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Introduction

| ntroduction

Lithium niobate (LINbQ or LN) is one of the most widely used nonlinear
materials in different fields of optics and opta#tenics, having as key
properties large nonlinear and electro-optic cogffits, as well as pyroelectric,
photorefractive, piezoelectric, acoustic and acmagttic ones. This richness of
large-magnitude physical effects has caused lithniobate to become of
considerable interest for applications such as sttowave devices, electro-
optic modulators in telecommunications, Q-switchidgvices for lasers,
second-harmonic generators, beam deflectors, memlergents, holographic
data processing devices, sensors and more in gemegrated optical devices.
It is also an excellent material for manufactur@ptical waveguides.

This thesis is focused on the study of the matesjécially from an optical
point of view, and on several novel applicationisiag from the exploitation of
some of the properties mentioned above. In padicuthe nonlinear,
photorefractive and electro-optic properties arplated for the fabrication of
solitonic waveguides inside the medium and to ecbamage resolution in
digital holographic microscopy by means of a lithiuniobate diffraction
grating, whereas the pyroelectric effect is utdizéor the formation of
polymeric microlenses on a micro-patterned lithiniobate substrate.

The experimental measurements have been carrieat the “Istituto Nazionale
di Ottica Applicata” (INOA) of the CNR, section &fozzuoli (NA), with the
group led by Dr. Pietro Ferraro, and in the “Laltori@ di Ottica dei Materiali”
at the Physics Department of Naples under the goid®rof. Pasqualino

Maddalena.
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Some of the obtained results have vyielded the gafohn of articles in
international journals, cited in the referencethatend of each chapter.

The thesis is divided in four chapters.

In Chapter | some general information about lithium niobate fastly given,
describing its main properties, in particular thetical ones. Then second
harmonic generation (SHG) is proposed as a tecbrigunvestigate the non-
linearity of the medium. It is a typical nonlingainenomenon: when an optical
beam of frequency passes through a nonlinear medium, part of thiatrad is
converted into a radiation of frequency #.e. with halved wavelength). This
technique has the peculiarity of being non-invagven allowing the study of
the bulk of the material, thanks to the high peat&in length of the optical
radiation, and to possess high spatial resolution.

The study is exploited by means of the Maker’sgeis technique, that allows
one to obtain the non-null coefficients of the seto@rder susceptivity tensor,
characterizing in this way the material from a moghr point of view.

This non-linear analysis has been performed in rorbe complete the
characterization of the material started by theugr@f Pozzuoli, that has
studied and used lithium niobate for several yeltsreover, the nonlinear
coefficients are closely related to the electraephes and the electro-optic
effect is largely used in the applications of thatenial discussed in the other
chapters.

Chapter 11 describes a relevant experimental technique addptethe studies
described in this and in the sequent chaptersit@igiolography (DH). This is
an interferometric technique that permits, startirmgm a digitally recorded
interference fringe pattern, to numerically recomst the whole complex
wavefield propagating through the sample under. @gfital holography is a
flexible technique for the reconstruction of wawsits, as it makes possible for
example to compensate for aberrations by means rofepses that are

completely numerical.
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In this chapter a short essay on the principle pération and on the many
applications of this technique is given, such agrasicopic imaging and
enhancement of resolution (“super-resolution”)particular, a lithium niobate
diffracting grating exploiting the electro-opticfeft is suggested with the aim
to get super-resolution in digital holographic mgropy. In fact, by means of a
flexible hexagonal phase grating, it is possibleiriorease the numerical
aperture of the imaging system, thus improving spatial resolution of the
images in two dimensions.

In Chapter 111 an overview about optical waveguides propertieshrtiques of
fabrication and materials used is given. Then, nigkadvantage of the
photorefractive and electro-optic qualities of ilitm niobate, a particular
technique used to generate an optical waveguid@einthis material is
presented. In this case the waveguide is selfemttthanks to the
photorefractive effect, by means of a spatial predtactive soliton, a self-
reinforcing wave propagating inside the medium wibhstant diameter.

The guide is subsequently characterized both dutsnfprmation and after the
end of the writing process by digital holographe amplitude and phase of the
soliton beam being recovered at the exit face efctystal.

With respect to other fabrication techniques, madyantages can be identified
in this case, making soliton waveguides very dtitracfor applications. First,
the guiding structure can be written everywherethe volume of the host
material, giving a perfect 3-D structure. Secohe, waveguide is symmetrical,
allowing always at least one mode to propagatedénst, with very low
propagation losses, being the refractive index ilgrcdfelf-written by a non-
diffracting light beam. Third, solitons can liverflong time after the end of the
writing procedure, even without using any fixinghaique, and the writing
technology is very simple and low costly (the wigtibeam should have powers
of the order oftW or mW).

Chapter IV describes, after a brief introduction about miansks, how an

opportunely functionalized polar dielectric lithiumiobate crystal can be
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suitable for the fabrication of an array of solidcrometric polymeric lenses.
The fabrication process is obtained through thé-aehngement of a thin
Polydimethylsiloxane (PDMS) liquid film onto a litm niobate substrate; this
process is based on the here called “Pyro-Electetid¢” (PEW) mechanism.
In the experiment discussed in this chapter a LijNaeut wafer is micro-
engineered with periodically poled ferroelectric ndons by means of
photolithographic and electric field poling processwith the aim to provide a
substrate for the fabrication process based on-ps#tiérning of a
Polydimethylsiloxane microlens array induced by rth& stimulus.
Furthermore, a microscope interference method basedigital holography is

adopted for microlenses’ characterization.
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Chapter |

Lithium Niobate and its optical properties

Summary

In this chapter some general information aboutdith niobate (LN) will be

firstly given, describing its main properties, batiemical and physical. Then |
will focus on the optical properties, in particutae nonlinear ones. There will
be an outline on nonlinear optics in general andhenphenomenon of second
harmonic generation (SHG), that is proposed aglantque to investigate the
non-linearity of the medium. This study is explditey means of the Maker’s
fringe technique, that allows one to obtain the -nah coefficients of the

second order susceptivity tensor, characterizinthig way the material from a

nonlinear point of view.

1. General properties of lithium niobate

1.1 Introduction

Lithium niobate (LN) - stoichiometric formula LINBO is a compound of
niobium, lithium and oxygen. It is a dielectric reaal, insoluble in water, and
does not exist in nature (is a human-made compoutgl)melting point is
1257°C and its density is 4.65 g/cm3.
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LN was first discovered to be ferroelectric in 1949 and it is now one of the
most widely used nonlinear materials. In fact, St dharacterized by large
pyroelectric, piezoelectric, nonlinear and eleaiptic (EO) coefficients and has
also useful acoustic and acousto-optic propertidss richness of large-
magnitude physical effects has caused LN to becomdely used in

applications such as acoustic wave devices, op#icgllitude modulators, Q-
switching devices for lasers, second-harmonic gedoes, beam deflectors,
memory elements, holographic data processing dewnd others [2]. It is also
an excellent material for manufacture of opticaveguides, as it will be seen

in Chapter Ill.

1.2 Structure and crystal growth

LN has a trigonal crystal system belonging to time @3,) crystallographic
point group (Fig.1), and lacks inversion symmettyconsists of planar sheets

of oxygen atoms in a distorted hexagonal close-pédonfiguration [3].

& | o
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Fig. 1: Geometrical structure of lithium niobate.
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Above the Curie temperatufie (around 1210 °C) the phase is paraelectric (no
spontaneous polarization) while in the ferroeleguiase below . LN exhibits
spontaneous polarization. In the paraelectric phasgoms lie in an oxygen
layer that isc/4 away from the Nb atom, while Nb atoms are cehtretween
oxygen layers.

Conversely, in the ferroelectric phase the elafstices of the crystal become
dominant and force lithium and niobium ions intevr@ositions.

Fig. 2 shows the conventional hexagonal unit callLfN, where thec axis is
defined as the axis about which the crystal exéililiree-fold rotation
symmetry [3]. The three equivaleat axes & ,& ,as) of the conventional
hexagonal unit cell are 120° apart, lie in a planemal to thec axis and are

chosen to be perpendicular to the mirror planesyofmetry [3].

Fig. 2: Schematic view of the hexagonal unit cell of LiNb€howing the hexagonal

axes €, a1,a ,ag), where the large circles are Nb ions and smadles are Li atoms.
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The ferroelectric dipole axis is aligned along thexis, resulting in &+ and a
c- face, both of which are normal to thexis. Thec+ face corresponds to the
positive end of the dipole which becomes negatpenucompression. This is
due to the free charges that deposit on ¢haces to compensate for the
spontaneous polarization, so that negative chaigpssit on the+ face and
positive charges on the face.

A Cartesian coordinate systemy(,2 is used to describe the physical properties
of LN. Conventionally, the z axis is chosen to laegfiel to thec axis, while the
x axis is chosen to be parallel to one of the eqaia axes. They axis is then
chosen so that a right handed system is formed|tirgg in they axis lying in
one of the mirror symmetry planes (see Fig.2).

LN was first grown in the early 1960s using the €mwalski technique [4,5].
The pure compound of the material to be grown i#tadan a crucible in the
growth station and a seed crystal suspended framtating seed rod is lowered
into a furnace cavity. Growth of a crystal can biéiated by starting to slowly
withdraw the seed rod so that new crystal matetiches to the solid seed.
The composition of a given crystal depends on thapgrtions used in the
starting materials. For example, the congruent @sippn contains 48.45
%mol of Li,O and 51.55 %mol of NKs [6].

Differences between stoichiometric and congruenmasition LN are apparent
at the unit cell level [7]. In stoichiometric LN (8), with T =1470 K, the Li
atom site is 100% occupied by Li and the Nb sit&(6% occupied by Nb, as
the O site is 100% occupied by O [7]. A SLN comfiosican be obtained by
using a lithium rich melt or by adding,® during the growth process. Anyway,
the growth of defect-free SLN crystals is quitefidifit. Both mechanical
twinning [8] and lithium excess micro-clusters apessible due to the
composition variation in the melt-crystal interfadaring the growth of off-
congruent LN crystals.

However, there is not enough experimental evidahe¢ gives a thorough
understanding of such defects. Lithium excess notueters are generated
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during the crystallization process. They are comimpresent in a limited area
close to the interface and come from the bottothefcrucible from which they
are transported by natural convection currents. disters force the formation
of lithium aggregates in the crystal lattice, gaeielg micro-regions with a

different lattice structure.

1.3 Optical properties

LN is classified as a negative uniaxial crystalying two different refractive
indices for ordinary and extraordinary polarizeghti n, and ne respectively,
with ne<n,, which depend slightly on the stoichiometry of ttrgstal and on
temperature [9,10]. Tab.1 shows the refractive xndalues of congruent LN

crystals measured at room temperature for 106688dhm radiation.

nm No Ne
1064 2.23 2.16
532 2.32 2.23

Tab.1: Refractive index values of congruent LN [9].

LN is transparent to wavelengths from around 350tombout 5.5um [11], as

shown in Fig. 3, and has a bandgap of approximdtely.
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Transmission spectrum of Lithium Niobate sample

—
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Fig. 3: Typical transmission spectrum of congruent LN [12]

It can be doped by magnesium oxide, which incredsea®sistance to optical
damage (also known as photorefractive damage) \itbped above the optical
damage threshold. Other available dopants are eHZ Cu, Gd, Er, Y, Mn
and B, creating optical sources that can be moeldldly traveling-wave
waveguide modulators.

As said above, LN is an electro-optic crystal. an&O effect, also known as
Pockels effectis a linear change in the refractive index etlidsinduced by an
applied electric field. This change is producedthy first power of the field,
differently from the quadratic (dferr) EO effect. The change in the refractive

index ellipsoid can be expressed as

1

whereE, are the components of the electric field amdpresents the EO tensor,
whose nonzero independent elements are determintekbmaterial symmetry.
For example, in the case of LN, the extraordinagek change derived from

(1) when the electric field is applied along thestal symmetry axisz{axis), is

10
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e

1
An, = _E ne3 r3Es (2)

where “3” represents the z-axis.

The structure of the EO tensor for LN is given belo

—ly I3

o O O O
-
N
N
iy
w

r. = 0 a3
i f, O (3)

() 0 0

r, O 0

The non-vanishing EO tensor elements and theiregafor LN are listed in
Tab.2, referring to room temperature, static eledteld and light of 632.8 nm
wavelength [13,14]:

rs 10.0 pm/V
Iz 6.7 pm/V
l33 32.2 pm/V
l42 32.6 pm/V

Tab.2: Electro-optic tensor values for LN, from [13,14].

11



Chapter | Lithium Niobate and its optical properties

2. Nonlinear optics

2.1 The dielectric susceptivity

As said before, one of the most important properdELN is the nonlinearity,
that is, a high value of its nonlinear coefficierdad this is the reason why LN
Is so widely used in optoelectronics.

Second harmonic generation (SHG) is one of the bedinique used for
recovering the nonlinear coefficients of this miaileiSHG is a typical nonlinear
optics phenomenon: when a laser beam of frequeniaypinges on a nonlinear
material, because of the nonlinear interaction aeduby the high intensity of
the incident radiation, some of the radiation aqgirencyw is converted in
radiation of frequency.

Nonlinear optics [15] studies phenomena that oatfras a consequence of the
modification of the optical properties of a matemmapresence of light, i.e. of an
electromagnetic radiation. Since only the lasdrtlig strong enough to change
the optical properties of a material, the birthtteé nonlinear optics field has to
be reconducted to the invention of laser (in 1960).

Nonlinear phenomena are “nonlinear” in the sensat tthey manifest
themselves when the response of the medium to@redmptical field depends
in a nonlinear way on the intensity of the fieldorFexample, for SHG, the
intensity of the generated radiation at frequeBeyincreases as the square of
the intensity of the incident laser radiation.

Let's see how the dipole momentum per unit of vaduof a material, or
polarization density P(t), depends on the intensiB(t) of an applied electric
field.

In linear optics the polarization depends in adinmanner on the electric field

through the relation

Pt)=xVE() 4)

12
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where the proportionality constarpg(l) is known as linear dielectric
susceptivity.
In nonlinear optics the polarization density vedtoexpressed as a power series

of the fieldE(t). For thea component we have

. 0 P, 1 92P
I3 B 0 " py\ V=B 0

that can be written

1 2
Py =%X§,}355 +§XC(,/;VE[;EV+... (6)
y

)

where )(a/;(l) is the linear dielectric susceptivity(,aﬁy(2 is the second order

susceptivity and.,8,y = 1,2,3.

For simplicity we assume that in the medium there meither losses nor
dispersions, that is, the polarization at tinenly depends on the instantaneous
value of the electric field (“instantaneous resgoasthe medium”).

Let’s write again the polarization density as

Py t)= P& (Ft)+ PN (1) @)

where

P )= x5l ) ®)
B

is the linear part and

13
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Pc'r\'L(F’t):Znga)’y Eﬁ(F’t) EV(F’t)’““ = P@+pO .. ®)
By

is the nonlinear one.

Physical processes occurring as a consequence gettond order polarization
P @ are different from that occurring as result of thaarizationP ©. For
example, second order optical interactions happemy oin non-
centrosymmetric materials, i.e. materials not possessing inversiommetry
[15]: among these there is lithium niobate.

Now let's see what are the phenomena related whith $econd order
susceptivity.

Suppose the field can be represented as the dissign of fields with

frequencieson,
E(F,t): 3 En(.t) (10)
n

where the sum is on the positive frequencies dfdy.the nth component:

En(F.t)=Ex(D(F,t)+ E, ) (7,t) = E e ént + Epeént (11)
where + and - refer to positive and negative fraegies respectively and we

used the relatioE{) =E{?" that makes the field real.

