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| ntroduction

Inthe last decades the telecommuni cation world has undergone an
highest development. The request of faster and more widespread com-
munications, due to the larger number of users, mostly day by bay more
exigent, opens the way to the research of the most innovative, opera-
tive and cost-effecti vetechnology to implement thisrequest. Snce sev-
era years, optical fibers have supplanted traditional systems, like ca
ble, satellite and radio-link, yielding the transmission morereliable and
faster. Nevertheless, the performances of the fiber network are not uti-
lized enough, because of the signal processing at the network nodes.
Thistask, in fact, is carried out by electronic devices, which require a
signal conversion from optical to electric, the elaboration of the signal
itself, and at least a new conversion into an optical signal, in order to
reinsert it in the fiber. These steps strongly limit the network perfor-
mances, in terms of losses and speed. Hence, the challenge for compa-
nies and research groups worldwide is to render “optical” not only the
signal transmission, but also its processing, reducing the fiber coupling
losses and making the transmission speeder [1].

To reach thisaim, astrong competition among di ff erent technologi es
has started and a winning comprehensive one is not already established.
The technologies in question are Lithium Niobate (LiINbOs), Micro-
electro-mechanical systems (MEMS), bubbles, thermo-optic switching,
Liquid Crystals and others.

The ideato use Liquid Crystals (LCs) dates back to the 70's: after
the first impressive success of LC materials in the display area, scien-
tists thought to exploit the large el ectrooptic coefficient, the high bire-
fringence and the low-viscosity liquid nature of LCs in the design of



photonic devices. Interesting results showed that the capability of LCs
to affect thelight propagati on in guided systemscoul d be used to realize
devices for the optical signal processing. But these results were aban-
doned (now we should say “frozen”) because the drawbacks, mainly in
terms of optical losses, were too rel evant to foresee an eff ective techno-
logical development.

During the 90's thisideawasresumed. Owingto the progressin soft
matter science and technol ogy, the recent scientific advancesin LCs
based photonic devices have had afirst non-negligible influenceinrea
applications and in the market. A number of companies in U.S. are al-
ready offering few L Cs-based photonic devices and al so few European
ones are interested in developing such components.

Inthis perspective, the aim of my PhD research wasto realize opto-
electronic devices having functionalities of interest for optical commu-
nication systemsus ng asactivemateriasliquid crystals. Thefirst chap-
ter of thisthesis outlines the wonderful properties of LCs, and their ex-
ploitation in the telecom world, giving also some L Cs-based telecom
devices examples. The work focuses the attention on two i nnovative de-
vices: thefirst oneisan active Bragg grating realized with a composite
liquid crystal and polymer material, and the second one is a distributed
feedback laser realized with cholesteric liquid crystals.

An active Bragg grating filter is a key component for the realiza-
tion of severa devices for Dense Wavel ength Division Multiplexing
(DWDM) systems, like switches, add-and-drop systems, beam deflec-
tors or routers. For instance, one of the easiest way to redize an op-
tical multiplexing/de-multiplexing device is to integrate one or severa
switchabl e gratings in aguiding system such asafiber or awaveguide.

An holographi ¢ grati ng canbewritten by an interference pattern over
acomposite liquid crystal and polymer material. Choosi ng the suitable
parameters, like the pitch, the thickness, and the average refractive in-
dex, the grating can be written in order to observe the Bragg condition.
Gratings observing this condition are called Bragg gratings. AsLCsare
active materials, using an external field, or changing the temperature,



the grating average refractive index can be modulated and the diffrac-
tion properties of the active Bragg grating can be changed and driven.

Using different reci pes, several groups obtained grati ngs, whose op-
erating mode is based on the same physical phenomenon, but yield to
different features.

Inthisthesis| give an optical characterization of anew kind of active
Bragg grating, called POLICRYPS, both in the visible range, at , =
632:8nm, and in thenear infrared (NIR), at . = 1550nm, that isthe C-
band of the 374 window for optical communications. The samples have
been kindly provided by the Professor C. Umeton group from University
of Calabria, developers of this new device, in the frame of a running
Italian Nationa Research Project (PRIN), in which | am involved.

Thename POLICRY PSstandsfor “ Polymer Liquid Crystal Stripes”.
Infact, the deviceiscomposed by a sequence of homogeneoudly aligned
LC layers separated by isotropic polymer walls. The optical contrast
between the two series of stripes gives rise to the diffraction grating:
it is electrically switchable because the application of an electric volt-
agedrivesthe L C stripesin an optical state, whose constants are almost
matched with those of the isotropic stripes. This switching effect can
be obtai ned also by atemperature variation. From the beginning, these
gratings have been designed to work in the visible, but their characteri-
zationin the NIR hasbeen acompulsory task for the opti mizati on of the
telecom device.

M easurements had been performedwith both stati onary and dynamic
electric fields to outline their diffraction efficiency, the switching volt-
age, the switching temperature, the angular response, the losses and the
dynamical response. These results not only show the good operation of
the device at both wavelength, but also point out some peculiar features
of the POLICRY PS materid, like the non negligible weight that forces
at the interface between polymer and liquid crystal might have. Com-
pared to others kind of active Bragg gratings, like Holographic Poly-
mer Dispersed Liquid Crysta (HPDLC), POLICRY PS gratings show
smaller switching voltage, higher efficiency and afaster electrooptical



response. Nevertheless, there are some drawbacks, like a strong depen-
dence on the light polarization. In this thesis the second and the third
chapters are focused respectively on the theory of hol ographic gratings
and on POLICRY PS gratings.

The second device handled in this research project is a distributed
feedback (DFB) laser made of cholesteric liquid crystals.

DWDM systems impose stringent requirements on laser: first and
foremost a dynamic single mode operation, a narrow linewidth, low
threshold and high speed. Severa laser structures have been designed
to achieve single mode operation and among them the most promising
seems to be the DFB | aser operation.

In general, the resonator structure of a laser provides the feedback
necessary for the build-up of oscillations. If the medium showsa spatial
variation of therefractiveindex, thisfeedback mechanism canbedistrib-
uted inside the medium: the feedback is provided by backward Bragg
scattering, and moreover the grating-like nature of the device provides
a filter mechanism which restricts the oscillation to a narrow spectral
range.

Cholestric Liquid Crystals (CL Cs) show a periodic spatial variation
of the refractive index. These are chiral nematic liquid crystals. due to
chiraity, the direction of the average molecular orientation varies lin-
early with the position, giving rise to a self-assembling helicoidal struc-
ture. Adding a suitable fluorescent dyeinsidethe CL Cand pumping the
mixture we can have a mirrorless laser emission. The chad esteric acts
like a distributed cavity and the dye as active material. Such a mirror-
less laser has the advantage to be self-assembling and easy to integrate
into fiber asfiber sensor.

I'n order to optimize the lasing conditions, | have studied the depen-
dence of thelasing threshaol d on the dye concentration and sampl e thi ck-
ness, carrying out the possible physical process responsible for the ob-
served behaviour. The fourth and the fifth chapters offer respectively a
survey on the propagation of light in cholesteric LCs and on the thresh-
old effect in cholesteric liquid crystal.
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The two studied devices have many points in common. Both ex-
ploit the periodicity of the soft material they are made of: in the Ac-
tive Bragg grating this periodicity is realized through a polymerization
process, whileinthe DFB laser itissel f-assembly. Both are easy tointe-
grate in fibers becuase they are reaized with soft material. The perfor-
mances of both can bedriven by atemperature change, or by an external
electric force. Finaly, | outline the possibility to realize a tunable dis-
tributed feedback laser inside a dye-doped active Bragg grating, com-
bining the properties of the two studied devices.

Every day we are witness, but without too much consciousness, of
one of the most innovative technol ogy realized during our century: the
liquid crystal display. Thiswidespread application of liquid crystal has
atracted a larger and larger number of scientists to study this mysteri-
ous state of matter. In my opinion, Liquid Crystals are the proof that a
research that is at the same time basi ¢ research and applied research is
possible.

1
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Chapter 1

Liquid Crystals

Most people are familiar with liquid crystals world, but not many
of them have dwelled upon this strange name. If they did, the common
reaction was “how can acrystal beliquid!”. It can be.

Liquid crystals (LC) are thought like material, even if they are not.
This mistake rise from the fact that they are used in common objects
like displays and they are presented from the commercial market like
materials. To be correct (or more physicist) the “liquid crystal” is a
phase of the matter, like the solid, the liquid, the gas and the plasma
phases. The liquid crystal phase is an intermediate phase between the
solid and the liquid. Only some material s presents these phases, hence
these materials are improperly named Liquid Crystals.

Solids, liquids, and gasesrespond to el ectric and magnetic fields, but
the responsce is minimal even when strong fields are applied. Liquid
Crystals, on the contrary, respond to even weak electric and magnetic
fields with significant structural changes.

Liquid crystals have been known since 1888 when F. Reinitzer found
two melting points in the materials cholesterol benzoate and choles-
terol acetate, but it was not until the late 1960’s that the development of
applications utilizing liquid crystals started. Today liquid crystals dis-
plays (LCDs) are very common and almost everyone own or use alig-
uid crystal device. In anear future we will certainly seeliquid crystal's
in adiversity of new products, like rolled up displays, light modulators,



switches, optical components, and probably applications that have not
been thought yet!

1.1 Liquid Crygal Phases

The states of matter are distinguishable for the different amounts
of order of the material molecules. The solid state consists of arigid
arrangement of molecules: they are constrained to occupy a specific
position and they are oriented in a specific way. The molecules might
vibrate, but the highly ordered arrangement ismaintained. Thisarrange-
ment causes the large attractive forces between individual molecules to
add them together. Hence, it takes large externa forces to disrupt the
structure. Unlike in the liquid phase the molecules neither occupy a
specific average position nor remain oriented in a parti cular orientation.
The amount of order is therefore much less thanin a solid. Attractive
forces still exist, but the random motion of molecul es doesnot alow the
forces between individua moleculesto add together. That’swhy aliquid
maintains a constant density, even if it takes the shape of its contai ner.

Summarizing we can say that asolid possesses positional order, that
ismolecul esare constrained to occupy only certain positions. Moreover
it possessed orientational order, because molecul esin these specific po-
dtionsare constrained i n the waysthey orient themselveswith respect to
another. When solid meltsto liquid, both types of ordersare completely
lost.

However, during thistransition can happen that the positional order
is lost, but some of the orientational order remains. the liquid crystal
phase possesses orientati onal order and not positional order (Figure 1.1).

Liquid Crystals are anisotropic organic material: their constituent
molecul es are fairly rigid, elongated objects. For pure systems, phase
transitions are most easily induced by varying the temperature, these
systems are called thermotropic liquid crystals; for systems of rodsin
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exhibit all the phases shown in figure.
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solution, phase transitions are most easily induced by varying the con-
centration of rods, these are call edlyotropicliquidcrystals. Inthe present
work, only thermotropic L Cs are considered.

The geometrical anisotropy of LC molecules gives rise to various
liquid crystal mesophases, al of them characterized by a different de-
gree of positional order. In general, the order of the subsequent phases
decreases with increasi ng the temperature, goi ng from the crystal phases
to the isotropic phase pass ng through the Smectic C, Smectic A and Ne-
matic (Figure 1.2):

2 The least ordered liquid crystal phase is the Nematic (N) phase
where the molecules have no positiona order but long range
orientational order. Here all the molecules tend to align with their
long axes in a preferred direction described by the unit vector b
called the molecular director. The nematic is a uniaxial medium
wherethe statesh and j h are indistinguishable (see Figure 1.2c).

b jh (L.2)

2 A higher degree of order is found in Smectic liquid crystals. In
addition to the orientational order of the director, there is also
positional ordering of the molecules in at least one dimension, i.e.
the molecules are ordered in layers.

1 Inthe Smectic A phase (SmA) the director is perpendicul ar to
the smectic layersand parallel to the smecticlayer normal z (see
Figure 1.2b).

1 Inthe Smectic C phase (SmC) thedirector istilted with respect
to the smectic layer normal (see Figure 1.2b). The angle
between z and h is called the tilt angle.

Many other mesophases exist, like the Smectic B (SmB) in which the
layers arenot entirely liquid, and the moleculestend to arrange hexago-



naly. Liquidcrystalsmaterial scommonly do not exhibit all thismesophases.
Summarizing we can say that for thermotropic liquid crystal material
displaying all these phases, the phase sequence with increasing the tem-
peratureis

Crystalline ¥ SmB ¥ SmC ¥ SmA ¥ N ¥ Isotropic

1.1.1 Chiral Liquid Crystal Phases

We can have liquid crystals with chiral molecules. we remind that
achira object isone which is not superposable on itsmirror image. In
that case there will be a tendency of forming a helicoidal structure and
new mesophases need to be defined:

2 A nematic phase with chiral molecules becomes distorted in a
helical structure. The director rotates around an axis, named the
helix axis, being everywhere perpendicular to it. The pitch of the
helix isafull turn through 360*, and, dueto theinvari ance condition
of Equation (1.1), the period of the helix ishaf of the value of the
pitch (Figure 1.3a). Chiral nematics (N*)* are called chol esterics?’.

2 |Inthechiral Smectic A (SmA*) thereisno helical distortion. Infact,
if the moleculeswere to forma helix with thedirector perpendicul ar
to the helix axis, the smectic layers should necessarily break, and
thiswill require abig amount of energy. That'swhy does not usual ly
occur, and the SmA* phase is geometricaly indistingui shable from
the SmA, but they present different physical properties.

1The * staysfor chiral.

2|f the twisting power is very strong in the cholesteric phase, other phases cdled blue phases
may gppear betweenthe cholesteric ndtheisotropic. Intheblue phasesthereis atwist of the medium
in morethan one dimension. Liquid crystal appears organized in disclinationlines filling the spacein
aaubic structure. Thelattice constant of the blue phases is of the order of thewavelength of visble
light, that is why they are called “blue’.

19



2 |n the chiral Smectic C (SmC*) helical distortion appears, with the
helix axis parallel to the smectic layer normal (Figure 1.3b). In this
phase, since molecules are tilted with respect to the smectic layer
normal b, the system has an other degree of freedom: the direction
of thetilt plane, specified from h and b.
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Figure 1.3. Chirality and Liquid Crystals: a) chird nematic, also called Cholesteric
(N*); b) Chiral Smectic C (SmC*).

1.2 Physicsof Nematic LCs

As said before, in Nematic Liquid Crystals (NLCs) the centres of
gravity of the molecules have no long-range order. However, there is
some orientational order, all the rod-like molecules tend to alignin a
preferred direction described by the molecular director.

Let uslabd c therod axis, and take the average direction of align-
ment of the molecules n along thez-axis. We shall define c by its pol ar



anglesp and = where

Cx = sinpcos*”
¢, = sinpsin*®
C, = COSH

The state of alignment of a nematic can be described by the function
T(y; *)d—, whichistheprobability of finding rodsin asmall solid angle
d— = sinpdpd™® around the direction (l; *). To describe properly the
features of anematic, f(; *) might have some requirements:

1) it must be independent of *, because of the cylindrica symmetry
about n;

2) f(w) =f* j ), dueto the equivalence between n and j n.

Instead of using thefull function (i), one prefersto use only onerel ated

numerical parameter. The average value
z

hcospi = hctni =  f(u)cospd—,

cannot be used: in fact, it vanishes identically because for the second

property. The first non-zero multipole is the quadrupol e [2], defined as
z

1-ij ¢® 1i ¢
S =3 I3c:oszp il = f(u)E |IScoszu ild-.

2 |f al the molecules are pardld to the z, it meanspu = 0;%, thus
cosp=8landS =1.

2 |f they are oriented perpendicular to z, it means © = %=2, and
S =1=2.

2 |f orientationsisrandom, () isindependent of u; we would have
hcos?pi =2 and S =0.

Clearly (1), and so S, critically depends on temperature.

21



1.2.1 The Continuum Theory

In the previous section we have considered a macroscopically uni-
form medium, in whichn and S areindependent on their position in the
space. This approximation is not always true. Let us, now, consider a
macroscopical ly small but microscopically large volumeinside the bulk
of aliquid crystal. The volume contains a sufficiently large number of
molecul es so that long-range molecular order and the director are well
defined in that region. If we divide the liquid crystal in such small vol-
umes with an orientational direction in each of them we can define this
direction at any point in the medium as long as we in fact rel ate every
point with a small region of space. Theliquid crystal isthen treated as
a continuous medium.

Atagiventemperature T, then(r) distribution of aliquid crystal can
be found describing by system by its free energy density, imposing the
boundary conditions, and minimizing the free energy density. Hence,
the main part of the procedureisto find the right expression of the free
energy density Fq.

The deformation of the liquid crystal is just a change in molecular
orientation, and not in molecular density, i.e. the deformations are gra-
dients in the director field. For most of the situation of interest the dis-
tance | over which significant changes of the director field occur are
much larger than the molecular dimension a (typically I _ 11m, while
a » 20). So the deformation free energy density F4 may be written in
terms of director deformation rn. We expect that:

2 Fq4 goesto zerowhen rn = 0;
2 F4isaevenfunctioninn, becausen $ jn;

2 F4 has not linear terms in rn; in fact, they will contradict
the previous requirement or they will not respect the cylindrical
Ssymmetry;



2 F4 has nat terms in the form ru, with u generic vectorial field; in
fact these terms woul d describe only aﬁjrface frengnergy and not
the volume free energy (thatis because rutdr =  utd%).

Afterwardsthesecons derationsthe deformation free energy density may
be written in the form

1 1 1
Fa = Ekll (rn)’ + Ekzz (ntr £n)° + §k33 (nEr£n)®, (L3

Which is the fundamental formula of the continuum theory for nemat-
ics. The three congtant k;; are elastic constant for splay, twist and bend
deformations. All possi ble deformations of the liquid crystal can be de-
scribed as a combination of these three basic ones (see Figure 1.4).

Figure 1.4. The three basic types of elastic deformation in a nematic liquid crystal:
splay, twist and bend.

Equation (1.3) is alittle bit complex for a practical use. A useful ap-
proximation isto assume all the elastic constants equal

Kiu = kp = ks =k

This is called one-constant approximation which gives a more smple
form of the free energy density

Fq = —;k£(rn)2 +(r £ n)2°. (1.4)



Equation (1.4) defining the distortion energies inthe bulk of the nematic
phase must be, in principle, supplemented by a description of the ener-
gies associated with the surface of the sample. 1n most practical con-
ditions, in fact, the surface forces are strong enough to impose awell-
defined direction of thedirector at the surface; thisiswhat wecall strong
anchoring.

I nstead of minimizing the sum bulk plus surface energies, it is suffi-
cient to minimize only the bulk terms, with fixed boundary conditions
for n.

To find the equilibrium condition we have to minimizeFy4 with re-
spect to director deformation ¥ n and its derivatives, impos ng the con-
diti onthatjnj2 = 1. Using the Lagrange M ulti plier Method, we have to
minimize Z o a

Fo=  Fa(ne;@ne) i . jnj° dr,
V

where _ isaLagrange Multiplier, and @ = @)% Assuming the stati on-
ary condition under small variations of the director coordinates ng and
their derivatives @-ne, we obtain

z C D

F > @F
%in®+ ) @(g_r‘j@)i(@n@) i 2.Netng dr =0.

tFq =

\Y
(1.5)

The second terminsidetheintegral can becalculated inverting the deriva
tion, integrating per parts and letti ng the surface terms go to zero (strong
anchoring hypothesis):

7 va
0F4 - _ 0Fq -
] B(E ng) & NI = ] B(@ng)’
. Z M |
_ _OF e j @ OF £nedr
0@ Ne) " 4 8(0 o)
Z Mo T
. g d
= 1 , @ @(@‘ﬂ@) in®dr.
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Substituting in equation (1.5),

Z (@Fd - > 8 11 )

_ OFqg - OFqg . _
tFy=  tng @n®' ) 0] 9@ o) i2.ng dr=0.

\

This must be true for every variations tng, SO

M |
@Fg < T _@Fs  _
@ne ' aene M (10
Itisusua to define
he = QFy < _H @Fq b
ine ' _ @ (@)

which are the components of the vector h, called molecular field. In
this way equation (1.6) establish that at the equilibrium thedirector n is,
point by point, parallel to the molecular field h.

