0 and is expected to finish at a cross for z = d. The lateral gradients 
have been multiplied by 10 in order to see the deviation. The lateral gradient are very low and 
straightforward calculation is admitted. 

To have an idea of the lateral gradient limit allowing to use the straight propagation model, 

Eq. (4.25) is further simplified assuming that dn/dz <S. 1, which can be admitted for our thin, 
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high biréfringent and weakly distorted cells. The equation is then roughly simplified to 

which leads after integration and to 

^aL* (4.29) 
Il OX 

« = :?-•£•«', («Ol 
where S is the lateral variation of the position. Having neglected the gradient along z means that 

the x component of the gradient is constant. Therefore, the maximal deviation is obtained when 

<5mnr = S {z = a), and the limit gradient becomes 

< 2 » = ^ , (4.31) 

where Ax = tf,„nz is the width of the mesh in the simulation cell, d the thickness of the cell, 

A the optical wavelength and n the refractive index. We can consider this gradient along x as a 

phase difference of the retardation between two neighbor columns, that is 

1^1 = Aw/-
\Ax\ A • a 

from where we can obtain the critical grid size 

Ax < J*£±É. (4.33) 
V 4TT • n 

Using BL006 with a cell 6 /an thick and n(A ~ 633 vm) = ] .8, a binary phase grating with 

Aip = TT requires a grid size around Ax < 0.725 /IT», and a blazed grating with Ai^ = 2TT 

requires Ax < 1.03 ftm. These results show clearly that the liquid crystal device used allow to 

calculate using Jones matrix method straightforward. 

Another 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 Q' • 7 < !established by 

Gaylord & Moharam [56] with 

2 • A • v/e • cos Ö 
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2 • TT • A • d 
(4.35) 

y/s • A- cos 6 ' 

Here, A stands for the wavelength, A for the period, d for the thickness, 9 for the incident angle 

and e = n2. Using the distribution shown in Fig. 4.4a, with d = 5/<m, A = 25/mi, 0 = 0, 

A = 6337m*, e = 3.08 and Ae = 0J6, we obtain Q' • 7 = 1.0125 • IO-0. 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 considered as thin and the Jones matrix calculation 

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

4.4 4 x 4 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 oblique 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 rigorous 

4 x 4 matrix method derived from Maxwell equations in non-conductive media (a = p = 0), 

0* = i); 

rot E = ^ rot H = ^ D = e(z)E (4.36) 
in • « - " m 

and £ {z) is the dielectric tensor describing the stratified media along z, the axis of stratification 

of the biréfringent 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] 

i- = 

Ex 

Ev 

-ih 

(4.37) 

The normal incidence allows to reduce the system of six equations resulting from Eqs. (4.36), to 

four. The system is then presented in the form 

dj> (z) 
dz 

= i'k0-A(z)-^(z)y (4.38) 
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Figure 4.5: Initial configuration for the Berreman representation of the normal incident electro­
magnetic wave (E, H) through a stratified media Az = d/N (d = thickness, N = number of 
strata). 

where 

A W = (4.39) 

A,, A12 A13 O 

A2, A „ A ï 3 O 

O O O A34 

A4 i A42 A43 O 

is the matrix containing the parameters of the z-layer resulting from e (z ) [40, 41 ] . The coeffi­

cients Ay assure also the tangential continuity of the fields at the interfaces . The difficulty is 

now to obtain a matrix P such that 

^(z + h) = P(h)-^(z). 

This matrix P is obtained from the expansion of. 

P{h) = ex„ ( - j • h • A . /,) = £ t - i - * « ; ' " * ) 2 

using a third order approximation [57] 

(4.40) 

(4.41) 

P (/,) = & . / + ßl • A + ft • A2 + .¾ • A3 + ... 

For an inhomogcncous biréfringent media, the matrix equation becomes 

(4.42) 

1/; ( 2 + rf) = / V P11-, -...Pi-P1 -$(z) (4.43) 
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The layers of the stack must be thin enough to be considered as homogeneous and thus A 

independent of z within the considered layer. The final matrix P (d) = f] Pi describes me in-

homogeneous biréfringent media and it is possible to obtain the transmitted and reflected waves, 

from 

V'irnu, = P (<0 • (^incident + <Pr<:fleeted) (4.44) 

Note that P (d) is not reversible, i.e. the matrix describes the propagation in one sense. This 

is a consequence of the description of A (2) at the interfaces of the layers. Practically, for the 

small gradients of e 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 two 2 x 2 matrices. 

The forward propagation matrix is equivalent to the Jones matrix [58, 41]. This is not the case 

for large gradients, like those described by [59]. 

Figure 4.6a compares the calculation methods, i.e. 2 x 2 Jones matrix method, 4 x 4 Berre-

man matrix method and die analytical Gooch and Tarry approximation. The total extinction is 

practically identical for all methods, which is die most important consideration to obtain a high 

contrast ratio between die on and off state. Concerning the maximal transmission, the Gooch 

and Tarry formula gives the highest values, since it does not take account of the losses at the 

interfaces of the stratified model. This is done by the LCDMaster implementations of me 2 x 2 

and "1x4 methods. While the 2 x 2 method only takes account of me 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 itm, which is used for fiber optic communications. This is an uncommon wavelength for 

liquid crystals to operate, which are mainly used for white light or at least visible wavelengths. 

Indeed, LCDMaster only works with a spectrum between 3SO nm and 780 nm. In addition, the 

documentation on liquid crystals does not contain the refractive index at 1.55 nm. Therefore, 

some calculation parameters have been changed in order to use LCDMaster for the calculations. 

To calculate with a wavelength included in the visible spectrum, me initial wavelength of 1550 

nm is halved and 775 nm is used instead. By doing this division, any related geometrical param-
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Figure 4.6: Transmission plots for TN cells using 2 x 2, 4 x 4 and Gooch and Tarry methods, a) 
Transmission vs. thickness for the stable configuration at OV. The optimal thickness is 4.19 /mi 
b) Transmission vs. applied voltage for the optimized thickness. (LC: ZU-2293@633nm, pre-
tilt=2°, An=0.]3]) 

clers must be homothetically transformed to replicate the same conditions as the initial problem. 

Table 4.1 shows how these parameters and constants are modified. 

parameter 

A 

Ki 
1 
d 
V 
V 

physical unit 

[m] 
[N] 

fl»a.s) 
[m] 
[V] 
iJ 

modified 

A/2 

-
4 • 7 

d/2 
-
-

Table 4.1 : nomothetic modifications for the main parameters and constants of a cell. 