Let's consider the case in which the incident fiedd made up of two

components at different frequencies:

E(F,t) = Eje ™ + E e + E e + E, e

. B 12
=Ee" M +Ee” +cc. 12)

From this expression we obtain the nonlinear poédion:

14
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p® (t):)((Z)Ez(t):)((z)[Efe_Zi“’lt + E2e2et 4 2 E e (@@t 4

* - * * 13
+2E, E e 1 cc]+ 2y P[EE, +E,E,] 13)

For the different frequencies components we camtifye the subsequent

complex amplitudes:

P(Zwl) =X @ El2

()2 second harmonic generation (SHG)
P(sz)—X( )Ez

P(a)1+ a)z) = 2)((2) E.E, sum frequency generation (SFG)
P(a)l— a)z) =2x®@ E.E, difference frequency generation (DFG)
P(O) =2) &) (E1EI +E, E;) optical rectification  (OR)

These processes can be schematized as in Fig.4:

15
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Fig. 4: Geometry and energy levels diagram descril§ings (a), SFG(b) andDFG (c).

Levels indicated with dashed lines are virtual Isve

In the previous relations there were four differeaponents for the nonlinear

polarization. The SHG phenomenon is described &yitht two relations:
P(2w)= yPE? (14)

From an energetic point of view what happens isgieeration of a photon at
frequency2w starting from two photons at frequensy

So there are four non-null components of the podaion, corresponding to four
different frequencies. Nevertheless, no more tham af them will be present
with appreciable intensity in the radiation genedaby the nonlinear optical
interaction. This is due to the fact that, as il W seen further, the nonlinear
polarization produces a significant output signallyaf the particular condition

of “phase-matching” is satisfied, and in generak thondition cannot be

satisfied for more than one frequency.

16
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Apparently it seems that SFG and DFG processesegyesimilar. In practice,
if we consider DFG from an energetic point of viewme see that for each
photon created with difference frequeneoy = w; - w,, a photon with higher
frequencyw; must be destroyed , whereas a photon of lower &ecyiw; is
created. So the field with lower frequenay) is amplified by this process. For
this reason the difference frequency generatiorals® known asoptical

parametric amplificatio{OPA).

2.2 Second harmonic generation (SHG)

Let us consider Fig.4. Assume the nonlinear medsimithout losses both at
fundamental frequency; and at second harmonic frequeney=2w;, so that
the symmetry conditions be valid. In these condgifor thesecond harmonic

intensity we have [16] :

_ 128 (x?)?17 2 serf (AKL/2)

I
? nZn,A3c (AKL/2)? (19)
where
Ak = 2k1 - k2 (“phase-mismatciparameter)
N @i
k. = 1)
e

n; =[e" (@, )]*2

with j=1,2. The index 1 specifies the radiation of feugy w, whereas 2
corresponds to the second harmonic (Skis the SH wavelength in vacuuin,
the travelled distance inside the nonlinear medaune the dielectric constant

of the medium.

17
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The expression df, strongly depends on the paramei& as shown in Fig.5.

If Ak#0, thenl, is proportional toM and oscillates between zero and

(AkL/2)?
the maximum value, depending on the thicknes$the nonlinear medium.

serf (AkL/2)

5 -1 andl, is proportional toL% the SH intensity
(AkL/2)

If Ak—0, then

quickly rises with the medium thickness.

I/E(max)

0.2

0.0 : 1 t t ‘\

2n 3n

Ak L2

Fig. 5: Normalizedsecond harmonic intensitiersus parametedkL/2 for fixedL.

When Ak=0 we talk of perfect ghase-matchinlg the refractive index at

fundamental frequency is equal to the index vatustafrequency. Conversely,
if Ak#£0, the SH frequencies generated in different pafdag the fundamental

beam’s way do not “strengthen” each other, siney o not travel with the

same speed of the incident radiation. So a chaatcference occurs, and the
total SH intensity does not increase.

Let us now introduce the tensor:

18
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1
— 2
dypy = EXaﬁy (16)
In the case of SHG exchangifigindy is insignificant, so we have

dagy =days (17)

and the tensor is symmetric for the exchange ofaketwo components. This
property, here introduced simply for conveniencs, ¢alled intrinsic
permutation We can use a reduced indexes notation for thase tivo

components, that is to put:

XX — 1 yy— 2 72— 3
yz — 4 Xz— 5 Xy— 6

So the tensor can be written in the sequent way:

dyy dip diz dyy dis dig
dj =|dp dypy dyz dyy dys dyg (18)

d31 d32 d33 d34 d35 d36

withi=1,23 andj=1,234,5,6.
We can see that all the indexgg can be freely permuted if we work in the

sequent situations:

1) Instantaneous response of the medium

2) Transparence zones (the material doesn't alzdoklork frequencies)

Such symmetries are the so callddinman’s conjectureflL5].

Under these conditions the matdxhas only 10 independent elements:

19
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d
dj ={d dy dyy dy dyy dpy, (19)
d

Moreover, each crystalline symmetry of the nonlineaterial further reduces
the number of independent components of the tefksorexample, for LN, the

tensor reduces to:

O 0 0O O0ds O
d;=/0 d, 0O 0 O O (20)
0 dgj; di3 O 0 O

The absolute values of the non-vanishing nonlinezefficientsd; for LN,

measured at 1064 nm, are summarized in Tab.3 [17]:

d1s=da1(pm/V) d22 (pm/V) das (pm/V)
6.3 3.6 47.0

Tab.3: Second-order nonlinear tensor elements for LNtaty$7].

In the particular configuration adopted for our sw@@ments, that is, as will be
explained in the next paragraph, an incident “pfageed wave beam, forming
an angled with the z-axis (the optical axis of the cryst#lizan be seen that the

non-zero elements of the tensor are giysand dys.
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3. Measurement of the LN nonlinear coefficients

3.1 Maker’s fringes technique

The nonlinear properties of lithium niobate haveerbdested on a sample
consisting of a polished 50t thick LN z-cut crystal, by measuring the non-
zero components of the second order susceptiviigotel;. As said before, for
LN they are onlydsz and ds.

The measurement has been performed through theriddkages method, the
theoretical model of which was elaborated by Hernasa Hayden (H-H
model) [18]. This model, differently from that buip by Jerphagnon and Kurtz
(J-K model) [19], can be applied to all classesnaterials, as it considers also
absorbing and anisotropic materials; besides, kegainto account multiple
reflections of the SH wave inside the nonlinear e

The SH field propagating inside a nonlinear crysalescribed by Maxwell’s
equations, one solution being a superposition ‘fifege” wave generated at the
input surface and a “bound” wave, generated by rtbelinear polarization
inside the sample. These two waves interfere piodua SH signal, that is a
function of the anglé between the incident beam and the normal dired¢ton
the medium: a variation df results in a variation of the optical path insible
material and, consequently, the SHG efficiency aslified.

The final result for the transmitteskcond harmonic powerfor an absorbing
material, neglecting multiple reflections and colesing the refractive index as

a complex number, is [18]:

4 2 2 2
F,260(29):512773 te o Db a (ﬂTj , sin‘y

dZ == P2 21
CA n2,cof8,, LA ) o g2 @ )

where
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2nT
Y= % (na) COSI,, — Ny, COSZ?Z&J) (22)
dy = arcsi{ﬁj , oy = arcsir{ﬁj (23)
Nw N2¢
deff = 20;55in9,, 05> I, +d3gsin® S, (24)

9 is the angle between the normal to the crystdhsarand th& wave vector of
the incident field,3, and 9,, the refractive angles of the first and SH rays
respectively (see Fig.6).f,and fp-aare the Fresnel’s transmission coefficients
of the air-substrate and substrate-air interfa@spectively,ds is a linear
combination of the susceptivity tensor componeiitss the thickness of the
sample (in this case 0.5 mm),=2.23 and n,=2.32 the first and second
harmonic refractive indexes of LN [9],8mnT is the transverse section (the

area) of the incident beam.

lithium niobate

Fig. 6: Scheme of the incident, reflected and refractedriseat different frequencies,

and of the coordinates system adopted.
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From equation (21) we deduce that, knowing thektiess T, the optical power
P, the wavelengtiA, the material symmetries and the refractive indexeand

Ny, IS Univocally determined the value of the funetio

®(S) =

Po(®) 5127 t4 \y Ot2p_a (ATY (5 sin?y
P2 cA nd codd,, ( A j o W2 (3)
This equation is proportional to the SH signal,Mhrough a certain constant
of proportionality, Ry, that is necessary to determine in order to olitzem;
coefficients.
Since the determination afj also depends on the experimental apparatus’
characteristics (such as the efficiency of the aet® which cannot be
independently determined, it is necessary to cauly measurements on a
sample whosé; is known, and has been chosen quartz. Becaube ofidterial

symmetries the only independent component for quiarid;=0.5 pm/V (dx
=d115in39m).

3.2 Experimental methods and results

The experimental apparatus built-up for the SH mesaBents is depicted in
Fig.7:
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B L s ~F2 z
Wiy EANE = v
AETRNTZET Y

Fig. 7: Scheme of thexperimentalset-up adopted for the measurement of the SH

signal generated by the sample.

The source is a pulsed Nd-YAG, a solid state lagéh four levels whose
active medium is the crystakXIsO:,, doped with N&* ions. The output energy
is of about 300 mJ with repetition rate of 10 HheTpulses duration is about 8
ns, obtained with the Q-switching technique. Thendamental output
wavelength i\=1064 nm, and the mode is the TeMvith gaussian shape.
The light beam passes through a variable attenuadaostituted of an half-wave
plate A1) and a polarization cube (P). A second half-wavatep (\;) is
necessary to change the polarization exiting fram dube in order to set the
linear polarization of the beam impinging on thenpke, that in the case of LN
has to be of “p” type (parallel to the plane fornmmdthe incident ray and the
normal to the sample’s surface).

Before reaching the sample, the beam is splittad/anby a beam splitter (BS):
the main beam is directed to the sample, the nefereone to a reference
photodiode (PD ref). The role of this photodiodetas detect the intensity
variations of the incident signal, caused by theedaintrinsic fluctuations
(representing a big source of errors), in ordeolitain a reference signal,V
This is proportional to the incident energy on saenple § and consequently

to the power B.
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Such linearity was verified by placing a power mdiefore the sample and
changing the incident power by means of the vagiattenuator. In Fig.8 are
represented the signals detected by the refereDc@/F) and that detected by
the power meter (f. With a linear fit it has been possible to deteenthe
proportionality coefficient.

0 10 20 30 40 50 60 70 80
vV (mV)

Fig. 8: Energy measurements performed with the power nwatigesponding to that
performed with the reference photodiode. The finfoms the linearity of the

experimental data.

After the BS, the main beam goes through a low-fi&tss (F;) that stops the
SH radiation and lets the infrared radiation (ofiéo frequency) pass and reach
the sample; this permits to detect the SH signatsiicg only from the sample,
and not that undesirably generated by the optioaiponents of the system.
The infrared beam impinges on the LN crystal ($ac@d on a support that
permits the sample optical axis rotation of an arylwith respect to the

propagation direction (see Fig. 7), with a resoluinf one degree.
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Another filter, k, this time high-pass, blocks the infrared radia@md permits
the visible one (of higher frequency) to pass, it aim to detect just the SH
signal. The main detector, a silicon photodiode )(Ridnverts the light signal
into an electrical signal, X

For each angle of incidengethe SH signal ¥, and the reference ong,Wave
been acquiredby means of a digital oscilloscope. The same apypsitzas been
used for the measurements of quartz Maker’s fringdspted as a reference.
The only difference is that this time the platehas been placed in a different
way: in fact for the determination of the,f quartzis necessary a linear “s”
polarization.

The V4, signals have been divided by the square of theénc¢ energy, &, in
order to account for laser intrinsic fluctuatiofrs this way the Maker’s fringes
of quartz have been obtained, as displayed in Fig.9

At this point, a nonlinear fit withMathematicd has been performed, according

to the relation
Y20 () = Deyg®20,(9)
E2 — HexpT 2w (26)

on the parameter &, that is the proportionality constant betweendbtected

signal and th& function defined above (that in this case is knpwn
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Vz_w[_'"V ]
EZ\mJ*) s | QUARTZ

40

(%)

Fig. 9: Maker's fringesof quartz. The red line represents the nonlingar fi

For the LN sample the same thing has been doneeasume of Y, and \,,
signals, dividing ¥, to E%,. The results are shown in Fig. 10.

Knowing the constant &, that contains information about the experimental
apparatus, the same fit of eq.(26) has been peethriout this time usingss

anddis as unsettled parameters.
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Vz_m( '"V]
E2 \mJ?
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LITHIUM NIOBATE
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Fig. 10: Maker’s fringesof lithium niobate.

The final result is:

dz=44 +11 pm/V
dhs= 8.6 + 0.7 pm/V 27)

We note that this value is much larger than thatqoértz, and this is a
confirmation of the fact that LN is an excellentntinear and electro-optic
material, being the two properties strictly relaj&d,20].

It is clear that these values are just as an itidicaas they depend on many
factors such as the temperature, humidity, immsitf the material and so on.
Before this, a lot of measurements using Makeitsgés technique have been
performed on nonlinear materials and in particaarLN, and the nonlinear
coefficients are well known and tabulated (see JjabNevertheless, it is
important to know the coefficients values this particular kind of LN (with its
impurities, ecc.), as it will be used for all theperiments described in this

treatise.
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Conclusions

In this chapter an overview on lithium niobate h&®n given, describing its
main properties and applications.

The nonlinear characterization, carried out by meahthe Maker's fringes
technique taking advantage of the second harmamergtion of the medium,
has put in evidence the reason why lithium niobatene of the most used
materials for electro-optic devices: a very largdue of the second order
susceptivity tensor elements (at least one ordenagnitude larger than that of
quartz), and consequently a large value of thetrelaptic coefficients of the
material.

This result is very important because the elecpticoeffect will be widely

exploited for the applications of this type of Lstribed in the next chapters.
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Chapter 11

Super-resolution in digital holography

Summary

This chapter describes a relevant experimentahtqak adopted for the studies
performed in this and in the sequent chapterstaligolography (DH). DH is
an interferometric technique that permits, startirgm a digitally recorded
interference fringe pattern, to numerically recamstt the wavefront propagating
through the sample under test. There will be atsbsgsay on the principle of
operation and on the many applications of this nepke, such as microscopic
imaging and the enhancement of resolution (“supsolution”).

Then | will focus on one of the applications of Lilat is a diffracting grating
to get super-resolution in digital holographic rogeopy. In fact, by means of a
flexible hexagonal LN phase grating, it has beesssfide to increase the
numerical aperture of the imaging system, thus avipg the spatial resolution
of the images in two dimensions.

This spatial resolution enhancement could be atebuliin the characterization
of optical waveguides and of microlenses arraysmiesd in the next chapters.
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1. Interferometric digital holography

1.1 Fromclassical to digital holography

Holography was invented by Dennis Gabor in 194& asethod for recording
and reconstructing both the amplitude and the pbkaea optical wavefield [1].
In holography, an object is illuminated by a ligheam with sufficient
coherence length. The illuminating beam is spltbitwo waves by a beam
splitter. One wave impinges upon the object anst&tered and reflected from
it, and is called “object beam”. The second waveaited the “reference beam”
and interferes with the object beam in the plana ofcording medium, such as
a photographic plate. Theologram (from the Greek wordséioc” meaning
“whole” or “entire” and %pdon” meaning “to write”) contains information
about the entire three-dimensional distributiortre optical wave field in the
form of an interferometric fringe pattern. The aljas reconstructed by
illuminating the recorded hologram with a replichtbe original recording
reference wave.

Since its discovery, holography has become a veejull metrological tool in
experimental mechanics, biology, fluid dynamics and destructive inspection
[2,3].