Equation (1.6) may a so be interpreted in terms of torques: n isadi-
mensional, while h is aforce per length over volume. Hence, h can be
related to the density of moment that acts on n. So one can define

ta=nNEhH
called elastic torque. The equilibrium equation become

(et =0

1.2.2 External Field Effects

Liquid crystals respond to even wesk electric and magnetic field
with significant structural changes, showing aredi stributi on of the mol e-
cular director. The ordered structures of anisotropic molecules make
the macroscopic physical properties also anisotropic. Because of the
anisotropy, the dielectric permittivity and the magnetic permeability de-
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pend on the direction in which they are measured, so the electric and
magnetic fields are

Di = "ijEj (179
where 1 = 1+ 4%A,

Because of the cylindrical symmetry around n, the tensors "j; and Aij
can be written in the form

i = 2Eij +ning
Aij = A?iij +Aqninj
Introducing thisin equations (1.7a) and (1.7b), we have
D = "SE+¢"(ntE)n
B = (1+4%A)H +4%¢A(n¢H)N
where ¢" =", j "> and €A = A, j A, are the dielectric anisotropy

and the magnetic ani sotropy respectively.
The el ectromagneti c energy density is

1
W=—(E(D+H(B
81/4( : 'B)

To obtain the total free energy density in presence of external fields, we
have to add this term to the deformation free energy density
Fror =Fq+W

Because one can express

1
W =—(E(dD+H(dB
d m (E¢d ¢dB)
Frot is, therefore, afunction of the independent variable D and B, of
the temperature T and the volume V : the equilibrium is reached mini-
mizing Fyo7 With T,V , D and B constant.
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Inorder to work with E and H constant, we define the new potential
G 1
G=Fj—(EtD+Ht(B)=F ijW
4Y,
which is a function of E, H, T and V. Anaogoudy to the situation
without fields, wefind that the mol ecular director iseverywhere parall el
to a molecular field, given by the sum of a distortion term, an electric
term and a magnetic one:

h:hd+he+hm:hd+%(n¢E)E+ ¢A(n ¢ H)H.
4

We can define the electric torque and the magnetic torque,

¢
le = n£he—4—%(n¢E)(n£E)

¢m = NEhn=¢AntH)(Nn £H)

positive negalive 4 ‘\
+ . = -—
P

A= )= By ] AL = T 0

a) (b}

Figure 1.5. Orientation of an electric dipole by an electric fidd. In (a) the dipoleis
dongthelong axis of themoleculewhilein (b) it liesacrossthelong axis. The presence
of the electric field causes rotation of the molecule as shown by the curved arrows.
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At equilibrium
id+éetim=0.

Nematic liquid crystals might show both positive and negative val ue of
the diel ectric ani sotropy:

2 if ¢" > 0, themol ecular director tendsto dispose parallel to el ectric
field, Figure 1.5g;

2 if ¢" < 0, the molecul ar director tends to dispose perpendicular to
electric field, Figure 1.5b.

The magnetic anisotropy ¢Aisa most alwayspositive, andthe mole-
cular director tends to align parallel to the magnetic field.

1.2.3 Alignment

The term alignment, or texture, refers to the orientation of liquid
crystal molecules in the vicinity of a surface.

Liquid crystals are usually confined between closely spaced plates
with an alignment layer that forces the direction of the molecul es near
the surface:

2 planar adignment, the director aligns parall el to the cell surface, see
Figure 1.6a

2 homeotropic alignment, the molecular director is perpendicular to
the cell surface, see Figure 1.6b;

1.24 Freédericksz Trangtion

Consder what happens when asmall amount of nematic liquid crys-
tal is placed between two pieces of glass that have been treated to pro-
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Figure 1.6. LC alignmentsinside a cdl: (a) planar alignment; (b) homeotropic align-
ment.

duce alignment of thedirector parallel to the surface (Figure 1.7a). Near
the two glass surfaces, the director is constrained to point in certain di-
rection (paral e to the surface). Now imaginethat the NL C has positive
anisotropy, ¢" > 0, and an electric or magnetic field i s applied perpen-
dicular to theglasssurfaces. thefield tendsto orient the director parall el
to the field. Themolecul es near the surface arenot very free to reorient
with the field likethe one inthemiddl e of thecell. The electric or mag-
netic field thus causes the director to changeits orientation most in the
middle, with diminishing change closer to the surfaces. This deformed
structure isshownin Figure 1.7b. Themost interesting aspect of this de-
formation is that it does not occur gradually as the strength of the field
is gradually increased. For fields with strengths below a certain value,
the L C remains undeformed. Then at some threshold value of thefield,
the deformati on begins and then gets as the field strength is increased.
The transition from an undeformed structure to adeformed one at acer-
tain value of thefield is called Freédericksz transition. It isnot a phase
transition, but only a geometrical transition.

2 if E < Egritical NO reorientation occurs,
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Figure 1.7. Freedericksz transition: cell has planar alignment. Whenthefieldis below
the threshold the liquid crystal orientation is given by the alignment (a); aove the
threshold the field tendsto align the director perpendicular to the surfaces (b).

2 if E > E., reorientation has a behaviour shown in Figure 1.8. It is
asecond order transition.

With a cell of thickness d and strong anchoring, it is possible to

demonstrate [ 2] that s

1/,3
2 Ly,
d ",

E.=

withi = 1 if the aignment passes from the planar to the homeotropic,
i = 2 if theaignment remains planar but orthogonal to the initial one,
i = 3 for the passage from homeotropic to planar. It isinteresting that
thefieldisproportiona todi?, soif we consider that the voltageto apply
iIsV = Ed, one has that the critical voltage is independent to the cell
thickness: s

Ve = ﬁki-

a



Figure 1.8. Freedericksz transition

1.3 Light and Liquid Crystals

The optical properties of liquid crystals are one of the most inter-
esting and certainly the most beautiful features of the phase. How LCs
effect light is aso the basis for just about all the applications of liquid
crystals. Two aspects are extremely relevant:

2 due to anisotropy, light propagates in different way with respect to
the molecul ar director orientation;

2 light itself can reorient the liquid crystal, because light is an
€l ectro-magnetic field, and this reorientation of the LC modify the
propagation of light giving arise to non-linear optical effect. This
situation will not be discussed in this thesis.

1.3.1 Propagation in Anisotropic Media

L et us consider a plane wavee'®ri ' |inearly polarized, where 1 is
itsfrequency, k = —(’:ns thewavevector, and n therefractive index of the
medium, and s the unit vector normal to the wave front. The M axwel|
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equantions are

1
KkEH = iéD (1.11a)
1
kEE = —éB (1.11b)
ktD = 0 (1.11¢)
ktB = 0 (1.11d)
where the constitutive equations are
D = "ijEj (1.12)
Bi = %4H; (1.13)

To study the optical properties of the medium we can neglect the
eff ects dueto the magnetic permesbility, infact 1;; » 1+5, and equation
(1.13) becomes

B=H (1.14)

From equations (1.11c), (1.11d) and (1.14) descendsthat D, H and
k make a tern of orthogonal vector. Equation (1.12) establishes that D
is not in general parallel to E, and so the Poynting vector, proportional
to E £ H, isnot parallel to k. In other words, in anisotropic media the
energy flux, which determines the propagati on direction is not oriented
in the same directi on as the wave front propagation.
From equations (1.118) and (1.11b), using & so equation (1.14), we get

!2
—D= ik £ (k£E)=KkE j k(ktE)

that, using equation (1.12), after same al gebra, becomes

> 12 )
(kikj + 2" 1 K#ij)E; =0
i

32



This is a three equations system with three unknown quantities. It has
non-null solutionsonly if

12
det(k,kJ + ?"ij i kziij) =0

Letting p = ns,
det(pip; + "ij i N;;) =0 (1.15)

Equation (1.15), called Fresnel Equation, has solutions 8n; and
8n,, wherethe sign + and j correspond to the two propagation direc-
tions. For an arbitrary direction, there are two independent wave with
phase velocity c=n; and c=n,.

1.3.2 Uniaxial Media

Commonly the tenson "j; isrea (for transparent material like LC)
and symmetric [3]. The reference system in which this tensor "j; is
diagonali zable definesthe princial axis of the system. If one el ement of
the diagonal is different from the other two that are egual, the medium
issaid to be uniaxial. The axis relative the diagonal element different
from the other twois call ed the opti c axi s, because the optical properties
of the material areinvariant under rotations around this axis. If al the
diagonal elements are different, the medium isbiaxial.

Nematic LC areuniaxial, and the optic axisis the molecul ar director.

Let us take z paral l€el to the optic axis, the tensor "'j; of aNCL is

0 1
"> 0 0

=@ 0 " 0A (1.16)
0 0 "

The propagation direction of the waveis given by the unit vector s =
s(i; *). Because of thesymmetry around z, * canbechosen * = 0, that
means we are considering awave propagating in the planex j z. Under
these conditionss = (siny; 0; cos|l), introducing in equation (1.15) with



the (1.16), we get the new Fresnel equation

(% § "2)(">" i N"gcos®y § n*'5siny) =0
which hasthe two solutions
No = p@
no(l) = P— =P

P .
n2cos? |l + nZsin?
Corresponding to these solutions there are two values of the wavevec-
tor:
1

k]_ = - no
C

1
ko = ;ne(u)

A linearly polarized light wave propagating perpendicular to the op-
ticaxisand its E-vector parall el tothe opti c axis seestherefractiveindex
Ne: thewave is called extraordinary wave. |f the E-vector isperpendic-
ular to the optic axis, the wave seesthe refractive index n, the wave is
ordinary. If the E-vector makes some anglewith the optic axis, the wave
issplit up into two waves, which smultaneoudly propagate through the
medium with different speeds. Hence, an optically anisotropic medium
issaid to be birefringent, and the birefringenceis

¢n=ngin-

Inliquid crystalsthe birefringence is typicaly 0:1 ¥ 0:2, an extremely
high value compared with other materials.

1.4 FerrodectricLiquid Crygal

A polar material isone inwhich local dipoles exist on amicroscopic
level: if the dipoles are macroscopically ordered in a same direction by



the presenceof an external field the material is said to be piezoelectric;
if they order spontaneoudly, in absence of externa field, the material is
called pyroelectric.

A ferroelectric materia is a special case of a pyroelectric in which
the polarization is switchable and has two stable states. A liquid crysta
showi ng amacroscopic spontaneous polari zation Ps iscal led Ferroel ec-
tric Liquid Crystal (FLC).

For symmetry reasons and fromthefact that b = j h, aspontaneous
local polarization can only exist in chiral tilted smectic phase, for in-
stance in the SmC*. Moreover, thislocal non vanishing polarization Ps
canexist only inadirection perpendicular to the director n, and orthog-
onal to the normal to the smectic layers a; this means that each smectic
layer has a non vanishing polarization. But, due to the helicoidal struc-
ture arising from the chirality of the molecules every macroscopic po-
lari zation is cancelled out (see Fig. 1.93).
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Figure 1.9. Ferroelectric Liquid Crystals: @) the SmC* phase. The polari zation vector,
coupled rigidly with the diretor, rotates with it plane by plane; b) in the SSFLC con-
figuration the helix has been unwound, the director can occupy only two stable states,
which have parallel polarization but in opposite directions.



However, in thin cells (few microns) where the pitch is large com-
pared to the cell thickness and the helical ordering is suppressed by
the liquid crystal-surface interactions a macroscopic pol arization may
be present (see Fig. 1.9b). The surface conditions may be such that
the director is confined to the plane of the surface in so-called booksel f
geometry, with the smectic layers perpendicul ar to the surfaces (planer
alignment). Thisalowsfor only two possible stable orientations for n,
corresponding to the intersection between the plane of the surface and
the smectic C* cone. Hence, those positions make an angle of 2|1, where
U isthe coneangl e of the SmC* phase, and regions with one or the other
orientati on has a spontaneous polarization up or down respectively (see
Fg. 1.10).

]
smectic

Figure 1.10. The SSFLC configuration: smectic layers are perpendicular to the sur-
faces. This allows for only two possible stable orientations for the director, corre-
sponding to the intersection between the plane of the surfaceand the smectic C* cone.



The director may be switched between the two stable states by means
of an electric field applied across the cell. The field makes the director
switch into the states corresponding to the polarization being paralel to
thefield and sincethetwo states arestablewe have af erroel ectric system
caled Surface Sabilized Ferrodlectric Liquid Crystals (SSFLC). The
inter acti on betweenthe macroscopic polarization P and theelectric field
is given by the torque
te=PEE

which reorients the molecul es between the two states rotating them of
2u. What is really important to mention isthat the coupling of FLC with
the electric fieldismuch moreintense that the one of nematics: the first
isalinear response, it means that it depends on the sign of E; the second
isquadratic, and it is not affected of the E sign. That is why ferroel ectric
liquid crystal are faster than nematics, thus their utilization is prefered
in telecom applications.

1.5 Liquid Crygals and Telecommunications

I norderto sati sfy the compani esrequest, academi cgroupsaretesting
the possibility to make optical not only the signal s transmission but also
thelr processing at the network nodes.

Different systems and devices to build up optical systems may re-
quire different technologies so that a strong competition is open and a
winning comprehensive technology is not aready established. In this
section asurvey of the Situation is given.

Technologies based on inorganic materials, such as Lithium Niobate
(LINDbO3), either by using e ectro-optic effect or acousto-optic effect,
do not allow for optical switch matrices with many inputs and many
outputs. Infact, alarge number of them ispaid in terms of too high in-
sertion losses, crosstalk and too large dimensionsin the order of several
mm? per device.
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Micro-€l ectro-mechanical systems (MEMS) based on vertical tor-
son micro-mirrors on Si substrate are a good solution to implement
large switching matri ces but thisadvantageis often paid in termsof high
driving voltages of about 80 V, switching times of about 1ms or longer
andtight fabri cati on constrai ntswithlimitation dueto diffraction of light
in free space.

Another proposed approach consists in the so called bubble-switch
inwhich total internal reflection is obtained by switching refractive in-
dex of asubstance, when it goes from vapour to liquid phase, placed at
cross-point between silicawaveguides. 1n thistechnology the drawback
is due to the bubbles dimension: in fact, to maintain the state of a bub-
ble, it is necessay to maintain their dimensions in acertain range, and
this can bring to high losses and high driving currents.

Another approach i sbased on thermo-optic effect which can be used
in passive materials such as glass and was largely exploited to make
gpace-division optical switcheswith Mach-Zehnder i nterf erometer con-
figurati on based on planar lightwave circuit technology, which employs
slica-based waveguides on silicon, but with high driving power of the
order of 0.4 W. Silica based technology is suitable for both large opti-
cal and electronic integration, low propagation loss, and |ow fiber cou-
pling loss thanks to compatibility with single-mode optical fibers in-
dex. Fabrication technology of sili ca-based waveguides is well consol -
idated, it consists in SiO; depasition on Si, either by flame hydrolysis
(FHD) developed at NTT laboratories or high pressure thermal oxida
tion developed at ATT BellsLabsand LET]I, in combinati on with plasma
enhanced chemical vapour deposition to deposit a doped silica layer
with dightly higher refractive to make the core waveguide and a final
cladding ontop of it. Lithography and reactiveion etching processes are
used to sculpt optical channel waveguides. Waveguide optical refrac-
tive index can be tailored to meet fiber index matching requirements,
low bend losses, etc., by controlling dopant concentration. In particu-
lar avariety of optical waveguide elements can be designed and realised
such as. smple straight optical waveguided, X and Y junctions, MZIs,



bends, directional couplers. M ulti/demultiplexers, waveguide gratings
routers, based on arrayed waveguide gratings (AWG), have been suc-
cessfully demonstrated and are commercially available. Several fabri-
cation foundri es offer prototype service to make silica on silicon novel
devices, designed by customers.

Inthis work | screen the use of liquid crystals: because of their re-
fractiveindex closeto silica, their high electro-optic effect and their bire-
fringence, L Cs seem to be agood material for the optical signal process-
ing.

The ideato use Liquid Crystals (LCs) dates back to the 70's: after
the first impressive success of LC materials in the display area, scien-
tists thought to exploit them in the design of photonic devices. Interest-
ing results showed that the capability of LCsto affect the light propa-
gation in guided systems could be used to realize devicesfor the optical
signal processing. But these results were abandoned because the draw-
backs, mainly in terms of optical losses, were too rel evant to foresee an
eff ecti ve technol ogical development.

During the 90's thisideawasresumed. Owing to the progressin soft
matter science and technol ogy, the recent scientific advancesin LCs
based photonic devices have had afirst non-negligible influence in real
applications and in the market. A number of companies, spin-offs and
also medium-si ze enterprises, in US are already offering few L C based
photonic devices (e.g. Spectraswitch, Meadowlark, Displaytech) and
also few European ones are interested in developing such components
(Jenopti k-Germany, Nemopti c-France, Cal ctec-1taly) and want to afford
the chal lenge with competing technologies.

The advantages of using liquid crystals are many:

2 they are trangparent, hence they exibit alow absorption;

2 their birefringence is typically 0:1 ¥ 0:2, an extremely high vaue
compared with other materials,

3In the webgraphy someweb-site references of the mentioned companiesare given.
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2 they can by driven by low electric field (let’s say few Volts);
2 their low-viscosity liquid nature makes them easy to integrate;
2 they are cheap;

2 companies are already to handle them, because of their widespread
in the display market;

2 they show so many mesophases and composites, that they are
adaptable to the required device necessities.

Drawbacks in the use of Liquid Crystals is mainly due to scattering
losses and to responce times:

2 grattering losses are due to spatia fluctuations of the materia
optical congtants. It ispossible to minimize these losses improving
the medium homogeneity through ahigh aignment quality or using
thin LCslayers,

2 nematic liquid crystals show response time of milliseconds, while
ferroel ectric of microseconds. Compared with other technol ogies,
like Lithium Niobate, they are dower. In fact, the responce to an
electric field is not of electric nature, but it is the time needed to
reorient al the molecules in the medium. Nevertheless in optical
signal process ng devi ces response times are not alwaysasked to be
faster.

Since severa years, the Integrated Optics Lab of Federico Il Uni-
versity of Naples, coordinated by Professor G. Abbate, and with whom
I work, is developing telecom applications of Liquid Crystals. | report
here some devices designed in the past years, in order to give an idea of
how liquid crystal s properties can be exploited.



151 A Liquid Crystal Based Deflector

On of the easiest Liquid Crystal based device for telecom applica-
tionsisabeam switch/defl ector in a planar waveguide. It isadab poly-
meric waveguide showing a LC filled basin (Figure 1.11). It iscom-
posed of four layers:

1) aglass substrate of 1mm thickness;

2) athin Indium Tin Oxide (ITO), » 20nm, used as €l ectrode to apply
an electricfieldtothe LC;

3) abuffer layer, usedtoisolate thefield propagating inthewaveguide
fromthe ITO layer;

4) aguiding layer, core;

A small rectangular basin is etched by phatolithography over the
guiding layer: thisbasin long axisistilted of an appropriate angle with
respect to the light propagation direction. Being etched in the core, the
basin bottom isjust the buffer layer. Once that the basin has been filled
with LC, another glass cover is added to the structure to plug the basin:
this glass cover has a planar alignment layer, so that the LC molecules
will be oriented in the same plane of the waveguide®, and another ITO
substrate that acts as second el ectrode.

If the eectric field is polarized parallel to the waveguide plane and
orthogonal to the propagation direction, the device can work both with
nematic or ferroelectric liquid crystals. In the former the molecules are
aligned along thefield polari zation direction, so that light seesthe extra
ordinary index if no electric field is applied to the LC, and the ordinary
index atherwise. Inthelatter, the molecular director has only two stable
positions, both parallel to the waveguide plane, but making a different
angle with the propagating direction.

41n this multilayer the alignment is given only from the glass cover; in fact, the other side of the LC
cell is given by the buffer, which has got no alignment. However, if the cell thickness(in thiscasethe basin
degpness) is few miaron, the alignment can be good enough, even if given only by oneside.
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Figure1.11. A Liquid Crystal baser device a beam deflector realized with aliquid
crystal filled basin indsed inside a planar waveguide

The main idea of this device is to choose the proper parameters so
that if noeectricfieldisapplied, thelight seesaliquid crystal refractive
index equal to theone of theguiding layer. If thishappens, the signal wil |
continue its propagation inside the waveguide without seeing the basin.
Ontheother hand, if weapply the field, we induce areorientati on of the
liquid crystals and a consequent decrease of the refractive index, up to
induce total ref lection at the waveguide-basin interface. If this happens
the beam will continue to propagate in the waveguide, but deflected in
adifferent direction.

We |abel nhigh and njow respectively the higher and the lower value
showed by the liquid crystal inside the basin. The conditionsto impose
to the constructive parameters of the device arereally smple:



2 inthetransmission state, the high refractive index val ue is matched
with the value of the index in the core of the polymeric waveguide,
Nguiding, SO that the basin does not affect the straight propagation
inside the waveguide:

Mhigh = Nguiding

2 inthe reflection state, the light beam experiences atotal internal
reflection at the basin interface and is deflected correspondingly.
This happens if the angle between propagating direction and the
normal to the interface, *, is bigger than the critical angle *:

=

n
= _ ".=arcsin % (1.19)

where N is the mode index, which is different from ngiging if
we consider the not straight propagation of the beam inside the
waveguide. Ingeneral N - Nguiding = Nhigh, hence equation (1.19)
becomes N
" . " arcsin—2%

Nhigh

=

Inanematic liquid crystal Niow = N @nd Nhigh = Ne. INaferroel ec-
tric it depends on the tilt angle. Using ferroelectric LCs instead of ne-
matic will improve the time response of thedef lector upto 10 j 100%s,
instead of several ms asthe usua nematic LC response.

