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Introduction

The always increasing amount of data exchanged for communication pur-
poses, Internet and networks in general, requires technology to provide new
solutions to reduce all the bottlenecks affecting the nowadays state of the
art. For example, while many efforts have been done to carry informations
using optical fibres (so in an optical way), it is still necessary to convert sig-
nals using an electronic device at its input and output endpoints. A laser,
a transducer and routers must be employed. This represents a strong draw-
back that limits the real advantage of the fibre: to carry data at light speed
from one user to another. Furthermore, considering the proper scale factor,
this implies huge electrical power consumption. In fact, all the transducers,
switchers and routers to address each data packet to the proper final user,
require a power supply. To quantify this in numbers, an analysis done at
Berkeley University states that the overall electricity consumption for servers
in the world changed from 60 billion kW/h in 2000 to 130 billion kW/h in
2005. Clearly, this is just a statistics but it is evident that this trend cannot
be sustained. The problem is so critical that research is required to move
towards all-optical devices at any stage of the chain, so towards transparent
optical networks.

The overall performance improvement that an all-optical device can pro-
vide, would be desirable for all the applications requiring for example high
speed calculus, like numerical processing. The improvement would be huge,
as operation time would be directly related to light speed instead of the
speed of one electron moving into a wire with its resistivity. Is it possible to
starts thinking to an all-optical computer processor?

This PhD thesis has been developed following the basic idea of realizing
a circuit based on all-optical single elements having functionalities and per-
formances that a classic electronic one cannot provide. So, in the following,
solutions for such a circuit will be proposed. I will analyse in details inte-

1
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grated sources at infrared (third windows for telecommunications) and blue
wavelengths, interconnections and optical switchers (as signal elaboration
device).

Actually, these structures have already been realized but only close to a
proper substrate surface and with techniques which are very expensive be-
cause of the many and complex processes that must be applied. The element
of novelty that will be introduced with this thesis is the use of nonlinear op-
tics as a tool to write photorefractive spatial solitons and photorefractive
soliton waveguides. Such new approach would overpass all the limitations
that restrict the applicabilities of more standard waveguide fabrication tech-
nologies.

With “soliton” it is intended a beam propagating inside a medium in
which compensation of broadening in space and time is achieved, as a con-
sequence of light interaction with the material. In other words it is the
light itself that modifies the material properties to compensate its spatial
diffraction and temporal dispersion.

In the following I will refer only to the spatial diffraction compensation
so to spatial solitons.

Once self-diffraction compensation is completed, a (bright) spatial soli-
ton will leave a waveguide written in the material and its durability is func-
tion of the material relaxation time.

In the first chapter, the photorefractive origin and properties of these
waveguides (or interconnections) will be discussed also in comparison to the
other physical mechanisms that can originate other kind of spatial solitons
and that are not suitable for this thesis purposes. Interconnection formation
is analysed in details with reference to one of the most promising photore-
fractive materials, lithium niobate. I have been working with spatial solitons
in lithium niobate since the beginning of my Master degree thesis and dur-
ing this period I investigated their realizability and properties in function of
wavelength, injected power and input waist, providing a full characterization
about them.

Here an optical circuit realization is proposed, consequently other aspects
must be considered, first of all optimization for light propagation.

In collaboration with the University of Besançon, the combined effects
of light polarization and material anisotropy on light confinement have been
considered, both experimentally and numerically. In fact, up to this mo-
ment, light propagation along the two directions perpendicular to the ĉ axis
was considered equivalent for self-confinement purposes. In the following,



Contents 3

I propose experimental and numerical investigations about this aspect in
function of the injected light polarization to determine if some combinations
can provide better performances.

Once a waveguide has been written, it provides peculiar properties for
the beam propagating inside it. In fact, its undiffracted and solitonic nature
can be used to create an integrated emitting source. In the following, two
solutions will be presented, one for a lasing device in the third window for
telecommunications (chapter 2) and one for the blue region (chapter 3).

In the second chapter, lithium niobate volume doping with erbium ions
is taken into consideration. These ions are interesting as they can be used
for infrared laser realization. Solitonic waveguides will be employed to im-
prove lasing performances. Solitonic waveguiding in erbium doped media
were never studied before, so doping effects on the main photorefractive pa-
rameters of lithium niobate is investigated. The extraordinary electro-optic
coefficient and the photovoltaic field will be analysed as well as the beam
self-confinement in function of erbium concentration and for injected light
wavelengths not resonant with erbium absorption transitions. Finally, er-
bium ions will be directly excited and soliton formation will be studied also
in these conditions.

In the third chapter, second harmonic generation from a near infrared
beam is considered to achieve a blue radiation source inside such guides
that improve conversion efficiency. As element of novelty, this will be done
in lithium niobate. The emitted blue radiation will be used to write solitonic
waveguides that trap also the fundamental beam which would not be able
to directly induce a refractive index contrast. Physical properties about the
generated second harmonic beam with reference to the fundamental one will
be investigated.

To complete the “circuit”, in the fourth chapter, a solution to realize an
all-optical router will be presented. The problem in this case is to dynami-
cally reconfigure beam geometry at high speed rates.

To increase the overall speed for signal switching, a different photore-
fractive material is used: indium phosphide doped with iron ions. It is a
semiconductor sensitive to the third window frequencies and it provides a
response to an optical beam in a time of the order of micro-milliseconds.
Firstly, the material and the photorefractive process inside it will be dis-
cussed. The latter differs from what previously shown for lithium niobate as
a consequence of the presence of two free carriers and the influence of tem-
perature too. Then the photorefractive interaction between two coherent
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parallel beams will be investigated. The influence of light intensity, temper-
ature and mutual distance will be taken into account both for the repulsion
and fusion cases, corresponding to the out-of-phase and in-phase conditions,
respectively. These measurements have been performed at 1.064µm to work
in a regime for which material absorption is stronger in order to enhance
the photorefractive response.

At the end of this thesis, finally, measurements that are not directly
related to my PhD main topic are added in form of papers. They regard
Z-scan measurements about the nonlinear (Kerr) refractive index in GaN
and nonlinear absorption in Zinc-phthalocyanines.



Chapter 1

Solitonic waveguides as optical 3D
interconnections

To satisfy the necessity of transmitting/elaborating data at speed rates that
electronic devices grant but at the price of an always increasing power con-
sumption, research activity is trying to move towards integrated all-optical
devices. Structures like beam splitters, electro-optic or acousto-optic mod-
ulators, logical ports, laser sources, just to cite some example, have been
successfully integrated on dielectric substrates. In order to make all of them
work in the same circuit, the very first “brick” is the realization of an inter-
connection between them.

Such interconnections must propagate the light from one device to an
another, like for example from a source to an elaborating one that must
manipulate the information contained in the beam. To propagate such an
optical signal, a waveguide is necessary and thus a good interconnection is
provided by an optimized waveguide.

Waveguide state of the art up to nowadays is characterized by the ne-
cessity of surrounding a dielectric material with another one having a lower
refractive index and thus allow the propagation of light by total reflections
inside them. Although the basic idea is quite simple, these structures are af-
fected by many drawbacks which can be divided in two categories according
to performance issues and realization costs.

All the integrated waveguides available in the market are realized just on
the dielectric material surface or few tens of micron below it. According to
the realizative technology, they present light propagation and electro-optic
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properties which can be very different. Common guiding structure realiza-
tion requires extremely expensive (' 106$) tools and machineries besides the
involved tricky chemical/technological processes. An exception is provided
by the silicon-based technology. Thanks to its extensive use in electronics,
integrated waveguide realization costs can be lowered by order of magni-
tude and complex guiding structures characterized by very low propagation
losses can be achieved. In any case, the surface limitation cannot be over-
passed and because of silicon gap energy (' 1.11eV@300K), these guides are
suitable only for infrared radiation propagation.

An example about the production of a planar or channel waveguide over
a substrate is the layer over layer growth which can be obtained either by
deposition or by epitaxy. While the first one is characterized by the de-
position of a film over a substrate (whose refractive index is slightly lower
than the film one), epitaxy is based on the growth of one or more crystalline
layers of different materials having lattice constants similar to the substrate
one. These layers are grown with very controlled thicknesses, good crys-
talline uniformity and doping profiles as well. In order to grow a layer over
another, many approaches have been used, for example: chemical vapor de-
position (CVD), vapor or liquid phase epitaxy (VPE and LPE respectively)
etc....

One of the more employed substrate is lithium niobate, as it provides a
strong electro-optic response besides many other nonlinear properties. Be-
cause of these reasons, in the following sections this material will be analysed
in details.

To create waveguides extending few microns below the substrate surface
(so 3D structures), typical methodologies successfully employed in lithium
niobate are titanium indiffusion [1, 2] and protonic exchange ones [3]. The
latter is preferred when the optical damage (i.e. photorefractive effect) must
be reduced. Both of them rely on the necessity of photolitographing the
wanted geometry over the substrate.

Photolithography allows to write a “map”, the desired guiding struc-
ture design, on the employed substrate. This procedure is accomplished
by “spinning” the substrate surface with a chemical light-sensitive material
called “photoresist”, which is then shaped or via an ultraviolet source or
an electron beam. By etching the photoresist, or chemically or via a “dry”
methodology, the desired geometry remains written.

To make titanium diffuse into the substrate, the application of a high
temperature (in the order of 1000− 1300◦C) is required. This technique
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provides some benefits like the linear increasing of the extraordinary refrac-
tive index in lithium niobate without altering the electro-optic and nonlinear
coefficients. On the contrary, the protonic exchange one requires lower tem-
peratures < 250◦C to make hydrogen, provided by a proper acid, exchange
lithium ions in the lattice. While also in this case the extraordinary refrac-
tive index of the material increases and the ordinary one remains almost
constant, the electro-optic and nonlinear coefficients degenerate.

To write waveguides deeper in the bulk, direct writing techniques have
been developed. They are based on the high power laser beam focusing
inside the medium so to permanently modify the refractive index in the
illuminated region. In this way the chemical treatment is avoided reducing
the overall cost but this technique remains quite expensive because of the
necessity of having powerful lasers and extremely precise translation stages
(' 105$).

Two approaches are possible depending on the employed source and the
host material absorption lines. For example, in lithium niobate, a continuous
wave source in the ultraviolet region [4, 5] or a pulsed infrared one working
in the femtosecond regime [6, 7] can be employed to take advantage of the
very high intensity in the focus. With these techniques a very small focus
dimension can and must be achieved. The aim is to locally increase light
intensity and thus the refractive index in the focus. At the same time, it
is necessary to reduce as much as possible the refractive index variation
induced in the solid cone (centred in the focus) provided by the focusing
optical system. These techniques can make light propagate with very low
propagation losses.

These different approaches grant a guided light propagation, but neither
the electro-optic properties nor the refractive indices achieved inside them
are optimized for light propagation, only the direct writing allows better
performances. This in turn means that propagation losses are not minimized
and in general refractive index profiles are not symmetric.

Being the final aim a fully integrated light guiding structure, the ideal
solution is to realize real volumetric waveguides for which electro-optic prop-
erties can be overworked. In this PhD work, interconnections based on the
realization of photorefractive spatial optical solitons will be deeply investi-
gated both as stand alone element and as basic device to realize integrated
sources, as it will be demonstrated in the present and in the following two
chapters respectively.

Photorefractive spatial solitons allow to overpass all the limitation char-
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acterizing the previously described techniques. It is the light itself that
induces the refractive index variation necessary to guide the light, taking
advantage of the electro-optic properties of the host material.

As a consequence, these structures can be induced in any point of the
material volume providing, at the same time, extremely low propagation
losses. From a qualitative point of view, both of these properties are con-
sequence of the physical process based on the spatial charge configuration
induced by the propagation of a nonuniform light intensity profile, a laser
beam for example, inside the material. Consequently, refractive index pro-
file results optimized for its propagation and for all the longer wavelengths.
Alongside to light propagation benefits, waveguides realization via spatial
optical solitons is much less expensive (few hundreds dollars) than all the
other techniques. The whole of these properties make them a very attractive
alternative for real 3D waveguides realization.

During last years many different materials, known as photorefractive,
have been found to be able to produce a light induced self-confinement be-
haviour. Some typical examples are strontium barium niobate (SBN) [8],
lithium niobate (LiNbO3) [9], potassium lithium tantalate niobate (KTLN)
[10], potassium niobate (KNbO3) [11], barium titanate (BaTiO3) [12] as di-
electric insulators. Iron doped indium phosphide (InP : Fe) [13, 14] and re-
cently also cadmium zinc telluride (CdZnTe) [15] have been successfully used
for the semiconductor group. Each of them can provide self-confinement but
with different time scales, wavelengths and waveguide durability.

In the following sections two cases will be analysed: lithium niobate
and iron doped indium phosphide. The first offers a very long dielectric
relaxation time that allow waveguides to be used for very long time with-
out the necessity of fixing them. The latter instead, exhibits a very fast
space charge field building up time that make it ideal for fast, all-optical,
beam reconfiguration in the infrared, and specifically in the third telecom-
munication window. InP : Fe will be studied with more details in section
4 both describing the physics for the photorefractive effect and experimen-
tally investigating coherent interactions with the aim of the realization of
an all-optical router.

As the two following chapters deal with LiNbO3, in this section the de-
tails for the photorefractive process in lithium niobate will be discussed along
with its properties giving also some introductory informations about spatial
soliton formation obtained by stimulating the Kerr (χ(3)) and the cascading
effects (quadratic solitons). Some emphasis will be given to the mathemat-
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ical formulation for the photorefractive effect in relation to the equations
describing light propagation as an introduction to a new (2+1)D numeri-
cal model that well fit the experimental measurements about self-trapping.
This model takes into account the different combinations between propaga-
tion direction and light polarization so to deepen the material anisotropy
effects on soliton formation.

1.1 Spatial optical solitons: alternatives to
photorefractivity

Spatial optical solitons deal with the achievement of the complete diffrac-
tion compensation for a beam propagating inside a medium. It is the light
itself that modifies its phase profile by exciting a proper material nonlin-
earity which acts as a focusing medium. This double directional action,
light-medium and vice versa, establishes a feedback mechanism that allows
the light to propagate without diffraction, like if a distributed positive lens
appeared all along the propagation distance inside the material. The final
material behaviour that this self-focusing effect induces, depends strictly on
the medium and on the nonlinearity it can provide.

Different typologies belong to the spatial soliton family and they are
identified according to the physical process that originates them. They are
the Kerr, the quadratic and the photorefractive spatial solitons. For sake of
completeness, the interconnections realization drawbacks associated to the
first two typologies will be emphasized. On the contrary, photorefractivity
will be extensively used.

The three typologies are consequence of the nonlinear polarization, eq.
1.1, that light electric field can induce in the material by exciting an anhar-
monic atomic oscillation-like behaviour.

PNL ∝ χ(1)E + χ(2)EE + χ(3)EEE + .... (1.1)

It is worth noting that in the whole thesis the terms self-confinement
and soliton will be used as synonyms, also if this is not strictly true as
with “soliton” is meant the exact mathematical solution. Actually, it has
been also experimentally demonstrated [9] that along with the formation
of a bright photorefractive spatial soliton, the beam shape changes from a
gaussian to a hyperbolic profile, typical of the mathematical solutions.
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1.1.1 Kerr effect based spatial soliton

The Kerr effect is characterized by a material instantaneous response time
and by a linear dependency of the induced refractive index variation on
the injected laser beam intensity. While it can exist in any medium, for a
pure Kerr (centro-symmetric) material, like glass [16], this effect requires
a very high light intensity (GW cm−2) to be excited. It is consequence of
a weak symmetric anharmonicity that provides a refractive index variation
proportional to the laser beam intensity according to δn = n0 + n2Iem, being
n0 the material refractive index, Iem the injected light intensity and n2 a
coefficient that depends on the sign of the anharmonicity and on the χ(3)

term for the nonlinear polarization. Self-focusing can be achieved if n2 is
positive, otherwise a defocusing effect will be obtained. Although this effect
is responsible for a refractive index variation that could guide the light, it
presents a strong drawback for interconnections realization. In fact, Kerr
spatial solitons [17] are unstable and can provide a stable self-confinement
only in (1+1)D configurations, so preventing from inducing circular self-
trapping in the material. In literature many papers exist about the breaking
up and filamentation occurring in (2+1)D self-trapping experiments and first
reports date to 60′s years, for example [18,19]. The analytical solution for the
refractive index is achievable only in the case of Kerr nonlinearity [20] and as
it will be seen in the section 1.4, the expression for the photorefractive case
can be found only with a set of strong approximations. Although it cannot
be used to write circular waveguides, its instantaneous response time for
self-confinement allows the realization of high speed devices, like for example
femtosecond lasers working in modelocking regime. In the chapter 3, devoted
to second harmonic generation based measurements, a Titanium Sapphire
laser is used in such a regime and is able to provide pulses whose duration
is in the order of 65fs. The modelocking technique “Kerr-lens modelocking”
is based on the generation of a Kerr soliton is the oscillator cavity [21, 22]
and in correspondence to the self-confinement achievement, pulses results
locked in phase. In the appendix of this thesis, a Kerr nonlinearity Z-scan
measurement at 800 nm in a gallium nitride thin film will be also presented.

1.1.2 Cascading-effect-based quadratic spatial solitons

The first predictions for quadratic solitons date to the 70′s years [23,24], but
they could be experimentally demonstrated only during the 90′s [25,26]. Al-
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though belonging to the spatial soliton family, they don’t share the same
properties that the others, Kerr or photorefractive, exhibit. They don’t
modify the medium inside which the light propagates. Neither the material
refractive indices, nor the trap state densities are affected, so they cannot
provide any guiding structure in the material bulk. These peculiar properties
are consequence of the physical mechanism that gives rise to self-trapping:
the cascading effect, for which an easy explanation has been provided in [27].
It relies with a radiation propagating inside the medium with a frequency ω
that can generate a second wave having a doubled frequency. The process
takes place in the framework of a χ(2) : χ(2) interaction, so via a two pho-
ton absorption in non-centrosymmetric materials. These two waves feel the
material dispersion and propagate with different speeds. During propaga-
tion they will acquire a phase shift which is responsible for self-trapping to
occur, in fact if a down-conversion process occurs on the beam propagating
at 2ω, a new contribution at ω will be created and summed to the injected
one. This continuous energy exchange between the beams, and, at the same
time, phase shift addition, can make the fundamental and the generated
beams self-trap by distorting their wavefronts. Self-trapping can occur only
if the fundamental beam intensity is above a threshold value. On the con-
trary of what happens in the photorefractive one, which is based on charge
accumulation, it is almost instantaneous as frequency conversion does. In
literature, the contemporary spatial self-confinement of the ω and 2ω com-
ponents, without temporal dispersion compensation, is usually indicated as
a simulton. In this thesis, in section 3.6, this aspect will be deepened by
experimentally studying the formation of a simulton via the photorefrac-
tive nonlinearity in lithium niobate, so with the formation of a real guiding
structure with very peculiar properties.

1.2 Lithium niobate

As anticipated in the introduction, lithium niobate is the material we chose
to realize optical interconnections using the photorefractive nonlinearity.
Actually, it represents an ideal candidate because of the many properties
owned and this material is already one of the most employed in the market,
being considered as the equivalent of silicium for electronics. It is, de-facto,
a standard for device realization, like for example optic and acousto-optic
modulators, Q-switching devices, optical parametric oscillators (OPO), laser
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frequency doubling and many others. Because of its versatility, it has been
studied for many years, so many reviews have been written, for example
[28–31].

Lithium niobate belongs to the trigonal crystallographic group, with
symmetry 3m, and is a dielectric material with uniaxial anisotropic be-
haviour. Its optical axis, the ĉ axis, is the direction along which the three
symmetry planes lie forming an angle of 60◦ between them.

This material is grown via the Czochralski technique [32,33] that allows
to achieve a very high optical quality, so with a very low defect amount, and
is characterized by an hexagonal unit cell. This in turn is formed by two
planes occupied by three oxygen atoms (centred along the optical axis) a
lithium ion (Li+) which usually occupies a position on an oxygen plane and
a niobium ion (Nb5+) that takes place in between the two oxygen planes, see
for example fig.1.1 or Weis et al. [28] and [34] for a graphical representation.

Figure 1.1: Sketch for the lithium niobate unit cell in the paraelectric (on
the left) and ferroelectric (on the right) phases. Ref. [28].

In fig.1.1 are reported both the configurations for the paraelectric and
ferroelectric phases for lithium niobate. The latter, the one I will refer to in
the whole thesis, can be achieved for temperatures below the limit value of
about 1210◦C (Curie temperature). Lithium niobate boules are grown from
an orientated crucible. In the whole thesis the z-cut configuration (optical
axis parallel to the z direction) will be used. Typically, commercial lithium
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niobate wafers are distinguished according to the lithium and niobium con-
centration ratios, in fact it is very difficult to obtain samples having the
same concentrations for both: the stoichiometric case. Usually grown sam-
ples present a high number of lithium vacancies that, for the typical case
([Li]/[Li] + [Nb] = 48.6%) is in the order of 6%. This lithium vacancies have
been demonstrated to be responsible for many changes in the photorefractive
effect. For example, lithium niobate refractive indices ne and no, extraor-
dinary (along the ĉ axis) and ordinary respectively, depend on the material
composition besides the temperature. It has been demonstrated that the
photorefractive effect (or the optical damage) induces a stronger refractive
index variation when the lithium concentration is increased [35, 36]. Re-
fractive index values can be estimated, according to these two parameters
(lithium concentration and temperature), using the Sellmeier equation [37].
In the following chapter, this aspect will be deepened by investigating the
erbium incorporation effects in the lattice.

Lithium niobate is a ferroelectric material and before using it for pho-
torefractive purposes it is necessary to orient all the ferroelectric domains
which, after the growth process, are randomly directed. For this, a strong
electric field must be applied so to make it overpass the material coercitive
field value. This, in turn, depends again on the lithium concentration and
can range between 40kV/cm for the stoichiometric case, and 210kV/cm for a
standard congruent one [38]. Once a ferroelectric monodomain sample is ob-
tained, photorefractive properties can be accessed to obtain spatial solitons
inside it. Being ferroelectric, when an electric field is applied, a significant
change in the spontaneous polarization can be induced and in turn nonlin-
ear optical phenomena can be excited. The non-centrosymmetric nature of
LiNbO3 allows to access the χ(2) contribution for the nonlinear polariza-
tion, eq.1.1, so the Pockels effect that together with the photorefractive one
is responsible for beam self-confinement.

Self-focusing in this material is mediated by the photovoltaic effect, char-
acteristic of lithium niobate. It is concurrent to the photorefractive effect,
but being a critical parameter, it will be explained separately in 2.3

Alongside with these main favourable effects provided by lithium niobate,
many other are exhibited, for example the pyroelectric one. It consists in the
generation of electric fields, or better in a modification of the spontaneous
polarization inside the material by heating the sample [28, 39]. In section
3.6 this effect will be used to study the photorefractive simulton formation.
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1.2.1 Electro-optic coefficient

The noncentrosymmetric nature of lithium niobate allows to access the
electro-optic component (χ(2)) in the nonlinear polarization expression eq.1.1.
It requires that besides the injection of an electromagnetic wave into the
sample, also a bias, so static, electric field must be employed. In terms of
the optical impermeability tensor η, the Pockels effect can be written as:

ηαβ(Ebias)− ηαβ(Ebias = 0) =
∑
γ

rαβγE
bias
γ (1.2)

so the coefficients can be expressed as rαβγ =
[
∂ηαβ/∂Ebias

γ

]
Ebias=0

. The
electro-optic tensor contains 27 elements, but adopting the contracted nota-
tion and the fact that LiNbO3 belongs to a 3m symmetry group and has only
few non-zero components, they can be reduced to 18. The final formulation
for this tensor in LiNbO3 is:


1 = (11) = (αα)
2 = (22) = (ββ)
3 = (33) = (γγ)

4 = (23) = (32) = (βγ) = (γβ)
5 = (12) = (21) = (αβ) = (βα)

 ⇐⇒ r̃ =



0 −r22 r13
0 r22 r13
0 0 r33
0 r51 0
r51 0 0
−r22 0 0


(1.3)

with the following values (@λ = 632.8nm [40]): r13=8.6 pm/V, r33=30.8
pm/V r22=3.4 pm/V and r51=28 pm/V. The application of the bias electric
field causes the deformation of the index ellipsoid so introducing a variation
on the material refractive index values. If ne is the extraordinary refrac-
tive index, for light polarized along the ĉ axis, and if no corresponds to an
ordinary polarized radiation, along the â direction, when the bias field is
applied, the impermeability tensor changes as:

η̃ =


1
n2

o
0 0

0 1
n2

o
0

0 0 1
n2

e

+

−r22E
bias
2 + r13E

bias
3 −r22E

bias
1 r51E

bias
1

−r22E
bias
1 −r22E

bias
2 + r13E

bias
3 r51E

bias
2

r51E
bias
1 r51E

bias
2 r33E

bias
3


(1.4)

To take advantage of the highest value of these coefficients (r33) for the
spatial soliton realization, the bias electric field is applied only along the ĉ
direction. This is the case for all the measurements that will be discussed in
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the following. So being only Ebias
3 6= 0, it is possible to deduce the consequent

refractive index variation:
1
n2
x

= 1
n2
o

+ r13E
bias
z ⇒ nx ' no −

1
2n

3
or13E

bias
z (1.5)

1
n2
y

= 1
n2
o

+ r13E
bias
z ⇒ ny ' no −

1
2n

3
or13E

bias
z (1.6)

1
n2
z

= 1
n2
e

+ r33E
bias
z ⇒ nz ' ne −

1
2n

3
er33E

bias
z (1.7)

having indicated with 1→ x, 2→ y the two crystallographic directions per-
pendicular to the ĉ axis and with 3→ z the one parallel to it.

1.2.2 Photovoltaic effect
Lithium niobate, as the whole family of noncentrosymmetric (pyro-piezo
electric) materials, exhibits the photovoltaic effect when shined by a light,
no matter if uniform. It relies on the generation of an electric current also
in absence of an applied bias electric field and, as will be shown further on,
has a very important role in photorefractivity and spatial soliton formation.