From the units of the parameters, one sees that the elastic constant Ku are unchanged. This 

is different for me viscosity 7. Although is named rotational viscosity, the unit clearly shows an 

inverse square dependence to length units. The cell thickness r/ 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 directly proportional to the cell thickness </ and inversely proportional to 

the distance between electrodes, also </, and therefore they compensate each other. Finally the 

refractive indexes Tf are not modified since the phase retardation is related to the ratio of thickness 

and wavelength (//A, whose modifications compensate each other. However the birefringence at 
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1550 nm must be known. The 3-coefficient Cauchy 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 (2m + 1) • JT, which transforms the 

linear input polarization into a linear output polarization perpendicular to the initial one. Figure 

4.7a shows the Stokes parameters of Eqs. (4.4) vs. the thickness obtained by simulation of a 

TN cell with liquid crystal ZLM 565 at U = 0 V for a wavelength of 1550 nm. The output 

polarization state is perfectly linear, if S^ = 5:) = 0. This occurs for a thickness of 11.95 fan. 

Figure 4.7b shows the Stokes parameters vs. the applied voltage of a cell of this thickness. The 

two operating points, relaxed and completely switched, are found at 0 V and 5 V, where both 

polarizations are practically linear. Since S3O') ^ 0, the linear polarization is not simply rotated 

but becomes slightly elliptic for the intermediate voltages, as shows Fig. 4.7c. 

The operation mode is important, since it will determine the maximal contrast ratio, that is, 

the ratio of the transmission between die two operating points. The contrast ratio is highest when 

the transmission is lowest. Since the switched state is never perfectly homeotropic, there will be a 

residual ellipticity at the output. Thus, the only perfectly defined state, concerning the outcoming 

polarization state, it is die un-switched one (U = 0 V). The state of minimal transmission is then 

chosen to work in mis mode, i.e. normally black (NB) with parallel polarizers. In this way 

the extinction is limited by the quality of die polarizers. High quality polarizing beam-splitters 

(PBS) can perform a contrast ratio of CR = 105 = 50 dB. 

Angular dependence of the contrast ration (CR) 

The thickness optimization is valid for normal incidence. Since die birefringence of the liquid 

crystals depends on die incident angle, and die path is longer for oblique incidence, die transmis­

sion values will not be optimized anymore, thus reducing die efficiency of the device. 

Figure 4.8 shows a iso-contrast simulation. The transmission of me 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 die lines of the contrast are plotted in die figure. The contrast 

ratio drops drastically when die 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 of a TN cell using the 2 x 2 (Jones) matrix approach 
implemented in LCDMaster. a) Stokes parameters S\, S-iOndS^ vs. thickness in the relaxed state 
(U = 0 V). The output is linearly polarized if S-i = S-s = 0. b) Stokes parameters vs. applied 
voltage for the cell ofthe ideal thickness (11.35 fitti). c) Polarization ellipses for different applied 
voltages. (LC: ZU-1565, X = 1550 ntn., pre-tilt = 20.) 

4.5.2 Liquid crystal micro-lenses 

Another situation where the liquid crystals directors are modulated laterally appears in micro-

lenses. As shown in Fig. 4.9, arrays of lenses of 120 /mi in diameter are obtained using the 

pattern of the photolithographic mask (a), 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 parts. 
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Figure 4.8: Iso-contrast lines for the TN cell optimized for infrared operation in Fig. 4.7. 

Figure 4.9: a) Schematic photolithographic mask used to fabricate photo-resist micro-lenses, b) 
Photo-resist micro-lenses array, c) 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 calculated [62]. From the practical point of view, die 

operating range is also of interest. 

From the two configurations, 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 a cross section calculation is enough to calculate one cross-section. But on the other side, 

the directors are not aligned witìi 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 unusual thickness of some 50 /IT».. 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 incident ray out of the considered liquid 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 me intensity distribution through 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 pattern. 

4.6 Summary 

1. Straight propagation can be considered. In two- and three-dimensional devices, lateral 

gradients in thin layers (< 10 inn) and low voltages (< 5 V) are not strong enough. 

2. Jones matrix method is used in one-, two- and three-dimensional 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 phase 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 widi 

the Fraunhofer diffraction calculation, Fourier transformation gives the far-field diffraction 

image. 
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Rgure 4.10: 7Wo cross-sections, parallel and perpendicular to the alignment. The directors 
and the equipotential lines are shown, a) Parallel cross-section of the simulation model. The 
deformation is not symmetrical respectively to the axis of the electrode, b) Perpendicular cross-
section. The deformation is symmetric, c) Interference pattern of the lens function. The asymme­
try is responsible for the shift of the pattern. Parameters: LC=BLOOo, U= 3 V, period = 150 fim, 
diameter = IfOum, thickness = 5QiMTL 
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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 addition to the planar-nematic con­

figuration [63] treated in this chapter, other possibilities have been considered. For example, an 

hybrid device, i.e. a micro-structured grating covered with a second substrate and filled with liq­

uid crystal [23,24]. This requires a good optimization of the phase shift through 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 Maughin limit for the considered wavelength, is also interesting. Assuming that 

the wave undergoes a phase retardation corresponding to an averaged index of the liquid crys­

tal whatever the input polarization is, and that the micro-structure is isotropic, the cell could 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 liquid crystal [26]. Also, 

specific textures which result from special electric driving result in diffractive patterns [64, 65, 

66]. In-plane electric fields from inter-digitated electrodes give also periodic modulation [67,68]. 

Another interesting approach, which aims also to get polarization-insensitive devices, is 

based on multi-domain alignment [10, 69, 70]. Using rubbing technique or LPP [8], parallel 

strips with different 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 field diffraction pattern corresponds to polarization insensitive binary 

gratings. This configuration requires also optimization of the parameters. 

5.2 General optical properties 

Binary phase profile 

A binary phase function is characterized by two levels of retardation 

* = *» o < * < , ( p < A ) i ( 5 J ) 
ip = ipa -f £<p p< a: < A 

where A is the periodicity of the function, ;; is the position where the phase changes by Atp and 

(fo is the common phase retardation. Figure S.I illustrates a this binary phase function and its 

JL reel 

} [UUUUL I - ' ' ^ -
j„Li_t„t_i 

Figure 5.1: Representation of a binary phase function and its mathematical representation for 
Fourier transformation (the star * stands for convolution). 

decomposition in basic functions that can be easily be analyzed through Fourier transformation. 

For p - A/2, the phase function becomes 

tp(x) = tpa + Atp-rccl [-r) +comfc(^) (5.2) 

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

[71] 
CO 

exV(i>ip(x)) = £ AN{&tp)ex\>{i-N-K-x), (5.3) 
N=- oo 
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where K = 2ir/A and 

AN(A<f) = « M y ) • cos(A'| + ^ ' (SA) 

The far-fleld diffraction efficiency in a specific order A' is then obtained from 

VN = IM2, (5.5) 

which yields 

Vo =«" (%) '̂ . = ( ^ ( ^ ) 2 - ( I r ) ^ = 0- (5-6) 

In the case of a binary grating of duty cycle 50% (p = A/2) and Atp — w, the zero order vanishes 

and light is only diffracted into die odd orders with die efficiency 

The diffraction efficiency into the first orders is then 7/±1 = 40.53%, that is, 81% of die energy 

goes into the 1st diffraction orders when die 0th 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 dien 

V ( Z ) = X O + 8 ^ ( H D ) ' (5-8) 

with the period A and the amplitude Atp of the phase modulation.The Fraunhofer diffraction 