1.5.2 A Tunable Bragg Grating

The second device is an electrically tunable Bragg Grating FHlter
(BGF): it deviceis based on aBragg grating in planar waveguide with
aliquid crystal overlayer, which alows to change the spectral behav-
iour of the device. The device (Figure 1.12) isa sol-gel waveguide: on
acommon glass substrate, a thin ITO layer has been deposited as el ec-
trode. Over the ITO a sol-gel deposition has been realized as guiding



film. A Bragg grating has been written on the waveguide by means of
holographi c exposure followed by areactive ion etching. The grating is
finally covered by a LC cladding, another I TO electrode layer and the
glass.
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Figure1.12. A tunable filter based on a Bragg grating in planar waveguide with a
liquid crystal overlayer.

The Bragg grating exhibits a behaviour equivalent to a wavel ength se-
lective mirror. Thereflectivity ismaximum at the Bragg wavelength , g,
depending both on the physical characteristics of the guiding structure
and on the geometrical characteristics of the Bragg grating:

.B = 2Nef£D (1.20)

where nest is the effective refractive index of the guided mode and &
is the grating period. According to equation (1.20), any change of the
eff ective refractive index involves a change in the spectral response of
the device. The molecular reorientation of the liquid crystal can bein-
duced applying an el ectrical field between the two ITO e ectrodes. This
reori entation implies a change of therefractive index of the cover of the



activeregion and consegquently achange of the effective refractiveindex
of the guided mode. Thus, if alaser beam propagates a ong the device,
afield induced modulation of the laser intensity at the output of the de-
vice can be achieved by a proper design of the grating period.

Choosing anematic liquid crystal the device acts like a tunabl e fil -
ter: applying avoltage the liquid crystal experiences acontinuous reori-
entation of its molecules, which provides a continuous variation of the
eff ecti ve refractive index.

Choosing a ferroelectric liquid crystal and exploiting its bistability,
the device can act as a switch: in fact, to the two stable states of the
liquid crystal correspond two val uesof the effectiverefractive index and
so two wavel ength.






Chapter 2

Holographic Gratings

A switchable diffraction grating is a key component for the real -
ization of several devices used in the chain of optical communication
networks, such as switches, Add-and-Drop systems, beam def lectors,
routers.

Modern transport networks not only provide the physical transfer
of information, but must do it in an efficient way, with the flexibility
to change information quickly and appropriately among a broad num-
ber of interconnections. To achieve this, the principle of multiplexing
has been introduced [1]: “Dont look at the detail s when thisis not re-
quired: group small entitiesin larger entities”. The basis principle of a
Wavel ength Division Multiplexing (WDM) line system isjust this: all
the singal s travel smultaneously into thefiber, each one of them modu-
lated by awavelength. In thisway the large transmission band of fibers
is better expoited, and more information can travel in the net. Hence,
onewill modul ate diff erent light sources, each having a diff erent wave-
length, with an electricl signal. In order to multiplex the different sig-
nals together in a single fiber a wavelength multiplexer is used. The
multiplexed signal is then transmitted in the fiber to the far end of the
link, where the diff erent wavel engthswill be separated or demulti plexed
againg. After demultiplexing, different detectors may convert theindi-
vidual optical signalsto electric signals, or may directly processthein-
dividual wavel ength signals and connect to another WDM line system.
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Atfirst, wavelength-division multipl exing wasusedwithonly two wave-
lengths, 1310nm and 1550nm. However, this was suitable only for lim-
ited applications. Dense Wavel ength Division Multiplexing (DWDM)
in an attempt to make optimum use of the Erbium-Doped Fiber Ampli-
fier's (EDFA®) gain band,1530nm to 1570nm to carry tens of different
signalsin that wavel egth range. A number of signals coming from dif-
ferent transmitters with different centerwavelengths are combined into
one fiber using an optical multiplexerand amplified almost equally us-
ing an Erbium-Doped Fiber Amplifier. The aim of DWDM is to in-
crease the fiberoptic cable capacity by packing up to 100 high speed
data channel s to one fiber optic cable. The International Tel ecommuni-
cation Union (ITU) Recommendation G.692 specifies 100GHz=0:8nm
channel spacing on 32nm grid centered at 193:1T Hz=1552:52nm (pre-
liminary standards works are specifying 50GH z and 25GHz spacing).

Bragg Diffraction Filters are the basic element of several WDM de-
vices. depending on its pitch @ and itsrefractive index n, a Bragg grat-
ing will select a wavelength corresponding to the Bragg wavel entgh,
.B = 2na, For ingtance, if we send to a Bragg grating a wavel engths
group it will transmitt al of them except _ g, if the grating worksin re-
flection. Hence, areflective Bragg grating works exactly as a selective
mirror (see Figure 2.14). If the Bragg grating works in transmission,
the Bragg wavel ength will be diffracted of a certain angle (given by the
Bragg condition sin#g = _(2=)11): driving somehow the grating pa-
rameters, like the refractive index, this angle can be modulated, and the
grating can act like a switch (see Figure 2.1b).

One of the easiest way to realize an optical multiplexing or demul -
tiplexing device is to integrate one or severa switchable gratings in a
guiding system such asafiber or awaveguide [4]: asyou canseein Hg-
ure 2.2 every grating acts on a wavelength, which can be for example
added or removed from the packet.

5 Erbium-Doped Fiber Amplifiers(EDFA) are optical fibersdopedwiththerare earth element, erbium,
which can amplify light in the 1550nm region when pumped by an external light source.
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Figure 2.1. Bragg gratings for optical devices: 8 a selective wavelength mirror; b) a
switch.

Hodagraphic
Gratings in PDLC

Artayed Waveguide Gratings |

Figure 2.2. A succession of tunable Bragg gratings integrated in awaveguide acts as
an optical multiplexing/de-multiplexing device.



Laser-induced formation of diffraction gratings in polymer-Liquid
Crystals (LC) composites is an item of increasing interest, from both a
scientifical and technical point of view, for severa reasons. as said in
the previous chapter, thisismainly duetotheir high electrooptical eff ect,
their high integrability and their transparency.

Inthis chapter a short outline on hol ographic gratings will be given.

In aconventional recording technique, such as photography, athree
dimensional sceneisrecorded by an optical system on alight sensitive
surface. The system records the intendity distribution in the original
scene, but al information on the rel ati ve phases of the light waves from
different pointsis lost. What we have is only abidimensional image of
the scene.

I'n order not to | ose thisinformation, the main idea of holography is
to record both the amplitude and the phase of the light scattered by the
object. Since al recording mediarespond only to intengity, it is neces-
sary to convert the phaseinformation into variationsof intensity. Thisis
done by using coherent illumination, like laser light. The fina product
that we have is a haogram recorded on flat surface, which produces a
three dimensional image.

Without going into the theory of optical holography [6], | will briefly
discuss the different types of holographic gratings that can be recorded
by an interference pattern of laser light [7].

2.1 Classification of Holographic Gratings

Holographi ¢ gratings can be classified in different typol ogies, each
one characterized by a proper geometry and efficiency.

A first characterization can be done with respect to the effect that a
grating produce on the incident light:



2 a grating showing a periodic variation of the refractive index
produces a phase modulation of the incident ray, that iswhy wetalk
about phase grating;

2 aperiodicity in the absorption coefficient produces a modulation of
the incident light amplitude, and we talk about amplitude grating.

A second characteristic, which hasrelevant consequencesin the grat-
ing features, isthe thickness of the recording medium. e might have:

2 thin hdograms, when the thickness of the recording material is
small compared with the average spacing of theinterferencefringes;

2 thick holograms or volume holograms, if the medium thicknessis
bi gger than the fringes spacing.

Theoretically both of thi sgeometries can bedesigned with thefringes
perpendicular to the grating plane (transmission gratings) or parallel
(reflection gratings). But when the grating thicknessis negligible, like
inthin gratings, the only configuration we might haveis with thefringes
perpendicul ar to the grating plane (see Figure 2.3).

d le— ]
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1) b)

Figure 2.3. Holographic Gratings: (a) in transmission and (b) in reflection.
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Based on these three classifications we can have six types of hol ograms;

1) thin phase holograms, working in transmission;

2) thin amplitude holograms, working in transmission;
3) thick phase holograms, working in transmission;

4) thick phase holograms, working in ref lection;

5) thick amplitude holograms, working in transmission;

6) thick amplitude holograms, working in reflection.

Aswewill briefly see at the end of thissection, oneof the differences
among these geometries is in the diffraction efficiency of the granting
[6]. Moreover different thickness gratings work in different diffraction
regimes. thin hologramsin the Raman-Nath regime, while volume grat-
ing in the Bragg regime. Afterwards criteria to distinguish gratingsty-
pologies are extremely useful.

Thedistinction between these two regi mesiscommonly made on the
basis of a parameter Q which isdefined by the relation

Q = 2.4

nonz

where @ isthe grating pitch, ny the average refractive index, and d the
thickness.

2 |f Q < 1, the grating thickness is small compared with the pitch
and we talk about Raman-Nath regime. The diffraction maximaare
given by the equation

sin#my = mz—; 8 sin #; (2.2)

where m isthe diffraction order, #; isthe incident angle, and #,, of
the m-order diffracted ray. The sign of sin#; is j if the two rays
stay on the same side of the normal to the grating, and + otherwise.
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Such a thin grating diffracts the incident wave into a large number
of orders.

2 |f Q > 1, the grating is thick. Equation (2.1) still occurs, but the
diffracted intensity is maximum only when the incident angle and
thefirst diffracted order coincide. In such situation we have

sin#tg = 2—;

known asthe Bragg condition. For such gratingstheonly orders are
the zero and the first diffracted order.

Aswewill seein the next chapter, the active Bragg grating studied
in this thesis are volume phase grati ngs working in transmission.

2.1.1 Thin Holograms

If the thicknessof therecording materia is small compared with the
average spacing of the interference fringes, the hol ogram can be class -
fied asathin hologram. As said before, they can work only in transmis-
sion.

Let @ bethegrating pitch, the z-axis perpendicular to the surfaces of
the medium, and the x-axis perdpendicul ar to the fringes. We consi der
thegrating infinite along they-axis. Such a hologram exhibit aspatially
varying complex amplitude transmittance:

T = ¢ (et "™
where ¢ (X) = jT (x)j 2 [0; 1]. If incident light is a plane wave like
E(x;z) = Egel

with k = k, & + k,2 wavevector, the transmitted wave will be a plane
wave ’
E(X;2) = ¢ (X)Ege ' K+AC) (2.2)



In a amplitude hologram A = const, while ¢ (X) varies over the
hologram. If we assume that the resulting amplitude transmittance is
linearly related to the intensity in the interference pattern, the amplitude
transmittence of the grating can be written as

¢(X) = ¢o+ €4 cos Kx (2.3)

where ¢ IS the average amplitude transmittence of the grating, ¢, is
the amplitude of the spatial variation of ¢ (x) and
=2

o]

is the grating wave vector. Expanding equation (2.3), equation (2.2)
becomes

E(x;z) = Ege iikzz (-‘Oei ikxX 4 % ieii(kx+K)X + eilkxi K)x ’
(2.4)
The diffracted field appears as the superimposition of three waves (dif-
fraction orders) of wavevector k,,, propagating in three distinct direc-
tions connected from arel ation which express the wave vector conser-
vation

K, =Kk+ K%

From equati@n (2.4) wefindthat theintensity of thefirst diff racted order
isonj2 '%ﬁ 2 Since ¢ (X) is limited to the range [0,1] the maximum
vaueisreached for ¢; = 1=2; that means the maximum amplitude in
each of the diffracted orders is one fourth of that in the wave used to
illumi nate the hologram, so that the peak diffraction efficiency is

1
max = 7¢ = 6:25%

Inaphasehologram ¢, (x) = 1, so that the compex amplitude trans-
mittance is T (x) = e |f the phase shift produced by the recording
medium islinearly proportional to the intensity in the interference pat-



tern,
A(x) = Ay + CAcos Kx

and equation (2.2) becomes
E(X;Z) — EoeiikreiiAOeiiG:Acos KX (2.5)

The last factor can be expanded as a Fourier series,

ei|¢Acost — ian (¢A) e|nKx
n=j 1
where J,, isthe Bessdl function of the first kind of order n. Introducing
it into equation (2.5),

X
E(X, Z) — EoeiikzzeiiAo ian(¢A)eii(kXXinKX)
n=j1
Such amodulation diffracts awave incident into a large number of or-

ders, each one of them with intensity onj2 J2 (¢A). According to the
properties of Bessel function, the maximum diffraction efficiency is

“max = JZ(CA) " 33:9%

2.2 The Coupled Wave Theory for Thick Holo-
grams

In 1969, Herwig K ogelnik published an interesting arti cle analysing
the diffraction of light by thick gratings with atheory known as the cou-
pled wavetheory [8]. Such theory can predict the maximum possible ef -
ficienciesof thevarious thick holograms. Consider acoordinate system
(see Figure 2.4) in which the z-axis is perpendicul ar to the surfaces of
the recording medium and the x-axis isin the plane of incidence, while
the fringe planes are oriented perpendicular to the plane of incidence.



The grating vector K is perpendicular to the fringe planes, and makes
an angle A with the z-axis:

2 A = 0*in transmission gratings;
9

2 A = 90* in reflection gratings.

i ——
W ——
. | TN
[ 0 ..
o .
[ o !
[ -,
T
I T
L T
-__
I
I
... == 2 .
Eoah e
- L — =
I T
- o -
m ...
- 220 )
- 0000000000000 o
T
T
—
] | 2}
d

Figure 2.4. Model of athick hologram with slanted fringes.

The volumerecord of the holographi cinterference pattern usually takes
theform of a spatial modulation of the absorption constant or the refrac-
tive index of the medium, or both. For semplicity, here the analysisis
restricted to the holographic record of sinusoidal fringe patterns:

n = ng+ncoskKeéx
® = ®+®cosKtx

where x istheradius vector X = (X;y; z), h; and ®; are the amplitudes
of the spatial modulation, ng isthe averagerefractive index and ®q isthe
average absorption constant. The coupled wave theory assumes mono-
chromatic light incident on the grating at or near the Bragg angle: fol-
lowing the Kogel nik’s paper, | will start from light polarized perpendic-
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Figure 2.5. Volume transmission (a) and reflection gratings (b) and their associated
vector diagramsfor Bragg incidence

ular to the plane of incidence and after | will generalize to paralel po-
larization. 1f the medium thicknessis large enought, only two waves in
the grating need to be taken into consideration: the incoming reference
wave R and the outgoing signal wave S. Only thesetwo wavesobey the
Bragg condition, the other diffraction orders violete it strongly, so they
are severely attenuated and can be neglected.
Wave propagati onin the grating isdescribed by the scalar wave equa-
tion
r’E+k’E=0 (2.6)
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where E is the complex amplitude E(x; z) of the y-component of the
electric field, which is assumed to be independent of y and to oscill ate
with an angular frequency !; k isthe spatially varying propagation con-
stant in the grating, related to n and ®. In his paper Kogel nik assumed
that the absorption per wavelength, as well asthe relative variations in
refractiveindex of the medium, are small (which istrue in amost every
practical case) so that

noko A ®0
noko A ®1
No A ni

Where kg = 2Y%=_, and _ is the wavelength in free space. Under the
above conditions, the propagati on constant can be written in the form

k?="7j2i®@ +4- cosKtx 2.7)
where = nokp = 2%no=, isthe average propagation constant, and -
isthe coupling constant defined as

_dny @
= i i

EY

Thiscoupling constant isthe central parameter inthe coupled wavethe-
ory, it describes the coupling between the reference wave R and thesig-
nal wave S. If - = 0, there is no coupling and, therefore, there is no
diffraction. The spatial modulation indicated by n; or ®; formsagrating
which couplesthe two waves R and S, and leads to an exchange of en-
ergy betweenthem. Asaresull of thisenergy interchange, or because of
an energy loss from absorption, the complex amplitudes R(z) and S(z)
of these wavesvary along z. Thetotal electric field in the grating isthe
superposition of the fields due to these two waves:

E = R(2)e! "™ + S(z)e 17 (2.8)

where % and % arethe propagati on vectors for thetwo waves; they con-
tain the information about the propagation constant and the directions
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of propagation of R and S. Thequantity % is assumed to be equal to the
propagation vectar of the free space reference wave in absence of cou-
pling, while % is determined by the grating and is rel ated to % and to the
grating vector K by the expression

h=%iK (2.9)

which hastheappearance of aconservati on of momentum equation. Fg-

ure 2.6a shows the vectors of i ntje_r&et ang their orientation:
Y sin #
=@ % A="@ 0 A

COS#

1 o . o~ A
Yix sin# j £sinA
¥, =0 Yy A-—Q@ 0 A
Yig cos# j £ cosA

The vector relation (2.9) is shown in Figure 2.6: the general caseis
shown in FHgure 2.6a, where the Bragg condition is not met and the
length of % differsfrom —; figure 2.6b shows the same diagram for in-
cidence at the Bragg angle #o. In this special case, the lengths of both
Y2 and % are equal to the free propagati on constant noko, and the Bragg
condition, which can be written in the form

K

cos(A j #y) = 2ok

is obeyed.

For afixed wavelength the Bragg condition is violater by angular
deviations ¢# from the Bragg angle #o. For afixed angle of incidencea
smilar violation takesplacefor changes ¢ , from the correct wavel egth
. 0. Differentiating the Bragg condition, we obtain

d#o K

= sin(A j #
d)o 4%ing ( ! O)
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equation fromwhi ch followsthat thereisacloserelation between the an-
gular sensitivity and the wave length sensitivity of thick hol ogram grat-
ing. Infact, small changesin the angle of incidence or the wavel ength
have similar effects.

To expressthe# and ., connection. Kogel nik introduced anew para-
meter for eval uating the effects of deviations from the Bragg condition.
He introduced the dephasing measure 3 defined as

i ¢
S’M—KCOS(A-#)- 2
2 V52N gying >

(2.10)

which has been expressed in this form using equation (2.9). A Taylor
series expansion of equation (2.10) yiel ds the foll owing expression of 3
for small deviation ¢# and ¢, from the Bragg condition,

K2
= 41/4n0

3=¢#KsSINA j#) i ¢

To derivethe coupl ed wave equations, (2.6) and (3.1) are combined, and
(2.8) and (2.9) are inserted. Then, the terms involving equal exponen-

tials (e "™ and e 1) are compared,
) ) L _
RY j 2iR", j 2i® R+|2- S =
SY §2iS%, j 2@ S+ 2j¥% S+2-"R=0

where the primes indicate differentiation with respect to z. If it is as-
sumed that the energy interchange between S and R, as well asthe en-
ergy absorption in the medium are slow, the second differetials RY and
SY can be negl ected [8]. The coupled wave equation can berewritten in

theform A
crRR'+®R = ji-S

csS'+(®@+1%)S = ji-R (1)

where the abbreviations cg and cs (see Figure 2.6) stand for the expres-
sons

=

Cr = COS#
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K ~
Cg = — =CO0S# j — CosA

The coupled wave equations (2.11) show that the amplitude of a wave
changes along z because of coupling to the other wave (-R; -S) or ab-
sorption (RR; ®S). For deviationsfromthe Bragg condition, S isforced
out of synchronism with R, due to the terminvolving 3S, and the inter-
action decreases.

2.2.1 Solution of the Coupled Wave Equations
The general solution of the couples wave equationsis

R(Z) = rie?? + rpe’?? (2.12a)
S(z) = s1e17+5s,e°?? (2.12b)

where rj and s; are constants which depend on the boundary conditions.
If weinsert equations (2.12a) and (2.12b) into (2.11) wefind

1/z(c °.+®)r; = ji-s
R i i— 1790
(cs° +® + %) S = ji-T; (2.13)
The boundary conditionsfor atransmission grating are R(0) = 1 and

S(0) = 0. By equations (2.12a) and (2.12b) it follows immedi atel y that

Y%
r1+r2:1

S1+s,=0
Combining these rel ations with equations (2.13), we find

S1= iS2= ii—F5——=—
Cs ( 11 2)

and we can have the expression for the amplitude of the signal wave at
the output of the grating

£e°2d i en1d”

Sd) = l—CS EED
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Thisisa general expression, which isvalid for all types of thick trans-
mission hologramsincluding the case of off-Bragg incidence, | ossy grat-
ingsand d anted fringe planes. All these casesaredetailed inthe origina
paper of Kogelnik [8].

For a reflection grating the boundary conditions are R(0) = 1 and
S(d) = 0. Hence, 1

)
rl+r2:l

s;e'19+ 5,20 =0
Therelation for s; and s, can be written in the form
e = (sp+s)e
el = j(s;+s2)ed
Then we can sum equations (2.13) for i = 1 and i = 2,
il-(rL+rz)=ji- =(s1+52) @+ 1%) + s (°151 + °,82)
After some algebrawe finally arrive at the result for theamplitude S(0)
of the output signal of areflection hologram,
SO = (s1+5) = ii- T

13 1= < 1 o° -
®+1 + Cs e 2d e 1d

In his paper Kogel nik defines the diffraction efficiency ™ as

- Csiggn
Cr
where S is the complex amplitude of the output signal for a reference
wave R incident with unit amplitude. Defined in thisway, ~ isthe frac-
tion of theincident light power which isdifffracted into the signal wave:
S is equal to S(d) for transmission holograms and equal to S(0) for re-
flection holograms. If the fringes are not danted, A = 0, socs = cr
and the diffraction efficiency is

~=8s"=jsj?