This effect was initially discovered by Glass et al. [41] performing cur-
rent measurements in lithium niobate and barium titanate. They found
that a current flow along the direction antiparallel to the ĉ optical axis of
the material. Furthermore, they found that the amplitude of this current
was proportional to the absorbed power density by means of a proportional
factor, the Glass constant k, which contains information about the micro-
scopic effect of the material. The first formulation for this current, measured
in conditions of closed circuit, is then:

Jph = kαIem (1.8)

being α the material absorption corresponding to the injected light wave-
length, and Iem the light intensity. Further investigations were performed
by Belinicher et al. [42] who injected circular polarized light for hologram
recording. They found that this current has a tensorial character that can
be resumed as:

Jph = βijkejekIem = αkijkejekIem i, j, k = 1, 2, 3 (1.9)

βijk is the bulk photovoltaic tensor, it is complex so that βi,j,k = β∗ikj and its
complex part plays a role only in case of circular/elliptical polarized light.
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ej, ek represent the unit vectors for light polarizations. For lithium niobate
many terms of the tensor vanish and (using the contracted notation) the
equation (1.9) can be written in an explicit way:

Jph1
Jph2
Jph3

 = αIem

 0 0 0 0 k15 −k22
−k22 k22 0 k15 0 0
k31 k31 k33 0 0 0




e2
1
e2

2
e2

3
2ê3 · ê2
2ê3 · ê1
2ê1 · ê2


(1.10)

Values for an iron doped lithium niobate sample are [43]: k31 = 3.3 · 10−9

A cm/W, k22 = 0.3 · 10−9 A cm/W, k33 = 2.7 · 10−9 A cm/W. For a lin-
early polarized beam, this current is generally considered having just one
component along the −ĉ axis and this is justified by the fact that the co-
efficient relative to the perpendicular direction is one order of magnitude
smaller.

Jph is strongly dependent on the doping ions introduced in the melt. For
example in the case of Cu doping these coefficients are about one forth of
those for iron, but Jph depends on the light intensity as well. Above a light
intensity threshold which is in the order of I = 107W m−2 [44–46], other
active centres can influence this current. They are provided by the intrinsic
defects in the lattice of the material and will be analysed in some more details
in section 1.3.1. From a microscopic point of view and for moderate light
intensity, this current is completely defined by the filled traps in the band
gap. The mechanism causing the current to flow is consequence of electronic-
ionic ionization/relaxation and recombination processes. This approach,
suggested by Lines and Glass [30], proposes that in correspondence to light
excitation, the charge transfer from an impurity towards the closest cation
has different probabilities p+, p− to occur with respect to a direction or
another. The electron mean free paths are indicated with: l+, l−. These
charges relax to different positions so the recombination probabilities p′

+,p
′
−

will differ from p+, p−. This defines a steady state current to which also the
ionic contribution should be added, also if usually can be neglected. If Zi is
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the ion charge and δli its displacement, then:

Jph = αIem
hν

[
e[l+(p+ + p

′
+)− l−(p− + p

′
−)] + (Zi − Z

′
i)δli

]
= kαIem

(1.11)

k = 1
hν

[
e[l+(p+ + p

′
+)− l−(p− + p

′
−)] + (Zi − Z

′
i)δli

]
(1.12)

So k is a function of the material and depends on the concentration of an
eventual dopant introduced inside it.

On the contrary, if the sample is in open circuit condition and if it
is shined, charges will start moving defining a capacitor like behaviour.
They are accumulated in correspondence to the +c and −c facets of the
sample. An electric field is then generated proportionally to the material
conductivityσ, so that:

J = kαIem + σE (1.13)

When the stationary regime is reached then the total current in the sample
must be zero and consequently the photovoltaic field value can be found:

Eph = −kαIem
σ

(1.14)

and is directed parallel to the ĉ axis.
In the next chapter an experimental investigation about the effects of the

rare earth erbium on photovoltaic field will be done, proving the existence
of a dependency on its concentration in the lattice.

1.3 From photorefractivity to bright spatial solitons,
application case: LiNbO3

Up to now no details have been yet done about the nonlinearity that is able
to provide photorefractive beam self-trapping.

This process deals with the refractive index variation induced by the
light excitation and recombination of charges, typically electrons in the more
common models for LiNbO3 . Photorefractive materials usually possess a
wide band-gap (' 4eV for LiNbO3 ), but are also characterized by the pres-
ence of impurity atoms or defects which add energetic levels inside it. It
is thank to them that photorefractivity can take place. Light propagating
inside the material, excites charges (electrons) from the donors states to
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the conduction band, donors density is indicated with ND. Being free to
migrate because of various mechanisms (further on described), they finally
recombine with the uncompensated traps, acceptors (having density NA),
after a material specific propagation mean path. The recombined charges
define dipoles whose final effect is to create an electric field in correspon-
dence to the illuminated region in the bulk. In turn, this resulting field
(space charge field ESC), induces the refractive index variation necessary to
make the beam self-trap and form the photorefractive spatial soliton. Pho-
torefractivity is thus a nonlocal process. On the contrary of what happens
for Kerr solitons, here the refractive index increasing is obtained via the
electro-optic effect according to the equality δn = −1/2reffn3

effESC, so the
χ(2) contribution in the expression for nonlinear polarization. reff represents
the electro-optic coefficient excited by the injected light polarization and neff
is the corresponding refractive index.

If the induced variation is positive (δn > 0), then a guide is created and
light can propagate inside it experiencing all the benefits previously indi-
cated and a bright soliton is formed. As a consequence of the photovoltaic
effect in LiNbO3 , if this variation is negative, then a light defocusing is
obtained and for proper conditions it can take to a photovoltaic soliton
formation.

Photorefractive spatial soliton birth dates to years 90′s when Segev et
al. [47] predicted their existence. They were then experimentally observed
by Duree et al. in 1993 [48] under the hypothesis that a two wave mixing
induced gain was responsible for light self-confinement. Starting from these
observations, many kind of photorefractive solitons have been investigated:
screening [8, 49, 50], photovoltaic [51–55] and screening-photovoltaic [56–
58] solitons. The fundamental difference existing between screening and
photovoltaic solitons is that, in the first case, a bias (external) electric field
E0 is necessary to induce a positive refractive index variation, so a profile
able to guide the light. In the second, this bias field is not required and
charges don’t move along random directions but are forced to displace along
the crystalline axis of the material. Actually, this behaviour is known to
be consequence of the bulk photovoltaic effect and, as said, cannot take
place in any material, but only in noncentrosymmetric (piezoelectric and
pyroelectric) crystals.

In this thesis, all the presented investigations in lithium niobate are
performed in presence of both the effects, so with reference to the screening-
photovoltaic approach, for which a more detailed characterization will be
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formulated.
At the very beginning, it was not yet possible to establish real differences

between the photorefractive solitons and the Kerr one, as only (1+1)D ex-
periments had been performed. Once also (2+1)D measurements were re-
alized [8], it became clear that photorefractivity owned quite peculiar prop-
erties. Not only the power necessary to make beams self-compensate their
natural diffraction was order of magnitude lower, but stable self-confinement
along both the transverse dimensions could be achieved. In addition, spatial
solitons sustain waveguides (temporary or permanent according to the ma-
terial specific dielectric relaxation time) able to guide a radiation at longer
wavelengths than the one used to write them. These benefits enhanced
research activity in this field. Another aspect which characterize a bright
photorefractive spatial screening, or screening-photovoltaic, soliton is the so
said “bending”. Its effect consists in making the self-trapped beam move
along the −ĉ direction, and this displacement can be large. This in turn
implies that the soliton, so its associated waveguide, does not propagate
straight along the sample. Chauvet et al. [59] demonstrated that this effect
is consequence of a not high enough amount of acceptors in the material
and that can be reduced or balanced by adding an additional uniform back-
ground illumination to the nonlinear medium.

To the mentioned spatial solitons categories, another one can be added.
It differs from the previous for the fact that the physical mechanism is
based on the presence of two carriers (electrons and holes) instead of one
(electrons), and both are free of moving along both the bands (conduction
and valence). As InP : Fe belongs to this group, it will be treated with
much more details in chapter 4 where the problem of coherent interactions
between solitonic beams inside this material will be analysed.

1.3.1 One carrier model for photorefractivity in lithium niobate

Photorefractive effect in lithium niobate has been extensively studied be-
cause of the many application for which it is suitable. Actually, at the
very beginning it was used for holografic purposes, so the necessity of writ-
ing stable, durable and high contrast induced gratings in the bulk arose.
Consequently, different working regimes have been tried to maximize their
performances. Measuring the main parameters involved in a photorefractive
process, like for example birefringence or photovoltaic current [44–46], it has
been demonstrated that, in addition to the trap states in the band gap, other
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microscopic active centres may play an important role. According to light
intensity, doping and extrinsic/intrinsic defect effects must be considered.
Accordingly, different models have been developed to explain the different
behaviours.

All the measurements that will be presented in this thesis can be ex-
plained in terms of the easiest developed model, the one-carrier one-band,
so a more accurate theoretical introduction will be devoted to it. In the
following section, the mathematical approximations usually done to achieve
an analytical (strongly approximated) solution will be presented.

The very first formulation for the “optical damage”, as this process was
initially considerated as a drawback for the material, must be addressed to
Ashkin and Amodei [60, 61]. The final and most used model today is the
one proposed by Kukhtarev [62], and for it the usual equation set, for the
1D case, is:

∂N+
D

∂t
= s(Iem + Id)(ND −N+

D )− ξnN+
D (1.15)

∂(ε0εrESC)
∂x

= ρ (1.16)

ρ = q(N+
D −NA − n) (1.17)

∂J

∂x
= −∂ρ

∂t
(1.18)

J = eµnESC + µKBT
∂n

∂x
+ βPV Iem(ND −N+

D ) (1.19)

The idea is that when a non-uniform intensity profile light beam (Iem)
propagates inside a photorefractive material, charges (electrons) can be ex-
cited to the conduction band from still available donors ND −N+

D present in
the trap states. Along with this contribution, also the thermal effect must
be addressed via the dark intensity Id and the photoexcitation coefficient s.
These free electrons define a current J, being forced to move by three con-
temporary effects. The free electron density (n) in the illuminated region
defines a strong concentration gradient with the remaining part of the sam-
ple so a diffusion component appears proportionally to the temperature (T):
J = µKBT∂n/∂x. These displaced electrons (having charge e) force a space
charge field (ESC) to build up. In fact, they locally modify the material
spontaneous polarization, so making a drift component arise: J = eµnESC.
In addition lithium niobate is also photovoltaic, so also a component directed
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along its optical (ĉ) axis must be considered: J = βPVIem(ND −ND
+). Fi-

nally the free electrons can be trapped by the acceptors in the band-gap,
proportionally to the recombination coefficient ξ: ξnND

+.
The generated charges must satisfy also the current continuity equation

(1.18) and the Poisson equation, eq. (1.16), which provide a way to deduce
the value for the induced space charge field according to which, the refractive
index is locally changed via the electro-optic effect. The total charge is
provided by the (1.17) where NA represents the acceptors concentration.

This model is accepted for light intensities [44, 46] less than 106 ÷ 107

W m−2, for which only the extrinsic active centres provide charge photo-
excitation. Typically, these centres are identified in the iron ions Fe2+,Fe3+

which can act as donor or acceptors according to the expression:

Fe2+ + hν ⇐⇒ Fe3+ + e (1.20)

Above that light intensity threshold, other centres start to play a role and
they are related to the intrinsic defects in the material. So for example, in a
congruent lithium niobate sample, where a large number of lithium vacancies
are present, niobium ions tend to move on these empty positions (niobium
antisite). In this situation the model must be improved by adding a second
set of energetic levels related to these defects (Nb4+

Li ,Nb5+
Li ), so a two centres

- one band charge transport model must be considered, for example [29,45].
In the following chapter a characterization of erbium doping effects on

the photorefractive properties of lithium niobate will be proposed, but as
light intensities are much lower than the reported threshold, then the sim-
plified scheme is considered. Furthermore, as erbium is known to occupy
lithium positions, at least for the investigated “low” doping concentrations,
the number of extrinsic defects should decrease so confirming this assump-
tion.

1.4 Classical mathematical approximations

Photorefractive models don’t allow analytical solutions, so many approx-
imations are necessary to obtain an easiest expression that can be used
to describe photorefractive processes, and in this specific case, beams self-
trapping. The problem is that also in the approximated form, its numerical
computation is extremely expensive in terms of calculation time and the
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provided results are strongly affected by the used approximations, so often
they don’t fully match the experimental observations.

Along with the discovery of the various categories of photorefractive spa-
tial solitons, different theoretical models have been developed to describe
the temporal evolution of such structures. Models relative to generic pho-
torefractive solitons or screening solitons, for example [63, 64], and after
for the photovoltaic one as in [51, 65] have been unified for the screening-
photovoltaic typology [56, 57]. Thanks to these models it is possible to
distinguish between two solitonic regimes: the steady state and the quasi-
steady-state. The first condition implies that once formed, the solitonic
beam keeps its undiffracted structure for an infinite time (ideally). The lat-
ter is relative to solitonic configuration that remains unchanged for a very
short time after which the beam starts diffracting again and eventually to
re-trap. In the following of this thesis I will refer to this condition for the
measurements in lithium niobate.

In the following, two sections are devoted to a brief introduction of the
classical approximations, so to identify the more critical points that char-
acterize this kind of analysis. Afterwords, a novel and much more complete
(2+1)D approach, developed at the University of Besançon (France), will
be used to analyse the experimental results about the optimization of the
written waveguides, last section of this chapter.

1.4.1 Space charge field derivation: time dependency and
stationary regime

The equations written for the Kukhtarev model, (1.15)-(1.19), can be ma-
nipulated to provide an expression for the photorefractive induced space
charge field. In this section, its expression will be elaborated and all the
required simplifications will be indicated with the aim of finding the tem-
poral dependency for ESC and its steady state expression. To do this the
formalism adopted by [63,66] is used.

With reference to the equations relative to the current J induced in the
material, eq. (1.19), and the charge conservation law, eq. (1.18), one single
equation depending both on space and time can be obtained. By deriving
the (1.19) with respect to x and according to the equalities (1.18) and (1.16),
the following equation can be written:

−ε0εr
∂2ESC
∂x∂t

= eµ
∂(nESC)

∂x
+ µkBT

∂2n

∂x2 + ∂

∂x

[
βphIem(ND −N+

D )
]
(1.21)
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which can be integrated with respect to the x parameter, so to obtain:

−ε0εr
∂ESC
∂t

= eµnESC + µkBT
∂n

∂x
+ βphIem(ND −N+

D ) + J0 (1.22)

J0 is an integration constant which can be derived by means of experimental
considerations. In fact, as the transverse dimension for a self-trapped beam
is much narrow than the sample width, it can be stated that far enough
from the beam centre, light intensity is uniform. This makes all the spatial
derivatives negligible. This intensity value will be indicated as I∞.

As previously indicated, in order to induce a positive variation for the
refractive index in lithium niobate, it is necessary to apply an external bias
electric field E0. This can be obtained closing the sample, having thickness
d, on a voltage (V) generator so to obtain an electric field value E0 = V/d. In
correspondence to the position for which the intensity I become uniform, the
total electric field acting on the sample Etot = ESC ' E0, so ∂Etot/∂t ' 0,
and in turn:

J0 = −eµnESC − βphI∞(ND −N+
D ) (1.23)

J0 will result completely known if the electron and the ionized donor density,
n and N+

D respectively, can be found.
The photorefractive process is non-instantaneous, in the sense that it is

based on the accumulation of ionic charges, so it is related to the dielectric
response time which is much longer than the electron generation time, ε0εreµn
the first and 1

ξNA
the latter. Because of this, the time necessary to generate

electrons can be neglected. Being n� N+
D,NA for moderate light intensities,

then both the parameters can be found. For N+
D equations (1.16) and (1.17)

must be used, while for the electron density, the (1.15) with the hypotesis
∂N+

D/∂t ' 0 is to be taken into account, so to find:

N+
D = NA

[
1 + ε0εr

eNA

∂ESC
∂x

]
(1.24)

n =
s [Iem + Id]

[
ND −NA

(
1 + ε0εr

eNA

∂ESC
∂x

)]
ξNA

(
1 + ε0εr

eNA

∂ESC
∂x

) (1.25)

These, introduced in the expression for J0, take to its final expression:

J0 = −βph (ND −NA) I∞ − eµ
s (I∞ + Id) (ND −NA)

ξNA
E0 (1.26)
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This expression remains valid in the limit of a closed circuit configuration.
As it does not depend anymore on the x direction, if E0 = 0 then also J0
vanishes. At this stage, the equation providing the time dependency for the
space charge field, (1.22) can be solved, but only with numerical methods.

The obtained value for the local space charge field can be then used to
study the propagation of a laser (in general non-uniform intensity profile
beam) inside a photorefractive media.

Anyway, an analytical solution can be found with some other simplifica-
tive assumptions. If the charge density spatial modulation can be assumed
weak and being acceptor density high, the term ε0εr

eNA
∂ESC
∂x in (1.24) can be

neglected with respect to unity. As a consequence of this, n and the (1.22)
can be re-written as:

n = s (Id + Iem) (ND −NA)
ξNA

(1.27)

TdId
∂ESC
∂t

+ (Id + Iem)ESC + KBT

e

∂Iem
∂x

= Eph (I∞ − Iem) + (Id + I∞)E0

(1.28)

Finally, under the hypothesis of a laser beam whose intensity profile does
not change with time, it is possible to derive the analytical expression for
the space charge field:

ESC(x, t) =
[(Eph + E0) (Iem − I∞)

Iem + Id
− KBT

e

1
Iem + Id

∂Iem
∂x

]
·

·
[
e
− Iem+Id

TdId
t − 1

]
+ E0

(1.29)

From this expression it is possible to exploit the time dependency of space
charge field building up on the dielectric relaxation time Td. It is the time
during which the light induced photorefractive pattern completely relax in
absence of light. Td = ε0εr

eµ ξNA/ [β(ND −NA)], being β related to the dark
intensity through the relation Id = β/s. Td represents one of the most
appreciated properties of lithium niobate as it is quite long and permits
the use of charge pattern for long time also under the exposition to light
without the necessity of applying a thermal or electric treatment for fixing,
not yet fully working for LiNbO3 . The photovoltaic field has expression:
Eph = (βphξNA) / (eµS).
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In correspondence to the stationary regime, so for t→∞, the (1.29) can
be written as:

ESC(x, t→∞) = −Eph
Iem − I∞
Iem + Id

− KBT

e

1
Iem + Id

∂Iem
∂x

+ E0
Id + I∞
Iem + Id

(1.30)
Another approximation that is usually done to decrease calculation time

consistes in neglecting the diffusion term in the equation (1.29), so to reduce
(1.30) to:

ESC(x, t→∞) = −Eph
Iem − I∞
Iem + Id

+ E0
Id + I∞
Iem+ Id

(1.31)

The last assumption is justified by the fact that the electric field produced
by the diffusion process is about two orders of magnitude less than the
photovoltaic and the external fields which are as high as some kV/cm. At
a glance, the last equation shows that the space charge field basic elements
are the photovoltaic field and the bias, external, electric field and that they
have concurrent effects. In a photorefractive, but not photovoltaic, material
bright screening solitons can be obtained by adding an external field to
produce an increasing of the refractive index in the illuminated region. If
also the photovoltaic contribution is present, then its effect is to produce
light defocusing proportionally to the injected light intensity. This implies
that in the case of a screening photovoltaic medium, like lithium niobate, the
bias electric field must be high enough to compensate the defocusing effect
and so it is expected (and experimentally verified) that ‖E0‖ > ‖EPV‖.

This equation shows also the saturable nature of the photorefractive
nonlinearity. Assuming I∞ ' 0, the two fractions can be written in function
of the Iem/Id ratio. It has been demonstrated that this ratio is one of the
main parameters for the minimization of the self-trapped beam dimension
[67]. This ratio can be changed by increasing the Id component via a high
intensity background illumination on the sample. This operation in turn will
reduce or eliminate the beam bending and in general stabilize the soliton
formation dynamics.

In the next chapter, when erbium influence on the photovoltaic field will
be exploited, it will be demonstrated that in correspondence to the condition
of minimized photovoltaic field, self-trapping properties are maximized for
each value of the applied bias electric field.
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1.4.2 Approximated wave equation for beam propagation in a
PR medium: solitonic solution

To study the propagation of a laser beam inside a photorefractive medium,
it is necessary to specialize the Helmotz equation for this kind of material,
so to keep into account the induced space charge field in the illuminated
region. Helmotz equation has the expression:

52 ~E + k2 ~E = 0 (1.32)

being Ẽ(x, z, t) = Az(x, z)ej(kz−ωt)ĉ the electric field associated to a wave
propagating along the z direction and diffracting along the ĉ axis, this direc-
tion is referred as x for convenience. This wave is supposed to be independent
from the other transverse coordinate y. The assumption that the propaga-
tion occurs inside a weakly perturbed medium is done, so the Slowly Varying
Envelope Approximation (SVEA) approximation can be applied. Keeping
in count the expression that the electric field vector (or equivalently the elec-
tric displacement vector) assume as a consequence of the electro-optic effect,
section 1.2.1, the wave equation can be re-written in scalar approximation,
as: (

∂

∂z
− i

2k
∂2

∂x2

)
A(x, z) = −i k

n0

1
2n

3
effreffESCA(x, z) (1.33)

where neff and reff represent the refractive index (ne, no) and the electro-optic
coefficient (r33, r13) according to the injected light polarization, extraordi-
nary or ordinary respectively. ESC is the expression for the induced space
charge field in its approximate form.

The expression for A(x, z) must satisfy the basic property for a propa-
gating solitonic beam, so its transverse dimension must be independent from
the x coordinate. Defining r = Iem/Id, u the soliton profile which depends
only on the z transverse coordinate and Γ the soliton propagation constant,
then:

A(x, z) =
√
rIdu(x)eiΓz (1.34)

In this expression, the ESC formulation of (1.29) is substituted and
the diffusion effect (∝ KBT) is neglected. Thus a dimensionless differen-
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tial equation describing the spatial soliton formation in a photorefractive-
photovoltaic medium can be written:

u
′′(X) = 2kΓd2u(X)+αu(X)+(1+α)u(X)ru

2(X)− u2
∞

1 + ru2(x)

(
e
− 1+ru2(X)t

Td − 1
)

(1.35)
where X = x/d, d =

√
k2n2

effreffEph and α = E0/Eph.
This equation can be used both for the dark and the bright soliton,

according to the imposed boundary conditions. In the case of the dark
soliton they are: u′′(∞) = 0 and u(∞) = 1, while for the bright one they
are u(∞) = 0 and u(0) = 1 along with u′(0) = 0.

The final equation can be integrated and provide the wave equation for
the soliton, dark or bright, in the PR-PV medium. This solution is affected
by many and meaningful approximations.

In the next section a new approach will be discussed and demonstrated
with experimental measurements that represent also the base for the pro-
duction of more efficient and optimized waveguides in lithium niobate.

1.5 Guiding optimization and anisotropy effects on
bright spatial soliton induced waveguides in
lithium niobate

Via the electro-optic effect, the screening field can induce a positive refrac-
tive index variation in the illuminated region of a photorefractive sample. It
remains stable for a long time also when both the laser beam and the bias
electric field are switched off, so a waveguide remains written. This result is
independent on the achievement of a steady-state or quasi-steady-state soli-
ton solution. In fact, the formation process in lithium niobate is slow enough
to stop the solitonic build up as soon as the maximum for self-confinement
is achieved. No matter if it represents a temporary condition.

It is the long relaxation time of lithium niobate that makes soliton waveg-
uides efficient also when used to propagate the light without any applied
bias electric field. Stability/durability can be further increased by choosing
a wavelength far from the material photorefractive absorption range.

As in LiNbO3 photorefractive absorption increases moving towards the
ultraviolet region, and is negligible in the infrared one, if the guide created
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with visible light is probed by an infrared beam, it will not be deteriorated.
The problem I have been studying since my master degree thesis, is the real-
ization of such waveguides in conditions of low and very high light intensities
and for different wavelengths so to exploit the different mechanisms involved
in their formation and to prepare the conditions to make such a waveguide
sustain a laser action inside it. A complete experimental characterization
about these aspects is reported in [68]. While the last theme will be faced in
the next chapter, here the problem of improving the guiding properties for
light propagation inside such waveguides will be described both numerically
and experimentally.

Lithium niobate exhibits an electro-optic coefficient relative to the ex-
traordinary light polarization higher (about three times) [20, 69] than the
ordinary polarization one, r33 = 32 pm/v and r13 = 9.4 pm/V respectively.
Because of this, the realization of such waveguides using the r13 coefficient
was never investigated before. In this framework, in collaboration with the
University of Besançon, the effects of light polarization on the self-trapping
process have been investigated in function of the intrinsic anisotropy of this
material [70], both numerically and experimentally.

The idea is to propagate a laser beam at 532nm and at 632nm along the
two direction perpendicular to the material optical axis and to verify the
self-trapping process in function of the light polarization, so to exploit the
anisotropy effects on it. A bias electric field is applied across the facets per-
pendicular to the ĉ axis and is as high as Ebias = 40kV/cm. Laser beams are
focused on the input face of the sample, according to the light propagation
direction, on a spot having size equal to 12 µm FWHM.

Before describing the performed measurements, it is worth introducing
the numerical model developed by Fabrice Devaux and Mathieu Chauvet at
the University of Besançon. Actually, their split step BPM approach demon-
strated [71–73] to be able to explain in details experimental measurements
in LiNbO3 . The model can strongly reduce the number of approximations
typically introduced. It can also take into account the diffusion effect. The
main advantage, calculation speed, is provided by the different approach
used to determine the space charge field, it is no more based on the solution
of the Poisson equation (1.17) which is the typical strategy.

As regards the photovoltaic effect, it is taken into account separating
its components in function of the polarization, in other words it is no more
supposed to be non-zero exclusively along the material optical axis, but
contributions β13 and β33 are considered.
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To make the anisotropy effects explicit, the more general form for the
refractive index variation induced in the illuminated region via the electro-
optic effect is written as:

∆n = −1
2n

3
eff r̃

EXEY
EZ

 (1.36)

being neff the bulk refractive index corresponding to the injected polarization
and r̃ the electro-optic tensor.