(FT) is obtained from [71] 

e x p j V ^ s m ^ ) ) = £ M*£). exp(*./V. 2 ^ ) , (5.9) 

where JN is the A'"1 order Bessel function. The diffraction efficiency in a specific order N 

becomes 

, , = 4 ( ^ ) - (5.10) 
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Figure 5.2: Diffraction efficiencies of phase gratings, a) Binary phase grating with Aip = n and 
p = if. b) Zero, ls1 and 2"d diffraction order of sinusoidal phase grating vs. modulation depth 

Figure 5.2b shows the evolution of the 0'h, Is* and 2nd diffraction orders vs. the phase mod­

ulation amplitude Atp. Compared with the binary grating in Rg. 5.2a, the maximal diffraction 

efficiency of the 1 "' order and the extinction of the O'* order do not occur for the same modula­

tion. If the extinction of the 0"1 is the goal, the efficiency of the V1 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 liquid crystals, two basic configurations witfi 

planar nematic arrangement are considered . Relative to the electrodes, the alignment can be 

cither parallel or perpendicular, as shown in Fig. 5.3. These two arrangements should result in a 

local modulation of the director tilt angle only, 

The input polarization must be parallel to the alignment direction. Maintaining the initial 

polarization state is desired, when the phase grating is part of a system including 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. 
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(a) (b) 

(e) (d) 

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

the electrode array and the counter-electrode, as shown in Fig. 5.3c. The difference A<p of the 

phase retardation is given by 

Aifi = k • a • 7(c - k • / vefj - <h. (5.11) 

This is the ideal case, but due to the elastic forces 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 calculated, with the structured 

electrode at the top, and a fuit electrode at the bottom. The solid lines represent the equipotential 

lines. The dense equipotential lines close to the edges of the upper electrode indicate a very 
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strong electric field . 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) parallel and (b) perpendicular-aligned binary gratings. 
Periodic boundary conditions are imposed. The dark lines at the top and the bottom represent 
the electrodes, covered with a dielectric layer. The solid lines are the equipotenttal 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 along the thickness can clearly be recognized in the center 

of the period, as well as the un-modulated zone at the extremities of die 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 

mentioned before, tilt-only modulation is required to maintain the same linear polarization at the 

output as at the input. Figure 5.5b shows that a twist modulation exists, although quite small 

{< 10"). The twist modulation is caused 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 at any point 

of the cell, the electric field vector E is in the plane of the cross-section, while the director n is 

practically perpendicular to this plane. With the influence of the positive dielectric anisotropy, 

the oblique fringing fields are strong enough to initiate the twist re-orientation, 
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Figure 5.5: Parallel alignment, a) Director tilt modulation for one period, b) Director twist 
distribution along the period and thickness. (U = 1.4V./J = 36 fim,t = 4.6f<m,pretilt — G°) 

Alignment 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 

still present, inducing a perturbation of the director re-orientation locally. Figure 5.4b shows 

the simulated cell with perpendicular alignment. It appears clearly that the director profile is 

different compared with the perpendicular configuration (Fig. 5.4a) . The equipotential lines 

show an irregular distribution, quite different from the symmetric distribution of die 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 witfi the pre-tilt angle. 

Close to the upper electrode, the orientation of the electric field E (r) and die director n (r) are 

shown in Fig. 5.4b. On the left side of the upper electrode, die angle between the director n 

and die 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 E R and the director is much 

larger and a anti-clockwise re-orientation is possible. Reverse tilt may occur, that is, a local 

value of die tilt angle smaller than die pre-tilt, as shown in Fig. 5.6b. The stress on each zone 

is unbalanced, and an asymmetric director profile results. In Fig. 5.6a, the complete director 

profile is shown. The asymmetry appears clearly together with a shift of the deformed pattern 

widi respect to the center of die upper electrode. 
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(a) Cb) 

Figure 5,6: Tilt modulation of the director for perpendicular alignment, a) Director tilt 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 lilt modulation, (same parameters as 
Fig. 5.5) 

5.4 Simulated phase profiles 

With the tilt and twist distribution it is possible to calculate the phase profile. The use of the 

Jones matrix method appears to be appropriate for normal incidence. This is only true if the 

lateral index gradients are not large enough to deviate the beam out of the straight path. As 

shown in chapter 4, for these liquid crystal devices the transitions are smooth enough and the 

gradients small enough to accept Jones calculus. 

For maximal efficiency, a binary phase profile is preferred to a sinusoidal one. But die elastic 

properties of nematic liquid crystals do not allow steep transitions. For a given cell thickness, 

period, and liquid crystal properties, the width of this transition is the same. Only for very short 

periods, these transition zones overlap and the required modulation is not reached. Figure 5.9 

shows the profiles for parallel-aligned cells while Fig. 5.7 shows the results for perpendicular-

alignment. The differences observed in the director profiles appear also in the phase profiles. 

Only parallel alignment shows a profile close to the desired binary profile, while perpendicular 

alignment shows an asymmetric phase profile. The periods of the different profiles have been 

normalized 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 obtained after the pre­
viously calculated director profiles a) For different period lengths. (thickness — 4.61 /an, 
prtdilt = 6°,U = IAV, except U = 1.9 F for 12 /mi period) b) For different pre-tilt angles. 
(period = 36 pin, thickness = 4.61 fini, jn-etili = 12, 6 & 2°, U = 1.4 V). 

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-tilt 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 n and the electric field E discussed in Fig. 5.4b is reduced. The 

sense of rotation of die director is more clearly defined and the final director profile is closer to 

the symmetric profile desired for binary gratings. 

Using die Fourier transform for periodic functions, the far field image (Fraunhofer diffrac­

tion) is calculated from the phase profiles, and die diffraction pattern is also asymmetric, as 

shown in Fig. 5.8b. 

The asymmetric phase profile is responsible for the unbalanced diffraction pattern, From this 

point of view, perpendicular aligned gratings may have an advantage for some applications, 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 me modulation depth, 
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Figure 5.8: Calculated far-field diffraction pattern for (a) parallel and (b) perpendicular-aligned 
gratings (A = 3G/mi., A^s = TTJ, The plots are normalized to the highest value. 

at least not until a 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 TT modulation (A = 12/mi, £/ = 1.0 V 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 a width (transition width) which is determined, for a given LC and the required 

voltage for Tr modulation, by the thickness of the cell. Since the period has been normalized in 

Fig. 5.9, these transitions do not look identical. Instead, the figure illustrates 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-like 

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 TT modulation is calculated, as illustrates Fig. 5.10a. The curve has a asymptotic 

limit for very thick cells corresponding to the threshold voltage Vlh = TTJK/EQA£. Besides, a 

minimum thickness </ > X/(2 • Au) is required. Figure 5.10b shows a linear relation between 

the thickness and the shortest period that performs TT modulation for the voltages plotted in Fig. 
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Figure 5.9: Phase profiles for parallel aligned gratings using Jones calculus obtained after the 
previously calculated director profiles for different period lengths, (thickiitnss = 4.6] firn, 
pretilt = G",U = IA V, except U = 1.0 V for 12 fan period). 
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Figure 5.10: Calculation of the relations between thickness, voltage and critical period length 
for parallel-aligned gratings, a) For an uncritical period length, the voltage (U) required for 
7T modulation vs. the cell thickness d. b) For the calculated thickness and voltage, the period 
length A is reduced until the modulation depth drops below n. This limit defines the critical 
period length, {pretilt = 6"). 