Volume Transmission Phase Gratings

I'n losd ess phase gratings®, = ®; = 0 and the coupling constant is
- = Yin,=_. Diffraction is caused by spatia variation of the refractive
index, the amplitude i s then

S(d) = jieiAS g A
1+ 2
€2
where y d 3
N1 ~
=———andA =
COS# 2COoS#

3

At the Bragg angle 3 = 0, so that A = 0 and
S(d) = jisin©
The diffraction efficiency isthen

, i&nd
. Cos#

~ = jSj* =sinf© = sin

As either d the thickness, or n; the variation of the refractive index in-
creases, the diffraction efficiency increases until the modulation para-
meter © = %=2. Atthispoint~ =1 = 100% (see Table2.1), and al the
energy isin the diffracted beam. When © increases beyond this point,
energy is coupled back into the incident wave and ~ drops.

If ® & 0, hencefor alossy phase grating, the diffracted amplitude
at the Bragg angle is

S(d) = jiei®# sin©

The additional exponential term decreasesthe peak diffraction efficiency.

Volume Transmission Amplitude Gratings

In an amplitude grating, the refractive index does not vary, so that
n; = 0. However, the absorption constant varies with an amplitude ®;



about itsmean value®,. Inthiscase, thecouplingconstant - = j i®;=2,
and the diffracted amplitude is

Y o —
od iSinh - ©F + A2
cos#@1l <

S@) = jel } =
A2
1+©_é
where
_ ®1d and A = 3d
® "~ 2cos# 2COoS#

For incidence at the Bragg angle, A = 0 and the diffraction efficiency
can be written as

_ o 200d ®.d
— e'cos#o S|nh2 —1
2C0Ss H#o

The diffracted amplitude increases with ®;, but since negative values of
the absorption areexcluded, ®; - ®,. Thehighest diffraction efficiency
is theref ore obtained when ®; = ®g, for avalue ®,d cos#g = In 3; this
maximum has the value (see Table 2.1)

1
T == =0 = 3:70
7 0:037 = 3:7%

Volume Reflection Phase Gratings

I nreflection holograms the recorded fringe planes are parall € to the
surfaces of the recording medium, and the signa appears as a reflec-
tion of the reference wave (see Figure 2.5). In alossess phase grating
®y = ®; = 0 and the coupling constant is - = %n;=_. The diffracted
amplitudeis given by the expression

llu R 1-|- S—A #il
- .Ar - g ﬁ
SO) =i Ia + 1.6%coth ©2 j A
where
_ nd A =24
" . cos# " 2cos#



The diffraction efficiency can be written as

2 LR i1
Y P C S
sinh?" ©2 j A2

For awave incident at the Bragg angle, A, = 0,

1/4n1d

~ = tanh?
. cos#

S0 it increases asymptoticaly to © = 1 = 100% (see Table 2.1) as the

vaue of ©, increases.

Volume Reflection Amplitude Gratings

Finaly we consider n; = 0, while®; and ®; arefinite. The ampli-
tude of the diffracted wave leaving the hologram is then

2 3.
P WA —
S(O)=i42+ ®  jlcoth A2, j ©%5
©r® ©r®
where
®;d A ®od 3d

= and A,y = il
*©7 2cos# 7 cos#, | 2c0S#H,

If theincident waveisat the Braggangle, 3 = 0 andA,;=©,¢ = 2@=@,
S0

" S—— #i1
S0) =i @+ 495 1cothH d q®2 i ®2—4'IT |
- e e " cos#y O ' 1

When the modulation is maximum, ®; = ®g the maximum diffraction
efficiency is (see Table 2.1)

-

1
= —p=t; = 0:072=7:2%
2+ 3



2.2.2 Validity of thetheory

The maximum diffraction efficiencies that can be obtai ned with the
six types of gratings studied are summarized in Table 2.1.

M odulation
Type Phase Amplitude
Thin Transmission 33.9% 6.25%
Volume Transmission  100% 3. 7%
Volume Ref lection 100% 7.2%

Table 2.1. Maximum theoreticl diffraction efficiency for diff erent types of grating

Kogelnik’s coupled wavetheory isapplicabl e under several assump-

tions that makes the analysis possible: the spatial modul ation of the re-
fractiveindex and the absorption constant issinusoidal; thereisasad ow
energy interchange and only a small absorption loss per wavel ength be-
tween the two coupled waves, there is the same average index for the
region inside and outs de the gratings boundaries; light incidence is at
or near the Bragg angle and only two diffraction orders which obey to
the Bragg condition at |east approximately are retained in the analysis.
The other diffraction orders are neglected.
Finaly, the obtained results where based on the assumption that inci-
dent light is polarized perpendicular to the plane of incidence, however
Kogelnik showed [8] that these results are the same when the light is
polarized in the plane of incidence, provided a new expression for the
coupling constant -,

(= 1-C0s2(# i A)

All the results are still valid for paralel polarization if - isreplaced by
‘g

More accurate theories for the diffraction of light by volume holo-
grams have been developed in the last years. 1n 1981 Gaylord and Mo-

haram [21] gave an exact definition of athick grating. To be more pre-
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cise, the condition to be fullfilled is not only

K2 d
= > >1
Q 2¥in
but also )
O —_->
a2 > 10

where % = &n for dielectric gratings and % = ¢®_=2% for absorption
gratings. If thetwo above conditionsarenat strictly fullfilled the diffrac-
tion may be described by a mixture of Bragg and Raman-Nat regime.

Moreover, the coupled wave theory iswidely used to describethick,
isotropic gratings. Howevere an extension of the theory to optically
anisotropic materials is needed when dealing with samples showing a
strong polarization dependent behaviour or when accurate results are
desiderated. The advent of material swith strong birefringence, such as
liquid crystal, ordered polymers or organic crystals in the field of vol-
ume holography asked for a novel consideration of the anisotropy ef-
fects. This was given by Montemezzani and Zgonik in 1997 [22]. In
these materials the isotropic Bragg diffraction is strongly affected by
the optical anisotropy. The main reason lies in the difference between
the energy propagation direction and the wave-front normal. However,
without entering in the details, the given notions on the coupled wave
theroy seem to me to be enough to understand the diffraction in active
Bragg gratings, which isthe topic of the next chapter.

The diffraction gratings analyzed in this thesis are Volume Trans-
mission Phase Gratings. In the next chapter their operation mode will
be showed.



Chapter 3

Active Bragg Grating

A number of different technologies have been proposed for realizing
switchable diffraction gratings, including, quite recently, technologies
based on Liquid Crystals (LC) materials. Laser-induced formation of
holographic diffraction gratings in polymer-Liquid Crystals (LC) com-
posites has been realized by severa research groups [5][9].

At present, the most common process to get these polymer-LC com-
posite gratingsis realizing the so-called H-PDLC (Holographic PDLC)
[10][11]. It consistsin the alternate sequence of isotropic stripes of a
polymer-L C mixturefollowed by stripes of anisotropic PDLC material:
the optical contrast between the two series of stripes gives rise to the
diffraction grating. It is e ectrically-switchable because the application
of an electric voltage drives the PDL C stripesin an optical state, whose
constants are almost matched with those of the isotropic stripes. Thus,
under the application of the electric voltage the H-PDL C becomes a ho-
mogeneous |l ayer and the grating disappears (see Appendix A).

In this thesis we will focalize our attention on a specific grating,
realized by University of Calabria. The authors named this devices
POLICRYPS.



3.1 Polymer-L C ComposgtesDiffraction Gratings

Followi ngthe same schemeof | aser-induced formati on of hol ographic
diffraction gratings, anew process has been proposed for the realization
of diffraction gratings with poymer-L C composites. The resulting ma
terial has been named by the authors POLI CRY PS, namethat stands for
“POlymer L1quid CRY stals Polymer Stripes’ [ 12][ 13]. It iscomposed by
a sequence of homogeneoudy aligned LC layers separated by isotropic
polymer walls having thickness of the same order as the LC ones (see
FHgure 3.1).

POLICRYPS

Figure 3.1. SEM microscope images of PDLC and Policryps graings

From a morphol ogical point of view, the biggest diff erence between
H-PDLCs and POLICRYPS isthe following. Inthe former, in the UV-
illumi nated regions, alight-induced phase separation process createsLC
droplets embedded in a poymer matrix, while the dark regions remain
in the form of isotropic L C-polymer mixture (see Fgure 3.18). In the
latter material, no phase separation happens within the illuminated re-
gions, instead, under particular conditions, it happens between the illu-
minated and non-illuminated regions, so that one component (namely
polymer) is almost totally confined within illuminated regions and the
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other component (namely L C) withi n non-illuminated regions, resulting
in the geometry depictedin Figure 3.1b.

Oneessential feature that these composite materials must exhibit, in
order to be attractive for telecom applications, consists in their trans-
parency in both the ON and the OFF states. This constraint imposes an
upper limit to the size of the droplets in the PDLC; in fact droplet size
of the order of the light wavelength gives rise to significant scattering
losses. For this reason, nano-PDLC with droplet size of the order of
100nm have been developed by different authorg 10][11]. Nano-PDLC
may show a very high diffraction efficiency and good transparency hav-
ing however as adrawback aquitelarge driving voltage, increasing with
decreasing dropl et size. Dueto their morphol ogy, being a stack of uni-
form and transparent layers, POLI CRY PS sampl es are i nherently trans-
parent.

One dof the aims of the present work was to give an optica char-
acteri zation of some POLICRY PS samples both in the visible range, at
. = 633nm, and inthenear IR, at , = 1550nm that isthe C-band of the
3" window for optical communi cations [14][15][ 16]. It is worth noting
that very few optical characterizations have been perf ormed until now at
telecom wavelengths on LC materials and in particul ar on polymer-LC
composites. In our opinion, this lack of necessary data and the conse-
guent uncertai nty on working perf ormancesmight be onereason for the
limited present utilization of these materialsin devices and systems for
optical networks.

The studied sampleshave been kindly provided by the group that has
developed POLICRY PS at the University of Calabria, in the frame of a
running Italian National Research Project [18]. The whole production
process has been for many yearspatent pending, since only few months
the authors had the opportunity to publish it [19][20]. Their winning
idea was to avoid the formation of a separate Nematic Liquid Crystals
(NL C) phase and consequently the growing of NL C dropl ets, during the
polymerization process. In this way they obtained only a macroscopic
phase separation that is an aimost compl ete redistribution of nematic
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and monomer components inside the sample. The standard procedure
to obtain POLICRY PS gratings consi sts of three steps:

1) the photoinitiator-monomer-NL C mixture is heated up to a temper-
ature abovethe Nemati c-1 sotropi c transition. This cunning prevents
the appearance of a nematic phase during the curing process;

2) thesampleisilluminated with aninterference pattern of curing UV
radiation;

3) after the curing radiation is switched off and the polymerization
process has come to an end, the sample temperature is kept down
bel ow the Isotropic-Nematic transition paint.

For further information on POLICRY PS production process | suggest
thelr inventors lectures [12][13][19][ 20].

3.2 POLICRY PS Operating M odel

Measurements had been performed on three different samples la-
belled as HCB-25, HCB-31, and HCB-3, respectively. They were made
starting from the same initial mixture, a solution of 30% liquid crys-
tal (5CB, provided by Merck) in acommercialy available pre-polymer
(Norland Optical Adhesive NOA-65). This blend was injected by capil -
larity into acell realised with two I TO coated glasses separated by Myl ar
gpacers. These samples were heated over the Nematic-l sotropic phase
transition temperature of the LC component and cured by a UV laser
interference pattern (, = 351nm, | = 10 j 100mW=cm?).

Samples differ only in two geometrical parameters, the pitch @ and the
thickness d®, that are reported in Table 3.2; in the volume of the sample,
fringes are disposed, in both cases, perpendicularly to the cell glasses.

6The grating pitch is defined as usud and the grating depth is the distance between the two glass
plates.
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Acronym HE-3 HCB-25 HCB-31

Liquid Crystal 5CB 5CB 5CB
Grating Pitch (*m) 0.6 1.34 1.34
Grating depth (*m) 12.0 7.8 8.8

Table 3.2. Samples Characteristics

The behaviour of the grating is dtrictly dependent on the incident
beam pol arization: it is possible to reach the diffraction condition only
with a p-polarized wave. The reason should be found in the molecul ar
orientation inside the LC layers. First, let'srecal that at , = 633nm
and 25*C the polymer NOA-65 refractive index isn, = 1:56 and the
valuesfor 5CB indicesaren, = 1:53 andne = 1:71, respectively; inthe
isotropic phase (35*C) 5CB refractiveindex isn;s, = 1:57. Now, the po-
lari zation dependence clearly indicates that, without any applied field,
the mol ecular director is not randomly distributed in POLICRYPS, asis
for instance in a PDL C sample. For light impinging at quasi-normal in-
cidence, no grating formati on (OFF-state) for s-pol ari zed wave hasbeen
observed, thusthe L C regions must exhi bit arefractiveindex valueclose
to the polymeric one, as the ordinary index is. Instead, a p-polarized
wave experiences a phase grating, thus the index seen in the LC lay-
ers must be quite different from the polymeric one, then closer to the
LC extraordinary index value than in the previous case. This behaviour
suggests that the most likely unperturbed molecular orientation within
the LC layersis aong the plane of incidence and orthogonal to the poly-
meric walls as shown in Figure 3.2. This molecular orientation inside
the grating explain the POLI CRY PS operating model, described in Fg-
ure3.2: when p-polarized light impinges onthe sampleat a small angle,
it experiences a LC refractive index close to ne, without any applied
external field, and close to n,, with an applied electric field that fully
reorients the LC director. Beingn, * n, << n, by means of the ex-
ternal voltage we can switch from adiffraction state (ON state, when a
high index mismatch is achieved between adjacent fringes) to a trans-
mission state (OFF state, obtai ned when the L C refracti veindex matches
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polymer one)’. On the other hand, POL | CRY PS cannot operate prop-
erly with s-polarized light, because in this case, it isthe ordinary wave
that propagates through the sampleand, with or without applied el ectric
fied, it seesalwaysthe LC ordinary refractive index.

OM: dilfraction OFF: fransimission
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Figure 3.2. POLICRYPS Operating M odel

3.3 Measurement

M easurements had been performed with both stati onary and dynamic
electric fields to fully characterize the samples with red light and near
infrared light. In thiswork only the most important graphs are reported,
just to point out the grati ngs performances.

Static measurements had been performed on HBC-25 and HCB-31
samples. Dynami c measurement on all the samples.

7 Please notice that hereand in thefdllowing ON and OFF states are referred to the eff ectiveness of
thediffraction grating and not to the application of the external voltage.
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Thedataanalysis for the static measurements will foremost consi der
two quantities: the diffraction efficiency and the | osses.

| set with I theintensity of theincident light, with I+ theintensity
of the transmitted beam (the zero order), with I the intensity of the
diffracted ray (the first order), and with I_ the intensity lost because
of the reflections between interfaces, diffusion and absorption of the
sample.

I'n all measurements presented in the following and rel ated discus-
sions, theimpinging light isalways p-polari zed, moreover we define the
Diffraction Efficiency (DE) asthe ratio between the diffracted light in-
tensity and the total light intensity, diffracted plus transmitted, behind
the sample:

Ihin=Ir +lIp+ I (3.1

The quantity I has been cal culated by difference between the measured
quantities I, I+ and Ip. Hence, I includes also the intensities of
higher diffracted orders. But being in our gratings Q > 1 we assume
that thiseffect is negligble.

We define
B R | 1

Iin P Iin' hin
respectively astheefficiency for the transmitted order, the efficiency for
the diffracted order and © the losses. Equation (3.1) becomes

Usually diffraction efficiency is used to name the quantity ~ 5. By the
way, in thiswork | introduce a new parameter

-

.- I Ip _ "p
It+Ip hnilp 1§°

If the losses are negligible, © = 0,and” isthe diffraction efficiency.
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3.3.1 Diffraction Efficiency versus Temperature

The used liquid crystal, 5CB nematic liquid crystal, has a clearing
point around 35*C, thus a strong temperature dependence on both n,
and n, around room temperature. Further considering that 5CB refrac-
tive index in the isotropic phase is quite close to the polymeric index
Ny, hence adrastic drop of the diffraction efficiency heating the ssmple
from room temperature to over 35*C is expected. Figure 3.3 shows DE
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Figure 3.3. DE versus Temperature (a) @ 633nm (b) @1550nm

versus temperature using He-Ne light at 633nm and aDFB laser diode
at 1550nm, respectively, for two of the three samples. It should be noted
that DE drop off temperature is always less than 5CB clearing temper-
ature indicating a mesophase modification, in particular a reduction of
the nematic range, induced in this confined geometry. Thisloss of ne-
meati c behaviour could be ascribed to the effect of impurities certainly
present in the L C regions owing to the production process of this com-
posite: alow concentration of unreacted monomers aswell as of photo-
initiator moleculesis still present within LC layers after the phase sepa-
ration process. Eventually, impurities effect could have been enhanced
by effect of confinement. The two samples give quite similar responses.
The most significant diff erenceis observed between the curvesrecorded
withred and NIRlight. DE, which at 25*C can arrive over 90% with red
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light, hardly reaches 15% with NIR light. It is almost evident that the
choice made by the sampl es producer, concerning the refractive indices
values of the materials, wasin thedirection of optimising performances
working with red light.

3.3.2 Diffraction Efficiency versus Applied Voltage

Static measurements had been performed using an AC sguare volt-
age at a sufficiently high frequency, say 1kHz, in order to avoid un-
wanted effectsinduced by theflow of freeionswithin the sample. Results
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Figure 3.4. DE versus \Voltage (a) @ 633nm (b) @1550nm

are shown in Figures 3.4a and 3.4b for red and NIR light, respectively.
A very interesting features of POLICRY PS gratings that can be inferred
by these resul tsisthe switching voltage. Actually, athreshold voltage of
around 40V was observed with red light in the sample HCB-31 and even
lessinthe HCB-25 one, yielding athreshold field of about 4:5V=2m in
both cases. Thisis neither a very low nor avery high field for electric
switching of LC-polymer composites, however if we compare it with
competi ng nano-sized H-PDL C’s, the POLICRY PSvalueisby far lower
than those commonly observed in nano-PDLC'’s. Furthermore, it has



been obtained in the very first POLICRY PS samples, not optimised at
all for electric performance.

I'n Figure 3.4b, showing DE versusvoltage obtained with NIR light,
we noti ce again the large decrease in the maxi mum di ff raction efficiency.
Moreover, a dlight decreasein thethreshold voltage isobserved. A com-
plete switching off isreached for voltage around 45V ; however, further
increasing the applied voltage above 50V leads to a small “undesired”
increase of the diffraction efficiency. We can deduce that, using NIR
light, the OFF dtate of the grating is not reached when the molecular re-
orientation iscompleted inthe LC regions, asit isin the case of using
red light, but instead for some intermedi ate configurati on.

Observationsin thisand in the previ ous sub-section cons stently con-
firmthat the sampl esunder investigations havefairly good performances
at 633nm, whilethey arenot optimised at 1550nm. This behaviour was
expected and our purpose was exactly aquantitative eval uation of this
performance degradation and possibly its correl ation with material para-
meters' variation. In fact, if thethree index vaues, n, n,, n,, are prop-
erly chosen at red wavelength, owing to the great diff erence between the
dispersion curvesof the polymeric material and the LC one, they cannot
be optimised at the wavelength of 1550nm.

3.3.3 Angular Sdectivity

The angular selectivity is an important parameter for photonic ap-
plications. In Figure 3.5, the grating response varying the angle of in-
cidence of the light beam around the Bragg angle is shown. The wide
angular response (= 20*) observed at both wavelength, could be a prob-
lem for the telecom application. However, it can be affected and tuned
by changing the geometry of the grating, especially the grating length,
and/or by using the grating in ref lection rather than in transmission.
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Figure 3.5. DE versusincident angle & 633 nm (a) and 1550 nm (b)

3.34 Losses

Table 3.3 summarizes the measured | osses at both wavelengths, for
the ON and the OFF state. The total 1osses © have been divided in two
terms

o —— O o
- b+ s+a

where °,, arelosses due to backreflection, and ° ., includes the losses
due to scattering and absorption. Losses in the NIR are higher than in
thered. The losses dueto backref lection can be minimized inthe device
using an antiref lection coating.

g i (o] o o
D s+a

T b
ON 5.8 81.3 12.9 31 9.8
OFF 86.3 0.6 131 7.7 54
ON 67.1 14.7 18.2 4.1 141
OFF 82.8 0.2 17.1 3.8 13.3

>

632:8nm

1550nm

Table 3.3. Efficienciesand Lossesis POLICRY PSgratingsat 632.8nm and 1550nm.
Values are expressed as the per cent value of theincident light.
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3.35 Dynamic

L et usfocusthedi scuss onon the dynami cal responseof POLI CRY PS
grating to avariable electric field. Obtained results are quite similar on
all the sample, thus here only those for HCB-25 are reported. In al the
following, the impinging light is always p-polarized. POLICRY PSre-
sponsetimeswere measured by recording the diffracted beamsignal de-
tected by aphotodiode. A driving voltage, enoughto completely switch
off the diffractivedevice, wasapplied to the I TO electrodes, using differ-
ent frequenciesin therangel ¥ 100Hz. Inorder to avoid static el ectric
biasing of the sampl e all the applied waveform were zero-average. Hg-
ure 3.6 shows the oscill oscope image recorded: the applied waveform
isshown in the lower part and the optical response inthe upper part.