A laser beam is simulated to propagate along the 20mm long y axis.
No matter if extraordinarily or ordinarily polarized, the refractive index
variation depends exclusively on the electric field component directed along
the z direction, eq.(1.37) and (1.38) other than the polarization related bulk
refractive index and electro-optic coefficient. This is consequence of the
electro-optic tensor expression and in this case the anisotropy does not play
any role.

∆nZ = −1
2n

3
er33EZ (1.37)

∆nX = −1
2n

3
or13EZ (1.38)

As expected, the initially diffracted beam is found to self-trap. Its shape is
not perfectly circular but slightly larger along the direction perpendicular
to the ĉ axis, fig.1.2a(a) and fig.1.2b(a), respectively. This is coherent with
the fact that the bias electric field acts along the z (parallel to the ĉ axis)
direction and that the nonlinearity is stronger along it; consequently the
induced refractive index change is more efficient, fig.1.2a(b) and fig.1.2b(b).
Another information provided by these simulations is that the induced space
charge fields profiles are not symmetric, in the sense that the component
along the x direction, EX, presents four lobes tilted of about 45◦ with respect
to it, fig.1.2a(d) and fig.1.2b(d). In this case, it is the space charge field
component EZ to drive the process.
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(a) Numerical simulation about the self trapping process for an
extraordinary polarized beam propagating along the y direction.

(b) Numerical simulation about the self trapping process for an
ordinary polarized beam propagating along the y direction.

Figure 1.2: Numerical simulations about the propagation along the y di-
rection of an extraordinary polarized beam in fig.1.2a and an ordinary one
in fig.1.2b. The induced refractive index shape as well as the space charge
fields don’t differ, but the final spot dimension is much larger in the case of
an ordinary polarization.
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One important aspect to stress, is that while the qualitative behaviour
for the self-trapping process related to an extraordinary or to an ordinary
polarized laser beam is the same (while propagating along the y direction),
some differences exist. The r13 coefficient is much smaller than the other, so
usually self-trapping was expected not to occur or to be very disadvantaged.
At a first glance from numerical results, such process can be resumed in two
“drawbacks”: larger dimensions for the final spot of an ordinary polarized
beam and a much longer time required to achieve it.

Quantitatively, for an input beam having a waist FWHM win = 12µm
and extraordinary polarization, the final dimensions are 10x14µm. For the
ordinary case they increase up to 24x38µm.

Actually, the much more important point is related to the photovoltaic
contribution, but for its explanation it is necessary to introduce the corre-
sponding experimental test.

A laser beam with power of about 114µW is focused on the 12µm FWHM
spot and let propagate along the y direction. A proper imaging system is
then used to conjugate the output face of the sample on a ccd camera sensor,
fig.1.3.

Figure 1.3: Sketch for the experimental setup employed to investigate the
self-trapping process in lithium niobate along the two transverse propagation
directions.

The evolution corresponding to the extraordinarily and ordinarily polar-
ized beam are reported in fig.1.4a and fig.1.4b respectively.
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(a) Self trapping for an extraordinary beam. The final dimension is
12x14µm and is obtained in 405 sec.

(b) Self trapping for an ordinary beam. The final dimension is 12x14µm
and is obtained in 1020 sec.

Figure 1.4: Experimental measurements about self-trapping for a laser beam
(532nm) propagating along the y direction. It is extraordinary polarized in
1.4a and ordinary polarized in 1.4b. The injected power is 114µW and is
focused on the input face with a waist of win = 12µm FWHM. The final self-
trapped spot is comparable in size but the confining time is very different.
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A well formed self-trapped spot is achieved for both. The self-confined
beams have comparable dimensions for both cases exhibiting a wout = 12x14
µm FWHM, but their formation times are very different: t = 450 sec. for the
first and t = 1020 sec. for the latter. Being all the experimental parameters
the same, but the electro-optic coefficient, this result is not obvious and
cannot be explained only by considering the longer evolution time.

Numerically, and by changing the value for the ordinary beam-related
photovoltaic field, it has been found that the best fit for the experimental
condition corresponds to Eph = 24kV/cm, fig.1.5, instead of to the previ-
ously considered Eph = 35kV/cm. This result allows to conclude that a
stronger space charge field is formed with respect to an extraordinary po-
larized beam. This is coherent with the nature of the induced space charge
field; it is provided by the concurrent effect of the bias electric field and the
photovoltaic one, so if the second decreases, ESC increases.

Figure 1.5: Numerical simulation about the self-trapping process for an or-
dinary polarized beam propagating along the y direction. The photovoltaic
field value is decreased to fit the corresponding experimental measurement
reported in fig.1.4b. This result is obtained with Eph = 24kV/cm instead of
Eph = 35kV/cm.

This, in turn, is expected to provide a more efficient waveguiding struc-
ture, and will be demonstrated further on.
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If the laser beam is let propagate along the (7mm long) x axis with
extraordinary polarization, analogous results are achieved, but if the ordi-
nary polarization is chosen, the anisotropy effect can be emphasized. In this
case, the refractive index modification does not depend only on the EZ space
charge field component, but also on the EY one:

∆nY = −1
2n

3
o (r22EY + r13EZ) (1.39)

In this condition, both numerically and experimentally, a tilt with re-
spect to the optical axis is found for the self-trapped beam: fig.1.6a and
fig.1.6b. The refractive index is given by the sum of two terms and the
one along z is stronger. Consequently, this tilt can be observed only at the
beginning of the self-trapping process and tends to vanish when EZ starts
becoming predominant. It completely disappears when self-confinement is
complete. Actually, the anisotropy effect can be observed only when self-
trapping starts to occur. Experimentally, to make this more evident, a
He-Ne laser at 632.8nm is used. For this wavelength the photorefractive ab-
sorption is less strong than for the green; the general process becomes slower
and can be stopped at any moment to freeze this configuration. It must be
stressed here that this result can neither be seen in the quasi-steady-state
nor in the steady-state regime.

The last question to answer is which configuration provides the more
optimised structure: is it better to employ an extraordinary or ordinary po-
larized laser to write the guides? Once the guides are created, light (visible)
and bias electric field are switched off. To test their propagation proper-
ties, infrared beams (λ = 1064nm and λ = 1550nm) are injected inside them
with extraordinary polarization. Again, this wavelength is used to increase
as much as possible guide lifetime. It is worth remembering that spatial
soliton induced waveguides own the property of guiding a radiation having
the same wavelength used to write it as well as all the longer ones, with the
only limitation given by the material transparency range.
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(a) Numerical simulation for the self trapping process
relative to an intermediate transient condition. Both the
induced refractive index and the transverse intensity pro-
file show the presence of a beam tilting.

(b) Experimental evolution in the transient regime. The
beam tilt is confirmed.

Figure 1.6: Numerical fig.1.6a and experimental fig.1.6b self-trapping pro-
cess for an ordinary polarized beam propagating along the x direction. The
anisotropy effect implies a tilting on the beam spot.

In fig.1.7(a)(b) is reported the output face of the sample for a propa-
gation along the y axis. The light exiting from the waveguide written by
an extraordinary visible beam experiences high losses for both the infrared
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beams, so demonstrating that refractive index contrast is not high enough
to guide them.

Same measurement but with a waveguide written by an ordinary polar-
ized visible beam, fig.1.7(c)(d). In this case the confinement is much better.
This demonstrates that, in spite of the longer time required for the space
charge field to build up, the photovoltaic contribution decreasing allows a
better confinement, consequence of the increased refractive index contrast.

As regards the photovoltaic field amplitudes used for numerical simula-
tions, Eph = 35kV/cm and Eph = 24kV/cm, they can be employed to derive
the corresponding photovoltaic tensor constants. In fact, provided that the
material is always the same, by substituting them in the proper expres-
sion for Eph, derived in section 1.4.1 (βphξNA/(eµs)), the ratio between
β33 and β13 can be found. In the discussed case, β33/β13 = 1.46 and it is
in agreement with values found in literature [74]: β33 = 4 · 10−9cm/V and
β13 = 2 · 10−9cm/V, so confirming the initial hypothesis validity.

Figure 1.7: Guiding capability test using infrared probe beams at 1064 nm
and 1550 nm. In (a) e (b) for a guide written with extraordinary polarization
and in (c) and (d) with the ordinary one.



Chapter 2

Solitonic waveguide-based active
devices in lithium niobate

In the previous chapter we have seen that spatial soliton waveguides are op-
timized for light propagation due to their self-written nature. More specif-
ically, they show transverse monomodality for the writing wavelength with
very low propagation losses. With reference to the lithium niobate specific
case, they are indeed 3D structures resulting quasi-fixed thanks to the very
long dielectric relaxation time of the material. Up today, even if in literature
many devices have been proposed based on solitons, no real hardware have
been realized.

In a very general configuration, every integrated photonic circuit would
require an integrated light source. For such purpose, soliton waveguides are
ideal candidate for the realization of active devices. In fact due to their
ultra-low propagation losses, very efficient amplifiers and/or lasers can be
built within them; moreover, thank to the 3D nature of the solitonic tech-
nology, even matrices of amplifiers and lasers could be realised as well, going
towards intrinsically parallel photonic circuits. The realisation of active de-
vices requires to make lithium niobate able to provide an optical gain, so a
proper dopant must be added. The choice of this material depends on the
emission band and working wavelength of the photonic circuits. We have to
stress here one more time that lithium niobate will only be the host medium
inside which all devices and circuits would be realized. Lithium niobate can
supply the photorefractive nonlinearity as the tool to write circuits provid-
ing that the used light is absorbed by it. Thus, an ideal scheme of photonic

37
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circuit would foresee a working wavelength which should not perturb the
written circuit and that should be directly interfaced with other optic and
photonic circuits, like for example optical fibres. Among all the possibilities,
the ideal working regime would see the range around 1550 nm as the best
wavelengths for a signal processing integrated circuit, being this wavelength
in the third transparency window of silica and consequently of optical fibre
networks. Clearly, a working problem becomes dominant here: how can we
realize a self-written circuit if the host medium is not sensitive to the work-
ing wavelength. In fact, photorefractivity in lithium niobate is not efficient
at infrared frequencies. The whole thesis will show bright technological so-
lutions for such problem. We shall start with the easiest one, for which a
first laser beam, absorbed by the host medium, is used to realize the soliton
waveguide.

In order to realize integrated emitters or amplifiers within soliton waveg-
uides, we have chosen to dope lithium niobate with erbium ions. Erbium
offers many absorption and emission lines, but is one of the most effi-
cient active medium with emission around 1530nm. For this reason it
has been largely used for doping glasses [75, 76], fibres [77, 78] and con-
sequently for realizing lasers and amplifiers within them. Femtosecond laser
systems in optical fibres are now commercially available as well (see for
example the Uranus series of Polaronyx Inc. (http://www.polaronyx.com/
Uranus_introduction.htm). Laser sources in erbium-doped lithium niobate
waveguides have already been realized using traditional technologies for
waveguide realization, like ion indiffusion. The first integrated waveguide
laser in lithium niobate is reported by Brinkmann, Sohler and Suche in
1991 [79, 80]. This device is realized by creating a Ti-indiffusion waveguide
after having diffused erbium in a lithium niobate substrate. Different solu-
tions for cavity mirrors have been tested but the more compact is done by
coating high reflectivity mirrors, obtained with several TiO2/SiO2 layers,
on the polished surfaces of the sample. Erbium is pumped with a wave-
length, λ = 1408nm, which grants a good mode matching with the emit-
ted one at λ = 1532nm, 1563 and 1576nm, according to the polarization of
the light with respect to the optical axis of the substrate. Many upgrades
have been reported during last years, and this basic device has been used to
build more complex structures. For example, a modelocked Er : Ti : LiNbO3
laser [81], in which the cavity is realized by Bragg reflectors created by
dry-etching technique [82] or directly written in the volume thanks to pho-
torefractive interference patterns [83]. Also wavelength tunability has been
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demonstrated [84] by placing the titanium indiffused erbium doped waveg-
uide between an acousto-optical filter and a frequency shift compensator,
both integrated on the substrate.

A big improvement to the state-of-the-art is here proposed by using soli-
ton waveguides. It will be possible to access the third dimension, for example
to write several guides and thus lasers working in parallel. Again, a key role
will be played by very low propagation losses. Clearly, when such technol-
ogy is introduced, the first important question is: how the photorefractive
nonlinearity works in presence of erbium doping. Will erbium incorporation
modify the electro-optic properties of the doped material with respect to
the undoped one? This is a fundamental point, which is even more stressed
by the 3D geometry of solitons. In fact, erbium doping of the host material
should cover the whole volume and not only a thin slab around the crystal
surface. Thus, the manifold technologies are here connected: the volume
doping of the material, its electro-optic characterization and the soliton-
waveguide writing. All such steps will be followed in this chapter where
initially, it will be investigated and demonstrated that erbium doping in-
deed influences all the photorefractive properties of the host lattice. I shall
experimentally measure the electro-optic coefficient r33 as well as the pho-
tovoltaic field EPV, performing a systematic characterization by varying the
dopant concentration for a photorefractively absorbed wavelength. A micro-
scopic model is also introduced for erbium incorporation so to describe the
nature and quantity of defects that the erbium presence generates. Then
light self-trapping in such doped material will be experimentally analysed
as function of erbium concentration. Achieved results confirm the proposed
model validity. Finally, taking advantage of a very special behaviour of er-
bium as emitter, we shall introduce a new family of spatial solitons induced
by luminescence. In fact, to excite the material emission at 1530nm, it is
necessary to pump it with a 980nm laser. Lithium niobate does not ex-
hibits any photorefractive response to it (or at least it is extremely weak),
thus this wavelength cannot be directly used to write a waveguide. When
erbium is pumped by light at 980 nm, according to the pumping intensity
only 4I15/2 − 4I11/2 (single-step) or both 4I15/2 − 4I11/2 and 4I13/2 − 4F7/2
(two-steps) transitions may occur. In this last case a green luminescence is
consequently induced and it might interact with the host lithium niobate
writing a soliton channel. Such result, published in Applied Physics Let-
ters [85], was never observed before and constitute an outstanding output
of my PhD work. Such new technology can indeed be successfully used for
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realising integrated amplifiers and laser sources in lithium niobate crystals
doped in volume with erbium.

2.1 Material characterisation: Erbium volume doping
via the Czochralski technique

The whole set of erbium doped samples that have been used for the pre-
sented measurements, have been provided by the group led by dr. Cinzia
Sada (Physics Department of the Padova University) in the framework of
the PRIN project "Amplificatori e sorgenti laser integrati in guide soli-
toniche in Er : LiNbO3 ". Erbium bulk doped lithium niobate crystals
were grown by the Czochralski technique [32, 33] along the Z-axis with a
pulling rate vp = 3 mm/h and with a rotation rate ω ' 30 rpm. Erbium
concentration in the starting melt composition was chosen to be in the
range 0.0− 0.7mol.%. Boules were poled by applying a constant current
density of about 3 mA/cm2 while they were cooled from the paraelectric to
the ferroelectric phase, in order to achieve a single domain state through
all the sample volume. Samples were then oriented by exploiting the X-ray
diffraction technique and cut in slices with the major surface perpendic-
ular to the Z direction. Slices were annealed in air at 950◦C for 6 h to
remove eventual color centres and dislocations. Finally, they were optically
polished using a Logitech PM5 lapping machine with standard techniques
on the Z, X- and Y faces. The typical dimension of the final samples are
about 8 mm along the Y propagation direction, 6 mm along the X one, and
1 mm along Z, the optical axis. For the following characterizations, a se-
lection of five samples of nominal concentration 0, 0.1, 0.3, 0.5 and 0.7mol.%
were investigated to grant that they were ferroelecric monodomain, using
the cross polarized microscopy, and that the residual number of dislocations
was as low as what reported for undoped commercial samples from Crystal
Technology (' 1.0 · 105disl · cm−2).

2.2 Material characterisation: r33 coefficient
measurement

Doping influence on lithium niobate photorefractive properties has been re-
ported for many transition metals [29] introduced in the host lattice to
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satisfy the necessity, arose during last years, both to increase and annihilate
photorefractivity inside this material. Incorporation of Fe, Cu, Mn, Ni ions,
for examples, produces an increasing of deep trap levels in the band-gap
so to increase the photorefractive absorption in the visible range. On the
contrary, Mg, Zn, In, Hf, Zr ions are able to reduce the number of intrinsic
defects (antisite niobium NbLi or niobium occupying lithium positions) in
the lattice so preventing the space charge field to come up. Often, and for
low enough concentrations that is characteristic of the used dopant, these
ions tend to enter the lattice occupying lithium positions. According to
literature in fact, electro-optic coefficient, as the other photorefractive prop-
erties, is influenced by the presence of such ions and by the lithium quantity
in the melt. Actually, in [86], an investigation about the change in value for
both r13 and r33 for stoichiometric and congruent samples is reported. It is
demonstrated that, in correspondence to a lithium concentration decreas-
ing, the r33 decreases while the r13 remains almost unchanged. In addition,
in [87–89], doping mechanism effects on photorefractivity are reported, and
they are based on the substitution of dopants in lithium sites and in turn
on the effects of NbLi concentration. More specifically, the electro-optic co-
efficient behaviour has been studied, to cite some examples, for Zinc [90],
Chromium [91] and Iron [92], by varying the dopant concentration. For
small dopant amount, a decreasing is found but, above a certain threshold
value (material dependent), it can increase again, as for [90] in which this
behaviour is more evident.

Unlikely to what reported for transition metals, very few is known about
the influence of rare earth doping on photorefractivity as, because of its
chemical nature, these ions are expected not to influence the electrical pro-
prieties involved in these nonlinear processes. Many structural investigations
have been performed to identify erbium occupancies in the lattice. As re-
ported in [93–97], it has been found that these trivalent ions tend to occupy
lithium positions with a small shift along the ĉ axis of about 0.46Å. This
hypothesis keeps for small dopant concentrations which is actually the case
for all the further described measurements. This is usually justified as to be
a consequence of their larger ionic radius and their stronger electronegativ-
ity. This substitutional incorporation, often found also for transition metals,
could cause some influence on photorefractivity as well. Up today, in my
knowledge, only one paper exists about the investigation of the electro-optic
coefficient in erbium doped lithium niobate [98]. This study is related to a
proton exchange waveguide, so only a superficial structure, which is reported
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to suffer from being characterized by erbium clustering. This configuration
could alter the measurement results both as a consequence of energetic inter-
actions between these aggregated ions and because of anisotropic variations
induced on the cell parameter.

In this section the analysis of the r33 coefficient (1.3), in uniformly grown
erbium doped lithium niobate, is taken into account [99]. The reason for
which only this coefficient has been considered is related to the fact that it is
the strongest exhibited by lithium niobate and is usually considered as the
most favourable for spatial soliton formation. To exploit the behaviour of
the r33 electro-optic coefficient and in turn its dependency from the dopant
concentration, a Mach-Zehnder-based interferometric scheme has been built,
fig. 2.1. As source, a He-Ne laser has been used so to work in an absorption
regime which is not resonant with erbium ions transitions. In other words to
have results regarding only the host lattice response so to compare them di-
rectly with what is known about the pure, congruent, material. This source
has been mode-cleaned with a spatial filter, collimated and enlarged with a
telescope, extraordinarily polarized and divided in two arms. The generated
two beams will acquire a relative phase shift provided by the propagation in-
side the Er : LiNbO3 sample placed in one arm. The sample is hold between
two metallic electrodes so to apply a bias voltage along the ĉ axis direction.
The two beam recombination is then analysed by imaging on the sensor of a
CCD camera the consequent interference pattern that they form inside the
BS2 beam splitter. The choice of this source is justified by its high degree of
coherence (several centimetres) and its transverse monomodality (TEM00)
which grants good quality and high contrast interference fringes.

The bias voltage necessary to induce a variation of 2π on the gen-
erated pattern [100], allows to calculate the corresponding value for the
electro-optic coefficient. Being the applied voltage constant, then this pro-
cedure permits to measure the DC r33 coefficient. For a sample having a
length equal to L and a thickness h, the phase shift acquired by the beam
propagating inside the medium, which exhibits a refractive index variation
δn = 1/2r33ne

3(Vbias/h), is ∆φ = 2πδnL/λ. So in correspondence to a 2π
phase shift:

r33 = 2hλ
Lne3V2π

(2.1)

Each calculated r33 value is the result of 20 averages performed in five dif-
ferent positions in the volume (and not only close to the surface) of each
sample. This procedure grants measurement reproducibility and the demon-
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Figure 2.1: Setup employed to calculate the voltage V2π necessary to shift
by 2π the interference fringes and thus to calculate the r33 coefficients in
Er : LiNbO3 .

stration of sample uniformity, at least from the photorefractive point of view.
To ensure a high enough accuracy for the calculated values of r33, some ex-
perimental solutions have been taken into account. As the nonlinear phase
shift is provided by a photorefractive material, light can generate a space
charge field in the illuminated region where the photovoltaic effect can be
excited and strongly alter results. To avoid such problems light intensity has
been kept lower than 5 nW, as reported in [86]. Neutral filters are placed
along the second, unaffected, beam to equilibrate light intensities and to
obtain a fringe visibility up to 95%. If a residual photovoltaic field was still
present and fringes were perpendicular to the ĉ axis direction, an eventual
fringe shape modification would have strongly influenced the measurements.
So the beams have been aligned in order to make them appear parallel to
the ĉ axis and to have a separation of about 65 µm between them. The
system resolution was high enough to: well discriminate fringe dimensions,
thanks to the small pixel CCD sensor size (4.65× 4.65µm2), to verify fringe
distribution uniformity and to determine V2π with a high enough accuracy.

A full characterization of all the available samples having concentrations
ranging between 0.0 mol.% and 0.7 mol.% is reported in fig. 2.2. Points
indicate the existence of a general monotonically decreasing trend, at least
in the limit of the analysed concentrations.

It is worth noticing that in correspondence to a concentration ρEr ' 0.2
- 0.3 mol.%, a trend change appears. For these values also all the other
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photorefractive measurements, that will be shown after, indicate a particular
behaviour.

The used dashed line is not just a guide for the eyes, fig. 2.2. It is drawn
according to the final considerations that will be presented in section 2.5
where the model describing a possible mechanism for erbium incorporation
in the lattice will be presented.

The application of this technique to measure the r33 value for the un-
doped commercial congruent sample from Crystal Technology, allowed to
find the value r33 ' 29.6 pm/V which is quite in agreement with the one
(r33 ' 30− 33 pm/V) reported in the datasheet [69] and in literature [20]
in general, so demonstrating that these measurements are characterized by
a very high precision and accuracy.

Figure 2.2: Values for the r33 coefficients for different values of erbium con-
centration. The trend, described by the guide for the eyes, is drawn accord-
ing to the model for erbium incorporation that will be discussed in section
2.5.
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2.3 Material characterisation: photovoltaic field
(EPV) measurement

As already mentioned in the first chapter, where the main aspects regard-
ing the photorefractive effect have been discussed, the photovoltaic effect
is concurrent to the self-trapping process, so it represents a key parameter
involved in the overall solitonic waveguide formation. As its physical origin
is related to the alignment of the lithium and niobium atoms along the ĉ
axis, it is expected that the substitution of a lithium atom with an erbium
one will produce some influence also on the photovoltaic field. Furthermore,
being this changing in the atom distribution dependent on the dopant con-
centration, also the photovoltaic effect could be dependent on it, as verified
for the r33 coefficient. Here the analysis of the EPV dependency on erbium
concentration is performed in terms of the photorefractive response of the
doped material [101].

To investigate this dependency, a He-Ne laser was focused on the input
face of the doped lithium niobate samples, with a waist win = 20 µm and a
constant intensity Iem = 0.96 W/cm2. Again, as done for the r33 measure-
ment, a wavelength which was not directly absorbed by erbium ions has been
used in order to take into account only the host lattice response in presence
of doping. An extraordinary polarized (optical field oscillations along the
ĉ axis) beam was let propagate perpendicularly to the sample optical axis
and an imaging optical system was used to conjugate the output face of
the sample on the sensor of a computer controlled CCD camera. The free
evolution of beam diffraction, without applying any bias electric field to the
sample, was then studied at the output face.

Being the photorefractive nonlinearity concurrent effect (self-trapping)
not excited, only the dynamics of the photovoltaic internal field is taken
into consideration. Moreover, in this way its saturation value (EPVt→∞) is
exploited. The setup used for this analysis is reported in fig. 2.3.

As diffraction dynamics is driven by the photovoltaic effect, only the
beam size along the ĉ axis will change, because of the appearing of a charge
current directed along it. The trend for the waist evolution along the optical
axis direction can be found, as reported in fig. 2.4 for a doping level of
0.3 mol.%.

The analysis of this trend (quite general for all the investigated samples),
shows that waist variation is very fast at the beginning of the measurement
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Figure 2.3: Sketch for the experimental setup employed to investigate the
nonlinear free evolution of the beam when only the photovoltaic effect is
taking place in the erbium doped lithium niobate sample.

when the photovoltaic field starts to build up, and then it reaches a slower
regime corresponding to quasi-stationarity, for EPV attaining a saturation
value.

To determine the steady state value for the photovoltaic field starting
from the waist evolution curve, the theory proposed by Nippus and Claus
[102] is used. It deals with a geometrical approach that allows to fit the
waist evolution curve simply knowing the initial waist value w0 = w(t)t=0
(relative to the linear diffraction in the material) and the saturation one
wmax = w(t)t→∞, according to the relation:

w(t) = wmax + (w0 − wmax)e−kt (2.2)

The fitting parameter k is related to erbium incorporation inside lithium
niobate lattice by taking into account the dark and photovoltaic photocon-
ductivities, σd and σPV respectively and the dielectric constant along the
optical axis ε0ε33, according to the ratio [87]:

k = σd + σPV
ε0ε33

(2.3)

Nippus-Claus theory permits also to calculate the refractive index variation
induced by the photovoltatic field inside the illuminated region of the pho-
torefractive material. An estimation for the photovoltaic field (EPV) for a
propagation length L, can be derived according to the equality:

∆ne = 4ne
wmax
w0
− 1(

L
w0

)2 = −1
2ne

3r33EPV (2.4)
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Figure 2.4: Waist evolution along the ĉ axis. Only the photovoltaic non-
linearity is acting on a sample with a doping level of 0.3 mol.% The initial
linear diffraction (t=0) is elongated along the optical axis and a saturation
value is reached.