However, one of the main limitations of hologrand its related approaches
has been the unpractical chemical procedures ctethaasth the need of having
film plates as recording medium. Such limitatiors ieeen partially overcome
by means of the advent of digital speckle hologm@aptethods [4]. Nevertheless
speckle methods are not “holographic” since theyoareconstruct amplitude
of object beams but only phase difference occumetivo or more different
states of the object under investigation.

The idea of using a computer for reconstructingopdram was proposed for
the first time by Goodman and Laurence [5]. Theeflgyment of computer
technology and solid-state image sensors madessilple to directly record
holograms by charge coupled device (CCD) camerphsTfés important step
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enabling full digital recording and reconstructiohholograms, without using
any photographic recording medium, is commonly rrefit to asdigital
holography (DH) method. Replacing the photographic film with a CCD implie
that conventional recording techniques have torbpgrly modified to meet the
requirements placed by the use of the camera, utittbanging the basic
purpose of holography, which is the reconstructbthe object field from the
recorded interference pattern. Indeed, this iskdéhestep to calculate quantities
related to the object under investigation, sucldiaplacement vector field of
surface in deformation analysis and shape measuatemeefractive index
changes in transparent media, particle trackingnaiedoscopy just to quote few
examples of current research fields. In these egijdins, a modification of the
state of the object leads to a modification of waeve field scattered, reflected
or transmitted by it, and to a change of the digitaecorded interference
pattern.

In DH, the reconstruction of the object field isfpemed numerically from the
direct recording of the digitized numerical holagraSince the information of
the optically interfering waves is stored in thenfioof matrices, the numerical
reconstruction process enables full digital proegs®f the holograms and
offers much more possibilities than conventionakiagh processing. Both
amplitude and phase of the reconstructed compéta fian be computed.

The possibilities offered by digital processingicern for example subtraction
of background noise and the elimination of the zmder diffraction term [7].
Furthermore, the parameters governing the recarigiru algorithm can be
properly selected in order to control and optintize spatial resolution of the
reconstructed object field, thus compensating &k lof spatial resolution of
digital cameras compared to the conventional pheafdgc plates. The
limitation imposed by the low spatial resolution@ED camera array compared
to that of photographic materials have been widglycussed and many
configurations of digital holography have been msgrl and applied in various
fields of science and engineering [8 and refs.gimgr Moreover, recent efforts
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addressed for developing new optoelectronic deyicegh as solid state
pyroelectric sensors for the infrared region, matd® possible to extend the
potentialities of DH as a useful technique for mletgical applications with

light sources emitting in spectral regions différisam the visible one [9].

1.2 Theory and principle of operation of digital holography

The principle of the optical recording and recomstion in classical holography
can be understood by referring to the basic sethapvn in Fig.1.

The reference beaR interferes at the plane of the holographic plateflaxis
angle6 with respect to the object bedm In this set-up the reconstructed image
is spatially separated by the zero-order diffractod the second image, the so-
called ‘twin image’. These three diffraction ordggspagate along different
directions and can be observed separately, leddiagsignificant improvement
compared to the in-line configuration originallyveéoped by Gabor, where the

zero-order and the two conjugate images overlafiiéd

Reconstructing
= reference beam
i hologram plate
reference beam Qe R
W
R e
n 3 N

+1 diffraction order

wvirtual Image:

s —
?ﬂ" zero-th diffraction order
N

object beam

real image \)\- \"-‘
\ \f

“~ .1 diffraction order

(@) (b)

hologram plate

Fig. 1: Optical configuration for recording (a) and for eestruction (b) of off-axis

holograms.
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The intensity distribution(x, y) across the-y holographic recording plane can
be written in the squared modulus of the complgeguositionO(x, y) + R(X,y),

namely

1 (%, y) =[O(x, y) + R(x, )| =

(1)
=[R(x, Y)|* +[O(x, y)|* + R7(x, y) O(x, y) + R(x, y) O“(x, y)

where the symbol * denotes complex conjugation,

O(x,y) = |0(x, y)|expligo (x,y)] is the complex amplitude of the object wave

with real amplitudeQ(x, y)| and phase,(x,y), and

R(x,y) = [R(x, y)|expligr (x,y)] is the complex amplitude of the reference

wave with real amplituddR(x, y)| and phaser(x, y).
For the numerical reconstruction of the recordetbdram, the interference

patterni(x, y) is illuminated by the reference waR¢x, y), i.e we have

R(X, Y)1(x, ¥) = R(x, V)|R(X, ¥)|* + R(x, y)|[O(x, y)|* +

2 (2)
+[R(X, y)|” O(x, y) + R*(x, ¥) 0"(x, y)

The first term on the right side of this equatisrproportional to the reference
wave field, the second one is a spatially varyiolptd” surrounding the first
term. These two terms constitute the zero-ordetiffifaction orDC term. The
third term represents, apart for a constant faetorexact replica of the original

wavefront O(x, y) =|0(x, y)|expligo (x,y)], and for this reason it is called

virtual image, or simply image of the object. The last termhis tonjugate, the

so calledwin image, of the original object wave (oeal image).

In holography, the hologram can be regarded likeaauplitude transmittance

that diffracts the reference wave. In DH the nug@neconstruction process of

the object wave field is determined through the eudcal calculation of the
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optical field propagation dR(x, y)I(x, y) from the holographic plane back to the
object plan€& —n, as shown in Fig.2.

Hologram plane Reconstructe J

(CCD) image plane

R(X,J;)
y
A X S
_%jé ; - :'_“.V'g
Oty
d

Fig. 2: Optical set-up in off-axis digital holography.

The numerical reconstruction of digitally recordemograms follows the scalar
diffraction theory in the Fresnel approximation tbe Rayleigh-Sommerfield
diffraction integral [11]. The reconstructed difftad field Q(§ ) in the
reconstruction plané - n at distancel from the hologram plane can be written

in the paraxial approximation in the following form
1 21T
M) =——expi—d |[x
Q¢ =+ g r{ 3 j

X ]3 TR(x, (X, y) exp{i %[(5 - X)2 + (/7 - y)z]}dxdy

—00—00

@)

Eq.(3) is the starting point for numerically rectvasting the digitized hologram
in the paraxial approximation, where thandy values and the correspondifg
andn values in the reconstructed plane are small coadpty the distancd
(see Fig.2).
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Once calculated the complex fieQ(& ) at distanced, the intensityi(x, y; d)
and the phase distributi@rfx,y;d) of the reconstructed image can be determined

by the following relations:

(%, y:d) =[Q(x,y)|” (42)
P(x,y;d) = arctan% (4b)

Eq. (4b) provides phase values wrapped in theviatder,x]. Unwrapping
procedures can be employed to convert the phaseloi@d into a continuous
phase distribution in order to obtain a smooth phamge [12].

1.3 Reconstruction methods

Different techniques can be adopted for implemendéimeconstruction of digital
holograms. The most important (the one adopteth®istudies in this thesis) is
theFresnel transformation method (FTM).

The convolution integral given by EQ.(3) can be ipalated to obtain the
reconstructed diffracted fieldQ(§,n) in terms of the so-called Fresnel

transformation of the hologram function. Indeeckgults that

-1 21T T (2, 2
Qe = o127 e i 7 e )

X I ]ER(X, VI(XY) exr{i %(x2 +y? )} exr{— i i—g(fx+ yn)}dxdy

—00—00

()

Eq.(5) shows that the reconstruction field is dataed essentially by the two-
dimensional Fourier transformation of the holografx, y) multiplied by the

reference wav&(x, y) and the “chirp” phase function
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wW(X,y) = exp{i %( 2y yz)}

Eq. (5) can be re-written in terms of the Foungegral

QW;,v,) :%ex;{i%djexp{iIﬂd(vf +v,f)]D

MR, y)! (%, Y)W YV V,)

(6)

where the direct (+1) or inverse (-1) continuous tdimensional Fourier

transformations of the functioh(x, y) are defined, respectively, by

Dﬂ[f(x, y)](Vg,Vq) = I jf(x, y)exr{¢i2n(v5x+v,7y)] dxdy (7

—00 —00

In Eq.(7) ve and v, are thespatial frequencies corresponding to the spatial
variables £ and n in the reconstruction plane and are related to the
reconstruction wavelengtlh and to the reconstruction distance by the

following relations:

=< .y
Ve , V, 1d (8)

With the off-axis geometry the object wave andrigference wave arrive in the
hologram plane with separate directions and, acegrtd the above equations,
the different terms of the numerically reconstrdcteavefront propagate along
different directions, owing to their different s@dtfrequencies. In fact, if EQ.(2)
is substituted into Eq. (5), it is clear that tleeanstruction of the DC term, the
virtual and the real image are essentially goveimgthe frequency content of
the respective spectra at the reconstruction distdnwhich ultimately impose

restrictions on the spatial bandwidth of the objmatl reference beams. If the
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reference field is given by R(x,y):ﬂexr{i(kxx+kyy)], where

IR =|R(X, y)|2 is the intensity of the reference field ane (ke , ky , k;) is the

corresponding wave vector, the three terms areratguhin the Fourier domain
corresponding to the reconstruction plénen at distanceal. The zero-order is
located around the origin while the image and tie tmage are symmetrically
centred onky/2n , ky/2r) and (k¢ /2n , K, /2r), respectively.

To achieve good quality reconstruction in DH, tlaenpling theorem (Nyquist
criterion) has to be fulfilled across the whole C@ibay area [13]. The criterion
requires at least two pixel per fringe period; thigplies that the maximum
interference anglemax between the spherical wavelets from each poirthef

object and the reference wave field be determingdthe pixel sizeAx,

according to the relation:

A
Omax = 5o ©)

2AX

Relation (9) expresses the fact that for recordinghologram by a CCD array
with pixel spacingAx at least two pixels per fringe are needed. For gkanm
case of a camera with pixel sia& = 6.7 um, the maximum interference angle
IS Omax~ 2.3° fork=532 nm.

Without loss of generality it can be seen thatth# whole CCD array has a
finite width given byNAxxMAy, whereAx and Ay are the pixel sizes on the
CCD array in the horizontal and vertical directipresspectively, antN andM
are the pixel numbers in each direction, the dinmeissAE x An of the

reconstruction pixel are:

Ad Ad
A =——, Anp=—— 10
¢ NAX d MAy (10)
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According to Eq.(10) the pixel width in the recamsted plane is different from
that of the digitized hologram and it scales inegrsto the aperture of the
optical system, i.e., to the side lendih= NAx of the hologram (limiting the
analysis to the-direction for the sake of simplicity).

This result is in agreement with the theory of rdi¢tion which predicts that at a
distanced from the hologram plane the developed diffractioattgrn is
characterized by the diametéd/S of its Airy disk (or speckle diameter).
Therefore the resolution of the reconstructed im@geplitude or phase image)
is limited by the diffraction limit of the imagingystem through the automatic
scaling imposed by the Fresnel transform.

It is easy to obtain the approximate condition (iing our analysis to one
dimension only) that determines the range of ditad where the discrete

Fresnel reconstruction algorithm gives good resanldsely:

2
d>d, = Nﬁx (11)

As an example, foN=512 pixels,A=632nm and pixel siz&x = Ay = 11um, the
Fresnel method is valid for distances greater tB&mm, while forN=1024
pixels, A=532nm andAx = Ay = 6.7um, the distance has to be greater than
86.4mm.

1.4 Digital holographic microscopy (DHM)

DH is an ideal technique for retrieving the phastrithution of the object wave
field for quantitative phase contrast imaging incragcopy, meaning that the
reconstructed phase distribution can be directhedudor metrological

applications, such as surface profilometry. Th@mstruction process, in fact, is
flexible and unique because focusing can be adjuatel aberrations can be

removed numerically. Moreover, phase distributithat cannot be observed in
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optical reconstruction of film holography, is egsdomputed and displayed
quantitatively.

Actually, there are other methods based on intenfietry that allow one to
measure minute displacements and surface proMeshods like holographic
interferometry, fringe projection and speckle mietgy can provide full-field
non-contact information about coordinates, deforonat strains, stresses and
vibrations. However, an important advantage of D#l,comparison with
interference microscopy, is that the curvatureorhticed on the object beam by
the microscope objective lens have not to be cosgied by the very same
curvature introduced on the reference beam. In facghterference microscopy
this problem is solved experimentally by insertitfge same microscope
objective in the reference arm, at an equal digtafitom the exit of the
interferometer.

For example the Linnick interferometer requirest tifieany change has to be
made in the object arm, then the same change neugtdeisely reproduced in
the reference arm in such a way that interferermmurs between similarly
deformed wavefronts. As a consequence, the expetaneconfiguration
requires a very high degree of precision. Howelds important to point out
that DH, compared with other 3D measuring techrsqueing mechanical or
electrical scanning, that are intrinsically poins& methods, allows the direct
calculation of the full-field map of the object dugh the calculation of the
complex wavefront from a single exposure. As a equosnce, both the
acquisition time and the sensitivity to thermal améchanical stability are
reduced. Several applications have been demorsstigtasing DHM [14-19].

In a microscope DH configuration, high magnificaticatios are obtained by
inserting an imaging system that magnifies the sfzéhe object, but the image
of the object is not imaged directly on the CCDawrOn the contrary, the
image of the object lies in a plane that can beraebr in front the CCD, at a
certain distance form the sensitive array. Reforudily a digital holographic
microscope relies on the possibility to obtain #dwmplex optical field at
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whichever plane along the propagation distancéefobject beam. The sample
image can be refocused to its position computirgagbtical complex field in a
plane located at the same distanc&rom the hologram plane at which the
object was during the recording process. In thisy vilae best in focus
numerically reconstructed amplitude and phase imaigéhe object can be
obtained. In case of a 3D object, numerical foauh different parts of the
object at different distance can be focused seglgrat

DHM can be applied for example to obtain the peofilap of an opaque object.
In this case a DHM¢€flection configuration has to be adopted, as shown in
Fig.3. The height distributioh(¢ n; d ) of the object at distanca from the
hologram plane is the information to be retrievikds simply related to the

reconstructed phase distributio(€ n; d) by the simple relationship:

h(&.7;d) = j—nqo(f,n;d) (12)

As previously described, the values of the measphee are restricted in the
interval [-n ,n ] and ambiguities arising from height differenggeater thamn/2
can be resolved by use of standard phase unwrappgetigpds.

In Fig.3 a possible set-up for a digital holograpmicroscope is shown.

The set-up consists basically of a Mach-Zehndesrii@tometer for reflection
imaging. For transparent objects a transmitting figonation can be
alternatively arranged. In the reference arm a beagpander is introduced in
order to produce an expanded beam with a planefraateln the object arm,
in order to illuminate the sample with a collimateeam, a combination of a
beam expander, a lens with a long focal length amdicroscope objective is
used. This imaging system permits to obtain a nigghimage of the sample
object that is used for the hologram creation.

In order to control the intensities in both the ayra combination of a neutral
density filter, a half-wave plate and a polarizbeam splitter can also be used.
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The advantage of a Mach-Zehnder configuration a tthallows the recording
of off-axis holograms with very small angles betwethe directions of
propagation of the object and reference waves. fHagire is important when
low-resolution media are used as image acquisgystems.

Finally, a CCD camera acquires an image of thedralm. Resolution better
than10 nmcan be estimated for step-height measurements iM,4d has been

demonstrated in direct measurements of profil@sgfsteps [19].

BS

LASER \ M

EE

re— — —1
1
1
T

CCD

M

Sample

Fig.3: Experimental set-up for recording digital hologranis a reflection
configuration: BS = beam splitter, M = mirror, MOmicroscope objective, BE = beam

expander.