'Optical response :

.....

i ;
. L—-‘?’FFM?‘E P ] @

|

'.Appiied voltage

". : A“ C}.ﬂ state |

Chi S00mv  [GH 50.0V  M™5.00ms

Figure 3.6. Oscilloscope snapshot of the applied field (channel 2) and the diffracted
beam optical response (channel 1).

F gure 3.7 shows the oscilloscopeimage recorded with red light at volt-
age frequencies of 100Hz (3.7a) and 1Hz (3.7b), respectively.
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Figure 3.7. Optical response, upper curves, and driving waveform, lowe curves, a
633nm. a) voltage frequency 100 Hz; b) 1 Hz
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Figure 3.8. Optical response, upper curves, and driving waveform, lowe curves, a
1550nm. g voltage frequency 100 Hz; b) 1 Hz
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Fgure 3.8 shows the analogous images recorded with NIR light. In
Fgures 3.7b and 3.8b, the optical response at 1Hz exhibits an irregu-
lar behaviour and even adight increase with time of the detected signal
during the half period corresponding to the OFF state, that is when the
applied voltage is different from zero. This was unexpected and prob-
ably due to amolecular flow and/or turbulence induced by free charge
(ions) motion under the effect of aconstant voltagefor aquitelong time,
say 500ms. To overcome this problem, a diff erent waveform was used,
in which the previous square voltage at a dow frequency f; is further
modulated at a faster frequency T, in the range 1 ¥ 10kHz, the voltage
amplitude being fixed at 60V . Generaly, liquid crystals have response
timestoo dow to follow such fast driving signal as the ones at frequency
T,, so that the reorientation torque is amost equiva ent to that imposed
by a constant voltage of same rms value. However, inthisway one can
get rid of any effect caused by coll ective ion motion insde the sample.
In Figures 3.9 and 3.10, same pictures captured on the oscill oscope
display arereported as in Figures 3.7 and 3.8, but with the double fre-
quency modulation of the waveform?.
A summary of the most significant results is presented in the Table 3.4.
Differences among the achievements at _ g and _njr @€ again evi-
dent, despite the fact that molecular reorientation in LC is obvioudy
only driven by éectric and elastic forces and must not depend on the
light travelling in the sample. However, the response of the diffraction
grating isnot immediately and only related to the LC molecul ar director
reorientation. It is known that several geometric and optic parameters
enter in the determination of a Bragg grating DE, ruled by the so-called
Kogelnik formula[21]:

DE = sirg 224en
B 0s #g

E3

where

8 Notice that in Figures 3.9and 3.10b, recorded with f 1 =1 Hz, the modulation & f » is not view-
aleinthewaveform, becausetheratiof 2 /f 1 istoo hightolet both frequenciesbedisplayed s multaneoudly;
for the same reason the shown amplitude scale (channel 2) is meaningless.
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Figure 3.9. a) voltage frequency 100 Hz; b) 1 Hz.

Figure 3.10. a) voltage frequency 100 Hz; b) 1 Hz.
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d is the grating depth, @ the period and ¢n the diff erence between the
polymer and the LC refractive index. Refractive index values and re-
fractive index contrast amongst the layers are the most important pa-
rameters affecting DE in Kogelnik formula®. Unfortunately, not many
data about refractive index values at NIR are presently availablefor LC
material s, so that acomprehens ve compari son of theoretical predictions
and experimental findings has not been performed yet.

Light Voltage Modulation ton  torr
wavelength frequency freguency

. [nm] fi[Hz] > [Hz] [*s] [*s]
633 1 1000 1300 160
633 10 1000 1000 130
633 100 10000 900 70
1550 1 1000 2800 440
1550 10 10000 3200 320
1550 50 5000 1500 370
1550 100 10000 1300 320

Table 3.4. Response times of Policryps samples

From the last two columns of the Table, it is evident al so that torr
times are one order of magnitude smaller than toy times, theformer be-
ing inthe hundreds of 1srange, and thelatterinthems one. Let’'srecall
that the grating is switched OFF while the eectric field is applied and
switched ON when it isremoved. For that, the torque responsible for
molecul ar reorientation in the LC layersisruled during switching OFF
by the balance between el astic forces and electric ones. In our case, the
electric fieldis quiteintense, that isabout 4:5V=m, yielding afast reori-

9For anisotropic materials Kogelnik formula has been extended by the theory of Montemezzani and
co-workers.



entation. On the other hand, molecular reorientation during switching
ON isonly dueto restoring elastic forces, that is mainly to surface inter-
actions with the polymer layers and the glass substrates. Thus, the ob-
served differencein response timesisin agreement at least qualitatively
with the physical picture underlying it. However, large fluctuations in
the measured ton times had been observed, not comparabl e with those
observed in topr Ones. For instance, standard errorsin tor e have been
estimated to be about 5%, while standard errorsintgoy are even greater
than 25%, putting some doubts on the way we have measured them, as
the time interval between 10% and 90% values of the maximum light
signal detected by the photodiode. L ooking more carefully at the switch-
ing ON process, it appearsthat it is not ruled by a singletime constart.
Figures 3.11 and 3.12 show digitised data of switching ON oscill o-
scope tracks, open circles, together with a single exporentia fit, dot-
ted lines, and a two-exponentid fit, solid lines. The figures correspond
to two properly chosen experimental recordings, but all the others gave
completely smilar results. It isfairly evident that the single exponential
curve can't fit reasonably the data points, while a very good fit is ob-
tained by thetwo-exponential curve. Infact, aA? value 100 times lower
isobtai nedin thelatter case(seetheinsertin Figures3.11 and 3.12). This
result gave usan indicationthat two competing physi cal mechanismsare
intervening inrestoring the orientational order inthe LC layers.

A Modd for the POLICRYPS Dynamical Response

Inorder to understand the dynamical response of these gratingsitis
necessary to refer to their particular structure: insdeaPOLICRYPS, LC
molecul es are confined both from the polymer stripes and the cell glass
walls, however, the first i nteraction seems much moreimportant, for the
adoubl e reason:

1) the aignment islikely induced by the polymer (glasswalls are just
cleaned and not further treated)
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Figure 3.11. Analysis of optical response in the OFF-ON transition a 633nm: ex-
perimental data (open circles); single exponential fit (dotted line); two-exponential fit
(solid line).
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2) thedistanceL between the polymericwallsis much shorter than the
cell thickness d.

Because of these considerations, the behaviour of another sample with
different features hasbeen investigated: sample HCB-3 shows asmaller
pitch and a bigger thickness (see Table 3.2). Infrared light was not used,
because the pitch of this new sample was too small to allow the Bragg
diffraction in the IR; however the response times does not seem to be
strongly dependent on wavelength.

The thickness of the liquid crystal film does not exceede 30% of
the nominal pitch (L~0:402m for sample HCB-25 and L~0:181m for
sample HCB-3), proportionally to the L C concentration in the mixture.
These values for L are theoretical maxima, assuming a complete ma-
terial separation during the fabrication process; thus we expect shorter
actual values.

By an external voltage one can createan el ectric field E perpendicu-
larly to the L C director, whichis orthogonal to the polymer stripes; thus,
the situation is quite similar to the classical configuration for a Fréed-
eriksz transition experiment [26]. In the case of strong anchoring, the
Fréederiksz threshold field is given by:

Y r k
/)
Eo=— —— 3.2
O L Il0¢ll ( )
whil e the reorientation time constant is
° 1
LE= (3.3)

"0¢" (E2 § E3)
where L isthe distance between the anchoring surfaces, k isthe elastic
constant (in our geometry, the bend one, k = 8:4¢1012N), ¢" isthe LC
dielectric anisotropy (¢ = 11:5), "'y is the vacuum dielectric constant
and ° the viscosity (~10i2 Pats). Putting Equation (3.2) into Equation
(3.3) and setting E = 0, the expression for the rel axation time constant
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is obtained: o2

br = K2
Note that in the previous formulae ¢, isthe usua exponential time con-
stant, that is related to the experimentally measured 10-90% response
time by means of therelation tio;00 = 2:2;, .

Of course, the situati on ismuch more complicated than in the smple
homeotropic LC cell, because we cannot observe directly the director
reorientation, but only the effect produced by the reorientation on the
optical response of the grating. Nevertheless, these formul ae are useful
to understand the experimental behaviour of our samples.

(34)

Switching off Dynamic

The switching off dynamic isruled by the electrical reorientation of
the liquid crystal director. First, | experimentally determined the min-
imum voltage required to obtain a complete switching off; then | in-
creased stepwise the voltage up to reach a saturation in the fall time
curve (Figure 3.13). As expected, due to the different thickness of the
LC layers, the complete switching off field for sasmple HCB-25 was
lower than for sample HCB-3. For both samples the higher electric
field correspondsto a faster responsetime, but in sample HCB-3 there-
sponse dependence on the applied field was much more important than
in sample HCB-25. For the former | measured a variation in the range
50 ¥ 6501s, while for the latter | observed times within the narrower
interval 3031701 s (see Table 3.5).

Fal Time[1s] RiseTime[1g]

mn max min  max
Sample HCB-25 30 170 180 1040
SampleHCB-3 50 650 130 280

Table 3.5. Response time ranges
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By meansof afitting procedure, weal so verified that thefall timede-
pendenceon theeectric fieldiswell described by equation (3.3). From
the fit we can calcul ate the rotational viscosity ©, according to equation
(3.3), and obtainthevalues0:17 80:02P ats and 0:22 80:02P at s for the
sample HCB-25 and HCB- 3, respectively. Theseval uesdiffer by oneor-
der of magnitude from the value provided in literaturefor 5CB: © should
be> 10i2P at¢s. Thisdifference can be due to the presence of impuri-
ties, like polymeric clustersthat affect the LC domains. For the thresh-
old fields Ep in the two samples, we found the values 5:9 8 0:3V=1m
and 8:37 8 0:04V=2m, respectively. The ratio of these fields, 1:4, is
quite different from the value of 2:2, calculated by using the maximum
allowed width of the LC layers. In fact, if we put our E fitted values
in equation (3.2), we get for the width L of the LC stripes, the values
0:15tm (= 0:11¢= ) and 0:111m (= 0:18¢x=), both much less than 30%
of the grating pitch @.

Even adopting asmplified model, it seemsreasonable to infer that
the pitch fraction really occupied by the liquid crystal is strongly depen-



dent on the fabrication procedure; in particular, the different result in
the two sampl es can be rel ated to the different control of the set-up me-
chanical stability ensured during the curing process: larger vibrations
producing wider irradiated areas and broader polymer layers.

Switching on Dynamic

Unlikethe switching off, the switching on process is not ruled by the
electric field, but only by the elastic torque induced by the surface an-
choring; this torque drives the rel axation of the L C director towards the
zero-field orientation. Nonethel ess, contrary to anintuitive expectation,
also the rise time was found to depend on the pulse shape: in FHgure
3.14, the non linear dependence of the rise time on the pulse duration is
shown for different amplitudes; in Figure 3.15, the same experimental
dataarereported versusthepul seamplitudefor different pul sedurations,
showing an amost linear behaviour. In this case, that is for switching
ON, the sample HCB-25 showed the largest variation of the response
time (180 ¥ 1040%s), while sample HCB-3 rise time changed only in
the range 130 ¥ 2801s (Table 3.5). Hence, our experimental resultsin-
dicatethat somekind of “memory” of theelectricfield that has been ap-
plied still remains for awhilewhen only the el astic restoring torques are
effective. In our opinion, the observed behaviour can be explained by
assuming that apartial anchoring breaking and restoring, ruled by asur-
face viscosity, happens at the LC-polymer interface. Indeed, we don’t
expect that the interfacial region is very thin, i.e. of the order of few
molecul ar layers. On the contrary due to the curing process, a fraction
of the L C molecul esremains partially embeddedin the adj acent polymer
stripes, close to the border, still retaining a reduced mobility. Moreover,
the curing interference pattern has not arectangular profile, but instead
acos? one, thus we expect areduced number of polymeric links close to
the LC-polymer border. Finaly, the degree of spatial stability of the pat-
tern doescertainly affect the width and softnessof the interfacial region.
Therefore, let us depict the consequent scenario. Whenthee ectric field
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is switched on, surface and bulk molecules reorient with adifferent vis-
cosity, corresponding to diff erent time constants. Bulk responseis faster
and is responsible for the strong reduction of the diffraction efficiency;
the response of the surface layer is dower but its inf luence on the opti-
cal signal is almost negligible because thislayer is much thinner. When
theelectric field isswitched off, the boundaries play the main rolein the
reorientation process, thus in determining the response dependence on
the pulse shape. Short and/or wesak electric pulses are not abl e to affect
sgnificantly the reorientation of the director in the surface layer; only
bulk molecules reorient and both (“0” and “off”) transitions are ruled
by asimpl e Fréederiksz transition model with strong anchoring, accord-
ing to the equations (3.3) and (3.4). Putting inthe last equation the data
obtained from our fit, we obtain for the elastic relaxation time of thetwo
samplesthe values 110 8 201s and 68 8§ 71s respectively, which could
be considered as limiting values in the case of a perfect interface and
infinite anchoring energy. Latter values are obvioudy smaller than the
smallest measured rel axation times.

For long and/or strong pul ses, also the molecules in the interfacial
region are partially reoriented. These mol ecules are aff ected by ahigher
surface viscosity and need more time to resume the initial orientation
than the bulk ones. At theremoval of the electric field, the molecul ar
director in the bulk undergoes a first quick reorientation towards the
intermedi ate orientational state held by the director at the surface; then,
with as ower time constant, thedirector at the surfacewill rel ax towards
the unperturbed state and the bulk director will follow it adiabatically.
The final result is that the overall relaxation time is a mix of the bulk
and surface time constants, which depends on the intermediate state of
reorientation reached by the director at the surface under the effect of
the electric field.

This hypothesis can also account for the quite complex shape of the
relaxation optical signal. Assaid before, experimental curves cannot be
described by a single exponentia function [15]. A good fit is obtained
only by using a double exponential or some kind of sigmoid curve (FHg-
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ure 3.16): al these functions have acommon general shape, with afast

growing part, followed by avery dow saturationtail. WWe guess this can
be connected to the different bulk and surface viscosity val ues.
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Figure 3.16. Diffracted beam optical signal (circles) during the off-ontransition; lines
show different fitting curves.

Finally, from an application point of view, we underline that, by
choosing short driving pulses and a proper voltage, it is possible to get
simultaneously both response times in the range 50 ¥ 1501s. Further-
more, as mentioned above, the large value of the bulk viscosity found
in the L C stripes determi nes the limiting values for achievabl e response
times: optimisation of the fabri cation processwill have apostive effects
also in lowering the viscosity, hence on the switching dynamics.

3.4 Summarizing

We performed an electro-optical characterization of the first pro-
duced POLICRYPS samples using red light and NIR light i n the tel ecom
C-band. We wanted to make a comparison among POLICRY PS perfor-
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mances at the two wavelengths, in particular observing how and how
much performances were degrading at NIR wavelength. Obtained re-
sultsare not only interesting but al so very useful because they provethat
this new LC-polymer composite can be conveniently exploited for pho-
tonic applications in the telecom field, once they have been optimised
for use at telecom wavelengths. Our results together with a careful the-
oretical analysis, now in progress with M ontemezzani theory, can give
the needed feedback to the POLICRY PS producer for its optimisation in
view of the wanted applications.

POLICRY PS grating with diffraction efficiency over 90%, good an-
gular selectivity, and time response in the microsecond range, can be
very soon obtained in the C-band, still maintaining avery good optical
transparency with almost negligible scattering | osses.

We showed how both switching off and switching ontimes strongly
depend on amplitude and duration of the applied electric pulses. This
was not expected for the €l astic off-on transition and has been explained
by assuming an essential role of the interfacia region between the LC
and the polymer stripes, without a well-defined and sharp border, ex-
hibiting a surface viscosity higher than the L C bulk one.

Though both riseand fall response times can change in a wide range,
it was already possible for those first batch and not-opti mised samples,
to get values in therange 50¥1501s, by meansof a proper choice of the
driving pulse shape. These results are very attractive for many possible
applications of akey component, likeafast switchable Bragg grating, in
telecom devices. Moreover, they can bethe starting point for fundamen-
tal studies on bulk and surface elastic interactions in liquid crystalline
composi te materials.



Chapter 4

Photonics of Periodic Structures

Toreali zethe continuously increasing performance demandsfor com-
munication systems, like Wavelength Divison Multiplexing (WDM),
more and more stringent requirements are imposed on laser, like a nar-
row linewidth, low threshold, high speed and a dynamic single-mode
(DSM) operation. Several laser structures have been designedtoachieve
single mode operation and between them the most promising seems to
be Didtri buted Feedback (DFB) laser operation.

In genera, the resonator structure of a laser provides the feedback
necessary for the build-up of oscillations. 1f the medium shows a spatia
variation of therefractiveindex, thisfeedback mechanism canbe distrib-
uted inside the medium: the feedback is provided by backward Bragg
scattering, and moreover the grating-like nature of the device provides
a filter mechanism which restricts the oscillation to a narrow spectral
range.

In the early 1970s work on distributed feedback |aser began. This
work was part of the research toward Dinamic Single Mode semicon-
ductor lasers. Considered approachesinclude Cleaved Coupled Cavity
lasers, external mirror or external cavity lasers, short cavity lasers, in-
jection locking through light injection, DFB lasers[27] and Distributed
Bragg Reflector (DBR) lasers. Among those alternatives, DFB lasers
have prevailed asthe monst cost-effective approach. At the present, dis-
tributed feedback laser diodes are the preferred optical transmitters in
most advances optical communication systems, because of their single-



mode stability and their possible low-noise operation. However, early
fabricated devices often became unstable at rather low power levels.

For several reasons liquid crystals seem to be useful material to re-
alisethe distri buted feedback lasing: they are self-assembling, no exter-
nal forceisneeded to organizethe systeminaperiodic structure; they are
easy to integrate in fiber asfiber sensor; their optical properties can be
changed with the temperature and external fields, |eading to atunability
of thelasing; and nevertheless they are cheap. Because of their birefrin-
gence and periodi ¢ structure, cholesteric liquid crystals (CLC) generete
adistributed feedback. Due to this distributed feedback, low threshold
mirrorless lasing has been observed in dye doped and pure chol esteric
liquid crystals.

I nthis chapter the photonicsof periodic structuresisdiscussed, with
aspecia regard to cholesteric liquid crystals.

4.1 Photonic Bandgap M aterials

Because of the periodic arrangement of its atoms and molecules, a
crystal presents a periodic potential to an el ectron propagating through
it. The lattice might introduce band gaps into the energy structure of the
crystal, so that electronsare forbidden to propagate with certai n energies
in certain directions. In analogy a photoni c bandgap (PBG) may appear
inthe spectrum of propagati ng electromagnetic modes in periodic struc-
tures [28][29], in which the periodic “ potential” is due to a lattice of
macroscopic dielectric media instead of atoms. A photonic device a -
ready in common use is the “ quarter wave-stack”: a mirror composed
of alternating layersof different diel ectric materias. Light of the proper
wavel ength isscattered at thelayer interfaces, and if the spacing isright,
the multi ply-scattered waves all interfere destructively insde the mate-
rial, and the light is compl etly ref lected.

We will see, in the next section, that withinthe bandgap, the waveis
evanescent and decays exponentially, so that the density of states (DOS)



within the gap vanishes in large structures. Since the rate of sponta-
neous emission isproportional to the DOS, spontaneous emission i Ssup-
pressed within the gap.
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Figure4.1. Simple examples of one-, two, and three-dimensional photonic crystals.
The different coloursrepresent material swith different dielectric constants.

L et usconsi der the most simpl ephotonic crystal (PC), aone-dimensional
system consisting of aternating layers of material with dielectric con-
stants, ", and "', and layer thicknessesa and b (Figure 4.1). The refrac-
tiveindices are

Ny = pﬂ, andn, = pﬁ
The traditional approach to those systems is to study the multiple re-
flections that take place at each interface for a plane wave propagating
through the material. By theway, wewill use adifferent approach which
iseas ly exportable to the liquid crystal systems.