Values for the photovoltaic field are calculated using the experimentally
found coefficients r33, reported in the previous section. Repeating the pro-
cedure for all the samples, a parabolic trend for EPV versus the erbium
concentration in the melt is found, as in fig. 2.5. This demonstrates again
that erbium incorporation into the lattice modifies the general photorefrac-
tive behaviour of the material. The value for the undoped sample in fig. 2.5
is taken from literature [51,103] and fixed to 10+6 V/m. This trend shows an
initial decreasing which attains its minimum value for an erbium concentra-
tion of about 0.3 mol.%. Then, the photovoltaic field starts increasing again
so indicating that a different regime occurs with the increasing of the erbium
concentration. This concentration value represents a critical point both for
the r33 and EPV measurements which are completely independent between
them apart from having used the same set of samples. This point will be
indept in the section 2.5, devoted to the explanation of erbium incorpora-
tion by the realization of a proper model. This value will be found again to
have a particular meaning when the self-trapping process will be analysed.
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In the next section, it will be demonstrated that diffraction compensation
speed is maximized exactly in correspondence to this concentration.

Figure 2.5: Trend for the photovoltaic field for different values of erbium con-
centration. The parabolic trend presents its minimum for ρEr = 0.3 mol.%.

2.4 Self-trapped beams in Er : LiNbO3

It has been demonstrated that erbium ions influence the photorefractive pro-
cess by modifying the electro-optic coefficient and the photovoltaic field in
function of its concentration. It is now necessary to understand if a solitonic
waveguide can be obtained in such a material [101], being a waveguide the
basic element necessary for an integrated source realization.

Different aspects must be investigated; it is not a priori guaranteed that
erbium doping permits to self-trapping to be achieved, or at least the for-
mation dynamics could be different from what reported for the undoped
case [9]. In fact, being a rare earth element, it should not affect the electric
properties (free charge generation rates, diffusion, drift and recombination
processes) and thus photorefractivity, but previous results indicate that er-
bium plays an active role.

To perform these measurements the experimental setup depicted in fig.
2.6 is used. In this case a bias voltage is applied. A duplicated Nd:YAG
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laser, 532 nm, is collimated and the extraordinary polarization is selected.
Also in this case, the analysis is performed by injecting in the sample a
radiation having wavelength not resonant with erbium transitions to exploit
lattice response to the dopant introduction. In section 2.7 a new family of
solitons will be presented and, for its realisation, erbium transitions will be
used. Neutral density filters are necessary to reduce the injected power so
to keep light intensity constant and as high as 14.7 W/cm2 (±3%) for the
beam focused on the input face of the sample with a waist of ' 8 µm. The
beam propagates along the b̂ direction, fig. 2.6, and a bias electric field can
be applied along the optical axis. Formation dynamics are again studied
using a camera and an imaging optical system granting also a magnification
of 22 times of the output face of the sample on the sensor.

Figure 2.6: Sketch for the experimental setup employed to investigate the
self-trapping process in the whole set of the erbium doped lithium niobate
samples.

The first performed measurements, to be considered as reference, are
intended to investigate self-trapping in undoped samples, both commercial
and growth in the University of Padova.

Then, self-trapping has been characterized both in terms of erbium con-
centration, with the same sample set used for previous measurements, and
by changing the bias electric field Ebias =15, 20, 30, 40 kV/cm. In fig. 2.8,
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beam waist evolution at the output face of the sample is depicted for a bias
electric field of 30 kV/cm. This value for the bias field is the one that al-
lowed to get the best self-trapping for all the samples. It is with reference
to this value that all the self-confinement measurements will be reported.

By observing waist evolution at the output face of the sample, fig.
2.7, the typical behaviour described in [9] can be recognized. The circu-
lar diffracted beam become elliptical along the fast, ĉ axis, direction after
the application of the bias electric field, and then self-traps, reaching a cir-
cular shape. The final dimension becomes comparable to the one at the
input face after about 90 min − 100 min.

Figure 2.7: Self-trapping waist evolution for the undoped sample for a bias
electric field of 30 kV/cm.

The same procedure is repeated for all the doped samples. In fig. 2.8 are
depicted the waist evolutions for the four concentrations: ρEr = 0.1, 0.3, 0.5,
0.7 mol.% in correspondence to the same bias field as for the undoped case:
30kV/cm. From these measurements it is clear that self-trapping can always
be achieved whatever the employed concentration. As for the undoped case,
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two different self-trapping speeds can be distinguished: a fast one, along
the ĉ axis and a slower one, along the â direction. Ellipticity looks to be
reduced in comparison with the undoped case. So the main objective has
been demontrated: self-trapping in erbium doped lithium niobate is still
possible and in turn a waveguide having a solitonic profile can be written
in the material. From this point of view, erbium does not look to change
the whole photorefractive process dynamics, but further informations can be
deduced from these measurements. Actually a first point is related to the
time necessary to obtain the complete beam self-focusing (quasi stationary
regime) as it results to be concentration dependent.

Figure 2.8: Self-trapping waist evolution for erbium doped samples hav-
ing concentrations 0.1, 0.3, 0.5, 0.7mol.% and for a bias electric field of
30 kV/cm.

Fitting the transverse experimental beam shape at the output face of
the sample with a dedicated 2D fitting code, all the time constants τ char-
acterizing the self-confinement process along the fast (optical axis) direction
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have been measured. By plotting them versus the applied bias electric field
values, a monotonic decreasing trend can be found, fig. 2.9. It obeys to the
law:

τ(Ebias) = τL
a+ Ebias

2

b+ Ebias
2 (2.5)

where τL represents the limit time to which all the measurements tend at the
increasing of the bias electric field. The best fit is obtained for τL = 1.3min.

Figure 2.9: -I- Self-trapping time constants τ along the fast ĉ axis in function
of the bias electric field. -II- Parabolic trend for the ”a” fitting parameter
showing a minimum for ρEr = 0.3 mol.%
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The parameter ”b” does not affect the fit function, while the ”a” one
has a parabolic trend, fig. 2.9 -II-. The fastest self-trapping process is pro-
vided by the sample having a concentration ρEr = 0.3 mol.%. This is not
surprising as the measured photovoltaic field results to be minimized exactly
for this concentration. Thus, for a fixed value of the bias electric field, the
screening one results to be more efficient than in all the other cases. It is
worth noticing that this measurement is completely independent from those
performed to calculate the EPV, so this result represents another verification
of measurement quality.

Another parameter to be analysed, and that will be proved to be the key
brick to verify all the performed measurement at the same time, is the the
final waist size in condition of maximized self-confinement, along the fast
direction.

At a first glance, the curve trend corresponding to each bias electric
field plotted in function of the erbium concentration, fig. 2.10 -I-, shows
only small oscillations around the average value. Two informations can
be deduced. Actually by increasing the bias electric field, the final size
reduces more and more accordingly and, in addition, for each electric field
value, in correspondence to the 0.3mol.% concentration this dimension is
always the smaller. This might be a consequence of the minimum value for
the photovoltaic field. So it might be inferred that oscillations around the
average value could be not a measurement error, but a consequence of the
EPV oscillatory behaviour influence weighted by the corresponding value of
the r33 parameter.

If the same waist values (considering all the examined erbium concentra-
tions and for all the applied bias fields) are plotted versus the proper refrac-
tive index value, we find that all of them follow the same trend, fig. 2.10 -II-,
with very small deviations. This is a clear indication of how good are all the
performed measurements, in fact refractive index variation is not theoretical
but is calculated considering the experimentally found values for EPV and
r33 which carry with them all their measurement errors. For negative values
of δn, the photovoltaic field is predominant and according to the measured
parameters, the induced refractive index variation can arrive up to 5 · 10−4.
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Figure 2.10: Final waist size along the fast ĉ direction. In -I- with respect
to the doping concentration. In -II- with respect to the induced refractive
index variation which is calculated using the experimentally found parame-
ters. In both cases, all the concentrations and bias electric fields have been
considered.
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2.5 Microscopic structure and defects-based erbium
incorporation model

Previously discussed experimental measurements demonstrate that erbium
ions change the photorefractive radiation-matter interaction even if these
trivalent ions should not influence the electrical (charge based) processes
occurring when the material is shined by a laser beam. Actually, the micro-
scopic interaction has not yet been taken into account, so what is measured
is only the macroscopic effect associated to the charge build-up in time.
Moreover, erbium ions are forced not to interact, from a spectroscopic point
of view, having chosen wavelengths not absorbed by them but only by the
host lattice.

These results can be resumed remarking the main parameters. As re-
gards the electro-optic coefficient r33, a variation of about 10% has been
found between the value for a congruent commercial sample and the doped
samples growth by the group of the University of Padova and a trend inver-
sion appears in correspondence to the ρEr = 0.2− 0.3 mol.%, fig. 2.2. The
photovoltaic field is characterized by a parabolic trend for which the maxi-
mum variation is in the order of 35% with a trend minimum at 0.3 mol.%.
Also self-trapping (photorefractive versus the concurrent photovoltaic effect)
results indicate a maximized speed in waveguide formation and a minimum
waist size for the same concentration value. So this looks not to be only a
coincidence.

A further useful analysis has been done by the group of Padova and it
deals with the measurement of the elementary cell parameter for both the
undoped and doped samples. This experimental investigation, conducted
by means of the (0 0 12) X-ray diffraction technique, shows that the cell
parameter along the ĉ axis, decreases monotonically and linearly with the
increasing of erbium concentration, fig. 2.11. The trend is in agreement
with the Vegard’s law [104] that is to say the linear relationship between
the dopant concentration and the lattice constant parameter. Furthermore,
samples resulted to be uniform in the whole volume, so the presence of
erbium clusters can be excluded (at least within the limits of this kind of
analysis).

A commercial Cristal Technology sample has been employed as reference.
For it, the cell parameter resulted to be Cpure = (13.86655± 0.00014) Å.
The linear fit of the experimental points gives (13.86621± 0.00008) Å for the
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Figure 2.11: Cell parameter measured along the ĉ crystallographic direction
as a function of the erbium concentration.

undoped and a slope of (−0.0077± 0.0001) [Å/mol%] to take into account
the doped ones.

The linear decreasing of the cell parameter along the optical axis could
be interpreted as an erbium incorporation occurring always in the same site
type, at least up to 1 mol.%. Actually, this hypotesis is in agreement with
literature as it is reported by many authors [93–97] that the rare earth ele-
ment erbium, as many metals, tends to occupy lithium sites. Erbium shifts
along the optical axis (−ĉ direction) of about 0.46 Å. This shifting could
be consequence of the erbium ionic radius which is larger than the lithium
one (176 pm versus 152 pm). Also the electronegativity difference could ex-
plain the reduced size of the cell parameter, as with the incorporation of
erbium, it increases from 0.98 Pauling to 1.24 Pauling. Starting from this
considerations, a model describing the defect structure for erbium doped
lithium niobate has been developed [99] for concentrations ranging between
0.0 mol.% and 0.7− 1 mol.%.

Many authors reported the intrinsic defects as responsible for the changes
in lithium niobate photorefractivity properties and many models have been
proposed [105–111]. The ratio between lithium and niobium concentrations,
eq. 2.6, in congruent samples, ranges from 48.5 mol.% and 50 mol.%, the
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stoichiometric condition.

X = [Li]
[Li] + [Nb] (2.6)

Many lithium sites are empty, about 6% for X = 48.6%, and because of
the close ionic radius value of niobium, it tends to displace into a lithium
position, so forming an anti-site niobium intrinsic defect (NbLi or Nb∗). As
the charge neutrality must always be kept, three options to compensate for
these defects are possible: oxygen vacancies, lithium vacancies in lithium
sites or niobium vacancies in niobium positions. From density measure-
ments the hypothesis of the oxygen vacancies must be discarded as with the
decreasing of lithium concentration, the density increases and this is not
compatible with the presence of oxygen vacancies [106,112,113] as proposed
by [114]. On the contrary this supports the hypothesis of Nb∗ formation.

Maintaining the same formalism as in [105,109,111], when passing from a
stoichiometric to a congruent concentration, a set of intrinsic defects are cre-
ated. To grant the electric neutrality, the material needs five cells instead
of one, according to the chemical expression 2.7. It resumes what exten-
sively reported in the table 2.1 which show the intrinsic defect structure in
comparison with the stoichiometric one.

[Li1−5d Nb5d
∗] [Nb1−4d V Nb4d]O3 (2.7)

Electric charge 0 +4 -1
Li Nb∗ Nb∗
Nb Nb 0
O3 O3 O3

n◦ of cells 1 1 4

Table 2.1: Intrinsic defects (anti-site niobium) distribution in a congruent
sample composition compared to the stoichiometric one. The number of
cells, 5, necessary to grant charge neutrality along with the single cell electric
charge are indicated.

According to what said before about the cell parameter, erbium incor-
poration looks not to change the lattice disorder with the increasing of its
concentration, as the cell parameter decreases linearly. To introduce erbium
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effect in the model, the hypothesis of new defects generation with an ordered
lattice is done. In other words the same intrinsic defect configuration, as for
the congruent case, is assumed to appear in presence of erbium doping for
the concentration range under investigation ρEr ∈ [0.0, 1] mol.%.

For an erbium concentration ρEr < 0.2 mol.%, new niobium anti-site in-
trinsic defects are created; lattice is reorganized, and erbium enters it for
substitution into lithium sites as many of them are empty and so available.
This is summarized by the expression 2.8. To compensate electrically for
the erbium introduction, three cells are necessary. In table 2.2, the com-
parison with the stoichiometric and the congruent cases is reported. The
defect number estimation, again according to the formalism in [105,109,111],
shows a linear decreasing with the erbium concentration increasing. The cell
parameter has also a linearly decreasing trend, so a quadratic change for the
electro-optic coefficient can be inferred. Actually this result is in agreement
with the first part, 0.0 mol.% < ρEr < 0.2 mol.%, of the experimental points
reported in figure 2.2.

[Li1−5d−3x Nb5d+2x
∗ Erx] [Nb1−4d−2x V Nb4d+2x]O3 (2.8)

Electric charge 0 +4 -1 +4 -1 -3
Li Nb∗ Nb∗ Nb∗ Nb∗ Er
Nb Nb 0 Nb 0 0
O3 O3 O3 O3 O3 O3

n◦ of cells 1 1 4 1 1 1

Table 2.2: Intrinsic defects and erbium distribution when a low dopant
concentration (ρEr < 0.2 mol.%) is added to the melt. The new cell config-
uration is compared to the stoichiometric/congruent one and the number of
cells, 3, necessary to grant the charge neutrality along with the single cell
electric charge are indicated as well.

Increasing erbium concentration, up to the limit ρEr < 0.8 mol.%, it is
supposed not to create new defects but to "use" the already present ones.
This implies that the overall number of defects decreases with erbium con-
centration increasing, so a saturating trend is expected. In addition, as a
consequence of the cell parameter linear decreasing, an overall saturating
decreasing trend for the r33 is reasonable. For intermediate concentrations
this behavior is described by the expression 2.9, being x + y the new erbium
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concentration. For 0.4 mol.% < ρEr < 0.8− 1 mol.%, a much more stable
configuration is achieved and can be described by the cell configuration in
table 2.3 and consequentely by the equation 2.10.

[Li1−5d−3x−3y Nb5d+2x
∗ Erx+y V Li2y] [Nb1−4d−2x+3y V Nb4d+2x]O3 (2.9)

[Li1−4z Nbz
∗Er3z] [Nb1−2z V Nb2z]O3 (2.10)

Electric charge +4 +2 -3
Nb∗ Er Er
Nb Nb 0
O3 O3 O3

n◦ of cells 1 1 2

Table 2.3: Intrinsic defects and erbium distribution when a high enough
dopant concentration (0.4mol. % < ρEr < 0.8− 1 mol.%) is added to the
melt. The number of cells, 4, necessary to grant the charge neutrality along
with the single cell electric charge are indicated as well.

2.6 Erbium spectroscopic properties
From a spectroscopic point of view, erbium doped lithium niobate presents
absorption and emission lines which are not present in the undoped mate-
rial. In particular, in fig. 2.12, the absorbance (OD) spectrum for an erbium
doped sample is reported highlighting the corresponding name for transition
levels. In fig. 2.13, the complete set of levels and possible transitions (ab-
sorption, radiative and nonradiative emissions) are emphasized, [115, 116].
When pumped at 980 nm, erbium gives the opportunity of having radiative
emission and optical gain in the infrared band at 1530 nm through the transi-
tion 4I13/2 → 4I15/2, so at telecom wavelengths. Because of this feature, this
dopant is very promising for the realisation of integrated active waveguide-
based sources. As anticipated, integrated lasers have already been realized
by using a pumping scheme at 1480 nm in waveguides obtained via Ti indif-
fusion, so just superficial guiding structures. What will be proposed in the
following is the big evolution that a volumetric, light self-written, waveguide
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can offer. In this way, multiple and working in parallel monomodal emitting
devices can be written in the bulk. Apart from the 3D technological real-
ization, solitonic waveguides are characterized by propagation losses which
are extremely low, about one order of magnitude less than what offered by
the other technologies, so population inversion should be more efficient.

Figure 2.12: Optical Density measured for an erbium doped lithium niobate
sample produced by the group of Padova. To each absorption peak the
relative transition name is assigned. OD is the absorbance of the material so
is defined as OD = −log (Iout/Iin) where Iin and Iout are the light intensities
measured at the input and the output of the sample.

This particular pumping frequency, 980 nm, is not absorbed by LiNbO3
lattice, which, in general, does not present any absorption at infrared wave-
lengths, so photorefractivity cannot be excited. As the pump level 4I11/2 has
a very long lifetime, a saturation for the 1530 nm emission is reached [115,
116]. While this is a drawback for lasing performances, it results to be highly
favourable for solitonic waveguide formation. Actually, Er : LiNbO3 presents
another level, 4F7/2, which is resonant with the pumping transition, so the
saturation at 4I11/2 strongly increases the probability of having a two step
absorption (ESA, Enhanced State Absorption). It provides a fluorescence
in the green 550 nm via a radiative spontaneous emission between the levels
4S3/2 → 4I15/2.

This emitted fluorescence is absorbed by lithium niobate lattice and



2.7. LISS: Luminescence Induced Spatial Soliton 61

Figure 2.13: -I- Allowed transitions in Er : LiNbO3 and -II- simplified
scheme to emphasize the two step absorption at 980 nm producing a flu-
orescence at 550 nm. Ni represents the population for the ith energetic
level.

so photorefractivity can be excited. Consequently, photorefractive self-
confinement would be driven by a radiation which is, by definition, inco-
herent and isotropic. This has been demonstrated here for the very first
time and will be discussed in the next section.

2.7 LISS: Luminescence Induced Spatial Soliton

In the past [117,118] incoherent solitons were demonstrated both employing
a laser source made partially incoherent by using a light diffusion system,
and then directly using a spatially and temporally incoherent white light
(380− 720 nm) in an SBN (Strontium Barium Niobate) sample.

As a novelty element, in this section, self-trapping for a coherent infrared
beam in lithium niobate will be demonstrated to be possible thanks to a
totally self-generated incoherent and isotropic beam [85]. Taking advantage
of the enhanced state absorption (ESA) process, allowed by erbium ions
energy transitions, a fluorescence at 550 nm can be induced by pumping the
material with a 980nm coherent radiation. Lithium niobate is not sensitive
to the latter, but the erbium generated fluorescence is directly absorbed
by lithium niobate lattice. This gives rise to a photorefractive process,
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which would not be possible with an infrared pumping scheme for which
this material is transparent.

When the 980 nm beam is focused on the input face of the sample, a
luminescence seed is self-generated collinearly to the fundamental beam.
Along the propagation path, the fundamental beam continuously excite this
fluorescence which is able to promote, photorefractively, charges and thus
to induce a space charge field. By applying a bias electric field, the 550 nm
self-traps. This result is not at all obvious as the fluorescence propagates
isotropically, this means that it radiates with a cylindrical symmetry with
reference to the fundamental beam propagation direction. The point is that
in spite of this symmetry, its intensity profile is always non-uniform and
results well overlapped to the fundamental beam intensity, so it can excite
the photorefractive process.

In order to optimize it, propagation inside a waveguide is required. In
fact, as it is the luminescence beam to induce the positive refractive index
modification, so to guide the light both at 550 nm and also at 980 nm, the
higher is the trapping efficiency for the fundamental beam, the higher is the
generated luminescence. This in turn maximizes the overall trapping effi-
ciency and stabilization. Furthermore, having the guide a constant section,
luminescence efficiency remains constant all along the beam path.

With reference to the experimental setup of fig. 2.6, a second CCD cam-
era is added to image the beam profile along the direction parallel to the
beam propagation one. A 980 nm depolarized beam is focused on the in-
put face of the sample. When a bias electric field is applied, in this case
Ebias = 40 kV/cm, the photovoltaic field induced by the green fluorescence
is compensated and self-trapping can be achieved. The choice for an er-
bium concentration value is related only to the necessity of having a high
enough luminescence emission. Here measurements for ρEr = 0.7 mol.%
(' 1.32 · 1020atoms · cm−3) are reported, but this does not prevent from
having self-trapping for smaller concentrations.

The 980 nm is focused on a waist dimension of (9± 0.5 µm) with a power
of P980 ' 80 mW and luminescence can be estimated to be in the order of
hundreds of µW. This strong luminescence allows to image the transverse
trace of 550 nm. In fig. 2.14 is reported the experimental transverse config-
uration for self-trapping both for the pump (980 nm) beam and the lumi-
nescence one (550 nm) considering the initial condition (linear diffraction)
and the self-trapped solution. Linear diffraction for the green radiation is
evident only for a short propagation length because of its low intensity and



2.7. LISS: Luminescence Induced Spatial Soliton 63

absorption by the lattice.

Figure 2.14: Experimental demonstration of self-trapping both for the lumi-
nescence and the fundamental beam along the propagation direction. Linear
diffraction and self-trapping are depicted for both the wavelengths.

The same self-focusing process as in fig. 2.14, but observed at the output
face of the sample and only for the 980 nm is reported in fig. 2.15 -I-. After
the application of the bias electric field, the 980 nm starts to self-trap reach-
ing the final dimensions after about 3 hours. As in the usual self-trapping
dynamics, also in this case a faster direction (along the ĉ axis) exists, fig. 2.15
-II-. Finally, in fig. 2.15 -III-, the beam centre position is analysed with ref-
erence to time. This measurement is interesting as it demonstrates that
bending influence on the self-trapped beam is extremely reduced and can be
quantified as 1− 2 µm per hour. This result is again a novelty element in
self-trapping process as, usually, self-focusing in lithium niobate is always
accompanied by such effect [59].

This improvement can be addressed to the isotropic nature of lumines-
cence. It is known that self-trapping in lithium niobate suffers from bending
which has been proved [59] to depend on the too low acceptors concentra-
tion. This can be avoided by adding a uniform background illumination
to the sample, so to increase the dark conductivity and in turn to avoid
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saturation in the illuminated region.

Figure 2.15: -I- Pump beam evolution at the output face of the sample
when the bias electric field is applied. -II- beam waist size evolution with
time and -III- beam centre position evolution with time.

The induced luminescence, as a consequence of its isotropic propaga-
tion, not only induces the photorefractive nonlinearity but realizes also a
very efficient self-generated background illumination. In fact, because of
its cylindrical symmetry, it is maximized exactly in correspondence to the
self-confined beam centre. Its tails are wider than the pump beam ones,
so free electrons are always available to avoid photorefractivity saturation
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with two main favourable results. Refractive index variation is prevented
from distorting into a squared profile that would imply a multimode propa-
gation and bending is expected not to occur. This is exactly what has been
experimentally demonstrated.

Uniform sample shining with the application on an other high intensity
laser is then no more necessary.

This behaviour has been investigated also numerically and results are in
good agreement. In fact, an estimation of the fluorescence interaction with
the material, taking into account also the photorefractive charge exchange
with the lattice, can be obtained. This will be done by considering both the
rate equations for erbium ion transitions, with reference to the simplified
scheme of fig. 2.13 -II-, and the Kukhtarev’s ones (section 1.3.1) describing
the space charge field formation.

Defining F980 the photon flux at 980 nm, σij the cross sections between
levels i and j, τi the ith level lifetime and being Ni the population density for
the ith energetic level, according to the convention reported in fig. 2.13-II-,
rate equations be can written as:

dN1
dt = F980 [σ01(N0 −N1)− σ13N1]− N1

τ1
dN2
dt = N1

τ1
− N2

τ2
dN3
dt = F980σ13N1 − N3

τ3
dN4
dt = N3

τ3
− N4

τ4

(2.11)

Luminescence, produced by the radiative decay from the 4S3/2, is ab-
sorbed along the propagation distance by the lithium niobate lattice. Pho-
tons at 550 nm are absorbed by donors in the lattice (ND) and electrons are
promoted in the conduction band leaving non-compensated N+

D, according
to the equation:

dF550
dz

= N4
τ4
− σLNF550

(
ND −N+

D

)
LN

(2.12)

On the contrary, the photon flux at 980 nm does not interact directly
with lithium niobate lattice and its variation along the propagation distance
is governed by the relation:

dF980
dz

= F980 [σ01(N1 −N0) + σ13N1] (2.13)
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As already mentioned, it is the isotropically generated green to induce
the refractive index variation that also the fundamental beam will use to
propagate undiffracted. The refractive index contrast, and so the induced
space charge field, can be obtained from the Kukhtarev’s equations (keeping
the same meaning for the involved parameters as in section 1.3.1) according
to:



∂N+
D

∂t = (β + σLNF550)(ND −N+
D )− ξneN+

D

ρ = e(N+
D −NA − ne)

~∇ · ~D = ρ
∂ρ
∂t + ~∇ · ~J = 0
~J = eµne ~E + µKBT ~∇ne + βPV (ND −N+

D )F550ĉ

(2.14)

All these equations, together with the wave equations for the two wave-
lengths, eq. 2.15, can be solved numerically obtaining the propagation be-
haviour for both the beams, as in fig. 2.16. Numerical values for transitions
in erbium doped lithium niobate are taken from [119]

∂A980/550(x, z)
∂z

= i

[
1
2k

∂2

∂x2 + 2π
λ∆n

]
A980/550(x, z) (2.15)

Figure 2.16: Numerical simulation: self-trapping induced by the lumines-
cence beam at 550 nm on the fundamental one at 980 nm.
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2.8 Towards laser devices in solitonic waveguides

Self-trapping at 980 nm via the fluorescence emitted at 550 nm (LISS) opens
the way to realize a lasing device in the third window for telecommunications
(' 1530 nm). In this case, the fundamental beam allows to obtain, at the
same time, both the solitonic waveguide and the optical pumping for erbium
ions to provide an optical gain for the emitted 1530 nm radiation, thanks to
the radiative transition 4I13/2 → 4I15/2.