DHM is very suitable for inspecting microstructugsich as microlens arrays,

described in Chapter IV), or real-time acquisiti@ven in case of moving
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objects [18]. Furthermore, thanks to the versgtditthe reconstruction process,
it is possible for example to numerically contrbetimage size [20] and the

image resolution [21-24]. We will now concentratetbis last feature.

2. Super-resolution in digital holographic microscopy

2.1 Introduction

The computational image reconstruction from a didiblogram, in DHM, has
many advantages compared to the traditional optcdbgraphy, including
amplitude and phase imaging, 3D imaging and theitadigwavefront
manipulation.

On the other hand, some disadvantages also exifstct, no electronic device is
able to compete with the high resolution (up to ®dhes/mm) of the
photographic emulsions used in optical holograpterefore, in most cases,
the resolution achieved in DHM is too low and natakified for practical
applications.

Recently, important results have been achieved irioreasing the optical
resolution in DH imaging, thus opening new posgibs in 3D microscopy. It
is well known that, in microscopy, the resolutioh tbhe optical systems is
limited by its numerical aperture (NA). Essentiallyecause of the finite
aperture of the imaging system, only the low fregueparts of the object
spectrum are transmitted and then recorded by é#msos. Therefore, the
corresponding reconstructed images are band limtéae frequency domain.
Several strategies have been defined and diffeqgmtoaches have been tested
to increase the NA of the optical system in oradegét super-resolution. Most
of the aforementioned methods are essentially aaéagcreasing synthetically
the NA of the light sensor to get super-resolutibtassig et al. increased the
NA by recording nine holograms with a CCD camemnsfated to different
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positions in a rectangular raster and by recompititem in a single synthetic
digital hologram [21].

In Fig. 4 the texture of the radiator of a modal s resolved. In particular, an
increase of the resolution by a factor of 2.5 igpect to the size of the CCD

sensor can be expected.

Fig. 4: Reconstruction of the object section from a sirglogram (a) and from nine
holograms (b) (from [21]).

Alexandrov et al. were able to break the diffractimit by rotating the sample
and recording a digital hologram for each positianorder to capture the
diffraction field along different directions [25]A different approach was
proposed by Kuznetsova et al. who rotated the sampiespect to the optical
axis in order to re-direct the rays scattered alewangles into the aperture of
the optical system, thus going beyond its diffactiimit [26]. Mico et al.
proposed and demonstrated a method for enhanciegrebolution of the
aperture limited imaging system based on the usgltefl illumination and
common-path interferometric recording [27].

Recently, Liu et al. demonstrated that super-resbivnages can be obtained
simply by using the diffraction effect of an appriage grating [22]. Essentially,
their technique allows one to collect parts of #pectrum diffracted by the
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Chapter I Super-resolution in digital holography

object, which otherwise would fall outside the C&iPay. This was achieved by
inserting a diffraction grating in the recording Bt-up. The basic principle is
simple but effective. In fact, the diffraction greg allows one to re-direct

toward the CCD array the information that otherwisrild be lost.

Basically, three digital holograms are recorded gpdtially multiplexed onto

the same CCD array. Super-resolved images can tamet by the numerical

reconstruction of those multiplexed digital holagsa by increasing three times
the NA. The ray diagrams of the object waves aresatically shown in Fig.5

and, for simplicity, only a point object is repatte
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Fig. 5: Ray diagram of the object waves without (a) anchwit) a grating placed
between the object and the CCD camera (from [22]).
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Therefore, due to the diffraction of the gratingqqad between the object and
the CCD camera, three beams, (O, and Q) reach the area of the hologram
and can be digitally recorded.

Although the working principle has been demonsttaté is important to
highlight that some limitations waited to be ovem® in the approach
developed in [22]. The main limitations regard fimeperties of the grating used
for the recording process.

In the following a novel approach will be presentetiere a special diffraction
grating, made of lithium niobate (LN), is used. Has three important
characteristics that allow one to improve the @ptresolution behind the limit
imposed by the recording system.

First, this grating has a two dimensional (2D) lyowal geometry that allows
one to obtain super-resolution in two dimensionfisTis an important
improvement compared to the technique in ref. [2#)ere a 1D diffraction
grating was used, thus enabling to increase thefNAe recording system only
along one direction, namely the direction perpemdicto the lines of the
grating. Second, herephase grating has been adopted, instead of the amplitude
one. The main drawback of amplitude gratings isstinaller overall diffraction
efficiency. In fact, only the light passing throudie openings is used for
imaging formation, that is only a part of the tadémhount of light illuminating
the grating. This characteristic can turn out ulsefilen the light gathering is
critical. Third, since the phase grating, which wlasigned and fabricated in our
laboratory, is made of an electro-optic substrdi®l)( it has a tunable
diffraction efficiency.

Concerning the diffraction tunability, the phasatgrg allows one to adjust the
relative intensities of the multiplexed hologranmaitt indeed, depend on the
diffraction efficiency of the grating itself. It Wibe shown that such relative
intensities can affect the quality of the superhesd image obtained by the
superimposition of the reconstructed holograms. flésable phase grating, in
fact, gives one the opportunity to optimize theording process of the

49



Chapter I Super-resolution in digital holography

multiplexed holograms and, consequently, to imprines quality of the super-
resolved images. In addition it will be demonstiatédhat, thanks to the
flexibility of the numerical reconstruction procesg is possible to use
selectively only the diffraction orders that cobhtrie significantly to increase

the spatial resolution, discarding those not cagyiseful information.

2.2 The experimental set-up and the diffraction grating

The holographic set-up adopted in this experimenshown in Fig.6. The
recording process has been carried out by usinguaidt configuration in off-
axis mode. The laser source is a He-Ne laser aqitit a wavelength of 632
nm. The specimen is illuminated with a collimatddne laser beam, and a
spherical laser beam from a pinhole is used asetileeence beam. The distance
between the pinhole and the CCD is the same abdtaeen the object and the
CCD, according to the Fourier holography configwrat The CCD array has
1024 x 1024 pixels, with pixel size.gh= 7.6 um.

PBS
Laser} Al i .
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M2 N2
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NIV:I}:<TH}\: <
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Fig. 6: Scheme of the DH recording set-up.
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Thediffraction grating G is inserted in the optical path between the cilged
the CCD. It consists in a 2D array of hexagonahgpmed periodic reversed
domains in a LN substrate. The sample has beeramg@y standard electric
field poling at room temperature and the distanetwben neighbouring
hexagons is 3pm [28-30].

After poling, transparent ITO (indium tin oxidekeetrodes have been deposited
on bothz faces of the sample in order to apply an exterieddl facross the
crystal preserving the optical transmission aldregtaxis.

The phase step between opposite ferroelectric demean be varied by
changing the applied voltage across#a&xis of the crystal. When no voltage is
applied to the crystal, no diffraction occurs sirtbe diffraction grating is
inactive éwitched-off). When voltage is applied, the grating becomesvact
(switched-on). It is important to note that LN has a high dam#geshold over
a wide spectral range, from the near UV to the4B0(nm - 5000 nm), so that
the super-resolution technique presented here dmukktended to wavelengths
different from that used in the present work.

One important property of this new proposed comagaon is the intrinsic
flexibility in terms of tunability. Because of thedectro-optic effect, the phase
step can be changed continuously over the entigk @ange by applying a
variable voltage (e.g. a linear ramp). Moreovercan be optimized for any
optical wavelength within the working spectral rargg the crystal.

Another very important feature of the present devia comparison with the
case of a fixed phase step, is the fine contraiobble over the step. In fact, in
a conventional phase array illuminator, when thecsjz depth is provided by
the fabrication process according to its designs itlear that any change of
temperature through the thermo-optic effect cohlange the refractive index of
the device and consequently the phase step. Irc#isis the phase step can be
actively controlled and corrected in real time tonpensate for changes in the

ambient conditions.
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Finally, it is important to note that the proposeuhfiguration also shows some
advantages compared with spatial light modulataasetd on, for example,
liquid crystals. In fact, the pixel size of the dmv (the size of individual
inverted domains) can be as small as a couple ofomieters, which is the
current limit for bulk ferroelectric domain inveosi with conventional methods;
this value is at least two orders of magnitude gn#han the actually available
spatial light modulators [31].

Hexagonally poled samples have been prepared,idsbetore, by standard
electric field poling at room temperature. For teeoelectric domain inversion,
the z-face of a 0.5mm thick z-cut LN crystal sampés been covered with
photoresist and then photolithographically pattdrngith a 2D array of
hexagonal openings arranged in a hexagonal laiige.7(a) shows a section of
the photolithographic mask used in the fabricapaocess.

An external electric field of about 21 kV/mm, highban the coercive field of
the material, has been applied via conductive tEdt®des between the two
opposite z faces of the crystal, while the curmgat monitored to control the
domain inversion process (see also appendix a¢rideof Chap.IV). After the
poling process, a 2D hexagonal lattice of domaitsich is a replica of the
photolithographic pattern, is created. An opticanwscopy image of the actual

domain structure visualized is shown in Fig. 7(b).

—

35um
(a) (b)

Fig.7. Optical microscopy images of the (a) photolithgdpia mask used in the

fabrication process and (b) the actual domain girac
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The structure shown in Fig. 7(b) is very similarth@ photolithography mask
pattern of Fig. 7(a) in terms of the domain periblbwever, there is some
difference between the domain inverted pattern Hrel mask because of
sideways domain spreading during the poling proc€be distance between
neighboring hexagons is 38n and the overall domain inverted region covers
an area of about 2 ém

Transparent indium tin oxide electrodes have besposited on the opposie
faces of the poled crystal, as shown in Fig. 8&hst the external field could be
applied across the sample without disturbing thtecaptransmission along tre

axis.

Fig. 8: Diffraction grating covered with transparent IT@arodes.

2.3 Registration of spatially multiplexed digital holograms

As said above, because of the electro-optic eftbet,hexagonal phase array
appears when the voltage is applied to the LN aty8Whenever voltage is
applied, the grating becomes actig&i{ched-on). It is able to generate different

diffraction orders. Essentially, each diffractiorder produces a corresponding
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digital hologram and all the holograms can be sfigtimultiplexed and
recorded simultaneously by the CCD.

The schematic view of the object waves is showRigs. 9(a,b) where, for sake
of simplicity, only one point object P is discussed

[

(b)

Fig. 9: Ray diagrams of the object waves: (a) withouthtbeagonal grating in the set-
up and (b) with the grating in the set-up.

In case of conventional holographic configuraticalsthe rays scattered by the

object freely propagate forward to the CCD plang, dnly the central ray fan
reaches the area of the hologram and can be tygredorded, as shown in
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Fig.9(a). Therefore, because of the limited apertaf the CCD array, the
recorded object wave beams are only a portionetdtal light scattered by the
object.

However, when the grating is placed between theablgnd the CCD array, six
further fan beams waves can reach the CCD. Thelskédtthis configuration is

depicted in Fig. 9(b). Each of the six waves apced by the first diffraction

orders of the grating. The resulting digital holgr is essentially formed by
seven object beams and the reference beam. In othwals, the CCD array

simultaneously records seven digital holograms #rat spatially multiplexed

and coherently superimposed. The digital holograas been numerically

reconstructed to obtain the “in focus” real imag¢he tested target.

The holographic system in Fig. 9(b) clearly extsllitgher NA compared to that
in Fig. 9(a). In fact, the CCD aperture augmentsaufhree times along each of
the three directions at 120°, thanks to the hexalggaometry. Consequently,
the reconstructed image of the point P has a résolenhanced up to three

times compared to the usual DH system without tfieadtion grating.

2.4 Numerical reconstruction of the multiplexed digital holograms

The numerical reconstruction of multiplexed digitallograms is divided into
two steps. Firstly, the wavefield in the plane jbshind the grating has been

obtained through the formula

1 Ad
Y, = ——e'% O
Q(X.: Y1) i)ldze
(13)

dx,dy,

ii[)é"' g] ‘zﬂ[xle"' 2 1]
JROG Y O, )6 e e

whereR(x; ,y») is the reference wave, whiléx, ,y,) is the intensity of the digital
hologram acquired by the CCD. We assume that tlaingr used has a

transmission function that can be written as
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T(x,Y,) =1+ aCOS(ZZT)(ll p) + bcos[(x1 + «/§y1)77/ pJ +

+ c:c:os[(x1 — «/§y1)71/ p] 14)

Eq.(14) is made of four terms. The first term iscastant offset. The second
takes into account diffraction along the horizomliagction, while the 8 and 4"
terms consider the two other directions. In Eq.{@# the period of the grating,
while a, b, and ¢ are the diffraction efficiencies along the threiffedent
directions typical of the hexagonal pattern of théfraction grating,
respectively. The complex amplitude distribution tae plane immediately
before the grating can be obtained by multiplyinguQ y1) by T(x: , y1); the
reconstructed image in the object plang ,(yo) can then be obtained by
computing the Fresnel integral @{x; , y1) - T (X1, y1) according to

_ 1 %(xéwé)
Q(Xo,yO)—Mdle

[

2] -2 ryiyol (13)

inle,
Jb0q, YT, y)e™ e ™ dxdy,

The double-step reconstruction algorithm has bedopted to make the
reconstruction pixel (RP) in the image plane independent from the dcsta
between the object and the CCD, differently fromatvbccurs in a typical
single-step Fresnel reconstruction process, whé&= &/(N-Pccp). In fact, in
our case, the RP only depends on the ifidy, according to the formula RP =
Pcep - di/dz [32]. Fixing d; equal tod, , RP = Rep= 7.6 um. In this way, it's
assured that the RP is the minimum achievable witdecreasing the field of
view, corresponding to the pixel size of the CCD.

As results by Egs. (13) and (15), the double-seggpmstruction is based on
classical Fresnel algorithm. Recently, a novel mwethas been proposed to

reconstruct high NA-holograms [33]. Neverthelesg, tlassical reconstruction
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algorithm is still adopted, since in this case Hwper-resolved images are
obtained by superimposing “a posteriori” the re¢ardions of spatially

multiplexed holograms rather than by reconstructifiiggh NA hologram.

2.5 Experimental results demonstrating the achieved super-resolution

Fig. 10(a) shows the amplitude reconstruction @ dhgital hologram of the
object when no voltage is applied to the electrbeograting. The object is a
microscopy target with different spatial frequescranging from 12.6 to 100
lines/mm, corresponding to a pitch between neighibguines from 79.4 to 10
um. The amplitude reconstruction clearly shows thatresolution is limited up
to the maximum value of 31.6 lines/mm (3iu® of pitch), as evidenced by the
magnified view in Fig. 10(b), while pitches of 2%ufh and 20.Qum are clearly
below the resolution limit of the system. Howe\as,explained in the previous
section, the DH system is expected to reconstrocectly up to the extreme
limit of 2x7.6 um = 15.2um, according to the Nyquist criteria (at least 2efs
per period), and taking into account that RP=pfr6 Nevertheless, the reticules
with pitches below 31.6m are clearly unresolved due to the limited NAlod t

system.
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Fig. 10: (a) Amplitude reconstruction of the digital holagr when no voltage is

applied to the electro-optic grating; (b) magnifie@w showing the lines with the
shortest pitches (31160, 25.1um, 20.0um, 15.8um).

When the phase grating is switched-on, seven d$lpatiaultiplexed digital

holograms are recorded by the CCD array simultasigotrig.11 shows the
amplitude reconstruction of the multiplexed digit@logram when a voltage is
applied (2.5 kV in this case). The numerical retatsion has been performed

by using Eq.(15) without introducing the transnossifunction Tg,y) of the
phase diffraction grating (i.e. with T=1).
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Fig. 11: Amplitude reconstruction of the multiplexed dajihologram when the phase
grating is switched-on (applied voltage of 2.5 kWhis numerical reconstruction has
been obtained without introducing the transmisdiamction of the phase diffraction

grating in the reconstruction algorithm (i.e.x¥§=1). The labels of reconstructed
images indicate the corresponding diffraction asder

As explained before, each diffraction order produoee of the multiplexed
holograms. Consequently, the reconstruction proceRsws up seven
corresponding images, one for each of the multgdelolograms: one for the
Oth order and six for the first orders of diffract] that are along the three
typical directions of the hexagonal grating (seg Fl).