We assume the materia is both dispersionless and losdess, it is peri-
odic in the z direction, and homogeneousin the transverse x j y plane.
Weindex al the wavefunctions along this plane by k;, and k, the wave
vector in thez direction. Inthelayering direction, because of the peri-
odicity, wavefunctions are Bloch waves and stop bands exist. To Sm-
plify we consider a light propagating normal to the plane, k, = 0. The
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time-independent Maxwell’s equation isin the scalar form,

12" (2) d? _
2 A(2) +@A (2)=0

where " (z) isafunctionwith periodd = a +b. The wavefunction A (z)
represents the electric or magnetic field and has the Bloch form

A(z) = e uy (2)

where K isthe Bloch wavevector and u is aperiodic function of period
d. Thedispersion relation, ! (k), is determined by the equation

1 k2+k2” . :
cos Kd = cos (kaa) cos (kpb) i > KKk sin (kaa) sin (kyb) (4.1)
alkb

(for further calculations see [29]) where
_ Nny! _ np!
ky = T, and k, = T
We can identify two conditions. If the right member of equation (4.1)
has an absolute value less than or equal to the unity, the value of K is
real, so propagating modes are allowed. Band-edge state occur when
Kd = m¥% sothat cos (Kd) = 81. Attheband edges thewavefunctions
are standing waves. | nside the bandgap, equation (4.1) yiel ds acomplex
wavevector K corresponding to a decaying wave. The density of states
(DOY) diverges asthe band edgei s approached asan inverse square root
and vanishesinside the bandgap. The standing waves at the lower and
upper edges have the same value of K but are mutually orthogonal .
We will see in the next section, directly applied to the cholesteric
liquid crystals, that the density of statesis

dk
DOS _ 7

which is the reciprocal of the group velocity. The DOS has its largest
value at modes closest to the edges of the band, where the line is the
narrowest and the dwell time isthe greatest. This ref lects the accumu-



lation of energy inside the sample. Thus, the band-edge resonance is
favourabl e for lasing.

4.2 Cholegeric Liquid Crystal

Assaid in thefirst chapter, chiral liquid crystal are built up of chira
molecul es, or aremixtureswhere at least oneof the componentsischiral.
In chiral nematics, usualy called cholesterics, there is a tendency of
forming a helicoidal structure superimposed on the nematic order.
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Figure4.2. Definition of the pitch p in acholesteric liquid crystal.

When mol ecules become distorted in a helical structurel, the optical
axisisnot along(likein nematics) but perpendicular to thelocal director.
The distance aong the helix axis corresponding to a 360* rotation of
the director is denoted as the pitch p of the materia. It is needed to
distinguish between right and | eft handed materials from the sense of
director rotation around the helix axis. Figure 4.2 shows the molecul ar
ordering in the chol esteric phase. Sinceb = b, the true period of the
cholesteric phase correspond to p=2, i.e. a180* rotation of the director.
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If the director field describes aright-handed screw along the z-axis, ina
right handed coordinate frame the director components may be written
has

2y
= Cc0S—zZ

p

. 2%

= sin—z

p
S

By definition, pispostivefor right handed and negativefor | eft handed
materials. The quantity
q= 2
p

is called the helical vector.

4.2.1 Light Propagation in Cholesteric Liquid Crystals

By smple consderations on cholesteric liquid crystals it is possible
to demonstrate that they act like a photonic crystal.
Maxwel I’s equations provide the basi ¢ relationships that must be satis-
fied by the optical field,

B

reEe= i_@@t
_0b
r£H ot

and letting B = *,H and D = ""E gives

" @ZE
r’E j r(rtgE)=—==—
i (riE) = op

- (42)
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We now introduce the periodic modulation of the molecular director
along the z direction:

b =Rkcosqz + Psinqz
R = j&singz +bcosqz

In the (b; R) reference system of the molecular director the dielectric
tenson is diagonal,

If we assume that the fidldis
E =E(z)e'(*tik) (4.3)

where E (z) isinthex j y plane, we have that r ¢ E = 0, thuswe can
smplify the Maxwell equation (4.2) eliminating the X j y dependence,

@E 12,
i rE (4.4)
Replacing equation (4.3) into (4.4), after few calcul ations we get
!2
E"(2) i 2ikE'(2) i k°E (2) = i?"rE(z) (4.5)

Labeling E, the E (z) projection on b, and E-» among R,
E (2) = Eqb + E-R (4.6)

introducing it into equation (4.5), we resolve the equations separately
onthetwo directions?®;
M ’2 Ll

iqz+§"q i K E = i2ikgE> (4.7)

1070 realize this passage consider that B = q&, &® = j b, B® = j q2b, A" = j 2A.

101



M ,2 1l

ig°+ ?9 i k¥ E» = 2ikqE, (4.8)
Now we replace

_ 2

p

1
K= 2Yin

-0
L2
C 0

where p is the cholesteric pitch, o is the wavelength of light in free
space and n isthe effective refractive index™. If we also let

0

®==
p
equations (4.7) and (4.8) become
i ¢ :
®” § "y +n? E,= 2inGE- (4.9)
i 5. o0 o
® j ">+ n° E» = j2inBE, (4.10)

Extracting E, from equation (4.9) and replacing it into equation (4.10),
after some al gebra we obtai n the equation

i ¢
N § 207+ 4" P+ @ % | M@+ "o =0

'@ M
NP=02+"8 ++4@2 (4.11)
where L
— ("g+"2)
2

is the average didl ectric constant, and

o= Ui ™)
- 2

11 = _4=nisthewavelengthinthe b, A space.
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isthe dielectric anisotropy. We call the two solutions of equation (4.11)
2 2 P
nNe =@ +7+ 1 +4"®?
p—
n2 :®2+"i +2 + 47@2

If ® ¥4 0, we have

nN2=@®+"§ t+2—
M 2,,‘ﬂ
nz =",+® 1+—
+
M T
"
n2=">+0" 1j—
+

If ® goesto zero, the two refractive indices are

Substituting in equations (4.9) and (4.10), we see that the eigenmodes
are two plane polarized waves, one paralel to the director b and the
other to A. With the superscript (+) we indicate forward propagating
modes, and with ( j ) backward ones.

If ® ¢ 0, that isthe cholesteric pitch islong compared to the wave-
length, the eigenmodes are given by

SRR | P
1 +1 E; - IEq E>
TR | Por-

1j- Ei- iiEqEqi

+
or

E
P = i~E3 (4.12)
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Pres - i%Eqi 4.13)

That is, the two eilgen modes are two ellipticaly polarized waves. If we
take EZ from equation (4.12) and we place it in equation (4.6) we find

T

® 5
E* =E; bcos(t j kz) +——Rsin(1t j kz)
whichisawave propagating through the +z direction, | eft-circularly po-
larized (with positive helicity), opposite to the handedness of the cholesteric,
which isright-handed. Likewise,
®pT 5

" ?bsin(!t i kz)+ﬁcos(!t i kz)

Ei =Ei

which is aright-circularly polarized (with negative hdlicity), with the
same handedness of the cholesteric, propagating through the j z direc-
tion. In thisway we have expanded thefield in a set of forward (E™)
and backward (E ') propagating modes.

To understand why cholesteric liquid crystals can be considered as
unidimensional photonic crystal we haveto focalize on their behaviour
in the vicinity of the region where n? becomes negative. In fact, imagi-
nary n means that there is no propagation, hence one can expect strong
reflection of one mode here. The end points of thisref lection band are
given by the condition,

2 2 2
n; =@ +7j £ +4"@ =0

which is realized when ® = p“a and ® = p@; remembering that
® = _ =p, thereflection occur when

ppc <.0< ppﬁ

or
PNo < 0 <PNe
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By the exi stence of this ref lection band (see Figure 4.3) we can consi der
cholesteric liquid crystals like photonic crystals.
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Figure 4.3. n? versus wavelength f or the two eigenmodes, for acholestericliquid arys-
tal: p = 350nm, ne = 1:7464 and n, = 1:5211.

Band-edge M odes

We will show that at the band edges one of the two modes in not
propagated anymore:

2 if® = p@, then n; = 0. Equation (4.10) is automatically
satisfied, equation (4.9) givesE = 0. Sincek = 2¥n=_, = 0, the
solutionis

Ei =Eife!"t (4.14)

Thefieldisaways parald to R and osci llating intime: itisanon-
propagating mode, since we have lost the dependence from z.
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From equation (4.11) wefoundn? = 2(" + ®%) ) n, = "+ 3"-.
Introducing this into equation (4.9)

r+
? +

llq + 3"? q

and the solution is
- r

Il?
llq + 3"?

E*=E;, bcos(1tj kz)+2 Rsin (1t i kz)
which is again left-circularly polarized (whit positive helicity),
opposite to the handedness of the chol esteric.

2 if® = P thenn, = 0. Equation (4.9) is automati cally satisfied,
equation (4.10) givesEL = 0. Sincek = 2%n=_, = 0, the solution
is

i — Fipel!t
E' = E/be' (4.15)

Thefield is everywhere parallel to b and oscillating in time: itisa
non-propagati ng mode.

Once again from equation (4.11) we found N2 = 2("+®%) D
n, = 3", +"». Introducing this into equation (4.9)

r L1
ES = j2i ?_EZ
g — 1 3+ 7
and the solution is
- r - R
E*Y=E} j2 —2—bsin(Itjkz)+RAcos(1t j kz)
: 3 q+ >

which is again left-circularly polarized (whit positive helicity),
opposite to the handedness of the chol esteric.

It isinteresting to see what happens when the pitch gets much shorter
than the wavel ength of light, p ¢ o, thatis® A 1. From equation

411),if®@A™ .
( ), i 2.3p:. )
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Let us start from the root
n|= T+®
From equation (4.9) we get
E, " iE~
sothefield is

h i
E*=E- ibsin(1tj kz)+Rcos(1t j kz)

whichisleft-circularly polari zed, oppositeto the handedness of the cholesteric,

with wavevector

21/4p-'_'I 2Y:®
+

ki = :kA+q

Now, substituting k, b and A we get the solution

E*=E, fiPlcosqzsin(1tj qz j kaz) +singzcos(1t j qz i kaz)]
+|j)[cosqz cos('t j gz i kaz) i singzsin('t j gz i kaz)lg
n o
D> E"=E> jilfsin(1t j kaz) +Pcos (1t j kaz) (4.16)

Thisis circularly polarized light, propagating with speed c:p;, inde-
pendent from the chol esteric pitch.
Smilarly, for the root

from equation (4.10) we get
E- " iE,
andthefield is

h i
Ei =E, bsin(1tj kz) i Rcos(1t j kz)
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which isleft-circularly polarized. Sincen; <0,k <0,
3 2= @
' -0 ' -0

k

=Kka i

Now, substituting k, b and A we get the solution

Ei =E, filPlcosqzcos(1t+qz j kaz) +singzsin (1t+ gz j kaz)]
+P[singz cos (1t +qz j kaz) i cosqzsin (1t+ gz j kaz)lg

n o
D Ei =E; Rcos(1t j kaz) i Psin (1t j kaz) (4.17)

The normal modesin equations (4.16) and (4.17)|da_re left and right cir-
cularly polarized waves, travelling with speed c=" ™, independent from
the cholesteric pitch. That may be combined to give plane polarized
light. Thus, for ® A 1 thelight essentialy sees an isotropic medium,
with diel ectric constant ™.

Density Of Sates (DOS)

If we have a finite sample with lenght L, we need to have'?

1
kL =220 = Nov
50
or
o)) -
50

where N isaninteger. Wecall ¢ _, thewavelength change needed to get
the next allowed mode:

12]n order to have allowed modes satisfying boundary conditions
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We define the density of states D! (DOS) as the number of states in a
wave ength interval,
1
D' = L = @ p.n(bO)L
C.o @.0 .o

where DU _, is the number of statesin the wavelength interval d_g. If
we excite light uniformly at al wavel engths, the density of statestell us
how probableit isto have light (lasing) at a particular wavelength. Itis
more conventional to define the density ,of states so that the number of
statesis Dd®, then, sinced® = j '¢=_.2 d_, we have

2 2 S il
@ "n(.o)
D= j=2D'= j 22— 220
"¢ IC@,o .0
D 2'1@n 1°
— =20 =1 Lo
L C .o00.o X
and
De_ o 6n
C .0,

If we consider the non-propagating mode
2 2 P
N“=@ +"j = +4"®?
The derivative, @n=0 _ o, is

" #
n _, O6n _1 . 1
00 _an@® = 0 20§ - P——— )

2n

(1] #
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@n ®?2 ) "
D .0g = —— liPo
50 ®2 4+ i iZ +4'rr®2 4+ 4 ®2
and
q @ 1jPp=—_t—
p—— e

L R—
®2+“i 15+ 47®?2

The essential feature is the fact that for one of the modes at the band
edges n goes to zero, and therefore @n=@ , o, and hence the density of
states diverges. K

Fnally we note that, sinced® = i o= d .0

H

50 "n(, Hac 0k
D=1 ?O@_ EOO) @° EOO)L @° 21/4k(0)L L@'
that isthe density of statesisinversely proportional to the group velocity
o!
Vg = oK

At the band edge, the phase velocity

1
k
isinfinite, while the group velocity is zero.

Non Propagating M odes

We will now show why in the reflection band, light with the same
handedness as the cholesteric is reflected while light of the opposite
handednessi s transmitted. Let’s consider right circularly polarized light
travelling in the +2z direction:

h N ol
=E, Pcos 1tjkz+A,, jPsin Itjkz+A,,
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Figure 4.4. Density of states versus wavelength for the propagating mode (E*) and
non-propagating mode (E i).

Onecanimaginetheel ectric field vector tracing out aright handed helix,
which is rotating clockwise when looking towards the source of light.
Then consider thefield
h i ¢ i gl
E%, =Eo Pcos 1t +kz + A, +lpsin 1t +kz +A,,

that isright circularly polarized light travelling in the j z direction.
If both modes are present, after some al gebra, we have

h i M A+ A 1.
EL, +E", =2E, Pcos(kz) +Psin(kz) cos It+ +z_2|_z
which isin the form of the non-propagating modes of equations (4.14)
and (4.15). Hence, we can think of the non-propagati ng modes as super-
positions of forward (+z) and backward (j z) propagating modes with
the same handedness of the cholesteric.
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Therefore in the reflection band, light with the same handedness
asthe cholesteric is ref lected while light of the opposite handedness is
transmitted.

Handedness and Helicity

The concepts of handedness and helicity might be confused: hand-
ednessis associated with space alone, while helicity is space and time.
In fact helicity is associated with the sign of angular momentum pro-
jected onto the propagati on direction. Consider avector field given by
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Figure4.5. (a) Right handed palarization (b) Negaive helicity.

B =Wcos (1t j kz) i Psin (1t § kz)

At afixedtime(say t = 0), asfunction of positionz, B tracesout ari ght
handed helix, similar to a right handed screw. Thisisright polarized
light. If you are looking so that light is coming towardsyou, the helix is
rotating countclockwise as the spatial coordinates z increases.

At afixed position (say z = 0), as function of timet, B traces out a left
handed helix, similar to aleft handed screw. This light has negative he-
licity (or left handed helicity). If you arelooking so that light is coming
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towards you, the helix isrotating clockwise as thetemporal coordinates
tincreases.

2 Right circularly pdarized light has negative (left handed) helicity.
2 | eft circularly polarized light has positive (right handed) helicity.

4.2.2 Unwinding of the Cholesteric Helix

The cholesteric pitch can be controlled by temperature or by means
of external fields.

The dependence on the temperature strongly changes among differ-
ent substances; generaly the pitch decreases with increasing tempera-
ture, and this causes the medium to twist harder. Hence, by a tempera-
ture variation one can drive the pitch to an expected val ue of the pitch,
and consequently of the reflection band.

It looksclear that cholesteri c and nemati carenot two different phases,
they are thermodynamical ly the same phase, so there cannot be a phase
transition between them. However, a particular interesting feature of
cholesteric liquid crysta s is the unwinding of the helical structure by
means of an external magnetic or electric field, phenomenon known as
cholesteric to nematic phase trangtion. If the external forceisan elec-
tric field, there will be atorque on the director due to the coupling be-
tween the field and the dielectric anisotropy ¢ of the medium. Let's
consider the case of a cholesteric helix perpedicular to the confining
glass plates, and an electric field E parallel tothehelix axis. In the case
of positive ani sotropy the director wantsto align along thefield, increas-
ing E the pitch p increases and the helical structureunwindstill acertain
value E,, above which the helix iscompletely unwound and the liquid
crysta (even if it is made of chiral molecules) is a nematic. Because
of the unwinding continuoudly changes the effective birefringence, the
reflection band can be tuned by use of an external electric field.
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Chapter 5

MirrorlessLasing

Multi wavelenght sources, for WDM and DWDM systems, should
meet basi ¢ requirements such as a precise alignment with standardi sed
wavel engths, a tuneable and selectable bandwidth and a sophisti cated
wave ength tuning setting according to application. Severa kind of so-
lutions are now under investigation [1], like wide-tunable semi conduc-
tor laser or multiwavel ength arrays of common semiconductor |aser or
distributed feedback |asers.

Cholesteric Liquid crystals are one of the elect materia to realise
Distributed Feedback L aser: they are self-assembling, no external force
is needed to organi ze the system in a periodic structure; they are easy to
integrate in fiber as fiber sensor; their optical properties can be changed
with the temperature and external fields, both magnetic and el ectric,
leading to atunability of the lasing; and nevertheless they are cheap.

I'n the previous chapter, properties of CLC connected to their bire-
fringence and periodic structure have been shown. It has been expained
how they can generate a distributed feedback. Due to this distributed
feedback, low threshol d mirrorl esslasi ng has been observedindye doped
and pure cholesteric liquid crystals.

In order to optimize the lasing conditions for atel ecom application,
we have studied the dependence of the lasing threshold on dye concen-
tration and samplethickness, and we have carried out the possible phys-
ical process responsible for the observed behaviour.
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Inthis chapter a brief survay isgiven on how to interpretate the phe-
nomenon of mirrorlesslasing in period structures by means of the cou-
pled wave theory, and the special application to dye doped chol esteric
liquid crystalsis explored in details.

5.1 TheCoupled WaveTheory of Distributed Feed-
back Laser

The coupled wave theory developed by Kogelnik [8] can be used to
analyse the lasing action in a periodic structure [34].

In genera, the resonator structure of a laser provides the feedback
necessary for the build-up of oscillations. If the medium shows a spa-
tial variation of the refractive index, this feedback mechanism can be
distributed inside the medium: the feedback is provided by backward
Bragg scattering, and moreover the grating-like nature of the device
provides a filter mechanism which restricts the oscillation to a narrow
spectral range. In Figure 5.1a, a diagram shows two waves, represented
by arrows, one which travels to the left and the other to the right. At
each wavetravelsin the periodic structure, it receiveslight at each point
along its path by Bragg scattering from the oppositely traveling wave.
This createsa feedback mechanism which is distributed throughout the
length of the periodic structure: with sufficient feedback, there will be
condition for oscill ation.

The model proposed by Kogelnik and Shank in 1972 [34] is that of
aself-oscillating device there are no incoming waves, and the internal
waves start with zero amplitudes at the device boundaries (see Fgure

5.1b). The boundary conditions for the wave amplitudes are then

B il Moy il
R iEL =S iEL =0 (5.1)
where L isthe length of the device.The coupled wave equations (2.11),

derived in chapter two, describe wave propagation in the Distributed
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Figureb5.1. Laser Oscillationin a periodic structure: (a) the feedback mechanism; (b)
plot of the amplitudes of left traveling wave S and right traveling wave R versus dis-

tance.

Feedback structure. These equations, together with the boundary con-
ditions (5.1), specify the electromagnetic field in the DFB laser. The
corresponding solutions yields oscill ation states, namely the modes of
the periodic structure. The general solutionsto the coupl ed wave theory

arein the form

R(2)
S(2)

rie’? +ryei’?

sie2 +s,ei’?
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wi th the compl ex propagati on constant © obeying thedi spersion rel ation
02 _ _2_|_ i®2 i |3¢
Because of the symmetry of the device

rn = 8s
r, = 8s;

The boundary conditions provide afurther set of relations between the
coefficients, namely,

Using theseresults Kogel nik and Shank described the longitudinal field
distribution of the modes of a DFB structure in the form
M 1 11
R = sinh° z+ > L
H 11

S 8sinh° zi—;L

S0, thereis aset of modes which correspond to a discrete set of eigen-
values °:

5.2 MirrorlessLasingin CLC

Due to chirality, the direction of the average molecular orientation
varies linearly with the position, giving rise to a helicoida structure.
As a consequence of the periodicity of the helical cholesteric structure
and the birefringence of the liquid crystal, for arange of wavel engths,
the propagation a ong the helix axisisforbidden for one of the normal
modes. Hence, incident light with a wavelength in this band and with
the same helicity as the cholesteric is strongly reflected (Figure 5.2).
Adding afluorescent dye (Figure 5.3a), with emission in the ref lection
band, and pumping the mixture we see that thef luorescenceis inhibited

118



= =
e o
l !

ctance
e B 4
an
!

o
o
|

Refle:

)

o
.l

A

J UL

i

T AT

Q
o]

Figure5.2. Reflection Band for a Cholesteric Liquid Crystal.

insidethe reflection band, but it is enhanced at the band edges and mir-
rorless lasing can occur (Figure 5.3b) with low threshold [35][36]. In
this systems cholestericliquid crystals act asa distributed cavity and the
dye as active materia . We can talk about a Cholesteric Liquid Crystals
DFB laser.