In this section only the very basic technological problems related to the
lasing process inside a solitonic waveguide will be discussed. Up to now, in
fact, lasing threshold was not overpassed because of the not-enough optical
980nm pumping power. This problem is consequence of the very narrow
absorption line of erbium ions in comparison to the much wider pumping
source emitted line. So, only a fraction of the injected power at 980nm can
actually be absorbed by the active ions.

With respect to the state of the art for laser emission from an integrated
waveguide [79–84], the work performed during this thesis presents at least
two major improvements: integrated waveguides written in the bulk (LISS),
and not only close to the surface, and an overall improvement of all the
lasing related figures of merit by pumping the material at 980 nm instead
of 1480 nm. For the latter in fact, emission and absorption cross section
spectra are almost completely overlapped so limiting the overall net optical
gain that can be achieved. Although this strong limitation, this pumping
scheme offers the advantage of granting a very good mode matching.

Luminescence in green allows to make the beam self-trap, but it provides
also a very high stabilization during the formation process. As demonstrated
in the previous section, luminescence not only writes the waveguide for the
pumping radiation (980nm), but acts also as a local and in turn extremely
effective background radiation that prevents bending to occur. If the active
waveguide is placed into a cavity and if a bending was present, then the
light re-injected into the material by the coupling mirror would of course
present spatial k-vectors very different from those matching the waveguide
acceptance angle. Actually, because of the low refractive index contrast
that spatial solitons can induce (δn ' 10−4), the more divergent k-vectors
cannot be coupled. Consequently, in a bending-free configuration, the ex-
tremely low propagation losses, characteristic of a solitonic waveguide, are
thus accompanied by low coupling losses at the sample interfaces as well.
This is a key parameter to make such a guiding structure lase.
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The achievement of a lasing action requires an amplification of such
1530 nm luminescence via the realization of a resonating cavity in which the
active waveguide must be inserted. At the moment two cavity configurations
have been considered: Fabry-Perot and hemispherical, fig. 2.17. The first
one did not give any useful result because of the impossibility of getting
samples with plane parallel faces, consequently the hemispherical one has
been realized.

The Fabry-Perot geometry, fig. 2.17a, is quite simple as it was composed
by two plane mirrors directly placed on the sample. Mirrors were chosen
to provide very high reflectivity (ideally 100% and 98%) for the 1530 nm
and very high transmission for all the other employed wavelengths. In this
way, luminescence at 1530nm can be amplified up to the lasing threshold
exceeding. Practically this configuration is not usable as, for definition, it
works in the the stability region boundaries. In fact, considering the notation
based on the g parameters, being g = 1− L/R, L the cavity length and R
the mirror curvature radius, for a Fabry-Perot configuration g1,2 = 1. This
implies that the overall performances of this structure are sensitive to every
kind of external or internal influence that can make it stop working. Not
parallel faces take the working point completely out of the stability region.

On the contrary, the hemispherical configuration, fig.2.17b, results to be
much more stable as the g parameters can be tuned in order to make it
work inside the stability region g1 = 1 and 0 < g2 ≤ 1 for a cavity length
(L) shorter than, or equal to, the curved mirror radius (R). This geometry
is the one employed to investigate lasing from the solitonic waveguide.

As anticipated, the main issue for obtaining lasing action is given by the
actual pump power that can excite erbium response. To exceed or at least
to minimize this limitation, the waveguide transverse dimension assumes
a critical importance as by reducing it, photon flux can be increased. Up
today, efficient self-confinement has been demonstrated in lithium niobate
for beam waists in the order of 7− 8 µm at the sample input face [9, 101].
Consequently, the maximum allowed photon flux value cannot be radically
changed. By using the equation set described in the previous section, eq.
2.11, a qualitative behaviour for the population inversion between levels
4I13/2 and 4I15/2 in the steady state regime has been investigated in function
of the input beam waist and the input pump power at 980 nm. They are
depicted in fig. 2.18b. From this analysis, it can be deduced that moving
from an input waist of 5 µm to a 10 µm one, the necessary input power
must be increased from ' 11 mW to ' 45 mW. This is the actual power
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that erbium ions must absorb to produce population inversion.
The two cavities have been tested by injecting into the samples a 80 mW

unpolarized 980 nm laser. Also for this power value and for an input waist
of 8 µm, population inversion and in general all the involved energetic level
population evolutions, fig. 2.13 -II-, have been simulated in the transient
regime, fig. 2.18a. Population inversion between 4I13/2 and 4I15/2 can be
reached, but an other important aspect must be discussed. Luminescence
in green is originated by the saturation (long lifetime) of the 4I11/2 level,
so actually the gain at 1530 nm is limited by this bottleneck [116]. Ob-
serving the behaviour of its population evolution, it appears that as soon
as population inversion is reached, the fluorescence amount should decrease
and in turn increase the emission for lasing action. This reduction (and not
annihilation) is another favourable aspect as this residual luminescence can
continue stabilizing the process by opposing to all those factor, like temper-
ature, which could break the solitonic waveguide and so prevent laser action
occurring.

Until now, doping concentration has not yet been discussed because in
absence of experimental evidence it is not possible to estimate the actual
performances. It is expected that the higher is erbium doping in the melt,
the higher should be the emitted fluorescence and so the optical gain. This
is a critical aspect as by increasing its concentration also the probability of
having erbium cluster formation increases. In this case erbium ions would
start exchanging energy between them so reducing the overall performances,
in other words losses would be increased. So clearly, the proper concentra-
tion value is the one that realize the best compromise gain - losses.

Another critical point consequence of the introduction of very high dopant
quantities is related to the crystal growth. The presence of scattering centres
(non-uniform samples) would again increase losses and prevent the device
from lasing.

These measurements will be started again as soon as the new pumping
high power laser will be available.
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(a) Fabry-Perot resonator designed for 1530 nm with parallel flat external mir-
rors put in contact with sample surfaces. The principle working scheme and the
experimental realization are reported on the left and on the right respectively.

(b) Hemispherical resonator designed for 1530 nm with a parallel mirror put in
contact with the input sample surface for the pumping radiation and an external
curved mirror placed at a distance L less than its curvature radius (R). The
principle working scheme and the experimental realization are reported on the
left and on the right respectively.

Figure 2.17: Resonator experimental configurations having Er : LiNbO3 as
active medium. Waveguide realization is based on the LISS physical princi-
ple.
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(a) Population evolutions in the transient regime for a pumping power of 80 mW
at 980 nm. Population inversion between levels 4I13/2 and 4I15/2 can be reached
and in correspondence a luminescence emission decreasing appears.

(b) Population inversion at steady state between levels 4I13/2 and 4I15/2. It is
parametrized to the beam waist dimension and to the pump power at 980 nm.

Figure 2.18: Numerical simulations about population evolutions in the tran-
sient regime for all the involved energetic levels, fig. 2.18a and population
inversion for lasing at 1530 nm in the steady state, fig. 2.18b.





Chapter 3

Second Harmonic Generation and
solitonic waveguides

3.1 Introduction

During the last years, integrated source technology required research activ-
ity to move towards the realization of devices working in the blue region and
in general to short wavelengths so, for example, to accomplish the necessity
of storing the always increasing amount of data in smaller optical media.
Different approaches were proposed in the past, for example sources based
on GaAs or GaN [120–122] compounds. These materials suffer from the
necessity of being grown on a substrate in order to provide a surface second
harmonic generation, so also their realization is expensive and technologi-
cally complex.

A valid alternative which is taking place in the market (see for exam-
ple Crystal Technology [123]) is provided by periodically poled structures in
lithium niobate substrates (PPLN) [124–126]. Materials with a high phase
mismatch (lithium niobate) generate the second harmonic signal with a pe-
riodical trend (the period is called coherence length and typically is in the
order of microns), but the maximum conversion efficiency is low. The period-
ical ferroelectric inversion (with period equal to a coherence length) allows to
increase the efficiency as an always increasing trend for the generated signal
can be achieved. In this way, the low conversion efficiency can be strongly
enhanced. This technique is known as Quasi Phase Matching (QPM) [127].
The price to pay to achieve such conversion increasing is the necessity of re-

73
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alizing an accurate domain inversion. This can be done only applying high
values for the electrical field so to overpass the coercitive one, characteristic
of the material. This field decreases with the increasing of lithium concen-
tration in the melt [38, 128]. Furthermore, as the inversion must take place
every few microns (according to the wavelength to be duplicated), then also
in this case the process results to be expensive and critical. Another draw-
back of this solution is consequence of the photorefractive nature of lithium
niobate. Actually, performances are strongly affected by the space charge
field induced by the light itself as photorefractive efficiency results maxi-
mized quite for green and blue conversion in this material. To avoid this
kind of problems, the lattice must be doped with transition metals which
prevent space charge field from building up, typical employed materials are
Zinc and Magnesium [123,129].

As novelty element, here is proposed second harmonic generation inside
waveguides written in the bulk of an undoped, congruent, ferroelectric mon-
odomain, lithium niobate via the photorefractive effect. This approach goes
in the opposite direction of what proposed with PPLN where photorefrac-
tivity is an effect that must be eliminated.

Lithium niobate does not support second harmonic generation from
800 nm to 400 nm as a consequence of the very high phase mismatch, so
conversion efficiency is typically very low. Taking advantage of the propa-
gation inside a waveguide, it would be possible to increase it [130,131].

A waveguide actually preserves the transverse dimension of the propa-
gated mode. So, being conversion efficiency proportional to the inverse of
this transverse dimension, efficiency can be kept constant. Furthermore, the
smaller is the waveguide transverse section, the higher is the fundamental
beam intensity and consequently also conversion efficiency can be improved.
Also the phase matching condition remains unchanged all along the propa-
gation distance, so again conversion efficiency can be maintained constant.

Actually, the idea of realizing a parametric conversion inside a waveguide
is not new, as already demonstrated to be effective inside PPLN. In [132]
a Zn-diffused waveguide is used to produce an optimized second harmonic
signal at 397.8nm.

In this work, I introduce the second harmonic generation inside a soli-
tonic waveguide written in the volume of lithium niobate. It will be shown
that second harmonic generation (based on the birefringence of the mate-
rial) can be achieved taking advantage of the higher nonlinear coefficient for
lithium niobate: d33. Such a result can be obtained with an ee− e interac-
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tion (fundamental and second harmonic beams are extraordinary polarized)
and that a strong signal is obtained in spite of the very high phase mis-
match. It will be demonstrated also that it is the upconverted frequency to
write the solitonic waveguide inside which it will propagate together with
the fundamental one. This result is consequence of an interplay between the
quadratic and photorefractive effects.

The physical relations between the fundamental and the generated sec-
ond harmonic beam will be analysed demonstrating that the second har-
monic seed is actually composed by two contributions with peculiar proper-
ties in terms of phase and group velocities with respect to the fundamental
one.

3.2 Second harmonic generation: An introduction
Second harmonic generation [133–135] is a second order nonlinear optical
effect, as pointed out in equation 1.1, and it consists in the conversion of two
photons (o- or e- polarized) at the fundamental frequency ω into one single
photon (o- or e- polarized) at 2ω via an intermediate virtual energetic level.
So an ee-e interaction means that two e-polarized photons at ω generate one
photon again e-polarized at 2ω.

Considering two plane waves which propagate along the z axis and os-
cillate at frequencies ω and 2ω respectively, if their associated electric fields
are written as: E

(ω)
i (z) = 1/2

[
E

(ω)
i ei(ωt−k

(ω)z) + cc
]

E
(2ω)
j (z) = 1/2

[
E

(2ω)
j ei((2ω)t−k(2ω)z) + cc

] (3.1)

then their interaction can be described by the coupled equations:
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where deff is the nonlinear coefficient, and it is related to the crystallographic
structure of the sample and i,j,k represent the beam polarization directions
which can be both extraordinary or ordinary. These two equations keep into
account also the case of fundamental beam depletion along with propagation.
Actually, in the measurements that will be further on described, depletion
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will be considered negligible because of the low conversion efficiency. In this
case dE(ω)

i /dz = 0 and in turn the SHG process can be described only by
the second equation in 3.2.

∆k = 2k1 − k2 represents the phase mismatch for the two frequencies
propagating inside the anisotropic material and its value influences conver-
sion efficiency, defined as the ratio P (2ω)

P (ω) ∝ L2 sin(0.5∆kL)2

(0.5∆kL)2 for a sample length
of L. It is worth remembering that conversion efficiency also directly depends
on the injected fundamental beam light intensity. Only for a ∆k = 0 that
is to say 2kω = k2ω or n2ω = nω, conversion is maximized. This condition
can be fulfilled by considering different polarisations for the fundamental
and second harmonic beams. For values of ∆k 6= 0, the conversion efficiency
has an oscillatory behaviour and the distance between two adjacent peaks
is called coherence length (lc), and is related to ∆k as:

lc = 2π
∆k = λ

2(n2ω − nω) (3.3)

This is actually the situation of lithium niobate. As the aim of this re-
search activity is to realize an integrated source emitting in the blue spectral
region, a 800 nm - 400 nm conversion is required. Lithium niobate does not
support it and phase mismatch is quantified to be in the order of 10+4cm−1,
independently from the interaction type. Conversion efficiency is very low
and also coherence length results to be much shorter than the pulse spatial
length. As a consequence, the second harmonic contribution is expected to
be characterized by a sequence of oscillations.

The nonlinear polarization at 2ω is related to the electric field associated
to each interacting photon, so at ω, by the expression:

PNLi(2ω;ω, ω) = 2ε0dijkEj(ω)Ek(ω) (3.4)

According to the contracted notation and with the choice 1 → x 2 → y
3 → z, the expression for the nonlinear polarisation eq. 3.5, specialized for
the case of lithium niobate (3m group), is:

[
jk : 11 22 33 23, 32 31, 13 12, 21
l : 1 2 3 4 5 6

]
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Px(2ω)
Py(2ω)
Pz(2ω)

 =

 0 0 0 0 d31 −d22
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d31 d31 d33 0 0 0




Ex(ω)2

Ey(ω)2

Ez(ω)2

2Ey(ω)Ez(ω)2

2Ex(ω)Ez(ω)2

2Ex(ω)Ey(ω)2


(3.5)

The values reported in literature for the coefficients (@1.064µm [69]) are
d31 = −5pm/V, d22 = 3pm/V and d33 = 33pm/V and they can change in
function of the material stoichiometry.

To maximize conversion efficiency, a type 0 (ee− e) interaction will be
demonstrated to occur.

In the next sections phenomena related to a type-0 polarization mixing,
(ee− e), for a laser beam propagating perpendicularly to the optical, ĉ, axis
of the material, are reported. With this configuration, non-critical interac-
tions are performed and spatial walk-off is prevented from occurring. The
specialized expression for the nonlinear polarization and for this interaction
type, is reported in eq. 3.6. It is the same for a beam propagating along the
x or y axis:

PNLz (2ω) = 2ε0d33Ez(ω)2 (3.6)

Being the conversion efficiency for the second harmonic signal at 400 nm
very low, a very high intensity for the fundamental beam is required. To
accomplish this, femtosecond pulses are focused onto the input face of an
undoped lithium niobate sample.

3.3 Second harmonic beam properties in
photorefractive congruent lithium niobate

Before analysing the effects of the second harmonic generated contribution to
the self-trapping process and in turn for the solitonic waveguide formation,
the physical properties existing between this second harmonic pulse (SH)
and the fundamental one (FF) will be discussed.

As anticipated, because of the high phase mismatch, the coherence length
of the second harmonic generated pulses is expected to be shorter than
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the spatial extension of the fundamental pulse. With reference to a type-0
(ee− e) interaction, when pulses at 800 nm are injected into the sample with
a time duration of 65 fs, so with a spatial extension of about 9 µm, then a
second harmonic pulse at 400 nm is generated with a coherence length of
about 2.5 µm. As the two wavelengths feel different refractive indices, SH
and FF propagate with different velocities and finally separate. Calculating
the non stationary length value: Lnst = τ/(u−1

SH − u−1
FH), being τ the pulse

duration and u the speed of pulses [136, 137], the two pulses should be
completely separated after about 125µm; this value is obtained for the case
of transform limited pulses. This condition is verified for the employed laser
with reference to a hyperbolic secant beam profile that is provided by a
Kerr lens modelocking realized inside the main oscillator. As a consequence
of the very high phase mismatch and the extremely low fundamental pulse
duration, the separation of these two pulses is indeed observable.

It will be shown that the FF and the SH pulses do not simply propagate
with a speed forced by the dispersion law in lithium niobate and moreover
that not only one SH pulse is generated but two. Actually, when one funda-
mental beam pulse enters the bulk, it generates two second harmonic pulses.
One of them results locked with the fundamental, both in phase and group
velocity. They propagate according to the refractive index experienced by
the fundamental beam. The second one instead, propagates according to
its own dispersion law and independently from the locked two. This aspect
had been theoretically predicted by Bloembergen [138] who demonstrated
that in presence of a nonlinear interface a laser pulse gives rise to harmon-
ics. In details, by introducing the nonlinear properties of the medium into
the Maxwell’s equations, in terms of the susceptibility tensor, they could
identify a solution for the homogeneous and the inhomogeneous equations.
The inhomogeneous solution showed that along with the transmitted fun-
damental beam, a second harmonic component propagates and that it is
characterized by a ~k vector identical to the one of the fundamental: ~k(ω).
On the contrary, the pulse related to the homogeneous solution, is charac-
terized by a different direction ~k(2ω). These two pulses result to be parallel
only in the limit of perfectly phase-matched configuration or in correspon-
dence to a perpendicular incident plane. In addition to the transmitted
beams, an interface reflected SH beam is created. Further theoretical and
numerical investigations in the femtosecond regime and in the hypothesis
of phase mismatched conditions [139], demonstrated that the fundamental
and the second harmonic pulse propagating with the same spatial ~k(ω) are
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locked together. Both propagate experiencing the dispersion properties of
the pump beam and the same group velocity. Numerical analysis about the
propagation of the two transmitted second harmonic pulses in a dispersive
medium characterized by high phase velocity mismatch (so group velocity
mismatch) have been performed by authors. They showed that during the
propagation, and as long as they are superimposed, they interfere giving
rise to Maker-Terhune fringes [140,141]. These fringes present again the os-
cillatory behaviour that was initially explained in terms of short coherence
length.

Some other authors [142,143] derive the same pulse split structures with-
out considering the presence of a nonlinear interface. They suggest that for
very short pulse durations, like in the femtosecond case, and in case of prop-
agation inside a medium characterized by a high group velocity mismatch
(GVM), a group velocity dispersion (GVD) can be induced and that is not
negligible. Its effect consists in broadening both the fundamental and the
second harmonic pulses. The shape of the pulse changes and the converted
energy will decrease more and more influencing the conversion efficiency.
Taking into account the contemporary action of the nonlinearity and the
dispersion law of the material acting on the oscillating second harmonic
pulse, splitting of the second harmonic pulses can be explained.

Type-0 parametric interaction in LiNbO3 is characterized by a phase
and group velocity mismatch, and for a conversion 800nm to 400nm the
phase mismatch is very high, of the order of ∆k ' 2.4 · 104cm−1. In the
framework of a collaboration between the Department of Energetics and
the Redstone Arsenal (Alabama), starting from a numerical model initially
developed for short pulse propagation inside negative index materials [144],
numerical investigations about the propagation of femtosecond pulses inside
LiNbO3 were performed. These simulations take into account the param-
eters provided by the sample supplier and extraordinarily polarized pulses
having duration of τp = 100fs and peak intensity of Ipeak = 1GW/cm2.
A 200µm propagation distance before the nonlinear interface is considered
and, after it, they propagate for 300µm, which is long enough to observe
pulse separation, thanks to the high group velocity mismatch.

As reported in fig. 3.1, when a femtosecond pulse is launched through the
nonlinear interface, part of it is back reflected, interfering with itself. The
rest is transmitted creating a second harmonic contribution fig. 3.1(a). The
two contributions are represented with different scales as a consequence of
the low conversion efficiency. As the propagation distance increases, the sec-
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Figure 3.1: (a) The fundamental beam (red) is launched against a nonlinear
interface and a second harmonic contribution (blue) is generated. A part is
transmitted and a part is back reflected (b). The transmitted component
is composed by two contributions: one locked with the foundamental, same
k̃(ω) and the other completely non related to it, with its own k̃(2ω). Ini-
tially they interfere (b) and after a long enough propagation distance, they
completely separate thanks to their very high GVM (c)-(e).

ond harmonic signal looks to have a behaviour typical of phase mismatched
configuration: a very short coherence length is present giving rise to fast
oscillations inside the propagating pulse, fig. 3.1(b). Such oscillations are
the beating of two pulses. In fact, for long enough propagation distances,
such second harmonic splits, one remaining locked under the fundamental
pulse, and one keeping its nature of usual second harmonic fig. 3.1 (c)-(e).
The locked one will thus propagate with the same speed of the fundamental
pulse while the other will behave according to the material dispersion.
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3.4 Experimental demonstration of pulse locking:
phase and group velocities

Under the hypothesis of type-0 (ee− e) interaction, it will be experimentally
demonstrated that two SH pulses are generated. In agreement with the the-
oretical predictions, one of them, what is reported to be the solution of the
inhomogeneous equation, results to be locked to the transmitted fundamen-
tal one both in terms of phase and group velocity [145]. If a SH pulse is
phase locked with the fundamental one, then it will experience exactly its re-
fractive index in the medium: ne(800nm). In turn, they will propagate with
the same speed, while the other should propagate experiencing the refractive
index ne(400nm) and slower than the others. To succeed in distinguishing
the directions for all the involved wavelengths, one side of the sample has
been cut with an angle of 20◦ with respect to the normal incidence of the
fundamental beam. So it behaves like a prism and, in correspondence to its
output face, where the prism is realised, the directions for the beams will be
different according to the felt refractive index, in agreement with the Snell-
Cartesio law. In fig. 3.2a the employed setup is reported. The fundamental
beam is focused in correspondence to the input face of the sample, is or-
thogonally injected, and a CCD camera is used to distinguish the positions
for the three wavelengths: ω, locked 2ω and free 2ω.

Using this geometrical configuration and changing the injected light po-
larization, pulse splitting has been verified for the various allowed interac-
tions types by imaging the sample cut face on the CCD sensor. The different
light component positions can be distinguished by using a proper filtering
system to cut one of the two colours.

When an extraordinary polarized beam at the 800nm is injected into the
sample, two 400nm pulses can be distinguished: one which is superimposed
to the fundamental beam, and another which occupies a different position
with respect to the Snell-Cartesio law, fig. 3.2b -I-. By the application
of a polarizer, both the pulses result to be extraordinarily polarized, so
a type-0 ee− e interaction is realised for a calculated phase mismatch of
∆k ' 2.4 · 104cm−1.

From this observation, both the hypothesis have been demonstrated: two
second harmonic pulses are generated and one of the two is phase-locked with
the fundamental one.

If an ordinarily polarized fundamental beam is now injected fig. 3.2b -II-,
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(a) Experimental setup used to identify all the allowed conversion
types and phase velocity locking for the locked pulses in LiNbO3 .

(b) Possible second harmonic conversion types in LiNbO3 exploited thanks
to the prismatic sample configuration. (-I-) type 0 (ee− e), (-II-) type-
I (oo− e) and (-III-) type 0, type-I and type-II (oe− o) and (oe− e)
couplings.

Figure 3.2: Second harmonic interaction types in LiNbO3 : (a) Experimental
setup and (b) generated contributions recorded at the output face of the
sample in function of the injected polarization.

on the camera a phase locked extraordinarily polarized 400nm results super-
imposed to the ordinarily polarized 800nm . The non-locked 400nm pulse
results to be extraordinarily polarized as well. So a type-I (oo− e) interac-
tion is achieved and the corresponding phase mismatch is calculated to be
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about ∆k ' 1.2 · 104cm−1.
Finally, injecting both the polarizations, fig. 3.2b -III-, extraordinary

(G) and ordinary (H), then type 0, type-I and type-II generations can be
simultaneously obtained. As previously discussed, an extraordinarily polar-
ized fundamental beam will create two extraordinarily polarised second har-
monic pulses (M, O)according to a type 0 coupling process. An o-polarized
input fundamental beam will produce two e-polarized SH pulses in positions
M and N, according to the type-I interaction. The contribution in L is the
result of a type-II coupling process and is o-polarised. The phase mismatch
in this case is calculated to be ∆k ' 1.8·104cm−1 for an oe-o interaction and
∆k ' 3.5 · 104cm−1 for an oe-e process. In this case, generation efficiency
for the contribution in L is very low. In fact, as a consequence of the very
high group velocity mismatch which force the cross-polarized pump pulses
to quickly separate, the second harmonic pulse cannot lock with the fun-
damental one. The spot in L represents the solution for the homogeneous
equation.

To demonstrate that also group velocities for the two locked pulses are
the same, setup has been modified as in fig. 3.3a. Being the type-0 interac-
tion the most efficient, pulse group velocity locking has been investigated in
this configuration.

The two superimposed phase-locked pulses, 800nm and 400nm , coming
out the tilted face of the sample, are focused by a curved mirror on the input
face of a BBO crystal. This sample is cut in order to grant the ω + 2ω = 3ω
interaction and so to have all the three frequencies at its output face. The
3ω can be obtained only if the ω and 2ω pulses arrive exactly at the same
time on the sample. If the photodiode can reveal a 3ω signal then also the
group velocity locking is demonstrated.

Injected pulses have been measured to have a duration in the order of
110fs and an energy of few tens of micro-joule. Beam waist at the input
of lithium niobate sample is about 600µm and intensity in the order of the
GW/cm2. In the setup, several optical stops have been added in order to cut,
as much as possible, all the scattering and contributions from the involved
wavelengths but the ultraviolet one. In front of the photodiode are put
interferential filters that only allow the transmission of the 3ω component.