Using the Fourier transformation integral 

AK =\fA A(x) • exp (i • <p (x)) • exp ( - i • ̂ ' ^ ' ^ ' ) • dx (5.12) 

to calculate the amplitude of the A'"1 order diffraction in the far-field (Fraunhofer), the efficiency 

VN = MA'|2 C311 te calculated numerically. The equation is used to calculate the diffraction 
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efficiency into the I"* order (Af = ]) for the phase profiles <p (a;). The profiles are obtained 

for a fixed thickness, and the corresponding voltage for n modulation. The plot labeled "U = 

1.4 V" in Fig. 5.11 shows how the efficiency at constant voltage is reduced for shorter periods. 

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 Aip", shows die maximum efficiency possible for op­

timized modulation depth. The same director profiles have been used but 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 n modulation for binary phase 

gratings to 1.17 • -n for sinusoidal phase gratings. 

cm) 

Figure 5.11 : Diffraction efficiency into the first order for parallel aligned cells using the values 
for U, dandA shown in Fig. 5.10. 

From die calculated phase profiles, the Fraunhofer diffraction pattern can be calculated using 

Fourier transform. The grating is assumed to be a tfiin 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 TT, 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 Rg. 5.2. 
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5.5 Experimental results 

Cell fabrication 

The gratings which have been realized are 6 firn thick, with periods of 24 /mi, 36 /mi and 48 /im 

(diffraction angles of 1.5°, 1" and 0.75''at 633 nm) For this feature size (> 12/mt), wet etching 

is used to structure the electrodes. PI 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 conditions, 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 lengths. 

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-

matinglens. The light is linear polarized with a high quality polarizer (Contrant — Rutto > IO5), 

and the polarization plane is set parallel to the alignment of the liquid crystal in the cell. The 

incidence is normal to the substrate. 

Detector Array 
512 pixels/20mm 

Figure 5.12: Experimental setup for the measurement of diffraction patterns and efficiency. 

Perpendicular-aligned cells 

The previous results with the calculated profiles already announced that the diffraction patterns 

will be asymmetric. The measured diffraction pattern is shown in Fig. 5.13a. Compared with the 
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calculated diffraction pattern in Fig. 5.8b, the shapes are qualitatively identical. 

A more important aspect to point out 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, ±V' 

and ±2 , ,d order diffraction. The intensity of the zero order decreases smoothly and docs not 

vanish in the considered range of voltages. The behavior of the + 1 " and - 1 s t orders is asym­

metric as expected from the phase profile. Even considered as blazed grating, and considering 

die 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 grating, the configuration shows great potential for multi-

electrode blazed gratings, because of the smoother transition between the electrodes, compared 

to parallel aligned gratings. 

(a) (b) 

Figure 5.13: Perpendicular-aligned celts (A = 56(UU1(I = 6 inn), a) Diffraction pattern for 
U = 1.5 V. b) Measured intensities of the 0, Is ' and 2"d diffraction orders vs. applied voltage. 

Parallel-aligned cells 

Figure 5.14 shows die measured diffraction pattern and the diffraction intensities of the principal 

diffraction orders vs. applied voltage. Figure 5.14a shows a diffraction pattern where the zero 

order does nearly vanish. As predicted by die 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 diffraction for positive and negative orders is always the same. Also, a second operating 

point exists, where the 0°1 order is again maximal and the Is ' vanishes. This corresponds to a 

t 



5.5. EXPERIMENTALRESULTS 91 

-i o i 
Dtffrictton an(tc (StJ) 

OJ 1 IS 2 
Applied VoIUEe(V) 

(a) (b) 

Figure 5.14: Parallel-aligned cell with A = 36/nn and d = & [im. a) Diffraction pattern for 
best 0th order extinction (U = ] .5 VJ. fc) Evolution of the 0, I*' onrf 2"<( diffraction orders vs. 
the applied voltage. 

binary grating with a modulation depth of 2K, which is theoretically equivalent to no grating 

at all. The interest of this second operating point, although less efficient (50% of loss), is that 

this configuration has more elastic energy stored and would result in faster commutation through 

relaxation. 

The second and most important aspect to point out is die difference in die required voltage 

for zero order extinction and maximal diffraction into the first order, observed in Fig. 5.14b. The 

same behavior appears in the dieoretical 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 better to choose the best extinction voltage. 

An additional perturbation comes from the amplitude grating produced by the refractive index 

difference between glass and the ITO of the structured electrodes. In this case, two gratings of 

die same period are superposed. For an amplitude grating, the + 1 s t and — 1 s t diffraction orders 

have the same sign, contrary to a phase grating, for which they have opposite sign (see Eqs. (5.4) 

and (5.9)). Therefore the sum results in an asymmetric diffraction pattern. Nevertheless, the 

amplitude grating has only a small effect and can practically be neglected. 
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5.6 Alternative configurations for binary gratings 

Hybrid liquid 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 would be strongly reduced. 

Homeotropic 

Lcjn 

difftactive 

• ' l l l l l l l l l—lllllll l 
U) 

not 
diffractive 

Figure 5.15: Operation scheme for the hybrid binary grating with ribs and cholesteric texture. 

A second problem appears, when working below the Maughin limit. In twisted or super-

twisted nematic cells, the linear polarization is intended to follow the helix of the liquid 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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phase 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 IX is homeotropic. The retardation is the 

same as die 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 wiüi 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 die phase 

profile changes from almost binary to sinusoidal-like when die 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. 



94 CHAPTER 5. NEMATIC BINARY PHASE GRATINGS 



Chapter 6 

Tunable phase gratings using multiple 

electrodes 

6.1 Introduction 

In this chapter, phase modulators with tunable phase 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 are in general opposed to those of the tunable gratings 

considered here, i.e. 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 replaced by a staircase 

using photolithographic processes. The efficiency 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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Figure 6.1: Evolution from the refractive prism to the diffrative liquid crystal grating, a) Solid 
refractive prism, b) Ideal diffractive blazed grating, c) Staircase profile, d) Liquid 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 modulator. Parallel electrodes can be 

electrically driven with different voltages, V\, V^...Vn,. The resulting electric field between these 

electrodes (I'D and the counter-electrode (V0) reduces locally the phase retardation by increasing 

the tilt angle of the underlying directors of the planar-aligned nematic liquid crystal. 

Period 

.jy= 
Parallel electrodes 

V2 
^ -

V4 V5 Vl 
S-* H Dielectric layer | 

" V 
Liquid Crystal modulation 
Phase modulation 

VO 
1^ ~| [Counter electrode | 

Figure 6.2: Cross-section of a multilevel, periodic, liquid crystal grating. The different vertical 
fields created by the discrete electrodes are represented by the long vertical arrows. Also, hori­
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). 