Thepossibility of lasingin CLC wasfirst proposed by Goldberg and
Schnur [37] and 11’ chishin [35] in the first years of the ' 70. After few
months from their publications K ogelnik and Shank [34] explained the
CLC lasing by means of the DFB theory. After a decade a second in-
terpretation, based on the photonic band-gap description was given: in
1987 Yablonovitch and John proposed that in certain dielectric structures
with sufficiently large index contrast a PBG may exist in the spectrum
of the el ectromagneti c propagating waves [28].

Nowadays mirrorless lasing has been observed and demonstrated in
one dimensional dye-doped CLC [36][39][38], in pure CLC [40][41],
chiral ferroelectric smectic materias[42], polymeric CLCs[43], and in
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Figure5.3. (a) Spontaneous emission: supression inthe reflection band and enhance-
ment at band edge; (b) Stimulaed emission, Distributed Feedback low threshold las-
ing.

Cholesteric Liquid Single Crystal Elastomers [39]. In 2002 mirrorless
lasing was al so demonstrated in the three dimensional chol esteric blue-
phase Il [44].

5.3 Materials and Setup

The liquid crystal used in this study was a mixture consisting of
78wt% chol esteric BLO61 and 22wt% nematic E7 (EM Industries). The
mixture was doped with the laser dye DCM (4-(dicyanomethylene)-
2-methyl-6-(4-di methyl -amino-styryl)-4-H-pyran), see Figure 5.4, with
concentration in the range of 0:1wt% to 3:0wt%.

A glass cdll, with windows treated to produce homogeneous alignment,
wasfilled with thismixture. On cooling dowly fromtheisotropic phase,
the sample showed a defect-free planar texture. The materia has a
right-handed helical structure, with a reflection band between 545nm
to 608nm that overlaps the maximum of the f luorescence spectrum of
dye. For the study of the dependence of lasing threshold on dye con-
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centration, the thickness of the CLC samplein the cell was231m. For
the study of the dependence of lasing threshold on sample thickness,
a wedge-shaped cell, with thickness ranging from 5tm to 501m, was
used. The dye concentration for the wedge cell was 0:5wt%. The cells
were pumped either by a Q-switched Nd-YAG laser delivering 7:5ns
pulses, or amode-locked Nd- YA G laser delivering 40ps pul ses, at 532nm.
Two polarizers and a half wave plate were placed along the pumping
beam to control the pulse energy. Part of the pumping beam was col-
lected on an oscilloscope to measure its energy, the rest was focused on
the sample usng af = 20cm, 2:5cm diameter lens,; the beam diam-
eter on the sample was 252m. Laser emission was characterized with
a TRIAX550 (Jobin-Yvon Spex) spectrometer and recorded with an i-
Soectrum intensified CCD detector. The defined spectral region was
scanned ten times during a single measure, and the signal was subse-
quently averaged. The spectra resolution of the system was 0:03nm.
Measurement were all made at room temperature.
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5.4 Threshold Measurements

In our well-aligned dye-doped CLC samples, the lasing peak with
the lowest lasing threshold is at the low energy edge of the reflection
band. WWe measured the intensity of thislasing peak when it was stabl g;
measurements were averaged over 10 pulses. Figure 5.6 shows typical
behaviour of laser intensity as function of pump energy. The intensity
was measured at thelaser peak at 608:6nm. The lasing threshold, deter-
mined from the intersection of the two straight line fits to the intensity
below and above threshold, is64:0nJ for this sample, as shown.

5.4.1 Threshold Dependence on Dye Concentr ation

The threshol d dependence on dye concentration is shown in FHgure
5.8. The threshold exhibitssimilar behaviour with both nanosecond and
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picosecond pump. At both the low (0:1wt%) and high (3:0wt%) ends
of the concentration range, threshol ds are significantly higher.

Inorder tolase, themedium hasto providegain greater than the gain
threshold to overcome loss. Since nominally the gain is proportional
to dye concentration, there can be no lasing if the dye concentration is
below the concentration corresponding to the gain threshold. The las-
ing threshold therefore diverges asthis critical dye concentration is ap-
proached from above.
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Figur e 5.8. Dependenceof lasing threshold on dye concentration with nanosecond and
picosecond pump pulses. The dotted linesare linear fitsin the concentration region of
0:25wt% to 2:5wt%.

At high dye concentration the liquid crystal mixture becomes satu-
rated with the dissolved dye. Above acertain concentration, dye crys-
tals, coexisting with the liquid, can exist in the medium. At 3:2wt%
concentration, dye crystals can be clearly seen in the mixture under a
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microscope in the form of grains. The scattering and absorption of both
pump beam and lasing beam by these dye crystals are likely the cause
of the observed strong increase of the lasing threshold at high dye con-
centrations.

I ntheintermedi ate dye concentration region, between 0:25wt% and
2:5wt%, the lasing threshold increases linearly with dye concentration.
Thisincrease is likely due to quenching of the f luorescence by the dye.
The dye concentration in conventional dye lasersusing DCM as active
medium is typically of the order of 10i4[M] while in our samples, the
DCM concentration is of the order of 101?[M]. At these relatively high
concentrations, bimolecular process involving dye molecules, such as
excimer formation, are likely important, resulting in quenched fluores-
cence as shown in Figure 5.9.

The fluorescence spectra were measured for samples with different
dye concentrations. With the same experimental conditions (pump en-
ergy, pump position, spectrometer parameters), the fluorescence inten-
gty at 608:5nm is quenched, by a factor 2:6, when the dye concentra-
tion is increased from 0:5wt% to 2:5wt%. Correspondingly, the las-
ing threshold isincreased, by afactor of 1:6. This quenching of the
fluorescence, together with the shifting of the emission peak to longer
wavel engths (Figure (3.2)) is characteristic of excimer formation. DCM
molecul esare polar, dueto the electron-acceptor (-CN) and the electron-
donor (-N) groups attached to the conjugated molecular skeleton. The
molecular dipole moment is6:1D. The excited state of DCM is even
more polar, with a dipole moment of 26:3D [31]. An excited DCM
molecul e and a ground state DCM molecule can form an excimer due
to charge transfer interaction (Figure 5.10). The excimer can decay by
returning to an excited DCM and a ground state DCM, or by emission
of aphoton or by dissociation. Inthe latter two cases, the excited popu-
lation of DCM madl ecules is quenched. Using a picosecond pump and a
streak camera, we measured thef luorescence decay at 608nm as shown
in FHgure 5.11. For dye concentration of 0:5wt%, the decay curve was
fit well by a single exponential, with alifetime of 1:25ns. Thisisthe
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Figure5.9. Fluorescence quenching: fluorescent emission for different dye concen-
trations. The pump pulsewidth is7.5ns.

typical lifetime of an excited DCM molecule. For dye concentration of
2:5wt%, the decay is double exponential, with lifetimes of 1:20ns and
0:32ns. The much shorter-lived excited state species, with a lifetime
0:32ns, is the DCM excimer.

I ntheintermediate dyeconcentration region from 0:25wt%to2:5wt%,
the threshold energy increases from 4:13nJ to 4:72nJ for picosecond
pump, while it increases from 53nJ to 95nJ for the nanosecond pump.
The less pronounced dependence of lasing threshold on dye concentra-
tion for the picosecond pump is consistent with the picture of fluores-
cence quenching by excimer formation. Since the lifetime of excimer
is 320ps, the excimer can only form once after 40ps pump, while the
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Figure5.10. Excimer formation and decay. DCM*: excited DCM molecule,
[DCM-DCM]*: DCM excime. The dotted frame shows the process when dye con-
centration islow.

guenching process can likely repeat anumber of times duringthe7:5ns
pump pulse.

5.4.2 Threshold Dependence on Cdl Thickness

Thelasing threshold as function of sample thickness has been mea-
sured at the fixed dye concentration of 0:5wt%. The results are shown
in Figure 5.12. The threshold behaviours are the same for both nano-
and pi cosecond pump pulses: with increasing cell thickness, the thresh-
old decreases to reach a minimum, and then gradually increases. In ad-
dition, with increasing cell thickness, the lasing wavelength blue-shifts
several nanometers, towards the expected band edge for a semi-infinite
sample.

The observed behaviour suggests competition between processeswith
opposite thickness dependence. In order to understand this, we make
compari son with the threshold of atypical Fabry-Perot (F-P) cavity laser.
The threshold gain constant of a F-P cavity laser is[32]:

oF & _In(r?)
o =01 q
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Figure5.11. Fluorescence decay at 608nm with DCM concentrations of 0:5wt% and
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where® i sthe absor ption coefficient, r istherefl ecti on coefficient of the
mirrors and d is the cavity length. The gain must therefore compensate
for both absorptive and cavity losses to achieve lasing. The threshold

pump energy is[32]
ERIP = AP

where A isaconstant related to the pump properties. Itisstraightforward
to show that in a F-P cavity, the maximum value of the density of states
(DOY) is related to the ref lection coefficient by

1+7r?
1jr?

DOSM =
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and it foll ows that

1 § DOSy, 2
Inr? =In "
1+ DOSy 'DOCy

for large DOS),. In CLC, the salient optical properties of the system
are contained in the DOS. In analogy with the F-P laser, we write the
threshold gain constant of the CLC laser as

oCLC —_ —_
=®* Dos,, td

where ® is the absorption coefficient. Ve have cal culated the DOS for
cellswith different thicknessesshowninFigure5.13. Thehighest DOS
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Figure 5.13. Calculated DOSfor thetwo normal modes as afunction of cdl thickness.
The dotted lines are the reflection band edges of a semi-infinite sanple.

peak is close to the ref lection band edge and lasing occurs at this wave-
length. We have found that here DOSy = cd?, where ¢ is a fitting
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congtant. Thisresult issimilar to the one of Dowling [33], who analyti-
cally calculated the DOS as function of samplethicknessinadiel ectric
medium with alternating refractive indices. We then write for the pump
energy at lasing threshold:

EtChLC — BOQ%LCd _ 2 _

—0
=B ®+m d=1B ®+§ d

= (B@)d+ &

Thisdescri besthe dependence of |asing threshold on sample thicknessd.
FHtting experimental datato this expression a good agreement i s found,
as shown in Figure 5.12. The first term accounts for absorption |0ss,
while the second term accounts for the cavity loss. For a distributed
feedback laser without absorption losses, Kogelnik and Shank found
that the threshold gain constant © = ¢=d3, ¢’ is a constant related to
material and lasing wavelength, and d is the cavity length [34]. Thus the
dependence of threshold on cavity length agrees with our results.

5.5 A Cholesteric Liquid Crystal DFB L aser

It has been clearly demonstrated the possibility to have lasing with
periodi c structures, and moreover it has been demonstrated the easy util -
ity of CLC for this application. They are self-assembling, no external
force is needed to organize the system in a periodic structure; they are
easy to integrate in fiber as fiber sensor. Their optica properties can
be changed with thetemperature and external fields, acting on the pitch
of the cholesteric, leading to a tunability of the lasing. Nevertheless
cholesteric liquid crystal are cheap.

In order to optimize the lasing conditions for atel ecom application,
the dependence of the lasing threshol d on dye concentration and sample
thickness has been studied. The possible physical process responsible
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for the observed behaviour has been carried out in terms of molecul ar
dynamics inside the L C and density of States.

5.6 Perspectives

Both the devices presented in this thes sexpl oit the periodicity of the
soft material they are made of: inthe Active Bragg grating this periodic-
ity isrealized through a pol ymerization process, whilein the DFB laser
it is self-assembly. Both are easy to integrate in fibers because they are
reali zed with soft material. The performances of both can be driven by
atemperature change, or by an external el ectric force.

Often conclusions of a project, as this thesis, merge with perspec-
tives,and probably that is why scientific research excite passion in sci-
entists.

The next steps of the project will be aimed at realizing atunabledis-
tributed feedback laser inside a dye-doped acti veBragg grating working
at the NIR range. In this way, the exploited index modul ation will not
be the one of the cholesteric liquid crystal, but the grating one. In Fg-
ure 5.14 it is shown a possi bl e configuration of the device: the grating
will be written inside the core of afiber. This means that the strating
syrup will be constituted not only from the photoinitiator, the monomer
and the nematic liquid crystal, but a so fromthedye. The fiber corewill
befilled of this syrup and then illuminated with an interference pattern
of curing UV radiation. With areflection grating the index variation
will be paralld to the fiber axis. If the fluorescent dye spectrumisin
thereflecti on band, pumping the fiber the f luorescencewill be inhibited
insi de the ref lection band, and enhanced at the band edges. Mirrorless
lasing will occur.

| will make some discursive cons derations on the design of the de-
vice. If themolecules orient like in the studied POLICRYPS, that i s per-
pendicuar to the polymer discs, the incoming light will not see an index
mismatch. One sol ution can beto insert thefiber inasolenoid and to use
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Figureb5.14. An integrated distributed feedback laser realized with a dye doped
POLICRYPS grating working in reflection.

aliquid crystal with negative anisotropy: in thisway, the magnetic field
generated by the solenoid will orient the molecul es parall el to the discs,
and the incoming light will see the index modulation. The strength of
the field will also be responsible of the lasing tuning.

If the field isapplied, therefractive index modul ation will occur: the
higher and the lower index val uewill be ne and Npoiymer. The ref lection
band edges and the bandwidth will now depend on the liquid crysta
orientation and on the index mismatch between the liquid crystal and
the polymer:

- lower = 2pnpolymer
~upper — 2pne
¢, =2p(Ne i Npolymer) = 2pCN

where | ower 1Sthe lower band edge, , yper 1S the upper band edge, and
¢ is the bandwidth. If the lasing is asked to be in the C-band, , »
1550nm, the ref lection band upper edge should be | ypper > 1550nm.
If we supposene » 1:57, thenp » 500nm, whichis areasonable vaue.
Varying thefield, the effectiveindex seenfromthe signal changes, hence
the lasing wavelength can be tuned.

Nevertheless, the problem to realize a device with such featuresis
that it doesnot exi st an organic dyef luorescing in the Telecom bandsyet,
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from 1300 to 1600nm. The next challenge will be to overcome this ob-
stacle. The use of metall o-mesogens, with heavy metal atoms or metal -
lic complexes, will be explored for this purpose. Organic molecules
having large ¥ conjugated systems constitute the majority of the used
dyes. The presence of donor and acceptor groups or of ionic chargesin-
creases the absorbance and generally produces a great red shift of the
absorbance band. Compounds with very large % conjugated systems
may have absorbance maximum up to 1000 ¥ 1100nm. Moreovey, it's
well known that such compounds may show further large red shift upon
complexation with transition metal ions. Theideais to introduce in the
new POLICRY PS DFB L ASER des gn some compounds of thisclassin-
cluding transition metal ions that have the absorbance maximum in the
1100 ¥ 1300nm region, so that they show fluorescence, if present, at
higher wavelength range. To conduct this new line of research a strong
collaboration with chemistry groups is foreseen, in particular with the
group of Prof. A. Roviello at the Department of Chemistry of the Uni-
versity of NaplesFederico 11, aready cd laborating with usin the frame
of the Centre of Competences in New Technologies (POR-Campania).
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Chapter 6

Conclugons

The physics of two new el ectro-optical devices has been shown: an
active Bragg grating realized with a composite liquid crystal and poly-
mer material, and a distributed feedback |aser realized with chol esteric
liquid crystals.

Anelectro-optical characteri zationof thefirst produced POLICRY PS

sampl es has been performed, using red light and NIR light in the tele-
com C-band. Results are not only interesting but also very useful be-
cause they prove that this new LC-polymer composite can be conve-
niently exploited for photonic applications in the telecom field, once
they have been optimised for use at telecom wavelengths. POLICRY PS
grating with diffraction efficiency over 90%, good angular selectivity,
and time response i n the microsecond range, can be obtai ned very soon
in the C-band, still maintaining a very good optical transparency with
almost negligibl e scattering losses.
Bothswitching off and switching on times strongly depend onamplitude
and duration of the applied electric pulses. Thiswasnot expected for the
elastic off-on transition and has been explai ned by assuming an essenti al
role of the interfacial region between the LC and the polymer stripes,
without awell-defined and sharp border, exhibiting a surface viscosity
higher than the LC bulk one. This result can be the starting point for
fundamental studies on bulk and surface eastic interactions in liquid
crystalline composite material s.



Though both rise and fall response times can changein awide range, it
was already possible for those first batch and not-opti mised samples, to
get valuesin the range 50 ¥ 150%s, by means of a proper choice of the
driving pulse shape. These results are very attractive for many possible
applications of a key component, like a fast switchable Bragg grating,
in telecom devices.

It has been clearly demonstrated the possibility to have lasing with
periodi ¢ structures, and moreover it has been demonstrated the easy util -
ity of CLC for this application. They are self-assembling, no exter-
nal force is needed to organize the system in a periodic structure; they
are easy to integrate in fiber as fiber sensor. Their optical properties
can be changed with the temperature and externa fields, acting on the
pitch of the cholesteric, leading to atunability of the lasing. Neverthe-
less cholesteric liquid crystal are cheap. The dependence of the lasing
threshad on dye concentration and sampl e thickness has been studied.
The possible physical process responsible for the observed behaviour
has been carried out in terms of molecular dynamics inside the LC and
between dye molecules.

The coupled wave theory, devel oped by Kogelnik and his cowork-
ersin the 70's, has been introduced to explain the physics of both the
devices. Through thistheory it is possible to relate the diffraction ef-
ficiency of thick gratings with their design prameters, anal ogoudly, the
theory can be used to explain the distributed feedback dynamicsinside
the periodic structures.
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Appendix A - HPDLC

Polymer Dispersed Liquid Crystals (PDL Cs) are composites systems
in which droplets of liquid crystals are dispersed in a paymer matrix.
By applying an electric field, and by choosing appropriate optical con-
stantsof the materias, the PDL C can be switched from a scattering state
to anon-scattering state: this effect is dueto therefractive index match-
ing between the liquid crystal and the polymer when the field is ON,
and to themismatch of therefractiveindices in absenceof field. PDLCs
are formed from a homogenous mi xture of pre-polymer and liquid crys-
tal. Asthe polymeris cured, the miscibility gap between theL C and the
host i ncreases and the LC separates asadi stinct microdroplet phase. If a
photopolymer system is used, the photo polymerization can be optical ly
controlled and it ispossible to record holographic gratingsin the PDLC.
This gratings are called HPDLC. The result of the writing process is a
grating made by a periodic distribution of small LC droplets, randomly
oriented, embedded in a polymeric matrix, with a higher concentration
of the LC component in the dark fringes. The interference pattern usu-
ally generates also a periodic gradient of the droplet size distribution:
larger droplets are in general located in the dark fringes of the interfer-
ence pattern, whereas smaller ones are | ocated in the directly irradiated
areas. Due to the mismatch between polymer and L C refractive index,
the spatial modulation of the droplet density and sizeresultsin a small
modulation of the average refractive index.

H-PDLC gratings can be proposed as active elements for a num-
ber of telecom photonic devices based on the Bragg grating function-
ality. Of course, matching the requirements of optical communication
systems demands their optimization for working at the telecom wave-
lengths, typically in the NIR range: in this spectral region, gratings
should show high diffraction efficiency (DE), angular selectivity, low
losses, |ow driving voltages and fast switching times. In this appendix



a small introduction to PDLC and PDLC gratings is given in order to
understand the mai n differences with POLI CRY PS grati ngs.

A.1. PDLC

There are different methods used to realize PDLCs[9]. The most com-
mon is coll ed Polymeri zation Induced Phase Separation (P PS). It starts
from a homogeneus mixture of a low maecular weight liquid crysta
and a fluid prepolymer. The typical structure of liquid crystal droplets
dispersed in a polymer matrix is due to the phase separation, induced
during the polymerization process, between the LC and the polymer.
The polymerization process may happen in different ways, depending
onthe used materials. If the polymer is an epoxy resin, it needs acuring
materia to start polymerization, which is achieved through a conden-
sation reaction. Similarly, usng UV curabl e adhesi ves as prepolymers,
the polymerization can be induced by absorption of ultaviolet light. In
both instances, as the polymerization starts the liquid crystal solubil -
ity decreases and the separation between the two phases (the one of the
polymer and the one of the LC) starts. The first droplets appear. As the
polymerization goes on, the droplets grow incorporating an increasing
amount of L C, until the polymer congealment fixesthe dropletssizeand
shape insdethe matrix. The size and the density of the dropl ets depend
on the polymer viscosity, rate of diffusion and sol ubility of theLC in the
polymer, on the curing temperature, concentration of the curing mater-
ial and the stating mixture. Driving the rate of polymerization and the
temparature, one can controll the microscopic properties of PDLC, and
as a consequence i ts macrocopi ¢ properties.