In fig. 3.3b -I- is reported the pulse train at 3ω after having injected
the fundamental beam onto the input face of lithium niobate. The problem
associated to this kind of measurement is that also lithium niobate could
produce a third harmonic contribution if a high enough light intensity was
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injected in the sample.

(a) Experimental setup built to investigate the group veloc-
ity locking. The tilted output face of the sample, working
as a prism, allows to focus only the two locked pulses on a
BBO sample. This, in turn, will produce a 3ω only if the
two components at ω and 2ω arrive at the same time on it.

(b) Group velocity locking verification. -I- Pulse train at 3ω ob-
tained by focusing the locked ω and 2ω on the BBO sample. -
II- Same configuration but cutting every eventual 3ω contribution
from LiNbO3 by placing a thin glass plate in the reference posi-
tion, fig. 3.3a. -III- Signal obtained when ω and 2ω are separated
in time by using a thick glass plate in the reference position so
preventing BBO from producing any 3ω.

Figure 3.3: (a) Experimental setup to exploit the group velocity locking for
the ω and 2ω pulses and (b) group velocity locking evidence signal from the
photodiode.
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To be sure that the contribution shown by the photodiode is consequence
of a generation inside the BBO sample, a 100µm thin glass, is put in between
the LiNbO3 and BBO, in the reference position reported in the setup sketch.
If it was lithium niobate to produce the ultraviolet contribution, the glass
would completely absorb it and no pulse train at 3ω should be visible. This
is not the case, fig. 3.3b -II-, as the pulse train is still present. Finally,
the temporal superposition of the fundamental and second harmonic pulses
arriving on the BBO sample has been tested. By putting a thick glass
plate at the place of the thin one, thanks to the dispersive properties of the
material, we separate in time the FF and SH pulses and this implies that
they cannot arrive at the same instant on the BBO sample. In this case, it
is expected not to have the third harmonic generation from BBO. Actually,
as in fig. 3.3b -III-, no pulses train can be revealed.

In conclusion it is possible to assess that even in condition of very large
phase mismatch, the second harmonic pulse, the one foreseen by Bloember-
gen as solution of the inhomogeneous equation, is phase-locked and has the
same group velocity of the fundamental beam.

3.5 Experimental self-trapped (solitonic) waveguide
at 800nm in congruent lithium niobate

Having demonstrated that second harmonic generation at 400nm can be
obtained with a type-0 (ee− e) interaction type, and taking advantage of
the highest nonlinear coefficient d33, it will now be demonstrated that self-
trapping can be obtained and that the upconverted light is responsible for
self-trapping.

As photorefractive self-trapping realize a waveguide [9] inside the mate-
rial, it can be used to make second-harmonic and fundamental beam prop-
agate inside it in diffractionless conditions. In this way, the blue radiation
generates the guide which freezes its k-vector configuration all along the
propagation distance. This, in turn, increases the conversion efficiency by
fixing the phase-matching configuration. Because of this, it is expected that
this feedback can realize a self-written and self-optimized blue light radiation
coherent source.

To verify such behaviour [146], the setup in fig.3.4 has been employed. In
details, the 800nm beam, linearly polarized along the ĉ axis of an undoped
congruent LiNbO3 sample, is focused on its input face. This wavelength
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is provided by a Ti : Sapphire oscillator which can work both in contin-
uous wave (CW) or modelocked (ML) regime. By applying an external
static electric field (Ebias) along the ĉ axis direction, the evolution of self-
trapping is monitored by imaging the output face of the sample on a CCD
camera. A sample background uniform illumination has been added in or-
der to stabilize the self-trapping process and in turn reduce the bending
of the written waveguide. The sample, commercial from Crystal Technol-
ogy, has a lithium concentration cLi = 48.38% and an optical absorption
α(@1064nm) < 1.5 · 10−3cm−1, according to the provided datasheet [69].

Figure 3.4: Typical setup employed to write solitonic waveguides in the
volume of lithium niobate.

To emphasize the photorefractive nature of the self-induced waveguide,
two kind of measurements have been performed. The average light power
@800nm and the external electric field are kept constant. By injecting the
laser beam working in CW regime before and in ML one after, it will be
demonstrated that self-trapping can be achieved only if a second harmonic
seed is present. Considerations about other possible nonlinear effects which
could arise during the process induced by the femtosecond pulses will be
discussed.

The 800nm beam is focused on the input face of the sample with a waist
of 12µm and an average power of 16mW, fig. 3.5a -I-. After a propagation
of 6mm it diffracts reaching the final waist of 96µm. A uniform background
illumination, having an intensity of 70mW/cm2, is provided by a CW laser,
λ = 532nm, and it is injected from one side to shine the whole sample and
so to stabilize the self-trapping process by preventing the charge saturation
in the illuminated region.
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(a) No photorefractive response of LiNbO3 when the 800nm beam
in CW is focused on the input face of the sample (-I-). Linear
diffraction (-II-) doesn’t react to the externally applied electric field
and after 290min the shape is not changed (-III-).

(b) Self-defocusing case. When the 800nm is focused on the input
face of the sample in ML regime (-I-) and no external electric field
is applied, the linear diffraction (-II-) increases along the ĉaxis as
consequence of the photovoltaic effect (-III-).

(c) Solitonic waveguide formation when the fundamental beam, 800nm in ML regime, is
focused (-I-) on the input face of the sample and a type0 (ee− e) second harmonic beam
is generated inside the sample. Under the application of an external static electric field,
linear diffraction (-II-) starts to be compensated (-III-) and after 290min self-trapping
results to be completely achieved (-IV-). A multihump structure appears when self-
confinement is complete.

Figure 3.5: Photorefractive response of LiNbO3 to 800nm in different ex-
perimental conditions: fig. 3.5a in CW regime; fig. 3.5b in ML regime but
without having applied the external Ebias and fig. 3.5c ML regime with
Ebias = 35KV/cm.
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When the fundamental beam is working in CW regime and an external
static electric field is applied to induce a positive refractive index variation,
the diffracted beam does not change at all in shape during an observation
time of about three hours. Neither self-trapping nor self-defocusing could
be observed, fig. 3.5a -II- and -III-.

On the contrary, if the 800nm beam is injected in ML regime, with a
pulse duration of 65fs and a repetition rate of 76MHz, both self-trapping
and self-defocusing can be achieved. In details, with this configuration,
and without applying the static electric field, the beam defocuses along the
direction of the ĉ axis as expected in presence of the photovoltaic effect and
after 30min linear diffraction, fig. 3.5b -II-, results strongly elongated along
it, fig. 3.5b -III-.

If the external electric field (Ebias = 35KV/cm) is applied, a complete
self-trapping is obtained after about 290min, fig. 3.5c. In this regime, con-
versely to what happens in CWmeasurements in visible (reported in the first
chapter), the final self-trapped structure is characterized by the presence of
four bright lobes along the ĉ axis and its perpendicular around the main
guiding structure, fig. 3.5c -IV-. This result might be explained by a not
perfect mode matching inside the written waveguide. As regards the trend
for the self-trapping process evolution, in fig. 3.6a is reported the waist size
modification trend, along the ĉ axis. This result is typical of a photorefrac-
tive behaviour [9], in fact from CW measurement it had been demonstrated
that along this direction waist size versus time can be fit by a single expo-
nential curve. In this case the novelty is represented by the presence of an
additional multihump structure, inset in fig.3.6a.

These results in CW regime are compatible with expectations. It is
known that photorefractive response in undoped LiNbO3 is very low at
800nm as, at this wavelength, energy is not enough to promote electrons to
the conduction band from the trap states into the band gap. The presence
of the background illumination could help the process by supporting a two
step excitation as reported for holograms writing in the infrared regime. Low
energy photons cannot modify the refractive index but, if a more energetic
radiation is present (green for example), they can be excited to trap states
closer to the conduction band and from there they can be directly promoted
by the IR radiation in the conduction band, [46, 147, 148]. Performed mea-
surements show that photorefractivity in lithium niobate cannot be excited
by a 800nm beam in CW regime and that the uniform green background il-
lumination is not high enough to induce a GRIIRA (GReen Induced Infrared
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Absorption) process, fig. 3.5a.
Conversely, the behaviour in the ML regime can be affected by many

nonlinear processes. In the last case, even if the average power injected
is the same, the peak intensity is much higher than the one for the CW:
0.7GW/cm2 versus 2.6kW/cm2, so Kerr effect, self-phase modulation, sec-
ond harmonic generation, multi photons absorption or cascading effect could
be present.

Observing the light exiting from the sample, the presence of a blue com-
ponent was quite evident, so the spectral composition of the emitted radi-
ation has been investigated. This measurement demonstrated, as expected,
that a second harmonic generation inside the sample had been achieved and
the polarization of the generated blue light, 400nm , has been verified to
be extraordinary, as for the injected fundamental beam. In fig. 3.6b, the
comparison between the spectrum of the fundamental, at the output of the
sample, and second harmonic generated beam is reported, for a fundamen-
tal beam average power of 20mW. The second harmonic emitted power has
been measured to be in the order of 60nW. This value is still affected by
a residual fundamental beam which could not be completely removed, so
SH generation efficiency results to be in the order of 10−6. These measure-
ments show that the SH seed is responsible for the self-trapping process as
at 400nm the photorefractive sensitivity is quite strong in LiNbO3 . As soon
as the SH component starts to induce self-trapping, also the FH feels the
refractive index variation and in turn is trapped inside it. At the end of
the process, both the beams will be spatially self-trapped into a waveguide
optimized for both.
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(a) Beam waist evolution for the 800nm beam along
the "fast" direction (ĉ axis) at the output face of the
sample. In the inset the multihump structure along
this direction is reported. By fitting the central lobe,
a single exponential trend can be derived.

(b) Second harmonic spectrum measured at the
output of the sample (in the inset is reported the
spectrum of the fundamental beam). No distortion
is present in the fundamental frequency spectrum
as a consequence of the cascading nonlinearity ab-
sence, while the second harmonic component shows
an evident frequency modulation which is respon-
sible for pulse breaking. As a consequence of such
phase modulation phase- and group-velocity lock-
ing were originated.

Figure 3.6: Second harmonic evidences in photorefractive self-trapping pro-
cess at the output of the LiNbO3 sample: (a) waist trend for the fundamental
beam during the self-confinement process along the fast axis (ĉ axis) and (b)
spectrum of the second harmonic signal.
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To give a further demonstration about the fact that it is the blue seed
to cause self-trapping, a BBO sample has been used to generate a SH com-
ponent for the 800nm beam. This component, of about 700nW, was focused
on the input face of the LiNbO3 sample, fig. 3.7 -I-. By the simultaneous use
of a prism and interferential filters, the fundamental component is removed.
Keeping constant all the experimental parameters as in the previous mea-
surements, the 400nm beam has been focused on a waist of 9µm at the input
face. After about 12 min., self-confinement has been completely achieved
with a final waist of 8µm at the output face, fig. 3.7-III-.

Figure 3.7: Verification for the necessity of a SHG seed to obtain self-
trapping. A 400nm component with waist of 9µm and power of about
700nW is obtained from a BBO sample and is focused on the input face of
LiNbO3 . Linear diffraction is compensated and self-trapping is achieved
after 12min.

By comparing the FH spectrum, acquired at the output of the sam-
ple, with the SH one, spectrum broadening does not appear, giving an
indication [149, 150] of the fact that cascading and self phase-modulation
processes don’t take place. Actually this result is intensity dependent but
with the employed experimental conditions their contribution are expected
to be negligible. In fact, being the generation efficiency so low, 10−6, the
superimposition of the component at ω resulting from a complete cascading
process [151, 152], with the same component injected in the sample, results
to be negligible.

Furthermore also Kerr effect, χ(3), is expected to be negligible as the
measured coefficient [153] for a sample bought from the same customer is
reported to be 1 · 10−19m2/W in the near infrared.

In terms of multiphoton absorption, being demonstrated the presence of
a second harmonic seed, it looks that the favourite process is the linear pho-
torefractive absorption of a photon at 2ω more than a nonlinear absorption
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of two or even more photons at the fundamental wavelength.

3.6 Simulton

The geometrical configuration used to perform a second harmonic seed in-
duced photorefractive soliton (section 3.5) is characterized by the propa-
gation of the two locked (FF and SH) and the free (SH) pulses along the
same direction because of the orthogonal fundamental beam incidence on
the sample. In this case it is not possible to distinguish the contributions
offered by the two second harmonic pulses and their behaviour in presence
of the photorefractive nonlinearity.

Here the self-trapping process related to the locked pulses will be investi-
gated with some more details [154]. Phase and group velocity locking implies
that if self-trapping can be achieved, then the final structure is spatially con-
fined, but they also propagate locked in time thus realizing a “simulton”. It
does not deal with two pulses for which also temporal dispersion can be
achieved, so the final result is not a spatial-temporal soliton (a light bullet).

Figure 3.8: Experimental setup to investigate the simulton formation in
lithium niobate with a type-0 (ee− e) coupling. In the inset, pulse direction
angles with respect to the normal incidence on the input face are depicted.

As the two SH pulse generation is operated by the material itself, using
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the terminology introduced by Bloembergen, by the interface air-nonlinear
material, the necessity of separating the two pulses at the very beginning of
their propagation path inside the bulk arises. The easiest way to do this is
to focus the fundamental beam on the sample 20◦ cut face. The prism will
separate colours according to the Snell-Cartesio law and they will propagate
gaining an high enough separation at the output face of the sample.

Experimentally, the input beam at 800nm is focused on the input face
of the sample, the cut one. A curved mirror is used to imagine the out-
put face of the sample on a CCD camera sensor so avoiding the chromatic
aberration given by the wavelength differences and providing at the same
time a known magnification, as reported in the schematic setup of fig. 3.8.
Again, to maximize the overall generation performances, we take advantage
of an ee− e (type-0) interaction by selecting the extraordinary polarization
for the 800nm beam. The use of this experimental configuration has the
advantage of imaging at the same time both the fundamental and second
harmonic beams on the same sensor and in turn it allows the direct com-
parison between them. In the inset of fig. 3.8, the calculated values of the
three pulse propagation trajectories with respect to the normal incidence
are emphasized. To distinguish the pulse wavelength with reference to their
position, a RGB camera is used. This allows to separate the three colour
planes and so to investigate each pulse behaviour.

With respect to the self-trapping experiment reported in the previous
section, in this case another element of novelty is introduced. The applica-
tion of the external bias field is realized by heating the sample with a Peltier
cell. In this way the pyroelectric effect [28] is excited as it can induce an
electric field, in the order of tens of kV/cm, high enough to compensate the
photovoltaic field and induce the self-trapping [39].

The self-trapping process is expected to be dependent on the fundamen-
tal beam intensity, and over a threshold, other nonlinear process in addition
to the photorefractive one, could appear. In the following, measurements
by varying the injected light intensity will be presented. In details, it will
be shown that three different behaviours can be distinguished.

When a power of about 120µW or less, is injected into the sample, the
generated second harmonic is not high enough to induce self-trapping, at
least during the observation time. The 800nm shape does not change in an
appreciable way at the output face of the sample, fig. 3.9a.
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(a) Diffraction of the fundamental beam ( 800nm )
at the output face of the sample for a power of
120µW. -I- At t = 0 when no heating is applied
and -II- after t = 10min in presence of the induced
electric field. Neither second harmonic nor funda-
mental beam self-focusing is achieved.

(b) Diffraction of the fundamental beam ( 800nm ) at the output face of
the sample for a power of 160µW− 180µW. -I- At t = 0 when no heating
is applied. -II- and -IV- after t ' 7min in presence of the induced electric
field without and with a blu uniform background illumination. -III- and -
V- after t ' 10min in presence of heating and without and with background
illumination, respectively.

(c) Diffraction of the fundamental beam ( 800nm ) at the output face of the
sample for a power of ' 1mW. No background illumination is applied. -I- At
t = 0 when no heating is applied. -II- and -III- after t ' 3min and t ' 5min
respectively in presence of the induced electric field. A filamentation behaviour
is obtained.

Figure 3.9: Locked FH and SH and unlocked SH pulses self-trapping in
function of the injected light intensities.
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(a) Self-trapping process at t=0 (fig. 3.9b -I-). The pyroelectric-induced space charge
field is not strong enough to screen the photovoltaic contribution induced by the weak
blue component. Beams at 800nm (in -II-) and at 400nm (in -IV-) elongate along the
optical axis direction.

(b) Self-trapping condition for the two locked pulses and for the unlocked one at its
very early stage (fig. 3.9b -II-). Each of the two blue pulses generates a waveguide in
which also the infrared is driven. The 800nm beam propagates inside the blue locked
pulse-induced collinear waveguide. The free blue pulse guides only a residual scattered
fundamental beam, also in function of the 800nm beam k-vector dispersion.

(c) Filamentation condition. Each filament realizes a waveguide for the fundamental
beam. The quantity of transported 800nm light depends on the k-vector dispersion of the
fundamental beam with respect to each guide propagation direction. The information
about the nature of the two blue original pulses is lost.

Figure 3.10: Details about self-trapping and filamentation processes, re-
ported in fig. 3.9, analyzed by separating the three RGB coulour planes.

On the contrary, when the power is increased to 160µW− 180µW, at
the very beginning of the process the photovoltaic contribution driven by
the blue light is predominant and an elongation along the ĉ axis is induced.
This effect is consequence of a heating which is not strong enough to produce
a bias electric field able to screen the photovoltaic contribution, fig. 3.9b -
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I-. By separating the three colour planes, the light displacement towards
the illuminated region borders along the optical axis, is still more evident,
fig. 3.10a. As soon as the space charge field becomes more effective, the
second harmonic (the locked pulse) self-traps and forces the fundamental
beam to be guided as well. This behaviour is justified by the charge de-
pletion occurring for the infrared beam around the blue induced waveguide,
fig. 3.9b. As regards the free pulse, it starts self-trapping only after that the
locked one completes its self-confining process. This is somehow expected
as the unlocked pulse, once generated, propagates along its own direction
according the absorption rules for 400nm wavelength without possibility of
being enhanced due to the lack of 800nm along that direction. Its intensity
decreases and a longer time is required in order to make it self-trap. The
locked 400nm pulse, on the contrary, starts writing the guide inside which
the fundamental beam is captured and thus its second harmonic generation
rate can be increased, so compensating for its absorption by the lattice. This
behaviour is resumed in pictures fig. 3.9b -II- and in fig. 3.10b, where the
three planes are separated. The blue plane indicates that in correspondence
to a complete self-trapping for the locked blue pulse and a partial confine-
ment for the free one, fig. 3.10b -IV-, infrared is guided through the induced
waveguides fig. 3.10b -II- and the typical photorefractive space charge field
depletion along the ĉ axis appears. Once self-trapping is accomplished for
both the structures, the second pulse, the free one, feels the refractive index
variation induced by the locked structure and is attracted towards it without
never collapsing, giving rise to a "twin-state" propagation, fig. 3.9b -III-.

The non collapsing can be explained if the conservation of the original
~k(2ω)-vector for the second pulse is taken into consideration. This behaviour
becomes more evident if a background illumination is applied to the sample
3.9b -IV- and -V-. A high power blue light emitting diode (LED) is applied
directly over the surface of the sample to shine it completely, so preventing
saturation inside the guiding structure and in turn to continuously excite
the free charges via the photorefractive effects to make the process more
stable.

By increasing the optical power, a filamentation-type behaviour is ob-
tained, fig. 3.9c. The application of the bias electric field makes the locked
blue pulse self-trap, fig. 3.9c -II-, but as the process evolves it starts split-
ting in multiple filaments. Also the free second harmonic pulse, again slower
than the locked one in self-trapping, produces its own filaments. As a conse-
quence, after some times it is no more possible to distinguish the contribution
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of the two second harmonic pulses, fig. 3.9c -III-. Once formed, each of these
filaments starts guiding the infrared fundamental radiation and in turn in-
creasing the depleting region around each of them. The effective guiding
properties of the induced waveguides can be exploited by comparing the red
(800nm ) plane and the blue one in fig. 3.10c -II- and -IV-, respectively. In
fact, on the left side of the infrared beam, fig. 3.10c -II-, some spots ap-
pear, but as this plane is reserved to the red component, they should not
be there. This is consequence of the corresponding blue filaments, fig. 3.10c
-IV-, that propagate also the diffracted, residual, fundamental beam. It is
worth noticing that the quantity of guided light inside them decreases with
the distance from the 800nm beam. This is consequence of the increasing
difference between the k-vectors associated to the fundamental beam and
the direction of the blue-induced guides. These are characterized by a re-
fractive index contrast as high as 10−4 and so they are not strong enough
to capture these highly tilted k-vectors.

In comparison with the self-trapping process reported in fig. 3.5, the
pulse peak intensity at 800nm increases from 1.6 GW/cm2 (and thus an
energy of about 0.2 nJ), to intensity values ranging between 0.7 TW/cm2

and 1.2 TW/cm2, corresponding respectively to energy levels of 0.1 µJ and
0.3 µJ. As conversion efficiency inside the waveguide is supposed to in-
crease, cascading effects or nonlinear multiphoton absorption could be most
likely present. At the moment further measurements are being performed to
investigate with more details whether cascading is affecting measurements.





Chapter 4

Photorefractive interactions in
InP:Fe for all-optical
telecommunication devices

In the previous chapters, the advantages that photorefractive solitons of-
fer have been demonstrated. The diffraction compensation provided by the
photorefractive nonlinearity, along with the refractive index variation given
by the Pockels effect, allows to realize both integrated optical sources and
interconnections necessary to propagate the emitted radiation. They are
volumetric and for the first time a real 3D circuitry can be realized with a
very high degree of optimization. What is still missed, to obtain a working
electro-optic, or better all-optical circuitry, is a final, volume-integrated, de-
vice able to elaborate optical signals. While in the past optical computing
attracted much attention [155–159], today also information and communi-
cation technology play a critical role. Their state of the art presents again
structures which can be only superficial, like switches and Mach-Zehnder
interferometers or modulators.

Switches represent one of the most investigated devices in the framework
of transparent optical networks [160,161]

As regards modulators and Mach-Zehnder interferometers, two inter-
esting examples projected towards a multi-purpose integrated device are re-
ported by Söchtig [162] and Mašanović [163]. Both the papers present differ-
ent devices that can successfully lay on the same substrate; the former, an in-
tegrated laser device followed by a Mach-Zehnder modulator/interferometer
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and the latter reports also about a wavelength converter obtained with the
same structure.

Signal elaboration, to be competitive with electronic devices, requires to
be fast and to be fully fit to the actual telecommunication technology, so
it must operate in the infrared region, better in the third window. What
is proposed in this chapter is the demonstration of a working principle to
achieve an electro-optical fast signal switching that can be used as a router
device. This will be done by making two self-trapped beams interact in a
photorefractive medium so to make them fuse or separate according to their
relative properties. Here coherent interactions will be investigated, so the
key parameter will be their relative phase.

As a router device needs to address signals over as many input and
output ports as possible, a photorefractive medium is a very interesting
candidate for such a device. This feature can be easily achieved because
of the volumetric nature of spatial solitons, port (waveguide) number can
be dynamically scaled according to the necessities and they can work in
parallel.

On the contrary of what has been shown previously, in this case neither
lithium niobate, nor other photorefractive insulators can be used. In fact,
waveguide realization is not at all fast enough, as in the more optimistic
case their formation time is in the order of seconds, in SBN for example, and
minutes or even hours in lithium niobate. Furthermore their photorefractive
responsivity is strong in the visible region, but negligible in the infrared
one. To overpass these limitations, the semiconductor indium phosphide
doped with iron ions (InP : Fe) is used. It provides both the features: speed
(estimated in between the µs and ms) and photorefractive sensitivity in the
infrared region.

InP:Fe is a relatively new material in the photorefractive family and its
properties are not yet completely known, so before entering in the interac-
tion process details, an introductory explanations about the main physical
mechanisms involved will be done. The inadequacy of the one carrier-one
band model used and discussed for lithium niobate will be emphasized in-
troducing the necessity of a two carriers-two bands one. The photorefractive
self-trapping will be discussed along with the interaction between two co-
herent beams which propagate parallel inside such medium, demonstrating
the possibility of driving the fusion or the repulsion between them by simply
changing their relative phase.
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4.1 InP:Fe structural and optical properties

Indium phosphide has been used for many years both as substrate because
of its very high resistivity and as semiconductor belonging to the III−V
group. It belongs to the “zincblende” family and exhibits a direct bang-gap
of about 1.35eV. It is so characterized by a face centred cubic structure
where atoms of indium (In) and phosphure (P) are alternatively disposed
in correspondence to the lattice positions. InP is a non-centrosymmetric
material belonging to the 4̄3m punctual group.

InP does not exist in nature but can be artificially grown using the
Czochralsky technique [32, 164, 165]. Many different approaches have been
proposed to increase the final crystal quality. It is firstly necessary to synthe-
size the polycrystalline InP compound. This is obtained in vacuum and at
very precise and controlled environmental conditions, like fixed temperature
(1062◦C) and pressure (105Pa). Then the doping element (iron) is intro-
duced in the melt and finally single crystalline boules can be grown. Also
in this case temperature and pressure are fixed and an encapsulant liquid is
used to cover the polycristalline InP. Pressure must be high enough to pre-
vent InP from decomposing, so it must be in the order of 105Pa. Recently,
a method to synthesize directly InP has been developed [166] and consists
in using the phosphorus (P) element in the liquid phase both as encapsulant
for the Czochralsky growth and as source element for the compound. In this
way it is no more necessary to synthesize the polycrystalline compound and
to add the boric oxide (B2O3) as encapsulant. In the market it is possible to
find single crystal wafers grown according to the crystallographic directions:
< 001 > and < 111 >.

In the following of this chapter, all the measurements are referred to a
sample having a doping level as high as 1017cm−3. It has been measured
via the Secondary Ion Mass Spectrometer (SIMS) technique. It is cut along
the crystallographic directions: < 1̄10 >, < 001 > and < 111 >.

The necessity for doping the bulk with iron is justified by the fact that
only in this way it is possible to make this material photorefractive and
sensitive in the third window infrared wavelengths, at the same time. Iron
adds energetic levels in the band-gap so, in spite of the fact that its energy
corresponds to photons at λ ' 919nm, photo-excitation can be obtained also
by injecting less energetic photons. These aspects will be demonstrated in
the following with more details.