Each couple of images along the three differenteations (encircled
respectively by the yellow, blue and red ellipseslrig. 12(a) carries different
information about the object spatial frequenciegctipm. In fact, each
hologram originates from the rays scattered by dhgect along different
directions and re-directed onto the CCD area bynweaf the diffraction
grating. It is important to point out that, withahe grating (or with the grating
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switched-off), the information carried by the siglégrams would fall outside
the NA of the CCD array and would be missed.

The resolution enhancement can be obtained ongelgctively superimposing
the different reconstructed images obtained bydig#al holograms. In fact, in
this way, it is possible to increase the NA of tiptical system and therefore the
optical resolution of the resulting image. It ispantant to note that in this case
super-resolved images have been got in two dimessuifferently from what
was reported in ref. [22]. This configuration relsedhat the best image
resolution can be obtained by using at least tfoadtion directions, as shown
by the following results. The superimposition oé tteconstructed multiplexed
holograms has been obtained automatically by usqm¢L5).

According to the particular geometry of the objéicis possible to superimpose
only some of the reconstructed images that effelstipossess and carry useful
information with the aim to resolve the detailsttoé object under examination.
In fact, the numerical reconstruction algorithm ¢enconsidered for one, two
or all of the three directions, simply assigningpegpriate values to the

diffraction efficiency coefficients in Eq.(14) (i.a, b, c, respectively).

(b)

(d)
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(€)

S

Fig. 12: (a) Coloured ellipses encircle the reconstructeaiges along the three typical
directions of the hexagonal grating. (b-d) Magmifigew of the image obtained by
superimposing only the (b) -1a, Oth, +1a diffractrders (blue ellipse), the (c) -1b,
Oth, +1b orders (red ellipse), the (d) -1c, Oth¢ ®tders (yellow ellipse). The reticule
with a pitch of 25.3um, completely blurred in (b), is resolved in (c)daa) thanks to
an improvement of the optical resolution.

Plots of amplitude profile along the white linegttie images (b), (c) and (d) are shown

in (e), (f) and (g), respectively.

For example, Fig. 12(b) shows the magnified vievtha reconstructed image
obtained by superimposing the diffraction ordes, {th and +1a (blue ellipse)
only, that means just the horizontal direction &nlyg considered. Differently,
Figs. 12(c) and (d) show the reconstructions obtainy taking into account the

-1b, Oth, +1b and -1c, Oth, +1c orders respectjv@yresponding to the oblique
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directions (red and yellow ellipses). Only the lagb reconstructions lead to an
improvement of the optical resolution allowing doeresolve the reticule with
25.1 um pitch, otherwise completely blurred in Fig. 12(Bhis is clearly
evidenced by the profiles in Fig. 12(e), (f), agil (

This result demonstrates that the collection & thys diffracted along the
horizontal direction is not useful for increasimg tresolution of such target. In
fact, since the rulings have only lines paralleltite horizontal direction, the
rays scattered from finer rulings are directed mya@th higher angles along the
vertical direction. Therefore, the object frequessdnave components only along
the directions of diffraction orders £1b and xlmnSequently, in order to
obtain the best signal/noise ratio in the supepivesl image, the
superimposition of the orders Oth, +1b and *l1lc withthe *la is more
favourable.

Fig. 13(a) shows the reconstruction obtained byesopposing all of the first
diffraction orders, £la, +1b and +1c on the zerdeoy while Figs. 13(c) and
13(e) show the reconstructions where the *la or@@sesponding to the
horizontal direction) are not considered. By comparthe reconstruction in
Fig. 13(a) with those in Figs. 13(c) and (e), itgessible to notice that,
involving a useless order £@) in the reconstruction, only noise is added
without any benefit for the resolving power. Fig8(b,d,f) show the profiles
calculated along the ruling with a pitch of 25i@n for each of the
corresponding reconstructed images in Fig. 13(a,Clbe super-resolved
images shown in Fig. 13(c,e) differ each other bseahey are obtained using
two different sets of parameters in Eqg. (14), ngnfak0, b=2, c=4) for Fig.
13(c) and (a=0, b=4, c=4) for Fig. 13(e).
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Fig. 13: (a) Amplitude reconstruction of the target obtdir®y superimposing all the
first diffraction orders, +1a, +1b and £1c, on therder; (c,e) amplitude reconstruction
obtained by ignoring the xla orders and by usingiiferent or (¢) same weight for
the orders £1b, t1c, respectively. (b,d,f) Corregfing profiles calculated along the

lines with 25.1um of pitch Axes of the plots have a.u. for intensities on matks while
pixel numbers on abscissa.

The results clearly show that for the used objdwt, signal/noise ratio in the
super-resolved image is increased when the twor®reEh and t1c have the

same weight in the superimposition (see Fig. 18(efhis depends on the
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particular geometry of the object which has spdtefjuencies all along the
vertical direction, that is exactly along the bisecof the angle between the
directions of the diffraction orders b and c. THere, the spatial frequency
components along the directions of the diffracttvders +1b and t1c are the
same. However, for some particular experimentaditmms, the possibility to
modulate the weight of each diffraction order cohéluseful with the aim to
recover the best super-resolved image. This se&estiperimposition, both in
terms of selected directions and weights to begassito each of the considered
diffraction orders, is uniquely allowed by the filekty of such numerical

reconstruction process.

2.6 Influence of the diffraction efficiency flexibility on super-resolved images

In addition to the analysis and optimization of spatial resolution through the
superimposition of reconstructed images relativditierent diffraction orders,
it has been also studied how the dynamic propedidgbe diffraction grating
could be exploited to improve the final result.

As explained above, the diffraction grating usethi® experiment is an electro-
optically tuneable phase grating. Therefore, bynghay theapplied voltage
across thez-axis of the LN crystal, it is possible to tune tphase step.
Consequently, the efficiency of the diffraction ersl is also adjustable since it

is proportional tosin*(Ag¢/2), where A¢ is the phase step between inverted
domains that changes proportionally to the applielfage V. The maximum
value of the efficiency is obtained fag = n (V=2.5 kV).

Figs. 14 (b),(d) and (f) show, respectively, thpeswresolved image optimized
as to the geometrical issues (i.e. with a=0, b=ca®) magnified view
concerning the reticules with the shortest pitclias the profile of the 25.Am
pitch grating forAg =n (V=2.5 kV). Conversely, Fig. 14 (a), (c), (e) shtve
same types of images faw =37/5 (V=1.5 kV).
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(d)

© MM @

(¢))

Fig. 14: (a,b) Super-resolved images optimized as to tloengé&rical issues, (c,d) their
magnified view concerning the reticules with thersbst pitches and (e,f) profiles of
the 25.1um pitch lines (along the white line) foAg =37/5 (V=1.5kV) and

A¢ =n (V=2.5kV), respectively. (g) Profile of the 20.0m pitch lines, clearly

resolved forAg = 7.
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The two profiles in Fig. 14 (e), (f) clearly shohat the increase of the optical
resolution is higher when the phase stepAg= 7. In fact, in this case the

diffraction efficiency has the maximum possibleueabnd therefore the images
coming from the diffracted orders, containing imf@tion about the high spatial
frequencies of the object spectrum, have a higlghtean the superimposition
process. This is a key point since, if the diffractefficiency can be tuned, it is
possible to find the best experimental conditiom fecording multiplexed
digital holograms.

Finally, Fig. 14(g) shows also the plot of the amople profile for the lines with
a pitch of 20.0um, blurred in the case of V=1.5kV (see Fig. l4cheveas
resolved when V=2.5kV. On the basis of this latesult it can be claimed an

improvement of resolution of at least 1.6.

Conclusions

It has been tried, in this chapter, to give an wesv of the principle of
operation and recent improvements of a quite novelferometric technique:
digital holography. Numerous examples have beearteg (and will be in next
chapters) of application in microscopy for inspeati characterization and
investigation of different materials and processésie of these is the
enhancement of resolution, in digital holographiecroscopy, achieved by
means of a LN dynamic grating. In fact, super-ngsoh can be obtained by
adopting a diffraction grating that allows oneroriease the effective NA of the
optical system. Up to now the proof of principledi@en demonstrated only in
the 1D case, limiting the resolution improvemenot@ single direction.

In this chapter a step forward has been presemtedhonstrating that the
improvement is possible in two dimensions, adopangN diffraction grating
having an hexagonal geometry able to increase thealng three different
directions (i.e. the three directions typical of thexagonal geometry).
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Furthermore, there are two important and novel @spe this approach. Firstly,
a dynamic phase grating obtained by electro-opffece is adopted: the
diffraction efficiency can be tuned (simply by vewmy the applied voltage)
allowing one to optimize the recording process loé tigital holograms.
Moreover, is shown that, by appropriate handlinghaf transmission function
of the numerical grating in the reconstruction alipon, it is possible to further
improve the signal/noise ratio in the final supesalved image.

Some of the results discussed in this chapter het/éo the publication of the

article of ref. [24].
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Chapter 111

Solitonic waveguidesin lithium niobate

Summary

In this chapter an overview about optical wavegsiigeoperties, techniques of
fabrication and materials used will be provided.pbrticular, | will focus on
lithium niobate waveguides, as LN is a widely usedterial in this sense,
thanks to its special properties, as explainetérnfirst chapter.

Then the technique used in the present experiménbevdescribed, aimed at
forming a waveguide inside a crystal made of pute. In this case the
waveguide is self-written, thanks to the photoretivee (PR) effect, by means of
a spatial photorefractive soliton, that is a selfifforcing wave propagating in
space with a constant diameter.

The guide has been characterized both during iitedtion and after the ending
of the writing process by digital holography. Thechnique has allowed to
recover both amplitude and phase of the solitormbexziting from the crystal,

in different writing conditions.

1. Optical waveguides

An optical waveguide (OW) is a structure which d¢oe$ and guides an

electromagnetic field. There are different types@Ns, that differ in the
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geometry adopted to confine energy: in one dimensiech aslab waveguides,

in two dimensions as fibers onannel waveguides (Fig.1):

Fig. 1. Different kinds of waveguides, slab (upper) or crelr{lower).

Waveguides used at optical frequencies are typicstiiuctures in which a
dielectric material with high permittivity, and thiunigh index of refraction, is
surrounded by a material with lower permittivity.

The structure guides optical waves fligtal internal reflection. This
phenomenon occurs when a ray of light strikes aimnedoundary at an angle
larger than a particular critical angle (the “linahgle”) with respect to the
normal to the surface. If the refractive indexasvér on the other side of the

boundary, no light can pass through and all oflitite is reflected, as displayed
in Fig. 2(a,b).
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nz

o~ -

nz

(b)

Fig. 2: (a) Scheme and (b) picture of the total reflection mmeanon.

The limit angle is the angle of incidence above which the totdkrimal

reflection occurs, that is, from the Snell’s law:

6 >6 =arcsen U (1)
n

For example, in a typical optical fiber made ofcsi] n (i.e. the index of the
“core”) is about 1.48, while n(the “cladding” index) is 1.46. So from Eq.(1)
we haved, = 81°, meaning that the incident light must be alnpasallel to the
guide.

An OW is constituted of two main spatial regiorie propagatingore and the
surrounding medium. In order to confine light, @ers before, the core must

have a refractive index higher than that of theaurding medium, to ensure
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the total reflection regime for the optical rayapped inside the core area.
Consequently, the propagating light proceeds ingideguide with a particular

configuration, calleanode.

According to the refractive index contrast betwemsre and surrounding

medium and according to the transverse dimensiothe@fwaveguide, one or
many modes can propagate; however, the charasteoist every mode is to

keep its transverse profile constant along the wipobpagation length. Thus,
the mode is a steady-state solution of the ligbpagation equation inside the
confining structure.

Many techniques [1] have been developed in the waktthe aim to realize

such waveguide structures. Anyway, they are mdiabed on two principles:

a) Deposition of the propagating layer on a saibstr
b) Modification of the substrate’s surface in artieobtain the propagating

layer.

The deposition of a layer on a substrate can bkzedaby many different

techniques: evaporation, radio-frequency sputterspin-dip-coating, chemical
vapour deposition and epitaxial growths by melting,liquid or vapour-phase
and by molecular beams. Among all these technigapgaxial growths by

melting, by liquid-phase and by molecular beam8][Bave been efficiently
applied to growithium niobate films on substrates.

However, the most efficient methods for realizingweguides in such material
are those based on substrate modification, whichnsyeut-diffusion of atoms
from the substrate, in-diffusion of metallic imgies inside the material, ion
exchange (Li-Na, Cs-Na, Ag-Na, K-Na, Ti-Na/K) andghienergy ion

implantation. Almost all of these techniques haeerb efficiently applied in

LN, but the most efficient and used one is titaniimdiffusion. Ti ions can

strongly increase the refractive index of the swst (up to 16+103),

penetrating for microns with concentrations up .80 and with semi-Gaussian
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profiles. Consequently, single-mode waveguides loanobtained by such a
technique, with quite low propagation losses (Blcth).

It must be said that each technique here descrtbedly able to realize either
planar or channeled waveguides on the top of satiestri.e. surface structures.
Historically, this is also the reason for the nafsabstrate”, which clearly
describes the material under the structure. Intedraptical microcircuits, that
are structures based on OWs, are consequently mrdymensional on the
external surface of substrates. Some efforts haeea done to bury waveguides
inside the substrates: either growing on the toghefrealized other layers or
pushing the in-diffusion for long time in order torce the highest doping
concentration deep below the external surface.

All these efforts have made possible to bury tladized structure few or tens of
microns inside, anyhow far from a real three-dinn@mel circuit. A promising
technique for real 3-D circuits is represented dolitonic waveguides. A
soliton beam, as will be explained in the next geaph, is a non-diffracting
wave propagating in a material. The diffraction pemsation is ensured by a
local modification of the refractive index of theedium induced by light-
excited electric-charge distribution (the so callgdotorefractive effect”). Such
charge distribution, via the electro-optic effetiyrites” a light confining
structure.

With respect to the previous techniques, many adg®s can be identified in
this case, making solitonic waveguides very ativador applications:

a) The guiding structure can be written everywherthe volume of the host
material (I don't speak anymore of substrates lhast materials”), giving a

perfect 3-D structure;

b) The associated waveguide is perfectly symnadiratlowing always at least
one mode to propagate inside, with very low progiagdosses (<0.1 dB/cm),

being the refractive index profile self-written &yon-diffracting light beam;
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c) Solitons can live for long time after the wmgi procedure, and the writing
technology is very simple and low costly (the wigtibeam should have powers
of the order oftW or mW).

According to the initial focusing of the writingght, the associated waveguide
can be planar, channeled or conical, in fact atdecompletely formed solitons
are able to modify the material’s refractive indesalizing conical stigmatic
structures.

The guide characteristics depend on the writingcgualare; according to the
writing wavelength different dimensions can be ot#d, ranging from 18-20
um at FWHM for red light down to 6-&m for blue light. The refractive index
profile might be either Gaussian (for short timeniation) or hyperbolic secant
(for long time formation), with a total variatioanging between 1band 1.
Such low refractive contrast guarantees that asgel structures may behave as

single-mode waveguides.

2. Photorefractive soliton formation in alithium niobate crystal

2.1 Introduction: what is a soliton?

In this paragraph a systematic study of the releveatures of the optical
soliton formation process inside a nonlinear medisipresented, by analyzing
the parameters that influence formation times amdhdhics.