The physical properties of a PDLC strictly depend on the droplets
properties, including the LC molecular director distribution insde the
droplet. This can be cal culated through a minimization of the free en-
ergy. By this precedure one founds that severa director configurations
are possible, depending on the boundary condition. For example, for
spherical droplets, in the one e astic constant approximation, and ne-

138



glecting the changesin the value of the order parameter induced by the
surface, one can found these two common sol uti ons:

2 in case of tangential anchoring, the director n tends to orient
tangential to the droplets meridians (see Figure 6.1a8), in a
configuration called bipolar ;

2 with normal anchoring, the director n orients parallel to the dropl et
radius (see Figure 6.1b), in aradial configuration.

Figure 6.1. Two paossible director configurations in adroplet (a) bipolar (b) radial.

In general it is possible to associate to each droplet a vector Ny,
called the droplet’s director, which describes the average orientation of
the molecular director inside the droplet’3. Similarly, the droplet’s or-
der parameter Sy describesthe average fluctuati ons of n with respect to
Ng. Usually the droplet shapeis not exactly spherical but like elliptic:
when no external forceis applied, the director Ny stays along the maj or
axis of the droplet. Theapplication of anelctric field changes the direc-
tor configuration in the droplets, reorienting Ny parallel to the field E

13Thisis not possible in theradial configuration, where the director ditributionis isotropic.
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(supposing a positive diel ectric ani sotropy); once that thefiel d has been
switched off, elastic forceswill reorient Ng again al ong the el lipse axis.

Toreorient LC dropl etsinside apolymer matrix higher el ectric fields
arerequired, higher thaninasimpleLCcédll. Infact, bei ng encapsul ated
in a polymer matrix, the effective field applied to the droplet is very
different fromthe external one. By smple cons deration on the classical
problem of anisol ated spherical droplet inauniform field, thelocal field
on the dropl et can be related to the external one

3
Ec= EP2 T oc
"p

where "' c and "p are respectevely the dielectric constant of the liquid
crystal inside the droplet and the polymer. At low frequency, ! ¥ 0,

3
Elc =Ep o z;_; (A1)
where the compl ex definition of the dielectric permittivity "' = "0 +i%=1

has been taken into account. Since the conductivity of the LC is gener-
ally much morebigger than the polymer, % A %, from equation (A.1)
it results that the local field on the droplet is weaker than the externa
one.

InaLCcell, theappliedvoltage, over that the Freédericksztranstion
isvisble, isindependent onthecell thickness. InPDLC thecritical field
E., needed to have reorientation, isnot inversely proportional tothecell
thickness, but to the average droplets radius,

{

E(:zl_/2

It means that the small er isthe radius, the stronger arethe el astic forces.
The averagefieldinthecel is

V =Ed
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If the LC density in the polymer matrix is small, the average field cor-
respond to the field in the polymer, so the critical value of the voltageis

+ -4

3 "o W
The threshold value of the applied voltage is inversely proportion to
the droplet radius % and directly proportional to the thickness d of the
polymer matrix.

The optical properties of PDLC are dominated by light scattering,
due the droplets size which is closed to the light wavelength (> 1m).
For equal particles uniformly dispersed in the polymer matrix, the scat-
tering coefficient ® may be set proportional to the square of the index
mismatch,

®s = - (¢n)°

where €n = np § Ng is the difference between the polymer and the
droplet refractiveindices. Theoptical field attenuation i ntravelingthrough
such medium is described by a differential equation

It meansthat after crossing the cell thicknessd, thefield is
E (d) = E (0)ei%®
and the transmitted intensity is
1(d) = 1(0)ei®? = I(0)e i-d®°

This equation rel ates the intensity 1 to thewalk d inside the PDLC.
The singledroplet refractive index depends on the orientation of the
droplet director N with respect to the propagating direction and the
light polarization. When no electric field is applied, the droplets are
randomly oriented. The average value of ¢n can beaslarge as 0:1 or
more, because of the LC high anisotropy: that gives strong light scat-
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tering. Under electric field, the dropl ets director will be oriented in the
same direction, and the rediation will see the same effective refractive
index. If thisischaosen closed to the polymer one, the index mismatch
approaches to zero, the scattering losses decrease and the PDL C shows
high light transmission.

A.2. PDLC Holographic Gratings

If a photopolymer system is used, the photo pol ymeri zation of the start-
ing mixture can be optically controlled and it is possi ble to record hol o-
graphic gratingsinthe PDLC. Thisgratingsare call edHolographi cPoly-
mer DispersedLiquid Crystals (HPDLC). Theresult of thewriting process
is a grating made by a periodic distribution of small LC droplets, ran-
domly oriented, embedded in a polymeric matrix, with a higher concen-
tration of the LC component inthedark fringes. Theinterference pattern
usually generatesalso aperiodic gradient of the droplet sizedistribution:
larger droplets are in genera located in the dark fringes of the interfer-
ence pattern, whereas smaller ones are |ocated in the directly irradiated
areas. Due to the mismatch between polymer and LC refractive index,
the spatial modulation of the dropl et density and size resultsin a small
modulation of the average refractive index. The physic of the switch-
ablediffractioniseasy: without field incident light sees, on average, the
ordinary and extraordinary refractive indices of theliquid crystal. This
average index differs from the polymer index, and hence produces an
index modulation forming aphasegrating (Figure 6.2a). When astrong
electric field, whose amplitudeiswell above the Fréedericksz threshold,
is applied normal to the cell substrates, the director of al the LC do-
mains will reorient parallel to the field (Figure 6.2b). In thissSituation,
an impinging light at quasi-normal incidence sees the ordinary refrac-
tive index of the LC, independently of the light polarisation direction,
andif thisindex isequal to the polymer one, the H-PDL C appears as an
optically homogeneous material: the grating di sappears.
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Figure6.2. H-PDLC operating mode

A.3. A Comparison with POLICRYPS

2 From amorphological point of view, thebiggest difference between
H-PDL Cs and POLICRYPS is the following: in the former, in the
UV-illuminated regions, a light-induced phase separation process
creates LC droplets embedded in a polymer matrix, while the dark
regions remain in the form of isotropic L C-polymer mixture. In the
| atter material, no phase separati on happens within the illuminated
regions, instead, under particular conditions, it happens between
theilluminated and non-illuminated regions, so that one component
(for example polymer) isamogt totally confined within illuminated
regons and the other component (for example LC) within non-
illuminated regions.

2 |n order to be attractivefor telecom applicationsa switching grating
must be transparent in both the ON and the OFF states. This
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constraint imposes an upper limit to the size of the droplets in the
PDLC; infact droplet sizeof the order of thelight wavel ength gives
rise to significant scattering losses. For this reason, nano-PDLC
with droplet size of the order of 100nm have been developed in
the last years by different authorg[10][11]. Nano-PDLC may show
a very high diffraction efficiency and good transparency having
however asadrawback aquitelargedriving voltage, increasing with
decreasing dropl et size.

The writing processis more complicated for POLICRY PS grating,
where a compl ete separation occurs. This process is more sensible
to small noises, lake vibrations of the writing set-up. Moreover
HPDLC have been written both in transmission and ref lection,
while POLICRY PS only in transmission.

The switching field is bigger in H-PDLC of afactor 2 ¥ 2:5 with
respect to POLICRYPS

While POLICRYPS are highly dependent from thelight polarization
(because of the molecues orientation between the polymer
stripes), on the other hand HPDL C are theoretically polarization
independent, but experimentally this does not seem.
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Appendix B - Ellipsometry

In order to be applied in photonic devices for telecom applications,
soft material s, polymers and in particul ar liquid crystal s, need to be opti-
caly characterised at the working wavel engths, typically inthe Near IR
region (NIR). Unfortunately, for most of these materials very few data
are available in literature, especialy in the NIR range. Moreover, be-
cause of the nature of these media, it i soften necessary tomake measure-
ments on samples consisting of complicated multilayer stacks, includ-
ing anisotropic, inhomogeneous, absorbing, and/or depolarising films.
Recently, different ellipsometric techni ques have been proposed to ful-
fil thistask: themost versatil e, sengitive and well -established technique
is Spectroscopic Ellipsometry (SE) [47][48]. SE and its further exten-
sons, as the Generalised Ellipsometry (GE) and the Muller Matrix El-
lipsometry (MM E), have been applied also to the systematic investiga-
tion of anisotropic thin (< 101 m) [49] and thick (< 501m) [23] fil ms of
LC materials. However, ellipsometric measurements may pose serious
problems of results reliability, due to the high complexity of usual LC
containing samples. Infact, atypical LC cell is amulti-layer structure
with itsfirst layer formed by avery thick glass plate (0:4 ¥ 1mm), and
then it contains coating films, surfactant layers, inhomogeneous struc-
tures like the electrodes of Indium Tin Oxide (ITO). The presence of in-
terf ace roughness and the strong anisotropy exhibited by L C, eventually
with optical axis varying aong the stratification direction, complete a
picture not easy to analyse.

B.1. Theory

Sandard Spectroscopic Ellipsometry is based on measurement of two
physical quantities: the relative phase change, ¢, and the rel ative am-
plitude change, &, suffered by incident light when reflected (or trans-



mitted) by a layered structure. These two parameters are linked to the
reflection (or transmission) coefficients, which are themselves rel ated
to the optical response of the surface: the ®’s and ¢’s spectra depend on
the refractive indices of the layers, ontheir thickness and, inthe case of
anisotropic films, on the orientation of their optical axis (of course, they
depend on any physical parameters that affect the optical behaviour of
the material, for instance on temperature). By the adoption of the 2 £ 2
Jones matrix formalism, it is possible to extend ellipsometry applica-
tion to anisotropic media (Generalized Ellipsometry). In thisway it is
possible to generalise the Standard Ellipsometry parameters, ¢ and =,
suffered by incident light after transmission or reflection by a sample,
to the case when a change occursin light polarisation. The six GE pa
rameters, €, 2, €5, S5, C, S5, are linked to the Jones matrices of
reflected (J,) or transmitted (J;) beam through thefaollowing equations:

tan@pel® = o
JSS
; J
tan@ys te'®s = B (B.2)
Jpp
. J
tan&,, te'%r = ==L
sP ‘JSS
whereJ = J"; Jt and
T K il
gr= Tep Tso  qgt= t ls
Mps s tps tss

With I, Fss, s,y Fsp (tops tsss s, tsp) representing theref lection (trasmis-
sion) coefficientsfor p-, s-, and cross-polari zati ons respectively. In the
isotropic case we have ny = ny = n, and the Jones matrix will be diag-

onal v il M il
= "™ % agg= W 0
r 0 rss t 0 tSS

equations (B.2) reduce to the first one and only two parameters are

meaningful. We remark that off-diagonal elements in Jones matrices
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represent the conversion of the p- and s- polarized light into s- and p-
polari zed respectively; those el ementsvani sh a so for ani sotropi c media
in highly symmetric configuration, i.e. when theoptical axisis oriented
paralle or perpendicul ar tothe plane of incidence [50].

However, the Jones matrix formalism is based on the assumption of
acompletely polarized light. When a significant amount of reflected or
transmitted light becomes depolarized, it may be necessary to introduce
the M ueller matrix representation. In this scheme, a4 £ 4 matrix con-
nects the Stokes vectors representing the input and the output beam, as
described in equation (B.3)

32 3
Mi1 M1z M1z M So

2 3 2
So

§517 _§Ma Mz My My 785, ©23)
S, Ms1 Mz Msz Mas S, '
S3

Maz1 Mz Mz My Ss3

ouT IN

We have analysed several liquid crystals. Experimental data were
measured on a spectroscopic elipsometer manufactured by the J. A.
Woollam Company. A VariableAngle Spectroscopic Ellipsometer (VASE ﬁ')
was used to perf orm measurements asafunction of both wavel ength and
angle of incidence, in the spectral range from 300nm to1700nm. This
instrument is equipped by an Autoretarder™ | which utili zes patented
technology to achi evemaximum measurement accuracy. Datahave been
analysed using WVASE32™ software version 3.396. Once the exper-
imental data are acquired (see Fgure 6.3), it is necessary to draw up
amultilayer optical model, which carefully describes the sampl e struc-
ture. Specific software generatestheoretical data and unknown parame-
ters, such as thickness or optical constants values, are adjusted in the
optical moddl to better fit the experimental data. Parameters values are
fixed oncetheiteration process minimizesthe difference between exper-
imental and model -generated data. The software determi nes the sample
refractiveindex and eventually thickness, by means of amultiple fitting
procedure. This procedure ends providing anumerical valuefor thedis-
crepancy between experimenta and generated data, called M ean Square
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Figure 6.3. Spectroscopic GE Analysis Flow Chart
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Error (MSE), which we used to check the goodness of the fit. The main
possible drawbacks in SE, GE and MME analysis could be the depen-
dence of final results on:

1) accuracy of the optical model,
2) starting pointsin fitting procedures,
3) statistical correlation between fit parameters.

B.2. A Measureon Liquid Crysal

Thefirst sampleinvestigatedis a12:41m thick layer of anematic 5CB
nematic L C (provided by Merck) sandwiched between 0:4mmthick sil-
ica glasseq 25]. The LC film was homeotropically aligned by using a
very thin layer of DM OAP surfactant™. In this smple geometry, we
could consider the off-diagona elements of Jones matricesto be van-
ishing [50] and use SE technigue in reflection. Due to the absence of
any resonances in the examined spectral range, we can describe the or-
dinary and extraordinary indices of the nematic by using the smplest
2-parameter Cauchy formula (where the subscripts o and e stand for or-
dinary and extraordinary, respectively):

No:e = Qoe + bLze (B.4)

E3

Trials made with the three parameter Cauchy formuladid not give any
significant diff erenceinthe obtai ned dispersion curves; furthermore, the
third fitted parameter was always quite strongly correlated to the previ-
ous ones, especialy the second one, decreasing accordingly the degree

14Thesame L C used to produce POLICRYPS gratings.
15The presence of the DMOAPfilm had anegligible influence on our sample measurements. Further

messurements made just on atreated glass led to the determination of the DM OAP thidkness corresponding
toonemoleaula laye.
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of confidence inthefit.

boe | Coe
Noe = Qge + —5 +—;

EY 3

Sarting from our experimental datawetried out different fit procedures.

2 FIT 1: thefilm thickness d was held fixed to the above-mentioned
value, previoudy obtained by empty cell measurements. Starting
guess values for the fit parameters, aye and by, Were found by
a specia routine of WVASE32™ software, namely a grid-based
value pre-selection. This feature resulted to be extremely useful, a
too far initia guess often producing unreliable results. Generated
and experimental data, shown in Figure 6.4, are in good agreement
apart a high frequency and small amplitude interference oscillation
pattern, present in the generated curves that was never observed in
actual measurements. These oscillations were finally recognised as
an artefact of the ssmulation software, dueto the glassplate expected
interference. Lack of coherence of the lamp light does never
allow this interference to be actually observed for a geometric path
difference in the millimetre range (twice the glass pl ate thickness).

1, . ; | AL s g gy
SN I I i |
A G et — |
T jpeieteinittens ik AN L . Lok shotiated
¥ & ! | 5 oonl =208 e
E % m ' B il | LT |
- | 5 oo JWF° Wl | [
= 4 G Azt | = . s 4
E Exporiasshisd an | < 0 54 1 ﬂﬁlf
& @ J . 4 L Comisled Gum
| —_—— S Tl e | ol Capmreessrin s |
T e —— e e e e e —— e e 1 e el L T B
o ] L] 11 100 LED g i S0l 1 1 RO
Wareelenglh {nm) Wairetangih (nm)
(a) (B)

Figure 6.4. Spectroscopic dlipsometric measurements for the 5CB liquid crystd
sample: & (fig.a) and ¢ (fig.b) experimentd data and respective generated curves (fit
1) for 50*, 55* and 60* incidence angles.
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Fit 1 Fit 2 Fit MM K& M
Ne a 1.6325 1.6452 - 1.637
8§ 0.0005 § 0.0003 - 80.002
b[*m?] 0.0164 0.0193 - 0.0222
8§ 0.0002 8 0.0002 - 8 0.0006
No a 1.5011 1.5124 - 1.50673
8§ 0.0002 8§ 0.0002 - 8 0.00008
b[*m?]  0.0068 0.0086 - 0.01090
§0.0001 & 0.0001 - 8 0.00003
¢n a 0.1314 0.1328 0.1348 0.130
80.0007 &0.0005 &0.0002 & 0.002
b[*m?]  0.0096 0.0107 0.01007 0.0113
80.0003 &0.0003 & 0.00006 & 0.0006

Table 6.6. Comparison among 5CB dispersion Cauchy parameters obtained from
different dlipsometric measurements and fit procedures and published data. Parenthe-
sesinn valuesindicate that were obta ned by difference of therespective extraordinary
and ordinary indices.

2 FIT 2. asecond fit was made including also the film thickness
d amongst the fitted parameters. We obtained a fitted value for
the thickness d = 12:51m, in good agreement with the empty
cell value, and dightly different values for the a and b Cauchy
parameters (Table 6.6).

Our experimental curves for ordinary and extraordinary refractive
indices andthe ones cal culated on the base of data provided by Karat and
Madhusudana[53]are shownin Figure 6.5: aquite good agreement with
the literature is clearly obtained by fit 2, especially inthevisibleregion.
The curve displacement in the NIR region isnot surprising. In fact, us-
ing our spectroscopic ellipsometer we obtained experimental data from
the visible up to the NIR and we paid attention to take equally spaced
datapointsinthewholerange. On the contrary, the Karat and M adhusu-
danareference curve is only an extrapolation, built from refractivein-
dex val ues measured at three wavelengths in the visible region, through
a Cauchy dispersion model (equation (B.4)).
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Figure 6.5. Ordinary and extraordinary refractive index dispersion for 5CB liquid
crystal: the curves refer to two fitting procedures and one literature data set.
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Figure 6.6. Birefringence dispersion for 5CB LC: the curves refer to three fitting
procedures and one literaure data set.

152



In order to verify our assumptionsin the choice of the ellipsometric
technique (small depolarization, zero off-diagonal elements) and at the
same timeto check thereliability of our fit results, we made an indepen-
dent measurement of the birefringence ¢n, by using transmission MME
[5], also releasing the assumption of perfect homeotropic aignment of
the LC film, and performing measurements at diff erent sample orienta-
tion. Fit generated and experimental curves were in good accordance
also in this case, and results were quite close to the previous ones (Table
6.6). The obtained dispersion curves for the birefringence are shown in
Fgure6.6: fit 2 curveisalmost coincident to theliterature data, and very
close to the one calculated from the MM transmission fit; fit 1 curveis
again alittle lower, with arelative displacement around 1 ¥ 2%.

Finally, wewant to recall that refractive indices, hence aso the bire-
fringence, in nematic material sarevery sensitive to thetemperature, the
closer you get to the clearing point Tc. Furthermore, next to T¢, the
more meaningful dependence of the optical constants is on the physi-
ca parameter T = T j T rather than on the absolute temperature T.
Thisshould be clear especialy considering that a small impurity content
in the sampl e can induce relatively large variations of Tc. Our samples
were not controlled in temperature better thanthe whol eclean roomwas,
that isup to 81*K.
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Webgraphy

Even if they are not cited inside the text, there are many intresting web-
dte on liquid crystal photonic. A navigation through them could be a
nice way to approch theliquid crystal world.

1 Optics in Soft-Matter Group, Universita
degli Studi di Napoli Federico II,
http: //people.na.infn.it/>abbate/gruppo/

1 Antigone Marino web-ste,
http: //people.na.infn.it/>antigone/

1 Liquid Crystal Institute, Kent State University, Ohio, USA,
http: //www.lci.kent.edu/

1 Italian Liquid Crysta Society (SICL),
http: //wwwsicl.it/

1 International Liquid Crystal Society (ILCS),
http: //www.ilcsoc.or g/

I Polymers & Liquid Crystals Virtual textbook,
http: //plc.cwru.edu/tutorial/enhanced/fil estextbook.htm

I Professor E. Santamato web-Site,
http: //people.na.infn.it/>>santamat/

1 Advanced Liquid Crystalline Optical Materials (ALCOM),
http://www.lci.kent.edu/AL COM/ALCOM .html

1 On line information on Liquid Crystal,
http://ligcryst.chemie.uni-hamburg.de/lc/lc_info.htm
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1 Physics Web Links to Liquid Crystals,
http: //bly.colorado.edu/links/physlink.html

1 Companies which produce LC’s devices,
htt p: //www.spectr aswitch.com
http: //www.meadowlark.com
htt p: //www.displaytech.com
htt p: //www.digilens.com
http: //www,j enoptik.de
htt p: //www.nemoptic.com
htt p: //www.cal ctec.com

1 Internationa Telecommunication Union (1TU),
http: //wwwi.itu.int
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