Iron addition influences also the material carriers mobility. As it will
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be deepened further on, photorefractive behaviour in iron doped indium
phosphide is characterized by free electrons and free holes. With respect to
the pure material, a mobility decreasing with doping increasing is expected
[167] as well as a dependency on the working temperature. According to
the rule for mobility in semiconductors, their effect can be distinguished
in two terms in the general expression for mobility µ. In fact, doping will
increase the impurity density and temperature will influence the phononic
behaviour of the lattice. So mobility can be expressed as 1/µ = 1/µI + 1/µL,
being µI and µL related to the impurities and to the lattice, respectively. In
literature their specific values are found to be very different. With reference
to [168–170], for electrons it can assume values ranging between 1470 cm2/Vs
and 5000 cm2/Vs, while for holes it can vary between 120 cm2/Vs and 150
cm2/Vs, so at least one order of magnitude less. It is worth noting that
in semiconductors, a change in temperature implies a modification in the
band-gap. In the measurements further presented, this effect is considered
negligible. In fact, sample temperature will range between 15◦C and 25◦C
and according to [171] it corresponds to a net gap variation of about 3meV.

Optically, InP : Fe provides a bulk refractive index n0 =3.29 @1064nm
and n0=3.17 @1550nm. Thanks to its crystallographic property of present-
ing a non-centrosymmetric structure, it exhibits also a linear electro-optic
behaviour which grants the possibility of locally modifying the bulk refrac-
tive index via the typical photorefractive process.

In analogy to the basic principles about the photorefractive effect de-
scribed for lithium niobate, also in this case it is necessary to apply a bias
electric field to induce a positive refractive index variation able to make light
self-trap. The electro-optic tensor to be considered depends on the direction
along which this field is applied. Because of the geometry of the sample that
will be used, the condition of Ebias directed along the < 001 > direction is
considered, so the refractive index variation is described by eq.(4.2). In the
frame, eq. (4.1), are reported respectively: the general expression for the
indium phosphide electro-optic tensor and the impermeability tensor corre-
sponding to the considered direction for the applied electric field. The value
for the only non-zero coefficient is r41 ' 1.34pm V−1. It is worth noting that
this value is extremely low if compared to the more common insulators ones
(30pm V−1 for LiNbO3 and 1340pm V−1 for SBN:75). As it will be demon-
strated in the next sections, self-trapping can be achieved only because of a
resonance effect that the involved (photorefractively excited) charges create
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for the space charge field.

r11 r12 r13
r21 r22 r23
r31 r32 r33
r41 r42 r43
r51 r52 r53
r61 r62 r63


=



0 0 0
0 0 0
0 0 0
r41 0 0
0 r41 0
0 0 r41


=⇒ ∆η =

0 1 0
1 0 0
0 0 0

 (4.1)

< 001 > n = n0 (4.2a)

< 110 > n = n0 −
1
2n

3
0r41E (4.2b)

< 1̄10 > n = n0 + 1
2n

3
0r41E (4.2c)

4.2 Temperature and illumination role on InP:Fe
photorefractivity: electron-hole competition
effect

Indium phosphide has been really overworked to realize devices based on its
elevated resistivity as substrate or to produce laser devices as well as photon
counting sensors, but it is relatively new in the framework of photorefractive
materials.

This feature is obtained by adding iron ions in the melt, so to add trap
states into the band-gap. These levels, providing additional donors and
acceptors (Fe2+,Fe3+ respectively) are located approximately in the centre
of the band-gap [172]. They are thought to be the main responsible for free
charge generation and recombination, upon illumination, inside it.

The photorefractive mechanisms discussed for lithium niobate, photoex-
citation - diffusion/drift - recombination, remain unchanged (with the ex-
ception of the photovoltaic field). On the contrary, the one free carrier
(electrons) assumption does not find any kind of agreement with the exper-
imental results.

All the informations known about InP have been obtained via two wave
mixing (TWM) measurements. It consists in making two beams (pump and
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signal) interfere in order to induce fringes and, via the Pockels effect, pho-
torefractive index variations. These scatter the light from one beam (pump)
to another (signal) and provide a photorefractive gain Γ for the latter. It
is this gain to provide the inconsistency with the basic model (considering
only free electrons). In fact, gain is proved to depend on the induced grat-
ing period (so on light) and the temperature. By varying these parameters,
a change in the Γ sign appears. This evidence led to the conclusion that
carriers having opposite sign had to play a role in this process and that the
predominant one decide the Γ sign according to the experimental conditions.

Many models based on TWM schemes have been developed, but a real
working one does not exist yet to describe photorefractive measurements. To
introduce to this problematic and to give a better insight for the interaction
measurements, a brief overview about model evolution and their key points
will be provided.

Since the beginning, it appeared clear that the experimental results could
not be explained taking into account just one carrier type: electrons. Be-
cause of this, also holes had to be considered. One of the first attempt to
measure carriers photoionization and recombination cross sections must be
addressed to Valley [173] at λ = 1064nm. Initially, just one impurity centre
in the band-gap was hypothesized, so it acted both as electron and hole
generation centre, according to its ionic state [174] towards conduction or
valence bands respectively. This model gave a much better fit for experimen-
tal measurements but still needed to be revised [168]. Again both electrons
and holes are considered, but they are supposed distributed over two sets of
defects: one for which the dominating carriers are electrons and an other one
characterized by holes. A comparative analysis of results, obtained under
the assumption of carriers provided by only one set or two sets of defects,
has been carried out by Bashaw [175].

These models, although introducing holes as active centres, did not take
into account the temperature effect, which strongly influences the material
response, as it will be shown both for the single beam self-trapping and the
two beam interaction. Picoli et al. [169, 176] introduced it in their model.
Numerical results are quite in agreement with the experimental measure-
ments but emphasized some aspects which are still under investigation for
beam self-trapping processes. They suggest that a deep level (iron for in-
dium phosphide) in the band-gap can interact both with the conduction
and the valence band and that these interactions can be both optical and
thermal. Furthermore, they take into considerations other levels, very close
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to the two bands. These are supposed to be introduced in the growth phase
and to play a role only in terms of “residual” conductivity and not of pho-
torefractivity. What is important in the model is the combined action of
temperature with injected light; it can induce a resonance-like behaviour
that can strongly increase the photorefractive gain Γ. This peak is char-
acteristic for each couple light intensity-temperature. Thermal and optical
generations are then weighted according to a comparison between the cor-
responding cross-sections (estimated as not completely known), arriving to
the conclusion that electrons and holes are respectively thermally and opti-
cally generated. This statement is justified by experimental evidences. Hole
photo-ionization cross-section is larger than the one for electrons σph

h > σph
e

and the thermal emission rate for holes is much less than the one for elec-
trons eth

h << eth
e . With reference to [169, 177], the photo-ionizations at

λ = 1.064µm assume values: σph
h =5 · 10−17cm2 and σph

e =4 · 10−18cm2. As
regards electron thermal generation rate, for the same wavelengths, it can
be calculated as a function of the working temperature from the expres-
sion [169,178]: eth

e = 3.25T2 · 1025(m∗e/m)σ∞n exp(−εna/KBT). T is the tem-
perature in Kelvin, m∗e/m = 0.078 the ratio between the electron effective
mass and the free electron one, σ∞n = 3.5 · 10−14cm2 the capture cross sec-
tion for infinite temperature and KB the Boltzmann constant. εna represents
an activation energy for the single electron trapping by an iron acceptor.
The value for holes is not known but is assumed to be much smaller (and
typically considered zero) as the deep level from which they originate is
much closer to the conduction band. Resonance occurs when the thermal
generation rate for electrons is equal to the optical one for holes. Özkul
and Picoli demonstrated also [179] that the addition of a bias electric field
could increase the photorefractive gain, and could derive an approximated
analytical expression for the space charge field.

Other improvements have been reported by Rana [180], who took care
about some low temperature inconsistencies solved introducing a genera-
tion/recombination centre in addition to the iron one in the band-gap, and
by Özkul [170, 177] who confirmed these results and placed this additional
level close to the valence band.

The problem is no more completely solved, and at the moment the state
of the art consider an energetic level scheme based on the one proposed by
Look [172] which is reported in fig.4.1. In this scheme also levels proposed
by Rana and Özkul have been added. In the band-gap an energetic level



106 Chapter 4. Photorefractive interactions in InP:Fe for all-optical telecommunication devices

indicated with Fe2+∗ is also reported and it has been demonstrated to be
responsible for an indirect hole-electron competition [181]. Anyway, it has
been proved not to give any photorefractive contribution in the range of
temperature further on used, so it is considered negligible. For sake of
completeness anyway, it allows direct photoexcitation of electrons from the
valence band and a thermal one to the conduction band along with hole
recombination as well.

Figure 4.1: Energetic levels for InP:Fe.

A modified Kukhtarev model is used to describe charge movements in
terms of two carriers (electrons and holes) in a two bands scheme. The
equation system is:

~∇ ·
(
ε̃ ~ESC

)
= ρ (4.3a)

ρ = e(ND −NA + p− n− nT ) (4.3b)

~Jn = eµnn~ESC + µnKBT ~∇n (4.3c)

~Jp = eµpp ~ESC − µpKBT ~∇p (4.3d)

∂n

∂t
= ennT − cnnpT + 1

e
~∇ · ~Jn (4.3e)
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∂p

∂t
= eppT − cppnT −

1
e
~∇ · ~Jp (4.3f)

∂nT
∂t

= eppT − ennT − cppnT + cnnpT (4.3g)

NT = nT + pT (4.3h)

ẼSC represents the space charge field, ε̃ the dielectric tensor, ρ the volu-
metric density charge and J̃n,p the current densities for electrons and holes
respectively. n and p are the electron and hole densities, while nT and pT
indicate the ionized and neutral deep level iron traps (Fe2+,Fe3+). ND,NA
are the donor and acceptor densities and are constant. Electrons and holes
mobilities are indicated with µn and µp, the corresponding recombination
rates are cn and cp and their emission ones are en and ep. Emission rates
take into account both the thermal (th superscript) and optical (defined via
a photoionization cross section σ) according to: en = eth

n + σn(I + Id) and
ep = eth

p + σp(I + Id). I and Id represent light and dark intensity respec-
tively. Finally, with T and KB have been indicated the absolute temperature
and the Boltzmann constant. This model has been recently used [182, 183]
to get self-trapping process description inside InP : Fe, with results close to
the experimental evidences.

4.3 From two wave mixing to one beam self-trapping
process in InP:Fe

Self-trapping process for an infrared beam in iron doped indium phosphide is
very disadvantaged by its low electro-optic coefficient (r41 = 1.34pm/V) but
in spite of this fact, optical self-trapping has been experimentally observed.

The first evidence must be addressed to Chauvet at al. [13,184] who suc-
ceeded in making infrared beams self-trap, in a planar structure before and
along both the transverse dimensions after, at telecom wavelength (1.04µm,
1.3µm). They address self-trapping to the resonant behaviour (explained
with more details in section 4.6) for the space charge field that reaches val-
ues much higher than the applied bias electric field, so compensating for the
low r41 coefficient. Using an interferometric technique they also measure an
induced refractive index variation as high as δn = 10−4.
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This material is very attractive in the framework of beam-self trapping
as a consequence of its semiconductor nature. In spite of iron doping that
reduces its response time, the steady state regime can be attained in a time
(over-)estimated that is in the order of ms. For the transient regime this
time is supposed to decrease by a factor of 103. This has been reported by
Wolfersberger et al. [14] for the wavelengths 1.064µm and 1.55µm.

Recently a (2+1)D numerical model has been published [182]. It takes
into account the Kukhtarev’s equation system re-written for the case of
two free charges and a single deep model, providing results which are in
agreement with the previous experimental works.

4.4 Self-trapped beams and coherent interactions

The realization of an all-optical switching or coupling device requires to
access the possibility of driving the behaviour of two or more photorefractive
solitons just taking advance of light properties. Performances that such
a system must provide are the possibility of fusing into a unique guiding
structure or to increase their initial separation.

To achieve this result, the coherent interaction process between self-
trapped beams will be experimentally investigated. Up today, photorefrac-
tive collisions have been experimentally realized in the insulator SBN at
frequencies in the visible region [185–189]. In the proposed analysis, the
InP:Fe semiconductor, working at infrared (telecom) wavelengths, is used
so to obtain the further advantage of increasing the whole process response
time by orders of magnitude. Coherent interactions, on the contrary of what
allowed by the incoherent ones can make possible both fusion and repulsion
according to the relative phase existing between the two beams. In the inco-
herent case [190–192], in fact, only fusion can be induced as a consequence
of the increased total intensity in between the two beams. Photorefractive
coherent interactions can take to an efficient fusion between the two beams
other than their repulsion. This is consequence of the partially inelastic
nature of collisions, thus soliton annihilation or new solitons birth can be
achieved as well [186, 187]. This is a novelty element with respect to the
Kerr type [193] for which collisions are rigorously elastic and consequently
soliton speed, energy and number of solitons are always kept. In turn, this
implies that one-dimensional Kerr collisions can only take to a temporary
fusion of the two beams which separate afterwards.
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Photorefractive collision process is local, in the sense that is based on
the superposition degree between each beam induced refractive index vari-
ation region. Effects are expected to be maximized for an almost complete
overlapping and negligible for far enough beams. On the contrary, nonlo-
cal media allow beam interactions for much higher beams separations [194].
In this case, another kind on nonlinearity is required, for example the one
provided by the optical thermal nonlinearity (heating transfer between the
beams). The physical process driving fusion or repulsion in a photorefrac-
tive medium is based on the interference pattern that the two beams create,
and it is in this framework that their relative phase plays a role. If the two
beams are in-phase (∆φ = 0) then the constructive interference between
them will increase the light intensity pattern and if out of phase (∆φ = π)
a minimum for it should appear in between them (ideally the fringe space
modulation should reach its maximum value m=1). The photorefractive
nature of InP : Fe reacts to this modifications inducing a refractive index
change which is function of the space charge field created by the increasing
of the local illumination or its decreasing. In the first case, the two beams
will be attracted towards the centre, so fusing, while in the other they will
increase their separation.

This aspect is often described in terms of attractive or repulsive forces
that each soliton exertes on the other one being it considered as a “particle-
like” entity. Some models trying to quantify these forces have been developed
so far [195,196].

To maximize these forces is indeed necessary to increase as much as
possible the induced refractive index variation. This condition is locally
realized in correspondence to the formation of a spatial soliton.

Other parameters must be briefly introduced, as to investigate the very
basic properties of an interaction process inside this material, secondary
effects like two wave mixing gain must be eliminated. They would play
a role if an high enough number of fringes appeared in between the two
co-propagating beams. In this case, the scattering would not be negligi-
ble and a photorefractive gain could appear. The induced grating path
can be calculated with the usual expression for photorefractive gratings:
Λ = λ0/(2nsin(θ)). n is the average refractive index, 2θ the whole angle
between the crossing beams and λ = 1.064µm. It can be found, fig.4.2, that
starting from a relative inclination of 0.4 degrees, full angle, fringes can
reach a size comparable to each beam transverse dimension. To avoid this,
the two beams are injected and let propagate along parallel directions inside
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the sample. Furthermore, this configuration allows to reduce as much as
possible eventually present angular momenta. For the in-phase condition,
they could induce a spiralling behaviour [197] between the two “particles”.
This is consequence of the perfect balancing between each soliton centrifugal
force and the relative attraction force, with the consequence that they would
propagate without fusing.

Figure 4.2: Photorefractive induced grating period for two crossing beams.
The graph is plot versus half of the whole angle and for a λ = 1.064µm.

4.5 Coherent interactions: experimental setup
Experimentally, interaction measurements have been performed by injecting,
inside the sample, two focused identical beams, extraordinarily polarized and
in continuous wave regime, fig.4.3. A laser with wavelength λ = 1.064µm
is firstly mode-cleaned via a monomodal optical fibre, collimated and then
divided in two arms by a Mach-Zehnder interferometric scheme.

These two beams are then focused on the input face of the sample to
make them co-propagate along parallel directions. Being the beams colli-
mated and focused using two identical lenses, the transverse dimensions in
the focus and the linear diffraction properties, should remain the same for
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both the beams. Along one of the two arms is placed a piezo-electric mir-
ror that allows to change the relative phase with a resolution much higher
than the employed wavelength, so to grant high accuracy in the relative
phase regulation. Optical filters are also added to keep the two beam light
intensities equal.

With reference to the crystallographic directions, light is made propagate
along the 11mm long < 1̄10 > direction and its polarization oscillate along
the 5mm long < 110 > one. Furthermore, parallel beam optical axis lie on
the same plane along which the electric field acts, as in the inset of fig.4.3.

Figure 4.3: Experimental setup employed to study coherent interactions be-
tween two co-propagating parallel beams. In the inset, the crystallographic
directions are emphasized according to the bias field application one and
beam relative positions.

An optical system is then used to conjugate the output face of the sample
on the sensor of an infrared camera, providing at the same time an optical
magnification of about ten times. This optical device is composed by a
couple of plano-convex lenses disposed to reduce aberrations and in a 2f-2f
configuration. A microscope objective (10X) is then placed to conjugate the
resulting image on the camera sensor with the ten time magnification. This
optical system allows to measure the input beam waist size, to investigate
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the formation dynamics at the output face and moreover to establish the
initial beams relative phase. In fact, only one large fringe will appear be-
tween them on the input face so, by direct visual inspection, it is possible
to distinguish its intensity level and thus to maximize or minimize it. Fur-
thermore, magnification allows to reduce an eventual angle existing between
the beams along the propagation direction because of the high enough CCD
sensor resolution (squared pixel having side of 6.45 µm). The used camera
has a response time which is longer than the transient evolution for the self-
trapping process, so all the results that will be presented are relative to the
steady-state condition.

Metallic electrodes are applied on the sample opposite facets along the
5mm long < 001 > direction. A high voltage generator is used to realize
the required bias electric field between them. To thermalize the sample
to a constant temperature, a Peltier cell is placed along the same facets.
Nevertheless a temperature gradient is anyway expected to exist between
the Peltier application facets. As it will be further on demonstrated, the
two beams stop interacting starting from distances between their centres in
the order of three times their waist, so for a distance of 125÷ 130µm along
the < 001 > direction. This permits to assume that in the small volume
occupied by the two beams the imposed temperature remains constant.

4.6 One beam self-trapping: dependency on light
intensity, temperature and input waist

As anticipated, the main issue that must be investigated is the identification
of the best self-trapping conditions in order to locally increase as much
as possible the refractive index variation and so to maximize the mutual
forces between the two solitons. Involved parameters are: light intensity (I),
temperature (T), bias electric field Ebias and input waist (win).

As first approach, sample temperature is stabilized at 20◦ C and light
intensity for the single beam is varied checking the degree of self-confinement.
For these measurements a waist win = 25µm is chosen and a bias electric field
of 10kV/cm is applied; these values have been experimentally found and are
in agreement with [14]. In fig.4.4, I have reported the ratio between the beam
waist in nonlinear regime (so when the bias field is applied) and in linear
diffraction, at the output face, as function of input intensity. This is an
experimental curve that I calculated to determine exactly the self-focusing
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properties of the sample under investigation according to its doping level.
When the ratio is equal to one, the beam is in linear diffraction condition.

Figure 4.4: Self-focusing efficiency for the single beam for a fixed tempera-
ture of T = 20◦C.

Two well defined regions can be identified: (a) for light intensities below
0.2W/cm2, the beam self-defocuses when the bias field is applied; (b) for
light intensities above 0.2W/cm2, the beam self-focuses. The maximum
self-focusing exists at about 0.77W/cm2. The separation between these two
regions, at 0.2W/cm2, corresponds to a condition for which the application
of the bias electric field does not influence at all linear diffraction (waist
ratio equal to 1 in fig.4.4).

This curve could be in agreement with the theory according to which a
resonant value exists for the induced space charge field, but the existence of
such resonant condition (provided by an equal generation rates for electrons
and holes, thermal and optical respectively) is not yet universally accepted
[198]. It can thus be inferred that even if a real resonance cannot take place,
a strong increasing for the space charge field is achieved as well, so to justify
the maximum for self-focusing (point (A) in fig.4.4).

For different temperatures, this extremal point is expected to move.
A “resonant-like” behaviour has been demonstrated also for self-trapping

in the CdZnTe semiconductor [15], but in this case carrier generation rules
are opposite to what happens in InP:Fe.
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In fig.4.5, a more detailed analysis about the transverse profiles of the
input, the linearly diffracted and self-trapped beams is reported. It is inter-
esting to note that self-trapping is not symmetric, it is negligible along the
vertical direction (parallel to the light polarization oscillation) but efficient
along the perpendicular one, the electric field application direction. When
self-trapping is complete, the final dimension along it changes from about
wdiff

out = 52µm for the case of linear diffraction, to about wEbias
out = 29µm. So

linear diffraction is not completely compensated.
When self-trapping approaches the steady-state regime, also a beam

bending appears. According to the performed measurements and the op-
tical regime, the beam moves along the bias electric field direction.

Figure 4.5: Beam transverse profiles (for T = 20◦C, I = 0.77W cm−2,
win = 25µm) at the input face (a) and the output face in the linear (b)
and nonlinear regime (c), respectively. Upon the bias electric field applica-
tion (Ebias = 10kV/cm), self-confinement (c) is efficient along the x direction
but negligible along the y one. Beam bending appears (c) along the same
bias field direction.

If compared to lithium niobate, in which a typical self-trapped beam
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size is in the order of 8µm, in indium phosphide the best self-confinement
condition is found for an input waist of about 25µm. Smaller waists have
been tried as well but, although a self-focused beam could be obtained, the
final transverse profile was always accompanied by a lateral second peak.
An experimental result is depicted in fig.4.6. It is relative to an input waist
win ' 19µm and an intensity of 0.77W cm−2 which provides the strongest
self-confined condition.

Figure 4.6: Beam transverse profiles (for T = 20◦C, I = 0.77W cm−2,
win = 19µm) at the input face (a) and the output face in the linear (b)
and nonlinear regime (c), respectively. Upon the bias electric field appli-
cation (Ebias = 10kV/cm), self-confinement (c) occurs but a lateral second
peak appears.

As beam waist reduction implies an increased linear diffraction, it might
be inferred that the induced space charge field is not high enough to com-
pensate for it. As a consequence, the whole injected light cannot be collected
into the self-confined beam. This hypothesis can be further justified taking
into account some of the numerical results proposed in [182]. According



116 Chapter 4. Photorefractive interactions in InP:Fe for all-optical telecommunication devices

to this numerical model, self-confinement is induced by the formation of
a strong negative refractive index variation induced region that “pushes”
the light into the positive and guiding one. In fig.4.7, the space charge
field, the corresponding refractive index and the beam intensity profiles are
reported for the steady state regime. Observing the transverse refractive
index profile in fig.4.7 (c)-(d), two guiding regions (one much stronger than
the other) surround the antiguiding one which completely separates them.
The antiguiding region is characterized by a strong negative refractive in-
dex. Furthermore, the latter provides a curved shape for the guiding regions.
All these elements are found in the proposed experimental measurements of
fig.4.6.

Figure 4.7: (Courtesy of Fabrice Devaux [182]) numerical description for
the single beam self-confined condition at steady state. On the left side is
reported the evolution in time along the light propagation direction, <001>
for: space charge field (normalized to the bias one), induced refractive index
and intensity profile. On the right one, the corresponding transverse profiles
at the output face are depicted.
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Going back to the second peak origin, if the nonlinearity is not strong
enough to keep constant the transverse beam phase all along the propagation
distance, then the negative refractive index region can actually separate the
residual diffracted light from the main self-confined contribution. As further
analysis, it has been verified that this secondary peak is neither introduced
by additional interference patterns arising from the used optical components
nor by a double reflection inside the sample. Its separation from the main
contribution is also related to the temperature, but cannot be eliminated,
at least within the used temperature range: 15◦C and 25◦C. Clearly, this
beam configuration (win = 19µm) cannot be used to study collisions as it
implies the interaction between four beams having different strengths.

Consequently, because of the electron-hole competition process and self-
confinement dynamics, the refractive index variation is asymmetric with
respect to the beam centre (fig. 4.7 (c)-(d)) and might be the “sparkle” for
light bending. Also bending is mediated by the temperature/light intensity
couple, but this aspect is still under investigation.

4.7 Collisions between co-propagating parallel beams

In the previous section, the best self-trapping conditions for one beam have
been found: waist win = 25µm and I=0.77 W cm−2 for a stabilized temper-
ature of 20◦C, condition (A) in fig. 4.4. Now, the simultaneous injection of
two parallel and identical beams (light intensity and input waist) and the
relative phase influence on their propagation is studied when the bias elec-
tric field (Ebias = 10kV cm−1) is applied. These interactions are coherent, so
the relative phase difference existing between the beams drives them to fuse
or repulse each other. At the same time, the relative phase itself represents
a critic point for the measurements, as it will be shown further on.

The used laser beam coherence length is about twice the propagation
distance inside the sample. Beams will remain coherent all along the whole
propagation path and this has been verified by maximizing the interference
fringe modulation amplitude in condition of linear diffraction.

If individually injected, the two beams will exhibit exactly the same self-
trapping properties, like for example the same amount of bending, but if
simultaneously launched, it will not remain the same. As the two beams
are injected making them lie along a plane parallel to the bias electric field
direction, they will not react to the applied electric field exactly in the same
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way. This is consequence of the partial bias field screening that one of the two
beams causes, thus slightly modifying self-trapping properties for the second
one. Consequently, the relative phase difference cannot remain constant
along the whole propagation path. Furthermore, as in this configuration all
the generated carriers are driven by the bias field, the amount of screening
will change in function of the temperature (electrons) and light intensity
(holes) as well.