As for the binary gratings in chapter 5, two main configurations for planar-aligned nematic 

liquid crystal are possible in order to perform tilt modulation only. The alignment is either 

parallel or perpendicular to the electrodes. The device is polarization dependent. The input beam 

is assumed to 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 performances of these devices. The fringing electric fields that appear at die edges 

of the electrodes of the binary gratings (chapter 5) are now rc-cnforced by die presence of die 

different applied voltages to die array of the electrodes. In addition, the pre-tilt angle will play 

an important role in the director re-arrangement, specially in die case of perpendicular-aligned 

devices. 

6.2.2 Electric field distribution 

For an easy manipulation of the blazed grating, a linear dependence of die phase shift as a 

function of the applied voltage would be ideal. This linear domain should have a dynamic range 

of 2JT resulting in a minimum value for the diickness d imposed by die condition d • AT;/A > 1. 

Figure 6.3 shows the retardation vs. applied voltage of BL006 for d = 6 /.tin and different 

pre-tilt angles. The large birefringence (AK(633 Tim) = 0.28) of Ulis liquid crystal results in a 

modulation range of more than two wavelengths at 633nm. Increasing die pre-tilt angle has two 

consequences. First, the threshold voltage, clearly present for 0" pre-tilt, is slightly reduced for 

small pre-tilt angles (< 5Ü) and becomes undefined for larger pre-tilt angles. Also, die slope of 

the curves becomes smoother at small voltages. 

6.28 i i 

0 1 2 3 4 J 

Applied voltage (V) 

Figure 6.3: Mid-layer tilt angle vs. applied voltage. (ID simulation, 50 layers, LC: BL006) 

The results obtained with one dimensional simulations, like tiiose of Fig. 6.3, cannot be 

directly applied to gratings of high spatial frequency, since other constraints apply to me liq­

uid crystal. The small electrodes and distances in between, together wim die different voltages 

applied, result in an irregular reorientation of die molecules, and not only in a vertical reorienta­

tion caused by die vertical electric field. The electric field distribution is far more complex; the 
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electric fields from the different electrodes overlap. The main contributions to this director dis­

tribution of the nematic liquid crystal are: the liquid crystal dielectric and elastic properties, die 

cell 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 voltages applied to the electrodes becomes a smooth electrical 
profile in the liquid crystal. 

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 overlap may be desired instead, in order to get smoother and more 

continuous transition between the electrodes, 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 

electrodes results in a 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 (T OC (P), a better solution is to put the electrodes as close 

as possible together, than making a thick cell. The distance between electrodes is limited by the 

technological process (dry-etching), which is about 3 /im 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 distribution is mainly given by the overlap of the fringing fields. The resulting phase profiles 

will be smooth curves, very different from the staircase profile of Fig. 6.1c. 
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In-plane field 

The Figs. 6.5 and 6.8 show that the main component of the electric field resulüng 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 illustrated by Fig. 6.6. This effect is specially important 

for parallel 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 die electrodes, me effect is 

different. 

Figure 6.5: Electric field profile for parallel aligned LC over one period of the grating. ( 6 level, 
electrode width and spacement = 3 /mi, alignment layer thickness = 0.125 /im, cell thickness = 
6 fini, BL006, Ae = 2.9, Voltages = 0,1.7, 1.825, 1.975,2.15 and 2.4 V. 

Parallel 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 desired tilt modulation, but occurs only close to die structured 
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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-pfune _ ^ / ^ 2 2 (6.1) 

where d is the cell thickness and ( the distance between neighbor electrodes. Using BL006, with 

Kn = 15 ;wV and Ac = 17.3, and I = 3 ftm, the threshold voltage for cells with a thickness 

it = 6 urn gets, V(h =* 0.49 V. On the other hand, the threshold voltage for tilt modulation can be 

estimated by replacing Ky1 with /Vn in Eq. (6.1). In this case, the distance I between electrodes 

is equal to the thickness d, which gives 

1 threshold 
K1 

Ae -eD 
(6.2) 

With /i'n = 17.9j>Af, Eq. (6.2) yields Vik ~ 1.1 K, 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 electrodes results in a smooth profile, since the 

highest voltage applied is the one required for 2TT modulation and therefore independent of die 

number of electrodes. 

Figure 6.6: The electrodes with the highest (KA/) and lowest (K1) applied voltages produce a 
zone of high in-plane field. Also, the sense of field is reversed (V^1 > V2 > V1 > V0 = 0). For 
parallel or oblique alignment, the liquid crystal is twisted [77]. 

As shown in Fig. 6.6, the first electrode (K1) widi the lowest applied voltage is the critical 

one concerning the in-plane field, . Usually at the same voltage as the counter-electrode, i.e. 

V0 = V1 = 0, it is neighbored by two electrodes with much higher voltages. V^ has the highest 

voltage (~ 2.5 K) and V2 must be above the vertical Üireshold voltage (> 1.1 K). Thus, the 

resulting in-plane field with V1 is clearly above the calculated threshold of 0.5 V. For the otfier 
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electrodes (V3, V4....1V-L)I the in-plane field will depend on the number of electrodes M per 

period. 

For small and closely spaced electrodes, it is no longer possible to think in terms of isolated 

electrodes, since the electric field of one electrode influences also its neighbor electrodes. The 

only solution to reduce the in-plane effect 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 V1 (usually set to 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 V2 — V1 and V1 — VAf. 

Perpendicular Alignment 

In 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 in mis case the in-plane 

electric field would keep the directors flat, and being a K33 dependent phenomena, the threshold 

voltage is extremely high. The in-plane field 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.S. 

(a) (b) 

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 to the edges of the 
electrodes, h) The sense of the voltage ramp and the direction of the pre-tilt will change the field 
distribution 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 die case of a staircase voltage profile, the 

pre-tilt can be either in the sense of die 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. 6.8a 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. In the ideal, 

simulated case, either the algorithm does not obtain a equilibrium state or a disclinatton 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). 

V1 V1 V, V4 Vs V, V1 V1 V, V, Vs V, 

v, v, 

(a) (b) 

Figure 6.8; Electric field profile for perpendicular aligned LC over one period of the grating, a) 
Positive pre-tilt, b) Negative 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 electric field distributions shown in Figs. 6.5 and 6.8. Although the devices arc identi­

cal concerning the geometrical aspects (thicknesses, electrode width and spacing, pre-tilt angle, 

etc..) and the driving parameters (l'| 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 reorientation 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 close 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 elastic behavior of the liquid crystal are responsible 

for the slight reorientation of the tilt angle at the beginning of the period, although the applied 

voltage is zero at this first electrode. 