A soliton is a self-reinforcing solitary wave (a wave packetpulse) that

maintains its shape while traveling at a constpeed [4]. However, a single,
consensual definition of a soliton is difficultfiod. Drazin and Johnson (1989)

ascribe three properties to solitons:
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1) They are of permanent form;
2) They are localized within a region;
3) They can interact with other solitons and eradrgm the collision

unchanged, except fophase shift.

The first documented report of a soliton was in4.8hen a Scottish naval
engineer, John Russell, observed a water wavecanal propagatingwithout
change of form or diminution of speed”, that he called YWave of Trandlation”
[5]. During the following years, similar phenomehave been observed in
many physical systems: charge density waves inmaagphonons in solids,
excitations on DNA chains, “branes” in superstrihgory, and others.

In optics, solitons were predicted for the firshél in the 1970s [6] and then
observed in 1980 [7]. These kind of solitons wedne to calledtemporal
solitons, i.e. temporally localized pulses of light, ane aow being considered
as a possible candidate for long distance opticainounication systems [8,9].
On the other hand there agmtial solitons.

It is well known that an optical beam propagatingai homogeneous medium
tends to broaden in space because of diffractiOh However, in a nonlinear
optical medium, the diffraction effect can be comgsted by the perturbation
of the refractive index induced by the nonlineaeiaction between the light
beam and the medium. The beam can be self-trappkthas propagates inside

the medium with a constant diameter: this is kn@asranoptical spatial soliton
(Fig. 3).
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A top-view photograph of a
photorefractive spatial
soliton (above) and a
normally-diffracting beam—
no soliton {below).

(@) (b)

Fig. 3: (a) Photo of an optical spatial soliton (abovej ancomparison of a normally-
diffracting beam, from right to left (below). (b)irulation of a spatial soliton
propagating with uniform shape (from [4]).

Spatial solitons manifest themselves in a largéetsaof settings and in recent
years have become the object of intense studiéslB,15].

There are mainly three kinds of optical spatialitsnb that have been
demonstrated experimentally. The first discoveredrewthe Kerr solitons
[11,12], originated from a third-order electronigsseptibility process that gives
rise to the optical Kerr effect, which can be dds¥ by an intensity dependent
index of refraction. A second type was discoverethe 1970’s: thguadratic
soliton [13-15]. It cannot be interpreted as originatingni a modification of
the medium’s refractive index, but self-trappingcas as a result of rapid
exchange of energy among beams at different freme@gnmediated by the

second order nonlinearity of the medium.
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The last type of spatial soliton was discoveredl#92, when Segev et al.
predicted that PR media could support a new kindsaifton, in which
diffraction was balanced by focusing effects caulgd light-induced index
change. The latter was namgubtor efr active soliton [16-18].

The first PR soliton that was investigated origasatrom the non-local nature
of the PR effect and was namguhsi-steady-state soliton [19]. Another type of
PR soliton can be realized in photovoltaic matsri@hotovoltaic soliton),
where the internal photovoltaic field provides tiecessary drift effect of the
optically-induced free-charge carriers [20,21]. @mere interesting kind of PR
soliton is known asscreening soliton that, differently from the case of the
photovoltaic one, requires an external electritdfi® be applied across the
crystal along the transverse direction in respecthie optical propagation
direction. The external field is applied in orderdrift the free charge carriers
[22-26].

The attractive property of screening solitons & ¥ery low laser power that is
necessary for their generation. This permits ingasbn of these objects with
conventional continuous-wave laser sources and, semprently, the
development of realistic applications to waveguidithanks to the easy
availability and relatively low cost of the expegntal devices.

PR screening solitons have been the object of sixterresearch in the last
years, because of the richness of PR effects thaites experimental
investigations into a large variety of soliton pberena. First experiments were
performed on strontium barium niobate (SBN) [2fdahen in many other
materials, such as KTN, BGO, BTO, BaEi@olymers, ecc. Among nonlinear
materials, LN has been demonstrated to be vergldaifor the generation and
propagation of screening solitons [28,29], owingittohigh electro-optic and
non-linear coefficients (see Chap.l), and alsotsorémarkable photovoltaic,
piezoelectric and PR properties.

One of the most interesting feature of these swditis that they can be guided
inside the host medium by the refractive index yéstion created by their
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passing-through it [22,30,31]. So it is possible use solitons for optical
waveguides generation and characterization by mezinsa low power
continuous-wave laser.

Waveguides in LN were first demonstrated dgrk screening solitons (de-
focusing case), that are dark shadows propagatitigowt diffraction in a
lighten background [20,21,32], but it has been ghdhat bright screening
solitons (self-focusing case) are much more stabtesuitable for waveguiding
[28,33].

Even though in the last few years photorefractreening solitons have given
rise to a great interest, the formation and evotutmechanisms are not
completely clear yet. Experiments discussed in tfasagraph represent an
effort to contribute to a deep understanding okéhprocesses. The effective
changes of the refractive index of the crystal miyirihe writing process and
after the soliton formation are obtained by deteing the phase distribution of
the optical wavefront at the exit face of the calisThe phase analysis provides
a way to control and monitor the process of solftomation more reliable than
the evaluation of the sole intensity distributidrtlee output beam. Such kind of
investigation is made possible from the uniqueuleaf digital holographic
(DH) technique. In fact by means of this interfeednt technique it is possible
to reconstruct and manage the whole optical field. (complex field in
amplitude and phase, see also Chap. Il) of théosdtieam [34].

The basic parameters that influence the processolidbn formation are the
intensity of the writing and of the background bsaand the value of the
applied electric field. Both static and dynamic g of the soliton generation
process has been performed. The static analysisighed in par. 2.3, concerns
a great number of screening bright solitons, eadated with a particular
writing intensity or with a different value of thexternal electric field. By
means of DH it has been possible to compare irtteasid phase features of
these solitons, at the exit face of the sampleeg#ad with different writing
parameters. The dynamic measurements (par. 2.4e2&) with the soliton
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temporal behavior, starting from the beginningref formation process till one
month after the solitonic waveguide complete cogatiDH has allowed to

retrieve temporal evolving profiles for both intépsand phase of the beam at
the exit crystal face, starting from a sequenceoddgrams recorded at different

instants of time.

2.2 Experimental set-up and procedures

The experimental set-up utilized for the study ehdracterization of the soliton
writing process is a Mach-Zehnder interferometeergithe sample is placed in
a transmission configuration (Fig. 4(a,b)). Therseuis an Argon ion laser
emitting a light beam with = 514 nm, that is splitted in two beams: the abjec
and the reference beam. The object one, that iswtittng beam for the
waveguide and propagates along the x-axis, is étdswn to a beam waist at
1/& of 30 + 5um (corresponding to a Rayleigh length of 12 + 4 num)the
input face of an undoped z-cut lithium niobate tal§Altechna Co. Ltd.), with
dimensions of 7x20mm along the x and y directioaspectively, and thickness
d = 1 mm along the z-axis. The sample is electyidaiased along its crystal
optical axis z; the role of the applied field isd@rt up the charges drift that
produces, by means of the electro-optic effect tggther with the passing
through of the writing beam, the refractive indeariation necessary to the

waveguide generation [28].
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Argon Laser PBS
A =514 nm 2 r M2 =
— Background beam
(A=473 nm)
Spatial Imaging Collimating
filter lens lens

7

Sample high voltage

Fig4: (a) Scheme and (b) photo of the experimental getused for the

characterization of the solitonic waveguide writprgcess.
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After propagation inside the medium, the exit beaanmaged by a biconvex
lens and then recombines with the reference beagpta(e wave) on the CCD
camera (pixel size = 44n), that is placed at a distance d = 15cm from the
image plane. The recorded interference patterrhasdigital hologram (see
Chap.Il). Both writing and reference beams aredityepolarized with an angle
0 that can be varied (but not in the present expntjnby aA/2 plate, from the
horizontal z direction to the vertical y (as deedttin Fig.5(b)). Besides, a
background non-polarized light beam from a diodedd. = 473 nm), with an
intensity |, = 2 mW/cnf, impinges on the x-y face of the crystal (see Fgand
5(b)) along the z-axis and uniformly illuminate® ttample in order to enhance
the PR effect.

A plenty of interferometric fringe patterns haveebeecorded, varying several
writing parameters. The amplitude and the phashettomplex wavefields at
the exit crystal face have been numerically catedlastarting from these
digitally recordedobject holograms. The phase distribution contains all the
contributions due to the optical aberrations intimetl by optical elements
present in the set-up. To compensate such abersatidnas been necessary to
record another hologram, named tleference hologram, that is the result of
interference between the reference beam and thectobpe just before the
electrical bias field was switched on, i.e. beftine actual beginning of the
writing process [35,36]. The phase map of the @oid wavefront has been
obtained as the differenc&p between the phase calculated from the object

hologram and the one calculated from the referenee
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Fig. 5: (a) Close-up of the LN sample mounted on a plasiglholder. (b) Coordinate

system adopted

2.3 Steady-state features of the soliton formation process

Using the experimental set-up shown in Fig.4, waitbonstant external applied
electric field i = 3.5 kvV/mm, and taking also constant the backggdoeam at
2 mWicnf, a set of measurements has been performed, vattyengower P
(i.e. the intensity 1) of the incident z-polarizégéam, whose diameter at the
entrance face of the sample was abouir&0

Fig. 6 shows the intensity maps and profiles of theonstructed wavefield

along the y and z crystal axes, calculated at thpud face of the crystal.
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Measurements have been carried out with differemtgps of the writing beam,
ranging from 1QW to 37QuW (corresponding to 188 I/ 1, < 7000). Fig. 6(a)
shows the intensity map of a soliton generated ®atlncident power of 28V,
while in Figs. 6 (b,c) all the intensity profiletoag y (b) and z axes (c) are
displayed. Experimental data have been also filtedd the squared-hyperbolic
secant theoretical curve [28]: Figs. 6 (d,e) shbevfitted curves corresponding
to Fig. 6(a), i.e. to a writing power of 28/.

From theintensity analysis (Fig. 6) we notice that the soliton regime hasnbee
always achieved, both along y and z axes, andighis agreement with other
experiments performed on different materials sieB&O [37] and SBN [27].
However, with the increase of the writing powere ttime required for the
soliton generation becomes shorter. Fig.7 shows dhi@onic waveguide
formation time for different values of the writitiggam power; the experimental
points are fitted well by an inverse intensity af law, with a and b constants.
For higher powers (higher than that considered$ #wpression should be
revised taking into account also thermal and ogfiercts [18,33,38,39].
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Fig. 6: (a) Intensity map of a soliton beam generated withriting power of 2pW.
(b-c) Intensity profiles along y (b) and z (c) axé&xperimental data (blue lines)

regarding the writing power of g8V are fitted with a squared-hyperbolic secant (red

lines) along y (d) and z (e).
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Fig. 7. Solitonic waveguide formation time for differenalues of the writing beam
power; experimental points (blue circles) are ditigith an inverse intensity a/(b+P)

law (red line).

The phase analysis of the complex wavefield at the exit crystal fagiees a
further confirmation of the correctness of the msigy study and gives
additional information about the solitonic wavegcharacteristics.

Fig. 8 shows the phase profiles of the soliton outpeam along the y and z-
axes. We can see that, in the whole explored poaege, the phase and
consequently the refractive index values quicklgrade from the outside to the
interior of the waveguideAf=2.410°), confirming that a solitonic waveguide
has been created [38]. In fact, in Figs. 8 (a-@gehprofiles along both axes, for
incident powers of 70V, 10QuW and 15QW, are shown, in each figure the
phase distribution being displayed as inset. Weacadhat for power values
between 70 and 1@BV (I/lI ranging from 1200 to 2700) the refractive index
along the transverse section of the waveguide psoxpmately flat across the

soliton section.
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On the contrary, for powers lower thany¥® and higher than 1%QV, the
index profiles show a pronounced concavity. To petter in evidence the
phase profile’s shape of the soliton wave in tlasge of writing powers, in
Fig.9 a zoom of the profiles along y and z-axes Im@®n reported,
corresponding to the more internal part (i.e. tbeef of the waveguide, for
writing powers of 25 (a,b), 200 (e,f) and 3@/ (g,h), and in comparison of
70uW (c,d).
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Fig. 9: Partial phase profiles along Y (a,c,e,g) and 4,{lt) for solitons formed by
different writing powers: 28/ (a,b), 7@W (c,d), 20@W (e,f), 37QW (g,h).

On the basis of the results shown in this figuieit be taken into consideration
the analogy with terms like “step-index” and “grdedadex” perturbation
created by the soliton beam. The depth of the aotyceanges from 0.8 rad (for
25 uW) up to 3.8 rad (for 37QuW), corresponding to a variation in the
refractive index of 0.40° and 4.410° respectively £¢=I-An-2z/A, with
I=7mm), while for 7@W (Figs. 9(c,d)) the concavity is much less evid&u it
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seems that it is possible, simply varying the wgtpower, to generate different
kinds of optical waveguides. This observation haisheen reported previously
because only an interferometric technique can medbke refractive index with
enough accuracy to detect it. The latter results@mresponding experimental
observations will be object of future work to ungtand in which way the
differences in the writing power affect the creatiaf one kind of waveguide
instead of another.

In a further series of interferogram analyses tiwgdent beam power has been
fixed at about 70W (I/1,=1200), and the electric bias tuned from 1 kV/mm up
to 3.5 kV/mm. Figs. 10(a-f) show different integsita-c) and phase (d-f)
distributions obtained for different values of #wdernal applied field.

To better highlight the differences among the dieesituations, in Figs. 11(a,b)
the reconstructed intensity beam profiles alongay dnd the corresponding
output beam diameters (b), versus the electriea, liave been plotted, whereas

Figs. 12(a-f) show the phase profiles along thead/adirections.
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(f)

Fig. 10: Intensity (a-c) and phase (d-f) distributions lué bptical beam at the exit face
of the crystal obtained with an external appliettage of 1.0 kV (a,d), 2.0 kV (b,e),
3.5kV (c,f).
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voltages: 1 kV (a), 2 kV (b), 2.75 kV (c), 3 kV (.25 kV (e) and 3.5 kV (f).

This time there is an optimal experimental conditito create an optical

waveguide, by means of PR screening bright solitofikis condition
corresponds to the application of an external etedield higher than about
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3kV/mm to compensate for diffraction, but lower nthd.6 kV/mm to avoid

“over-focusing” and/or the dielectric breaking ofiet sample (see also
ref.[16,27,28,37]). In this intermediate region thlease profiles along y and z
directions become more or less constant after gpgis®e corresponding to the
edge of the waveguide, confirming a clear stepyrde refractive index

perturbation. This information coming from the phas fundamental because
from a sole intensity analysis is not always chledether the waveguide has

been created or not.

2.4 Temporal evolution

Making use of the Mach-Zehnder shown in Fig.4, tinee behavior of the
optical beam propagating inside the LN sample ke investigated.

In Fig.13 a sequence of the frames (in intensityyesponding to the soliton
formation is displayed, using an incident poweabbut 70uW and an applied
electric field of 3.5 kV/mm, switched on at t =firgt frame). On the basis of
the previous results obtained in static conditidnis, corresponds to the optimal
configuration for a waveguide formation inside thaterial considered.

The whole duration of the soliton formation processabout 4-5 minutes.

94



Chapter IlI Solitonic waveguides in lithium niobate

Fig.13: Sequence of 17 reconstructed intensity imagelseo$oliton formation process.
Frame 1 corresponds to t=0 (a normally diffractogam), frame 17 to the end of the

process (a beam with an almost symmetrical sofit@mpe), after more or less 300s.