(a) (b) 

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 high 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 the intensity of the applied 

voltages, that 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 substrate than to the counter-electrode. The 

use of two structured electrodes would increase both effects, making the device worse. It would 

also require perfect alignment. 
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Perpendicular alignment 

At any point of the cell, 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 to compare the 

director profiles when the voltage staircase is reversed from V'i, V2--.VM to Vn1...V2 V\, the pre­

tilt has been changed to the same but negative value instead, which is equivalent. Reversing the 

voltage staircase in order to change the sign of the diffraction order selected (-M'f —• -I" ' ) , 

results in different directors profiles for this configuration as illustrate Figs. 6.10a and b. In 

addition, the directors are '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. In Fig. 6.10b the smallest 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 means that the device is not symmetrical and that the driving parameters must be 

readjusted when the light beam is steered from a positive to a negative diffraction order. 

(a) (b) 

Figure 6.10: Director profiles for perpendicular-aligned liquid crystals resulting from the same 
simulation a Fig. 6.8. Changing the sign of the pre-tilt is equivalent to change the sense of 
the voltage ramp, a) and b) show different director profiles for the same but inverted voltage 
staircase /pre-tilt angle. 

Another aspect of the pre-tilt influence in the director profile comes from the small value of 

this angle. The problem already appeared in binary gratings. Figure 6.10b shows that the director 

distribution is somewhat disturbed between the electrodes with highest and lowest voltage. 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, 

while it showed smoother and less asymmetric behavior in binary gratings. This change would 

improve both the symmetry and eliminate the reverse tilt, but an excessive pre-tilt would also 

increase the fly-back length Ap, which is the distance within the period going from the highest 

to the lowest value of the phase profile that will result from the calculated director profile. 

6.3 Propagation of light 

6.3.1 Phase grating function 

The Jones matrix calculus can be used for two-dimensional simulations as long as the rays follow 

a nearly straight path within the limits of the columns defined by the grid used for the simulations. 

In chapter 4 it has been shown that the gradients resulting from two-dimensional simulation of 

binary gratings are not strong enough to require rigorous calculation. Even if the voltage required 

for 2n modulation in blazed gratings is higher than the one used for binary gratings, the lateral 

gradient will not increase enough to require rigorous calculation of the phase profile. 

Perpendicular alignment 

The most importimi 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 parallel 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 me difference of the refractive index between ITO and glass. Thus, die complex amplitude 

of the linear output polarization becomes Jones matrix that comes out from the parallel-aligned 

liquid crystal is, 

v(x)=tl(x)-exi}(i-lp'a(x))t (6.3) 

where s stands for perpendicular (senkrecht in German). The calculated phase profile using the 

previously calculated director profiles is shown in Fig. 6.11. 

For mis configuration the problem comes from the voltage driving and die 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 resulting phase profiles for 6-

lcvel gratings are shown in Fig. 6.11b. Not only the shape, but also the relative position with 

respect to the electrodes is different. This means that it will not be possible to switch from the 

- 1 *' diffraction order to the + l s l simply reversing the voltage staircase. Each order will require 

a specific driving pattern. 
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Figure 6.11: Amplitude (a) andphase (b) oj'the linearly polarized output wave (dash-dotted: + 
pre-tilt, solid: - pre-tilt). 

Parallel alignment 

In this case, the device behaves symmetrically, but die linear input 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 die twist causes a too strong lateral gradient that would require a rigorous 

calculation of the propagation in the liquid crystal or if we can admit Üiat the Maughin condition 

is respected and die linear polarization is maintained and follows the twisted liquid crystal, thus 

allowing Jones matrix calculation. 

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

becomes 

J„(*) = (6.4) 
_ t/(a)-exp (*•*$(*))_ 

where d (x) and ĵJ (x) are the parallel components and b (x) and <p* (x) are die perpendicular 
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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 the device, p stands for parallel. 
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Figure 6.12: Amplitude anaphase plots for a parallel aligned, Gfim thick and 2° pre-tilt cell The 
zero values that appear in the perpendicular term t> (x) are responsible for the discontinuities in 
the phase component cp* (a:). 

Figure 6.12 shows amplitude and phase profiles for the parallel 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 thattheperpendicular polarization componentis not zero{i(x) ^ 0), 

except at some points where discontinuities (TT 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 electrode of consecutive periods, the 

value of b (x) is relatively small compared to d (x). Only where the twist deformation is rela­

tively strong, the b (a:) becomes important. The Maughin condition [0 < j • d • AnY discussed 

in chapter 4, is respected in this critical zone. Using the maximal twist angle (9„iai ~ 25") 

shown in Fig. 6.9b, we obtain that the twist should take place within a length of 0.32 fun, almost 

1/20 times the thickness, which is certainly no the case. We can conclude that the condition is 

respected. 
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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: Diffraction pattern calculated for the profiles in Fig. 6.12 of a) between -2,5° and 
2.5°. b) is the blown-uppart. (6 levels, period p = 36 ftm, A = 633 inn, aperture d — 250 /mi. 

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 due to residual modulation originating 

from the discrete electrodes. 

Although the simulated phase profile has not been fine-tuned for high diffraction efficiency 

into the — ]•"' 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 using the phase profiles and correcting 

the phase retardation to find die ideal phase modulation depth for the different profiles. Figure 

6.14 shows the relation between diffraction efficiency and modulation depth using 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 for the phase profiles correspond­
ing to parallel and perpendicular alignment. (A) Parallel alignment. (B) Perpendicular align­
ment with positive pre-tilt. (C) Perpendicular alignment with negative pre-tilt. Fly-back and high 
frequency modulation by the electrodes are the main causes for the relatively low value of the 
maximal efficiency (65%). (6 levels, p = 36 pm, d = 6 /.an, pre-tilt = 2°) 
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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 

to2jr /M. The theoretical efficiency of an ideal staircase into the first order is [18], 

VKl = 
^ {fi) 

(6.5) 

As seen in the previous 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 2TT steps at the borders of the period should 

be perfectly steep to obtain high efficiency. In practice, however, this transition has a finite width 

Af, called fly-back length, which reduces the diffraction efficiency by, 

VA1 

where A is the period length of the grating. 

A - AF ' 

A , 
(6.6) 

The resulting efficiency of a liquid crystal grating is then given by the product of Eqs. (6.5) 

and (6.6), with the assumption that A F -¾; A [82, 83]. Figure 6.15 illustrates the improvement of 
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the diffraction efficiency vs. the number of steps, using Eq. (6.5). The efficiency yF is calculated 

with the assumption that the fly-back length is equal to the width of one step (i\p = A/M). His 

interesting to note, that the length fly-back is responsible for at least 20% of efficiency reduction. 
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Figure 6.15: Diffraction efficiencies for staircase profiles, fly-back effect and the product of both. 
The fly-back length A1? is assumed to be equal to the width of one step, that is AF — ^. 

6.3.4 Phase function model to calculate diffraction efficiency 

The director profiles previously obtained with the finite element simulation give a good indication 

of the shape of die phase profiles. Nevertheless, it is not reasonable 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 die phase profile are used, inspired by the results obtained 

from die simulations. They take account of the most important parameters, such as die number 

of electrodes, the fly-back and the depth of the phase modulation. 

Main phase profile mode) 

As a result of the small dimensions of the electrodes, the phase profile is considered to be a 

continuous and smooth function. Therefore, die average phase function is modeled by two sinu­

soidal functions, as shown in Fig. 6.16a. The two parameters considered are the depth ùnp of 

phase modulation and the fly-back length AF. Mathematically, Ulis profile is represented by, 

VW = ^ « » ( ^ - I ) 0 < a - < A - A P 

Vix) = ¥ S i I i (^ + =) A - A F < : , < A 
(6.7) 
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where A is the period length. Using the Eq. (5.12), the amplitude of the Nth order diffraction in 

the far-field (Fraunhofer), the efficiency i}N = \AN\2 can be calculated numerically. The results 

for the blazed diffraction order (N=I) are presented in Fig. 6.16b as a function of the modulation 

depth Aip and for different number M of electrodes. The fly-back length Ap is assumed to 

be equal to one electrode width (AF — A/M). Although a fly-back of Ar = 0 is practically 

impossible with nematic liquid crystals, the corresponding efficiency is shown as the ideal case 

for comparison. 

(a) (b) 

Figure 6.16: a) Model for the average phase profile, b) Diffraction efficiency as a function of the 
phase modulation depth Aipfor 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 die discrete 

electrodes» an additional modulation is superposed to the average phase profile introduced above. 

The first term in Eq. (6.7) is multiplied by, 

V>nF(x) = 1 + Sip • cos A ^ A " I (6.8) 

where 5<p the modulation depth of the additional modulation and M is the number of electrodes 

within one period. 

Figure 6.17a shows the phase profile corresponding to mis model, which matches better 
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(a) (b) 

Figure 6.17: Effect of the high frequency modulation, a) Example of the phase function, b) 
Calculated diffraction efficiency for M-Ì2, 6, 4 and 3 electrodes per period calculations as a 
function of the phase modulation 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 electrodes and for different 

modulation amplitudes 5tp between 0 to 0.5 radians. The fly-back, assumed to be /V = 1-5 • 

A/M. This assumptions matches better with the simulated phase profiles (Fig. 6.16a) than 

Ar = A/A/, although it depends 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 profile (Fig. 6.16b) 

for small numbers of electrodes. The efficiency is always lower that for the first model presented 

in Fig. 6.16a. It comes clearly out that a low number of electrodes 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 (n ~ 1.7) as the substrate 

(u ~ 1.5). The ITO layers are ,about 25 urn thick and its contribution to phase modulation can be 

neglected. Instead, the reflection is quite important. The efficiency 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 M,h 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 o, the low transmission value. 

.4(X-) = 
I for 0<x< 1/2 

a for l/2<x<t 
(6.9) 

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

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 ±lsi order, 

the amplitude grating diffracts to the Jl'/"' order, being M the number of electrodes of a period. 

6.4 Cell fabrication, operation and results 

6.4.1 Cell fabrication 

Array structuration 

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 //Tn, half the pitch. The whole cell is 5 cm x 5cm x 1.1 mm in size. Standard glass 

substrates (0.55 mm) with prc-deposed ITO (25 um, 50 Q/sq) is used. Because of the small 

feature size of 3 inn, the structure was dry-etched in a plasma reactor with Ar ions. Standard 

alignment polymer (PI-2545 for 2°, SN-70XX for 6°) were spin coated and velour rubbed either 

parallel or perpendicular to the electrodes. Spheric spacers of 6 [im are used. The counter-

electrode substrate was assembled together with the structured substrate and the cell was finally 

vacuum-filled with liquid crystal (BL006). 

Figure 6.19: Model 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 through zebra connectors of 

360/nn- pitch. The driving signal is supported by a 25 pin parallel port. Through aPC (486) board 

(Amplicon PC224), 12 channels can be driven independently with DC and AC square signals of 

IkHz frequency. The 24 channels of the connection port 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 (Contrant ~ 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 Fraunhofer diffraction pattern. The same PC 

that drives the channels makes also the acquisition of the array measurement and die detector of 

the reference beam Ipcj. The optimization of the voltage profile is obtained by optimization of 

two values: Improving the contrast between the /V'* diffraction order and the 0lh order, and the 

absolute efficiency into the selected diffraction order Af. 
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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 die voltage ramp is reversed, i.e. when 

die opposite diffraction order is addressed. Figure 6.2 la shows also that the large dynamic range 

of die cell, more than two wavelengths of modulation, which allows to select up to die 3"' 

diffraction order by changing die staircase voltage profile. This works particularly well for large 

numbers of electrodes, in this case M = 12. Figure 6.21b shows that reversing die voltage ramp 

result in a very different diffraction pattern. This is worst for short number of electrodes man for 

large number of electrodes. 

Anodier aspect of the driving of perpendicular-aligned cells to point out is that they appear to 

work better with a bias voltage, but the same steepness of the voltage ramp. A probable reason 

is that a bias voltage homogeneously increases die dit angle, thus reducing die 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 1st order diffraction efficiencies that can be selected using par­

allel aligned gratings of different periodicity. Peak values of the efficiencies are lower tiiat those 

of perpendicular-aligned gratings, mainly due to die stronger effect of the in-plane field on the 

phase profile. On the odier hand, a symmetric diffraction pattern is obtained with reversed volt­

age ramp, contrary to the previously discussed perpendicularly aligned gratings. Figure 6.22b 

shows die diffraction pattern of a grating with four electrodes per period and the resulting pattern 

for both voltage ramps. 

_i-i-l.i-.-Uil-
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Figure 6.21: Measurements of a perpendicular aligned ceils, a) The large dynamic range of the 
celt allows to switch up to the 3'rf diffraction order with 12 electrodes period, b) Perpendicular 
alignment results in asymmetric behavior. Higher number of electrodes and levels reduce this 
difference. (LC:BL006, thickness = G \im, feature size = 3 ftm, pre-tilt = 2°). 
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Figure 6.22: a) Diffraction efficiencies for different number of electrodes per period M. b) Sym­
metric diffraction patterns for a parallel aligned grating with optimized and reversed voltage 
ramp. (LC: BLO06, thickness = 6 /an, feature size = 3 /tm, pre-txlt = 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 2.5 to 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, die 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 to zero, which had nearly no effect on the far-field pattern. The ramp is approximately linear 

with some corrections to compensate driving inaccuracies. 

t l ! 4 5 « 7 l * U I I I 2 i _ _ _ 

Etettreflt or. Electrodes 

(a) (b) 

Figure 6.23: (a) Optimized voltages ramps for different periods, (b) Different schemes of switch­
ing. 

After having determined the voltage ramps, different switching schemes, as shown in Fig. 

6.23b, can be analyzed. First, switching on and off all electrodes 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 voltages and 

so on (A), or by rotating at the highest voltage electrode (B). 