To quantify the differences between the two axesrbdimensions in Fig.14 is
shown the output beam diameter along y and z agdarection of the time,

from the beginning till the end of the writing pess. The beam narrows along
the z direction (corresponding to the applied fidicection) faster than along
the y one. The last frame of the sequence of teegiqus figure is shown as

inset and represents the formed soliton.
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Fig. 14: Output beam diameters along y (circles) and zgsep) axes as functions of
time. Each experimental point corresponds to adrafiFig.13Inset: last frame of the
sequence of Fig.13, representing the beam inteasittye end of the soliton formation

process.

We notice that the two diameters, which at the m@gg were identical,
decrease in a different manner but at the end becuore or less of the same
size. This is a further confirmation that the swolit regime has been achieved
in both directions, in agreement with ref. [33].

Complete waveguide creation is also proved by th@se maps and profiles
along the y-axis, displayed in Fig.15 and Fig.B&pectively. We can see that,
after more or less 4 minutes, the phase profil@mes flat, and then presents a
sort of saturation: this confirms that the solitganeration, i.e. the writing

process, is completed [38].
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Fig. 15: Sequence of 17 reconstructed phase images oblitensformation process,

in analogy with the intensity ones of Fig.13.
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Fig. 16: Phase profiles along y-axis of the evolving bedrigs. 13-15. In the inset is
shown the phase map corresponding to the lastgmfitained (last frame of Fig.15).
The difference in the colours is just due to a phssft.
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The refractive index variation at the end of thegess isAn = 5.210°, as

displayed in Fig.17, in agreement with the steadyesneasurements.

-»-Refractive index variation /

150 200 250 300 350

Fig. 17: Refractive index variation with the increasindiafe.

2.5 Long time behavior of the induced refractive index perturbation

The long time behavior of the solitonic waveguidas hbeen studied by

characterizing the soliton beam profile after tixéemal field was turned off

(i.e. after the completion of the writing proceds)mediately, three hours, one

day and a month later. Figs. 18(a-h) show the sitgand phase profiles along

y and z-axes, as well as the reconstructed intemsitl phase maps (in the

insets) of the soliton beam, at the exit face efdtystal, at different times.
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Fig. 18: Intensity (a-d) and phase (e-h) profiles alor(@plye line, II) and z (green line,
I) axes of the soliton beam, at the exit face @f thystal, at different times after the
completion of the waveguide writing process: imnagely (a,e), 3 hours (b,f), 1 day
(c,0) and 1 month (d,h). Reconstructed intensity pihase maps are displayed in the

insets.

At first glance, looking at the intensity imagescould seem that, even after a
month, the solitonic waveguide is preserved, atlabong the z-axis. However,
careful analysis of the phase maps and of the sporeling profiles (Figs.
18(e-h)) reveals that the optical beam is no moliosic, i.e. the waveguide
tends to disappear, just a few hours after thelosimmn of the writing process.
This is probably due to the fact that, after thistfmeasure (a,e), the sample has
been reutilized for other tests, and so illumindigdoth the background beam
and natural light, leading to a re-distribution afarges and of the internal
electric field.

However, other measurements carried out on andtNesample have shown
that the guide can be preserved for a couple oftinsonf kept in dark.
Moreover, some techniques enabling permanent figingplitonic waveguides

have already been developed [33].
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Conclusions

In this chapteris reported, from an experimental point of view, a&scurate
amplitude and phase analysis of the photorefradinight soliton formation
process inside an undoped lithium niobate crystay, means of an
interferometric digital holographic technique.

Thanks to this technique it has been possibleudysthe optical beam profile at
the exit face of the crystal both in a stationangl dime evolving situation,
discerning, with the analysis of the phase, wheahianwhich writing conditions
the solitonic regime was actually achieved, whitenf an intensity analysis it
was not always clear. The long time behavior of wa&eguide has been also
investigated, in order to estimate the time thé@okegime was preserved.
Moreover, the phase analysis allowed us to moaitor quantify the changes in
the refractive index of the medium, and so to ctter&ze the solitonic
waveguide in the diverse situations.

The possible application in waveguiding is eviderst,the soliton shape of the
beam can be perfectly cylindrical and it is notessary to have different media
for the “core” and the “cladding”, as the refraetinmdexes difference is assured
by the PR effect. Furthermore, being the refraginafile not depending on any
physical-chemical process, while being self-writteyn an undiffracting light
beam, it is optimized for single-mode propagatitow dispersion and low
losses.

Some of the results discussed in this chapter lea/éo the publication of the
article of ref. [40].
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Chapter IV

Self-formation of PDMS microlens arrays on

lithium niobate substrates

Summary

In this chapter, after a brief introduction aboutmlenses (and in particular
about polymeric microlenses), an explanation of hew opportunely
functionalized polar dielectric crystal can be abié for the fabrication of an
array of micrometric polymeric lenses is given. Tiabrication process is
obtained through the self-arrangement of a thirydRioiethylsiloxane (PDMS)
liquid film onto a lithium niobate substrate. Thaoae self-arrangement process
is named here “Pyro-Electro-Wetting” (PEW) mechanis

In this case the substrate, a LIND@N) z-cut wafer, is micro-engineered with
periodically poled ferroelectric domains, with thien to provide an appropriate
wettability patterning induced by a thermal stinsuliifferent experimental
procedures are explored demonstrating that arrbgfsoasands of microlenses,
having diameter size of 100um and focal lengthgiranbetween 300-1000um,
can be fabricated. Furthermore, a microscope erence method based on
digital holography is adopted for microlenses’ ewéerization.

Details about the fabrication process and the apticaracterization are given.
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1. Introduction to microlenses

Microlenses are small lenses, generally with dignsetess than a millimeter
and often down to 10um. Examples of microlenses lwarfound in nature,
ranging from simple structures to gather light pdrotosynthesis in leaves to

dewdrops or compound eyes in insects (Fig.1 (a-d)).
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Fig. 1: Examples of natural microlenses.

On the other side, artificial single microlens amicrolens arrays play a
fundamental role in the actual photonic technoldgymerous materials and a
variety of processes have been investigated farciating microlenses [1-4]. In
particular, most of microlens arrays are fabricaydmeans of moulding or
embossing processes starting from an original sgriL0].

For what concerns the materials used, they aredlbsof three kindsliquids
(such as oils)liquid crystals andsolids (glasses, polymers). Each of them has

different properties; for example liquid and liquidystals microlenses possess a
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Chapter IV Self-formatiof PDMS microlens arrays on LN substrates

tunable focal length, while solid microlenses hawell defined optical
properties and are much less influenced by exteagahts. Consequently, the
applications of these microlenses are differer:gblid ones are mainly used in
the field of optical transmissions and photonidbe(f optics, CCD sensors),
while the others are used in biomedicine, micraies, as displays (LCD
monitors), ecc. However, it's to be pointed outt thalymeric microlenses are
recently being used also in the biological field][1

Undoubtedly a great interest has been focused orolanses with changeable
focal length [12-17]. Tunable microlens arrays oi#d by wettability
patterning througlpyro-electro-wetting (PEW) [18] have displayed a change in
their focal length from infinity (afocal system) wio to about 1mm [1].
Microlens array based on a hydrogel material aetlatith temperature, that
can switch from positive to negative focal lengthas been also demonstrated
[19].

Nevertheless, a great interest is still maintaimethbricating microlens arrays
that are not tunable, by using different materidfs.this way, polymeric
materials such as PMMA [20] or PDMS [5] have beetersively investigated.
PDMS is an elastomer material widely used in d#feérapplications, such as
micro/nanofluidics, electrical insulation, microhwelectromechanical systems
(MEMS/NEMS), soft lithography, quantum dots and rgfeapatterning in thin-
film electrects [21-23].

PDMS offers many advantages for the fabricatiopatterned structures. It is
optically transparent, electrically insulating, rhanically elastic and gas-
permeable. Moreover it is also biocompatible, thaoding application in the
field of bioengineering, where the position of satin a substrate is important
for different purposes. These include biosensordabon for drug toxicity and
environmental monitoring, tissue engineering, paitg of active proteins,
patterning of animal cells and basic biology stadwehere the role of cell
adhesion, shape, proliferation and differentiatawa studied as a function of
cell-cell and cell-extracellular matrix interacto[24-26]. The ability to reliably
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Chapter IV Self-formatiof PDMS microlens arrays on LN substrates

pattern PDMS in the form of both thick substrated thin membranes or films
is critical for expanding the scope of its applicas, especially in the fields of
microfluidics and bioengineering.

In particular, as said above, PDMS is specificalljtable because of its good
optical quality and the simplicity of the lensedraation process known as
“soft lithography”. In soft lithography it is onlgecessary to have a mould to
obtain a negative replica of the structure [3,6R8cently, a replica moulding
process to form a three dimensional metal patterthe surface of polymeric
microstructures has been demonstrated [9]. Falorcaif PDMS microlens
arrays was demonstrated by surface wrinkling tephni[27] or by using
electromagnetic force-assisted UV printing [4]. Eaver, patterning of arrayed
PDMS structures through parylene C lift-off [28]dacapillary forming process
[10] were demonstrated too.

It is important to note that lenses made with payicymaterials like PDMS can
be also tuned thanks to the inherent elastic ptigseof the material. In fact, it
has been demonstrated that a single PDMS micrckem$e actuated and tuned
thermally [29]. Furthermore, microlens arrays camarge their focusing
properties when subjected to lateral strain [30].

In the following it will be shown how microlens ags made of PDMS can be
self-formed on a polar dielectric substrate duePteW effect. This self-
patterning of PDMS by PEW approach has been recdisttovered [31] and is
here demonstrated that such discovered procesdbeagxploited in several
different ways to produce polymeric microlens asrayith different focal
lengths, depending on the parameters adopted iprdoess and on the type of
substrate’s functionalization. In fact, throughstlaffective lithography-based
technique, PDMS microlens arrays made of thousantercses have been
obtained -as shown in Fig. 2- having micrometreegi10@um of diameter) and
focal length in the range 300-1000 pm. To the bésur knowledge such kind
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of method for fabricating polymeric microlens asdyas never been performed

before.
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Fig. 2: (a) Example of fabricated sample. (b) Optical wécope image of the PDMS

microlens array contained in the circle.

2. Fabrication of the samples

2.1 Photolithography and electric field poling

The fabrication process has been carried out ofuacionalized LN substrate.
A polished 50Qm thick LN z-cut crystal (Crystal Technology Inwas subject
to conventional mask-photolithography and standaediodic electric field
poling [32,33] (see appendix at the end of the tdrapn order to achieve a
square array of hexagonal reversed domains, showigi 3:
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Fig. 3: Optical microscope image of the periodically polééisample.

An external voltage, exceeding the coercive fieldhe material (around 21
kV/mm), was necessary to reverse the ferroeledbmains, while the inversion
selectivity was ensured by an appropriate resistepa generated by
conventional photolithography. The period of thd¢anted domains is around
200um along both x and y crystal directions [1,31].

The photolithographic set-up is displayed in Figad):
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Cr mask +
| LN crystal

%

(b)

Fig. 4: (a) Clean room and (b) close-up of the experimeaypiparatus (red circle in (a))

used for the photolithographic process on LN cigsta

It consists in a He-Cd laser emitting light at #4Thm. The exit beam,

opportunely expanded, passes through a chromiurk miéls the geometry of
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Fig. 5 and impinges on the LN sample, first spiated with a 1.3um thick
photoresist layer (Shipley Microposit S1813-J2).

Fig. 5: Geometry of the mask used for the photolithografiacess: a square array of

round openings with pitch of 206.

The sample was always baked after resist developmtoeharden the resist
before poling. It was mounted in a special Plexadialder [34], allowing both
external voltage application for the periodic alectield poling (EFP) and laser
illumination along thez crystal axis. A lithium chloride saturated solutieas
used as a liquid electrolyte. The external ciraahsisted of a conventional
signal generator which drove a high voltage angliind details are given in
the appendix.

After poling, the layer of resist was peeled offlahe sample presented the
geometry of Fig.3. In fact, the round circles beeohexagons because of the

hexagonal structure of the LN unit cell (see Chap.l

2.2 Microlenses’ formation

Three different samples have been prepared, nam&daAdd C. Sample A was
wet-etched in pure HF for 10 minutes (etching dept? um) after the poling
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process with the aim to obtain a structure sintdahat shown in Fig. 6. On the

contrary, samples B and C were not etched.

286.06kV X696

Fig. 6: SEM image of a HF etched LN sample after photogtaphic and poling

processes, having a slightly different pitch angtdef etching of sample A.

For samples Aand B, a layer of PDMS polymer solution (Dow Corning
Sylgard 184, 10:1 mixing ratio base to curing ajjemts spin-coated onto the z-
face of the periodically poled lithium niobate (MPLsubstrate at 6000 RPM
for 2 min. The PDMS-coated samples (with a PDM&iakickness of about 3
um) were then placed onto a hotplate at a temperattid 70°C for 30s, thus
inducing rapid heating of the sample and generatingcrolens array following

the arrangement of the hexagonal domains [18]ep&téd in Fig. 7.

115



Chapter IV Self-formatiof PDMS microlens arrays on LN substrates

1. Spin-coating
- . PDMS
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Fig. 7: Schematic view of microlenses’ formation procesps.

The subsequent sudden cooling (from 170°C to ramperature) solidified the
PDMS lenses that were so ready for being charaerias shown in Figs. 8(a)
and 9(a).

Sample A

A oA Ao AT

(@) (b)

Fig. 8: (a) Drawing and (b) optical microscope image difrigatedsample A: etched
PPLN with reversed hexagonal domains, on which M8Dnicrolens square array

was formed. The pitch of the structures is abo0t;20.
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Sample B

(@) (b)

Fig. 9: (a) Drawing and (b) optical microscope imagesafple B: non-etched PPLN

with PDMS microlenses.

Sample Cwas prepared in a different way. A layer of lnBthick photoresist

was first spin-coated on a LN z-face, at 3000 RPBM1imin; subsequently, the
sample was placed onto a hotplate at a temperafdr£5°C for 60s in order to

bake the resist. Then, it was covered with a dfop@MS diluted with Hexane

(mixing ratio 3:1 PDMS to Hexane), placed onto #laie at a temperature of
130°C for 60s, chilled and finally peeled off. Img way the microlens array
was detached from the substrate adopted to raglag displayed in Fig. 10(a).
It must be said that the photoresist (being a digtematerial) did not seem to
affect too much the PDMS microlenses’ formationgess, at least with the
very thin layer used for this experiment.

Figs. 8-10(b) show the optical microscope imagesesponding, respectively,
to samples A, B and C in the substrate’s plane,rttege in the lenses focus
plane being displayed as insets.
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(@) (b)

Fig.10: Sample C : PDMS microlenses alone, peeled off from a nomedcPPLN
substrate.

Explanation of the phenomenon

The PDMS patterning is related to the spatial viaditg variation of the LN
substrate under the pyroelectric effect [18]. Thyeoplectricity exhibited at
room temperature by LN [35] makes the spontaneolaripationPs to change
according taAAP; = pAT, whereP; is the coefficient of the polarization vectopr,
is the pyroelectric coefficient ar is the temperature variation.

At equilibrium, the whole polarization in the crgbts fully screened by the
external screening charge and no electric field exists. The polarization
intensity decreases under heating and increase= godling, thus causing an
excess or lack of surface charge, respectivelyshasvn schematically in
Fig.11(a). These surface charges gendnagte electric field distributions [18].

In particular, Fig.11(b) shows the side view of gemple with a numerical
simulation of the electric potential distributiamduced into the liquid PDMS by
pyroelectric charges. The hexagonal reversed damaorrespond to the

narrower regions into the scheme of the crystad<szction.
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CICIOICICIC)

e ®®E6 N F 1
o @ AT>0 [P EBp PP [
D0 00 0® 00?5 BF)|AT<0 2 .