Figure 6.24a shows some measurements for switching on and off the voltage ramps. Differ­

ent combinations of voltage ramps have been considered. Alüiough 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 order. The local minima and maxima are caused by the rearrangement of the liquid crystal 

molecules in the cell. 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 die curves do not show the 

same measurement The continuous line shows how fast the optimized diffraction pattern is lost 

reversing the voltages. The second, dashed line shows how long it takes to the signal to 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. 

to (b) 

Figure 6.24: a) Measurements of switch-on and switch-off times for diffèrent period lengths, b) 
Typical response for ramp reversal of the 0"1 and 1" order. (LC; BL006, thickness = G /mi, 
feature size - 4 ftm, pre-tilt = 2°, parallel-aligned). 

6.4.3 Other aspects influencing the diffraction efficiency 

There are two main effects influencing negatively the diffraction efficiency which are not caused 

by the liquid crystal itself. 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, because the spherical spacers act as scattering centers. 

As a consequence, the diffraction efficiency cannot be further improved by optimizing the phase 

profile. 

Etching 

Dry etching 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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I A 

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 caused 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 measured 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 external electrodes. For the driving, every 

twelfth electrodes are connected to the same voltage. However, because 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-substrate is not etched and 

represents 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 the properties of binary gratings and the 

other on those of tunable gratings. The micro-lens array base on fringing field effects was already 

discussed in chapter 3. 



120 CHAPTER 6. TUNABLE PHASE GRATINGS USING MULTIPLE ELECTRODES 

Binary profile lenses 

This type of lenses is based on a binary phase modulation of n retardation. The tens consists 

of a set of rings with variable width and separation, as illustrated in Fig. 6.26. The width 

and separation of these rings decreases for an increasing radius. Thus, the maximum numerical 

aperture (NA) of the lens depends on the resolution limit fixed either by the technology (~ 3 fan) 

or by the liquid crystal minimal period. This later is related with the discussed critical period 

length, 

perpendicular 
alignment 

section 

oblique 
alignment 

section 

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

As discussed in chapter 5, the length of the period where a n phase shift can be realized 

is linearly dependent of the thickness. With high biréfringent liquid crystals like BL006, the 

minimal thickness required for TT retardation is d > X/{2 -Au) « ] J5^m. According to Fig. 

5.10, the electrode width must be > 5/<m. With standard technology, thicknesses below 5/imare 

very difficult to realize because of me high risk of electrical shortcut. This limits the ring smallest 

width to 15 (im. Figure 6.27 shows that both in simulated and measured lenses the efficiency is 

at its Üieoretica! maximum (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 die designed focus length, or not focusing at all. If the device could be realized at its smallest 

thickness, it would be a quite fast device, with an estimated switching off time of ~ 5 m$ ! 

Nevertheless, it must not be forgotten that the one dimensional alignment at the surfaces 

results in section wiüi parallel, perpendicular and oblique alignment of the LC with respect to 

the electrodes, as indicated in Rg. 6.26. Therefore, all 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 fi-ru thickness, where the efficiency of each zone 
is calculated after Fig. reffig:p-dijf-eff. The crosses correspond to a measured cell of 5 /em 
thickness. 

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

Tunable 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 electrodes 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 2TT 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 zone, b) Connecting each ring individually results in a loss of active area 
and efficiency drop. 

of each zones is calculated using 

Vtone — (UM)'. (-*=)' (6.10) 

The highest efficiency 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 sector of the disc 

must be used to connect the inner rings with the driving voltages. More rings result in a more 

important surface wasted for connecting and therefore a decrease of the efficiency of the lens. 

Figure 6.26c shows tfiis connecting zone. 
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Figure 6.29: Efficiency vs. number of zones or numerical aperture for different feature 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 lhe 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 illustrated in Fig, 6.30. 

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 both lenses. 

6.6 Summary 

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

of electrodes. 

2. 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. 

3. Parallel alignment to the electrodes gives high efficient gratings whose ramp can be re­

versed without efficiency loss. 

4. Perpendicular alignment is also high-efficient but not reversible. 

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

up to the 3rrf diffraction order. 

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

the intensity modulation of the electrodes. 

7. 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. 

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

the liquid crystal profiles. (Critical period length for binary profiles and fly-back length for 

tunable profiles) 



Conclusion 

With this work, 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 equilibrium and vs time. But it also 

allows to analyze the optical characteristics of the device as a whole including all the compensa­

tion sheets, polarizers, substrates, etc. This tool 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 not so often used and the program does not give 

as much information as for the one-dimensional simulations. But they give the more important 

result, that is, the two or three-dimensional distribution of the directors resulting from a complex 

electric field distribution. The calculations are mainly limited by the calculation grid, which 

is regularly spaced and of limited density of points. The grid is not locally adaptive to the 

strong gradients of the electrical 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 using 

planar-nematic LC's, the most important result to point out is the effect of the relative orientation 

of the directors with respect to the edges of the discrete electrodes. 

Light propagation The device configuration used, that is, planar-aligned nematic liquid crystal 

in thin layers (~ 5/m;), permits to use die Jones matrix method to calculate the propagation 

125 
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of polarized light through the device using the refractive index distribution obtained from the 

LCDMaster two and three-dimensional simulations. The lateral gradients appear to be smooth 

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, generally part of a phase grating, is propagated in free space. This is done assuming 

Fraunhofer diffraction and calculated using Fourier transform. The results obtained are in very 

good agreement with the measurements of the gratings realized. 

Binary diffrattive 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-clastic 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. 

Multilevel gratings It has been shown that high efficient diffractive devices with electrodes of 

3//7/( width can be made. Still, a large margin for improvement is present. Two main aspects 

limit their performance. First, the design of die electrodes. The voltage drop along the electrode, 

due to the resistive characteristics of ITO, is not the same for all the electrodes, since they are 

of different lengths. Second, the same ITO electrodes act as a binary diffractive grating which 

results in an important efficiency drop of die device. 

Simple driving metfiods have been used for multilevel diffractive gratings. There is also 

a large margin for improvement, specially what concerns the switching speeds and the corre­

sponding driving signals. For applications such as routing of optical fiber beams, high efficient 

algorithms could be implemented in the driving and control loop to improve the diffraction effi­

ciency and selectivity of the diffractive gratings. The slow response of the devices to the driving 

signals is a result of the low voltages used, close to the threshold, and the characteristics of 

nematics. Specific driving signals would be required for specific applications. 

The measurement and control loop used has allowed to characterize the properties of die 

diffractive gratings that have been realized and to verify the previsions made before, which have 

been proven correct. 

Adaptive lenses After the observations obtained from binary and multilevel gratings, the ap­

plication to adaptive lenses is obvious. Three types of lenses have been considered; micro-lenses, 
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binary Fresnel lenses and multilevel 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 die presence of connecting electrodes. Also, all Üiree 

types of lenses present the asymmetry discussed with the gratings Üirough its relative alignment 

to the electrodes. The rotational symmetry of the electrodes is not matched by me planar-aligned 

LC, presenting a natural asymmetry for the device. 

Technology Besides, a new technology for cholesteric texture devices has been developed. The 

ribs technology allows to isolate different liquid crystals wimin 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 against external mechanical 

stresses. 
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