(@) (b)

Fig. 11: (a) Schematic view of the surface charges formatioger thermal treatment;
(b) simulation of the electric potential distribai generated by the pyroelectric

charges.

It is important to note that the potential is disited according to the reversed
domain pattern with higher intensities correspogdim the regions outside the
hexagonal domains. Consequently, the surface tergiothe PDMS-crystal
interface varies according to an electrowetting-léfect (the above mentioned
“PEW”), where the electric fields are generatedtty uncompensated surface
charges produced during the thermal treatment.

In fact, it is well-known that, in the general cadea sessile droplet, the surface
tensions at the solid-liquigly, solid-gasysg, and liquid-gasy,y interfaces are

described by the one-dimensional Young equation
Vg Vg COST = gy (1)

where § corresponds to theontact angle of the droplet. The charges at the

solid-liquid interface reduce the surface tensiamtoading to the Lippman

equation [36]:
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1
Vs (V):Vsio_ECVZ (2

whereygpcorresponds to zero charge conditigns the electric potential, ar@

is the capacitance per unit area, assuming thathithege layer can be modeled
as a symmetric Helmholtz capacitor [37]. Even thotlge surface here is not a
metal and the liquid is not an electrolyte, as as=li by the double charge
model, a similar model still describes the effecicase of dielectric surfaces
[38].

The surface tension profile is then calculated ng Eq. (2) and the

corresponding behaviour, in accordance with theegrpental results, is shown
in Fig.12:
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Fig.12: (top) Surface tension profile and (bottom) schémaew of the corresponding
PDMS film topography. The black arrows indicate trentation of the spontaneous

polarization.
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The air-PDMS interface exhibits a waviness proiiieorder to minimize the
energy of the whole system. The simulation cleatpws that the surface
tension is modulated according to the domain gtrect thus exhibiting

maximum value in correspondence of the hexagonmesnt

3. Microlenses’ characterization by digital hologaphy

The three fabricated samples exhibit differentagdtproperties; they have been
characterized by a digital holographic techniquée Texperimental set-up
consists in a typical Mach-Zehnder interferometearaged in a transmission
configuration, as depicted in Fig.13. The sourca ¢®ntinuous-wave solid state
laser emitting light at 532 nm. The beam is dividedwo by a beam splitter;
the object beam passes through a thin PDMS micsderay and is imaged by
a 5X microscope objective onto a CCD camera. Thieregace beam,
opportunely expanded and with the same polarizatibthe object one, is
recombined with it thanks to another beam splifiére resulting interference
pattern (thedigital hologram, see Chap.ll), is recorded by the CCD camera
(pixel size 4.4um), placed at a distancefrom the image plane according to the

holographic technique.
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Fig. 13: Experimental set-up used for the microlenses'captiharacterization.

The intensity and the phase of the complex wawdiglassing through the
PDMS sample are numerically calculated startingnftbese digitally recorded
holograms, that contain all the specimen’s inforamatThanks to the flexibility
of DH the wavefields reconstruction is possible different image planes
without changing the set-up, i.e. without moving gample.

Figs. 14-16(a) display the phase maps of a podi@ach sample. The phase of
three microlenses, each picked out from a diffesamhple and indicated by a
red frame, has been analysed in order to recowefotal length f. Figs.14-
16(b) show a parabolic fit along both dimensionshef unwrapped phase map

»(X,y), according to the equation

_2m (X +y?)
A 2f (3)

¢ (X.Y)
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with A=0.532um. Here the parabolic approximation of the sphéncaefront
of the beam passed through the lens has been eocedidThe focal lengths
recovered from the parabolic fits are:

Sample A: f =307pm
Sample B: f =1010pum
Sample C: f =394um

(b)

Fig. 14: (a) Phase map of a portionsdmple Aand (b) parabolic fit corresponding to
the microlense in red framé.~ 307 um.
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(b)

Fig. 15: (a) Phase map of a portion sgmple Band (b) parabolic fit corresponding to

the microlense in red framé.~ 1010um.

Fig. 16: (a) Phase map of a portionsdmple Cand (b) parabolic fit corresponding to

the microlense in red framé.~ 394 um.

By the measurements it results that the smallest fength is that of sample A.
This effect is probably due to etching and thusuoctidn of the domains area.
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For sample B the value dfis higher and the lenses are flatter -probably as a
consequence of the fabrication process- as refsatts the fringes number and
from the lower value of the phase (see Fig.15(a,#s regards sample C, it
seems that the process of peeling did not causeepple deformations in the
lenses’ shape or aberrations (see Fig.16(a,b)i$. dduld be very important for
a realistic application of polymeric microlens gsaThe evaluated focal length
is of the same order of magnitude of sample A.

For sample A an amplitude reconstruction varyirgrgconstruction distance
has been also performed. By a single acquisitioih wie CCD it has been
possible to recover, by varyirdy the amplitude of the beams exiting from the
microlenses, at different steps, starting fromléres array plane up to the lens
focal plane, as shown in Fig. 17(a).

The result is displayed in Fig. 17(b), the resgltiocal length being about
300um, in agreement with that obtained from the paraltilfor sample A.

300

lens focal ,--------cmmoooaeoeo,
plane - /’
r 4 f 200
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0 100 200 300 400
] [ | X (pm)
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Fig.17: (a) Scheme of the path of the rays passing throtigh sample.
(b) Reconstructed amplitude of the beams exitiognfthe microlenses and focusing

after about 0.3 mm.
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Conclusions

In this chapter a quick and relatively simple way ffabricating PDMS
microlens arrays has been reported, based on thegifigatterning of PDMS
films on micro-engineered LN crystals, which cofiltd suitable applications
in optical fibers or biomedicine [11]. A carefultagal analysis of the fabricated
microlenses by means of digital holography has hmenformed, allowing to
determine the focal length of each single lens. fileasured focal lengths range
from about 30Qum up to 100Qum.

Besides, the process is repeatable many times)ysttganing the sample with
ethanol or acetone, and the desired lenses’ fasaiths can be decided “a
priori” knowing the parameters used for their fabtion.

Some of the results discussed in this chapter fe/éo the publication of the
article of ref. [39].

Appendix

Periodic electric field poling

Several methods have been developed to producedpedomain structures in
LN. The most widely used nowadays consists in gjieation of high external

electric fields at room temperature to reverse gpentaneous polarization of
the crystal, the so calledectric field poling (EFP) [40]. This technique has
produced PPLN crystals [32,41] for quasi-phase-matc(QPM) SHG.

Starting from a single-domain crystal the productiof periodic domain

structures is achieved by application of electietds at room temperature [32].
The challenge of fabricating high quality QPM stures by EFP lies in

achieving few micrometers wide domains in cryst#lseveral millimeters in

thickness. This puts high demands on the polinggss.

Most last years papers on PPLN structures obtaoye&FP use commercial

samples of 0.5 mm thickness and interaction lengthgew centimeters are
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commonly reported. Thicker samples cannot be ugeduse of the dielectric
breakdown appearing before domain inversion. Récénhas been reported
the decrease of the ferroelectric coercive field dne order of magnitude
between congruent and stoichiometric crystals. Tages possible the electric
field fabrication of periodic structures at roonmggerature in few millimeters
thick samples [42].

Periodic EFP consists of using lithographic techagjto produce a photoresist
grating of the desired period to be used as a rfwaskpplying the electric field
with a liquid electrolyte electrode [32]. A pos#ivvoltage pulse slightly
exceeding the coercive field of the material (acbtl kV/mm in LN) is
applied on the patterned crystal face by usinggaidi electrolyte. The liquid
electrode configuration has two electrolyte contgyjrchambers which squeeze

the sample between twdring gaskets, as shown schematically in Fig. 18.

Liquid Electrolyte (LiC1)
Lithium Niohate W [nsulator (photoresist)

[ O-Ring

Fig. 18: Schematic view of the sample cross section aftexdraphic patterning.

Fig.19 illustrates the external electrical circéitconventional Signal Generator
(SG) drives an High Voltage Amplifier (HVA - 2000xyith a series current
limiting resistorRs in order to get a I/ positive voltage. A diode rectifier D is
connected to the output of the HVA to prevent flogvdf backswitch current in

the circuit.
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Fig.19: Schematic view of the external circuit for EFBG = Signal Generator;
HVA = High Voltage Amplifier; D = Rectifier Diode;Rs = Series Resisto,q =
Poling Voltage;HVP = High Voltage ProbeR., = Monitoring Resistor;0SC =

Oscilloscope] o = Poling Current.

In case of LN the reversed domains typically grosydnd the width of the
electrodes as result of the remaining fringingdsellong the edges of the
lithographic grating strips [32]. For example, iRLEN processed for infrared
applications (periods >1m), the inverted domain width is typicaky3-4 um
wider than that of the electrode. To obtain therddsdomain size, insulating
strips wider than the electrodes must be fabricatée strategy for optimal
domain patterning is to stop the voltage pulse teefling progresses under
the photoresist layer. This is usually accomplishgdielivering the “a priori”
known amount of charge required for polarizatiomersal in the electrode
regions [43].

The conductivity of LN at room temperature is lowoagh that the poling
current can be monitored readily by measuring thkkage drop across the
resistor (usually 10 ®), while a conventional High Voltage Probe (HVP) is
used to measure the poling voltagg across the sample. Both current and
voltage waveforms are visualized on the oscilloscOSC during the poling

process.
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Reversed ferroelectric domain patterns are usuadlyected unambiguously by
a well established technique based on selective etehing [44]. A
HF:HNO=1:2 mixture etching solution is used for WNth the property to
attack thez- polarity face while leaving+ face untouched. Faster etching rates
are obtained by acid bath at high temperature.ridtieve approaches include
the non-invasive domain visualization by crossedanmers [45] and the

observation of domain structure by the EO effe6i.[4
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In this work different optical properties of litmuniobate compound have been
studied and exploited for applications in divergecific areas of interest,
including waveguiding, microscopy imaging and milrialics.

The work tries on one hand to give a contributionthie deep understanding of
some well known phenomena, on the other hand t®eptenovel results either
in respect to precedent works or for the noveltthefphenomenon itself.

The preliminary nonlinear characterization, caroed by means of the Maker’s
fringes technique taking advantage of the secomthdiaic generation of the
medium, has put in evidence the reason why lithniobate is one of the most
used materials for electro-optic devices: a vergdavalue of the second order
susceptivity tensor elements (at least one ordenagnitude larger than that of
quartz, taken as reference), and consequentlyga lalue of the electro-optic
coefficients of the material.

This result is very important because the elecpticoeffect has been widely
exploited for the applications of this crystal.

The applications of lithium niobate, as said mames, are innumerable, but in
this thesis | have tried to focus the attentiontloree particular applications,
each of them being interesting for a different ogadigital holography has
been largely employed as characterizing techniqueaich experiment, as it
proved to be very suitable for such purpose, thaokthe flexibility of the
numerical reconstruction process.

The first application is the enhancement of resmtuin digital holographic

microscopy, achieved by means of a bi-dimensiati@lm niobate grating. In
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fact, super-resolution can be obtained by adopé&indiffraction grating that
allows one to increase the effective numerical taperof the optical system. Up
to now the proof of principle had been demonstratedy in the one-
dimensional case, limiting the resolution improvein® one single direction.
In this case a step forward has been presentedorddrating that the
improvement is possible in two dimensions, adoptenglithium niobate
diffraction grating having an hexagonal geometrle db increase the numerical
aperture along three different directions (i.e. timee directions typical of the
hexagonal geometry).

Furthermore, there are two important new aspecthigrapproach. Firstly, a
dynamic phase grating obtained by electro-optieatfhas been adopted: the
diffraction efficiency can be tuned (simply by vemy the applied voltage)
allowing one to optimize the recording process loé twigital holograms.
Moreover, by appropriate handling of the transmissifunction of the
numerical grating in the reconstruction algorithithas been possible to further
improve the signal/noise ratio in the final supesalved image.

A second application concerns an accurate amplit&udiephase analysis of the
photorefractive bright soliton formation processide an undoped lithium
niobate crystal, made possible by the interferoimettigital holographic
technique.

Thanks to this technique it has been possibleudysthe optical beam profile at
the exit face of the crystal both in a stationangl dime evolving situation,
discerning, with the analysis of the phase, wheahianwhich writing conditions
the solitonic regime was actually achieved, whitenf an intensity analysis it
was not always clear. The long time behavior of wWaeguide has been also
investigated, in order to estimate the time thé®uk regime was preserved.
This time can last up to a couple of months sinkggping the sample in dark,
but much longer (almost to infinity) if fixing tenlques are used. Moreover, the

phase analysis has enabled to monitor and qudahgfghanges in the refractive
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index of the medium and so to characterize the tyfpsolitonic waveguide
formed in the diverse situations.

The possible application of solitons in waveguidiagevident, as the soliton
shape of the beam can be perfectly symmetricalthEumore, being the
refractive profile not depending on any physicatitical process, while being
self-written by a undiffracting light beam, it isptimized for single-mode
propagation, low dispersion and low losses, anddhjaired writing powers are
very low (of the order ofiW). Finally, the process is completely reversible,
simply by applying an electric field in the oppesttirection of that used during
the writing procedure.

At the moment are under study the possible intenagstamong several solitons
and the possibility of generating different pathside the medium.

The last application of the material discussedis thesis is probably the most
amazing: a periodically poled lithium niobate cajstith reversed hexagonal
domains has been used as substrate for the fabniaait polymeric microlens
arrays through the thermal self-patterning of Piohathylsiloxane (PDMS)
films. This is an electrode-less, quick and rekliv simple fabrication
technique exploiting the pyroelectric effect at tngstal-polymer interface.

A careful optical analysis of the fabricated miemdes has been performed by
means of digital holography, allowing to determihe focal length of each
single lens. Three different samples have beencfatied, each with microlenses
of micrometric size (diameters of about 108) but with little different shape
(i.e. curvature). The measured focal lengths radnge about 300um up to
1000um, with differences of few microns within the sasanple.

One sample has been also detached from the lithiotrate substrate before
characterizing it, and it seems that the procesgexdling did not cause
appreciable deformations in the lenses’ shape errations. This could be very
important for a realistic application of polymengcrolens arrays.

My research in this field is now being directedaio integration of polymers
with other materials such as liquid crystals, asudgable amount of a liquid
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mixed in the polymer host can improve not only lgmes flexibility but also the

lens performance.
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List of abbreviations

Chapter | :

LN = Lithium Niobate

SHG = Second Harmonic Generation
EO = Electro-Optic

SLN = Stoichiometric LN

SFG = Sum Frequency Generation

DFG = Difference Frequency Generation
OR = Optical Rectification

OPA = Optical Parametric Amplification
SH = Second Harmonic

Chapter I1 :

DH = Digital Holography

CCD = Charge Coupled Device

DHM = Digital Holographic Microscopy
NA = Numerical Aperture

ITO = Indium Tin Oxide

RP = Reconstruction Pixel

Chapter 111 :

PR = Photorefractive
OW = Optical Waveguide
FWHM = Full Width at Half Maximum
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SBN = Strontium Barium Niobate
BTO = Bismuth Titanate

Chapter 1V :

PDMS = Polydimethylsiloxane

PEW = Pyro Electro Wetting

PMMA = Polymethylmethacrylate
EFP = Electric Field Poling

SEM = Scanning Electron Microscope
PPLN = Periodically Poled Lithium Niobate
RPM = Revolutions Per Minute

QPM = Quasi Phase Matching

SG = Signal Generator

HVA = High Voltage Amplifier

HVP = High Voltage Probe
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