Figure 4.8: Limit interaction cases (maximal and no interaction) for two
beams separated by a distance δin, at T = 20◦C and injected with an inten-
sity of 0.77W cm−2 each. Profiles are drawn along the < 001 > direction.
(a) (b) (c) are relative to the individually injected beams at the input and
output face in linear and nonlinear condition (Ebias = 10kV cm−1). From (d)
to (g) the two simultaneously injected beam interaction result is reported in
function of the relative phase difference existing between them ∆φ = 0, π.
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Experimentally, the typical resulting collision effect is resumed in fig. 4.8.
Fusion and repulsion cases fig. 4.8 (d)-(g) are depicted in terms of the two
beam transverse profiles along the x axis, with reference to a temperature of
20◦C. The collision behaviour corresponds to the beam configuration at the
input fig. 4.8 (a) and output fig. 4.8 (b)-(c) faces of the sample. In details,
the two limit situations are drawn: maximal interaction, occurring for an
input separation of δin = 11µm, and no interaction at all for δin ' 60µm.
The latter situation indicates that the two beams are too far one each other
and so they behave like if individually injected, thus confirming the local na-
ture of the photorefractive interaction. The interference induced refractive
index variation in-between the beams is negligible in the last case, while is
strongly enhanced in the other. The minimum separation value represents
the limit for which the interference result can be distinguished in the re-
pulsion case. This is consequence of the destructive interference that has a
very wide fringe, ideally infinite for a perfect overlap of the two interacting
beams. Both the cases, repulsion and fusion, have been investigated. The
parameters that have been taken into account are: beam separation and
thus their overlapping degree, light intensity and temperature. The latter is
changed by ±5◦ with respect to 20◦ C.

To perform this analysis, three light intensity values have been chosen in
function of the single beam self-focusing efficiency, fig. 4.4: best self-focusing
and two points corresponding to a lower and lower efficiency. In the picture
fig. 4.4 they are labelled with (A), (B), (C) and the corresponding intensity
values are: 0.77 W cm−2, 1.55 W cm−2 and 2.32 W cm−2, respectively.

In the following, experimental results for repulsion and fusion will be
presented and discussed [199]. At the moment it is not yet possible to
give an exhaustive explanation of the involved physical processes because
of the lack of a model able to describe the microscopic charge behaviour.
In collaboration with University of Besançon, a numerical model is being
developed using the following experimental results as reference.

4.7.1 Out of phase (∆φ = π) beams: repulsion

To describe this process, the parameter “repulsion efficiency” is defined. It
represents the ratio between the two beam separation in nonlinear regime
and the one in the linear diffraction condition. Repulsion efficiency is plot
versus the input separation distance normalized to the input waist, for the
three light intensity values. Experimental results for T=20◦ C are reported
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in fig. 4.9 (A)-(B)-(C). In terms of charges and according to the previ-
ously described models, the light induced free hole generation rate is thus
modified. As expected, in spite of the same input separation for the two

Figure 4.9: The ratio between the two beam separation in nonlinear and
linear regime is plot versus the input separation normalized to the single
input beam waist. This curve is relative to a temperature T = 20◦C and
the light intensity values correspond to the (A) (B) and (C) conditions of
fig.4.4.

beams, repulsion efficiency is different for the three cases. It decreases from
a maximum separation value of about 125µm ' 5win (for beams separated
by δin ' 0.5win), up to a distance identical to the individually launched
beams one. This confirms that this process is strictly bound to the two
beams induced refractive index overlapping degree. They stop interacting
when separation between the beam centres is about 3win ' 75÷ 80µm. This
experimental set of points are found to be better described by an exponential
trend than by a function related to the inverse of distance.

Qualitatively, it is found that in correspondence to the same beam rel-
ative distance, separation at the output increases moving from (A) to (C)
in fig. 4.4. It increases moving from a condition of maximized diffraction
compensation to a condition of more and more diffracted beams. A possible
explanation for this behaviour can be inferred. As two diffracted beams
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share a larger overlapping region than a self-trapped one, the destructive
interference can dig a wider negative refractive index region. Furthermore,
moving from (A) to (C) also light intensity on the beam tails is stronger,
so the interference contrast increases and acts as if a stronger force was
induced.

By changing the sample temperature, also the thermally generated elec-
tron rate can be modified. The procedure used to find the self-focusing
region at 20◦ C is repeated for T = 15◦C and T = 25◦C. A variation of only
±5◦C is applied to the reference temperature. In fig.4.10, single beam self-
focusing behaviour is reproduced for both the cases in comparison to one
at T = 20◦C and waist values are not normalized. A self-focusing region
follows a self-defocusing one and their boundaries change with temperature.
Self-confined beam waist, for the three intensity values under investigation
(I = 0.77; 1.55; 2.32W cm−2), has been averaged over more measurements to
get an high enough accuracy about the crossing points.

Figure 4.10: Single beam waists in nonlinear regime for T = 15◦C, T = 20◦C
and T = 25◦C.

For a temperature of T = 20◦C, two repulsing beams exhibit three well
distinguished trends and repulsion efficiencies, as in fig.4.9. This is in agree-
ment with the fact that the considered self-focusing efficiencies are almost
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equally separated among them: 0.56 in (A), 0.74 in (B) and 0.92 in (C) of
fig.4.4.

Repeating the same analysis also for the other two temperatures, a strong
correlation between repulsion and single beam self-focusing efficiency can be
found. For a temperature of T = 15◦C, for example, it might be expected
to find a similar trend for repulsion in correspondence to the (B) and (C)
conditions in fig.4.10. This as a consequence of the very close single, self-
confined, beam waists: 46.1µm in (B) and 48.4µm in (C).

Because of the same reason, such a result should be obtained for the (A)
and (B) conditions at T = 25◦C. In this case, single beam waists are 30µm
in (A) and 28.9µm in (B).

To verify this behaviour, the two beam separation at the output face
and in nonlinear regime, is plot versus the one imposed at the input face
and in function of light intensity. In this way, the hypothesized trends can
be confirmed, fig.4.11 and fig.4.12. In fact, in the considered conditions, an
almost perfect overlapping of the corresponding curves is found for all the
considered initial separation values.

Figure 4.11: Repulsion efficiency for a temperature of T = 15◦C in function
of the input separation distance normalized to the single input beam waist.
Almost complete overlapping for curves corresponding to the (B) and (C)
conditions in fig.4.10 for the same temperature.
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Figure 4.12: Repulsion efficiency for a temperature of T = 25◦C in function
of the input separation distance normalized to the single input beam waist.
Almost complete overlapping for curves corresponding to the (A) and (B)
conditions in fig.4.10 for the same temperature..

4.7.2 In-phase (∆φ = 0) beams: fusion

When the two beams are in-phase (∆Φ = 0) and simultaneously launched,
an attraction between them can be forced. The bright fringe appearing in
between them increases the local refractive index and the two beam energy
can be guided into a unique beam. This resulting light induced structure
can realize a Y-junction-like behaviour and so it could be employed as a
coupler device.

As done for the case of repulsion, this phenomenon is studied in function
of: sample temperature, light intensity and separation distance between the
two beams.

The initial phase between them is chosen looking at the input face of the
sample and maximizing the light intensity of the bright fringe appearing in
the middle.

While the beam fusion has been achieved for all the performed measure-
ments, it is interesting to investigate the final size of the resulting beam.

It is worth remembering that to achieve fusion it is fundamental to avoid
beam injection with an angle in-between them. This would be responsible
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for the appearing of angular momenta and thus for spiralling.
As it will be demonstrated, fusion depends on many parameters and the

performed measurements still present some unclear aspects that must be
deepened with further investigations.

As a general comment, it is expected that the local nature of this process
limits it to occur only when a substantial beams overlapping is present, thus
when each beam can feel the refractive index variation induced by the other.
When launched along parallel directions and very close one each other, the
induced bright fringe, that is supposed to drive the whole process, is larger
than the single beam. Being fusion related to beam superposition, this fringe
size is not expected to reduce in an appreciable way till when a critical beam
separation is reached.

When the two individually launched self-trapped beams are made in-
teract one-each-other in an in-phase configuration, each of them will bend
towards the other one because of the increased refractive index region that
is created in the middle. If each soliton is thought like an interacting parti-
cle, it can be inferred that, as a consequence of bending, each particle will
acquire a transverse momentum, and thus a speed, that will induce an angle
in the initially parallel propagation. Such an angle is expected to reduce
the fringe dimension, and consequently the resulting collapsed beam waist
size. By increasing the relative separation, each “particle” can propagate
along a longer distance and thus increase its velocity under the effect of
the transverse acceleration. The interacting angle will further increase until
a critical separation is reached and so a limit angle must exist. Once the
threshold separation distance is reached, corresponding to a no more enough
beam overlapping and thus corresponding to an attractive force that starts
reducing more and more, the final beam dimension should start increasing
again.

In fig.4.13 - 4.15, the resulting fused beam waist is plot versus the two
beam separation on the input face for the three considered temperature val-
ues. Some general trends can be inferred. For an imposed temperature of
T = 15◦C, fig.4.13, the final waist for all the three intensities attains a final
value with a saturating trend. It is interesting to note that for the low-
est light intensity value I = 0.77W cm−2 this trend is opposite to the other
two, it increases instead of decreasing. When temperature is increased to
T = 20◦C, fig.4.14, the waist size for I = 1.55W cm−2 and I = 2.73W cm−2

decreases with the increasing separation up to a minimum value, correspond-
ingly to an input separation of about 1.3± 1.4 times the input waist. This
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Figure 4.13: Fused beam waist for T = 15◦C.

behaviour seems to justify the initial hypothesis about the relationship ex-
isting between the attractive force strength and the two beams separation.
Conversely, the lower light intensity keeps a decreasing trend. Finally, taking
the temperature to the maximum value analysed (T = 25◦C), fig.4.15, a sim-
ilar behaviour exists, no matter the light intensity value. After a monotonic
decreasing, a common inversion value is found when the input separation
is about 1.6 times the input one. According to the presented whole set
of measurements about the fused beam waist, it looks that starting from
the condition of maximum overlapping, the fused beam waist should de-
crease with the increasing of the input separation. This does not happen
for T = 15◦C and I = 0.77W cm−2, condition for which the waist size in-
creases. This result seems to imply the existence of several regimes in the
electron-hole competition process, but the gathered informations are not
enough to completely justify this hypothesis; so other measurements must
be performed.

Furthermore, a direct comparison with the single beam waist does not fit
the presented experimental results. This can be addressed to the in-phase
sum of the two interacting electric fields. The additional term introduced
by the constructive interference change the expected ratio electrons/holes
and the thus the expected photorefractive response.
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Figure 4.14: Fused beam waist for T = 20◦C.

Figure 4.15: Fused beam waist for T = 25◦C.



Conclusions

This thesis has been developed with the final aim of realizing an all-optical
circuit having improved performances with respect to an electronic one.
Solutions for interconnections, sources and an elaborating circuit (a switcher
or a coupler) have been proposed. As a novelty element, nonlinear optics
has been used to overpass all the limitations that the common technology
offers when writing integrated optical interconnections (waveguides). In
details, the physic phenomena originating bright photorefractive solitons
and in turn photorefractive waveguides have been employed. In this way,
the whole bulk became accessible for waveguiding with structures of reduced
propagation losses. Soliton waveguiding advantages have been overworked
by a proper choice of the photorefractive material: lithium niobate and iron
doped indium phosphide. The first, owns a very high relaxation time thus
allowing a stable guide even without having fixed it. The second instead, has
a very short (micro-milliseconds) one thus allowing a dynamical waveguide
reconfiguration.

Solitonic waveguides as optical 3D interconnections Whatever the
aim, a good interconnection must grant that the signal transported inside it
arrives to the endpoint keeping all its original properties. Because of this,
at the very beginning of this thesis, great care has been devoted to create
solitonic waveguides that resulted as robust as possible. The work described
in this chapter takes into account also all the experimental measurements
that I carried out during my master degree thesis where the influence of
light intensity and wavelength in photorefractive solitons formation has been
analysed in nominally undoped lithium niobate. To complete this work, the
influence of light polarization on waveguide formation has been investigated
in function of light propagation direction (so material anisotropy). The
important result that arose from these measurements, is the higher space
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charge field that an ordinary polarized light in the visible region can induce
in the material with respect to an extraordinary one. Paying the price of
a longer time required to write a waveguide, this configuration provides
structures that efficiently trap the light injected inside them. This is a new
result that has been explained also numerically by reducing the photovoltaic
field contribution when an ordinary polarized light interacts with the lattice.
Thus, it is provided the confirmation that this field contribution is less strong
than the one along the ĉ axis but not negligible; the tensorial nature of the
photovoltaic field is demonstrated to play a role.

Solitonic waveguide-based active devices in lithium niobate The
extremely low losses and the real 3D character of solitonic waveguides pro-
vide very favourable properties to realize an integrated waveguide lasing
device. Nowadays technology requires infrared sources working in the third
window for telecommunications and if lithium niobate is doped with er-
bium ions, a luminescence emission can be obtained exactly in this band, at
λ = 1530nm. The self-confined nature of this waveguides makes it possible
to have a constant emission all along the propagation path for the pump
beam and in association to the low losses, it is possible to obtain lasing from
a proper resonant cavity. As this doping element was never investigated
before for the realization of spatial solitons, a characterization of its concen-
tration influence in lithium niobate photorefractive properties (electro-optic
coefficient r33, photovoltaic field EPV and self-trapping) has been performed.
The injected radiation is not resonant with erbium absorption frequencies.
All the parameters resulted influenced by this ions incorporation and a crit-
ical value has been found for ρEr = 0.3mol%: a trend change for r33, a
minimum for the photovoltaic field and the fastest soliton formation time.
As further prove for this measurement quality, all the final beam waists
have been found to follow a single trend in function of the refractive index
constrast calculated with the previously exerimentally determined parame-
ters. A model that well explains changes in the investigated photorefractive
parameters has been developped in function of doping concentration that
can be considered small and thus justify the substitutional incorporation
rule for erbium in lithium sites. As next step, the multistep absorption of
a radiation, now resonant with an erbium absorption line, is demonstrated
to be able to write a waveguide by means of the incoherent luminescence
emitted by erbium ions. This luminescence acts both as background illu-
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mination and waveguide writing beam. From numerical simulation, it has
been seen that the pump beam and the generated luminescence one are quite
well overlapped and that luminescence tails cover a wide region around the
pump beam. This justify the high stability and bending absence in the
formed waveguide. It is important to remark that in this way, a bending
free waveguide for pump beam and the lasing candidate one, can be written
at the same time. Finally, numerical simulations about population inver-
sion and optical power requirement in function of the waveguide waist have
been performed. Consequently, resonators have been built for the involved
frequencies, but this aspect is still under investigations.

Second Harmonic Generation and solitonic waveguides The main
aim of this research activity is the realization of an integrated source oper-
ating in the blue region. Taking advantage of self-diffraction compensation
that a solitonic waveguide offers it is possible to optimize and make constant
the second harmonic generation of a near infrared (fundamental) beam in-
side it. This investigation has been led on nominally undoped samples but
in regime of extremely short (femtoseconds) duration light pulses. Different
aspects have been investigated. Firstly, the existence of a second harmonic
generated signal is demonstrated for an interaction type ee-e which is char-
acterized by a huge phase mismatch and thus very disadvantaged. Then,
the possibility of using this seed to write a waveguide in which also the
fundamental beam can propagate undiffracted has been exploited, verify-
ing the interplay between the quadratic and photorefractive effect. Finally,
physical properties of this seed have been investigated in comparison to the
fundamental ones.

Many results have been found. Solitonic behaviour can be achieved only
in the modelocked regime and the consequent guide can efficiently trap also
the fundamental beam. This process has been found to occur in the frame-
work of an ee-e interaction and so, in spite of the huge phase mismatch that
characterize it, it is possible to take advantage of the highest nonlinear coef-
ficient offered by lithium niobate. Then, the nature of the second harmonic
pulses has been studied, demonstrating that for each fundamental pulse, two
second harmonic contributions are generated. They are not identical, one
propagates experiencing the proper material dispersion law, while the other
propagates exactly along the direction of the fundamental beam. Thus, in
spite of the different wavelength of the two pulses; they feel the same refrac-
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tive index. It has been demonstrated that these two pulses are locked both
in terms of phase and group velocities. As expected, the photorefractive
self-trapping for these two pulses has provided peculiar results. In fact a
spatial diffraction compensated structure has been achieved, but the beams
propagating inside are locked in time so they give rise to a “simulton”. Ac-
cording to the injected power, different regimes have been found: twin-state
propagation and filamentation. In a twin-state propagation, locked pulses
self-trap as well as the unlocked one, they attract one each other but they
never collapse. In the filamentation regime, single pulse identity is lost as
they separates in multiple blue contributions and each of them generates a
waveguide for the fundamental beam.

Photorefractive interactions in InP:Fe for all-optical telecommu-
nication devices The principle of all-optical information processing has
been investigated also by studying the interaction between coherent solitonic
beams. Thanks to the high speed of space charge field building up, indium
phosphide is a good candidate to realize waveguiding structures that can
be quickly reconfigured in an all-optical way. The two beams have been
forced to fuse (creating a Y junction) or repel one each other (so increas-
ing their initial separation) simply changing their relative phase and thus
the interference in-between them. This behaviour has been characterized in
function of the relative distance between the beams and both the parameters
that strongly influence photorefractivity inside it: light intensity and tem-
perature. While other measurements and investigations are still necessary,
promising results have been obtained.

Perspectives The realization of integrated photonic circuits based on soli-
tonic waveguides seems indeed very promising. The results obtained during
my PhD program opened new perspectives and investigations in different do-
mains. The first, short-term, expectation is the analysis of permanent fixing
of solitonic waveguides and consequently of solitonic circuits in lithium nio-
bate. In fact we have seen that once formed, a solitonic waveguide can be
used for long time thanks to the ultra long relaxation time of lithium nio-
bate. In the laboratory a good efficiency of solitonic waveguides has been
recorded after up to several months after writing. But for real commercial
applications permanent structures must be obtained, capable to receive no-
modifications with their use. For this reason permanent fixing of realized
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guiding structures is indeed a challenging perspective that must be inves-
tigated in deep. Several techniques have been proposed in literature, like
thermal or high-voltage treatments of the modified substrates, or the us-
ing of very high-intensity laser beams during the writing procedure. All
these techniques will be compared in order to identify the best protocol
to permanently fix the realized circuits. A second, short-term, expectation
regards the optimization of the proposed devices. In fact during my PhD
work I have started new devices, like the laser integrated inside a soliton
waveguide, like a frequency converter or a signal processor via soliton inter-
action. All these devices need some further activities to reach an evolution
level high enough to guaranty future commercial applications. A medium-
term perspective can be identified in the capability of integrate together
different technologies and materials according to the processing level that is
needed. More specifically, I have shown that we might use lithium niobate
substrates or indium phosphide ones depending on application: in lithium
niobate we can realize permanent devices which might be externally modu-
lated by means of the electro-optic effect. Thus, lithium niobate is indeed an
excellent material to provide electro-optic devices. But its slow relaxation
does not allow to realize all-optical and ultrafast devices: for this reason
a much faster medium must be used, like for example indium phosphide.
Can these different materials be integrated together to perform complex
functions? Clearly the processing protocol would remain the propagation
of spatial solitons. But to unify the same protocol within different mate-
rial supports is indeed a challenging problem that, if solved, will push the
activities and applications towards a complete all-optical circuit based on
soliton technology. So, finally the long-term perspective is the realization of
"complete" all-optical circuits. I have considered here different aspects of the
integration, like light sources, frequency conversion, parallel and sequential
interconnections and, last but not least, single-bit optical processing. Let’s
say that all such aspects have been considered from the "academic" point of
view. I have investigated the physics of such devices and I have provided
their experimental evidence. A big but intriguing challenge is their integra-
tion together in a complete all-optical processor. Since long time ago the
prospective of an optical computing was pursuit with many efforts, even if
real circuits never came out. Hopefully the soliton protocol could play the
game and complete integrated processing circuits can be realized. Will they
be all-optical or electro-optical? It is not clear at the moment, but probably
a combination of the two would guaranty a better capability of performing
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operations. In fact, as Latins were saying "IN MEDIO STAT VIRTUS"



Research activities out of the main
thesis topic

During my PhD I collaborated to other research activities which are not
directly related to spatial solitons and because of this corresponding pub-
lished papers are just attached at the thesis end. They are related to the
measurement of the Kerr refractive index in gallium nitride (GaN) and of
the nonlinear abrsorption in zinc-phthalocyanines using the EZ-scan and
Z-scan techniques respectively and have titles:

1. Measurement of pure Kerr nonlinearity in GaN thin films at 800nm
by means of eclipsing Z-scan experiments. [200]
Abstract:
We report the measurement of Kerr nonlinearity of thin films of GaN
by using the eclipsing Z-scan technique. The measurement was per-
formed using 100 fs pulses at 800 nm.
We measured a pure refractive signal, whose associated nonlinear Kerr
coefficient was n2 = (−7.3± 0.4)× 10−14 cm2 W−1

2. Nonlinear optical absorption of zinc-phthalocyanines in polymeric ma-
trix. [201]
Abstract:
We realized and investigated films of zinc - phtalocyanines into poly
(methylmethacrylate) (PMMA) for optical limiting applications. The
ratio by weight of the compound to the host polymer was 0.083% and
0.15%. Linear optical characterization of films, performed by spec-
trophotometry, show a low degree of molecular aggregation of zinc-
phtalocyanines in the polymeric matrix. Two different type of non-
linear optical investigation were performed separately on the obtained
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films. Measurements of nonlinear transmission were carried out using
a ns Nd:Yag laser followed by OPO (532 nm) and a nonlinear response
was observed. From the experimental data, the nonlinear absorption
coefficient b was retrieved and found to be 29 and 43 cm/GW, re-
spectively. The measurements of β was also performed via the z-scan
technique on the same films, using 100 fs pulses at 800 nm. At this
wavelength, the nonlinear absorption coefficient was evaluated to be
0.40 and 0.23 cm/GW.
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Theory of photogalvanic effect in ferroelectrics. Ferroelectrics, 22:647–
648, 1978.

[43] H. G. Festl, P. Hertel, E. Krätzig, and R. von Baltz. Investigations
of the photovoltaic tensor in doped LiNbO3 . Phys. Status Solidi (a),
113:157–164, 1982.

[44] M. Simon, St Wevering, K. Buse, and E. Krätzig. The bulk pho-
tovoltaic effect of photorefractive LiNbO3 : Fe crystals at high light
intensities. J. Phys. D: Appl. Phys, 30:144–149, 1997.

[45] K. Buse. Light-induced charge transport processes in photorefractive
crystals I: models and experimental methods. Appl. Phys. B, 64:273–
291, 1997.

[46] F.Jermann and J. Otten. Light induced charge transport in
LiNbO3 : Fe at high light intensities. J. Opt. Soc. Am. B, 10:2085–
2092, 1993.

[47] M. Segev, B. Crosignani, and A. Yariv. Spatial solitons in photore-
fractive media. Phys. Rev. Lett., 68:923–926, 1992.

[48] G. C. Duree, Jr. J. L. Shultz, G. J. Salamo, M. Segev, A. Yariv,
B. Crosignani, P. Di Porto, E. J. Sharp, and R. R. Neurgaonkar. Ob-
servation of self-trapping of an optical beam due to the photorefractive
effect. Phys. Rev. Lett., 71:533–536, 1993.

[49] M. Segev, G. C. Valley, B. Crosignani, P. DiPorto, and A. Yariv.
Steady-state screening solitons in photorefractive materials with ex-
ternal applied field. Phys. Rev. Lett., 73:3211–3214, 1994.

[50] D. N. Christodoulides and M. I. Carvalho. Bright, dark, and grey
spatial soliton states in photorefractive media. J. Opt. Soc. Am. B,
12:1628–1633, 1995.

[51] G. C. Valley, M. Segev, B. Crosignani, A. Yariv, M. M. Fejer, and
M. C. Bashaw. Dark and bright photovoltaic spatial solitons. Phys.
Rev. A, 50:R4457–R4460, 1994.

[52] M. Segev, G. C. Valley, M. C. Bashaw, M. Taya, and M. M. Fejer.
Photovoltaic spatial solitons. J. Opt. Soc. Am. B, 14:1772–1781, 1997.



146 Bibliography

[53] M. Taya, M. C. Bashaw, M. M. Fejer, M. Segev, and G. C. Valley. Ob-
servation of dark photovoltaic spatial solitons. Phys. Rev. A, 52:3095–
3100, 1995.

[54] M. Taya, M. C. Bashaw, M. M. Fejer, M. Segev, and G. C. Valley. Y
junctions arising from dark-soliton propagation in photovoltaic media.
Opt. Lett., 21:943–945, 1996.

[55] W. L. She, K. K. Lee, and W. K. Lee. Observation of two-dimensional
bright photovoltaic spatial solitons. Phys. Rev. Lett., 83:3182–3185,
1999.

[56] L. Jinsong and L. Keqing. Screening-photovoltaic spatial solitons in
biased photovoltaic-photorefractive crystals and their self-deflection.
J. Opt. Soc. Am. B, 16:550–555, 1999.

[57] L. Keqing, T. Tiantong, and Z. Yanpeng. One-dimensional steady-
state spatial solitons in photovoltaic photorefractive materials with an
external applied field. Phys. Rev. A, 61:053822 1–5, 2000.

[58] A. A. Zozulya and D. Z. Anderson. Propagation of an optical beam in
a photorefractive medium in the presence of a photogalvanic nonlin-
earity or an externally applied electric field. Phys. Rev. A, 1995:1520–
1531, 51.

[59] M. Chauvet, V. Coda, H. Maillotte, E. Fazio, and G. Salamo. Large
self-deflection of soliton beams in LiNbO3. Opt. Lett., 30:1977–1979,
2005.

[60] A. Ashkin, G. B. Boyd, J. M. Dziedzic, R. G. Smith, A. A. Ballman,
J. J. Levinstein, and K. Nassau. Optically-induced refractive index
inhomogeneities in LiNbO3 and LiTaO3. Appl. Phys. Lett., 9:72–74,
1966.

[61] J. J. Amodei. Electron diffusion effects during hologram recording in
crystals. Appl. Phys. Lett., 18:22–24, 1971.

[62] N. V. Kukhtarev, V. B. Markov, S. G. Odulov, M. S. Soskin, and V. L.
Vinetskii. Holographic storage in electrooptic crystals. I. steady state.
Ferroelectrics, 22:949–060, 1979.



Bibliography 147

[63] N. Fressengeas, J. Maufoy, and K. Kugel. Temporal behavior of
bidimensional photorefractive bright spatial solitons. Phys. Rev. E,
54:6866–6875, 1996.

[64] N. Fressengeas, D. Wolfersberger, J. Maufoy, and G. Kugel. Build up
mechanism of (1+1)-dimensional photorefractive bright spatial quasi-
steady-state and screening solitons. Opt. Commun., 145:393–399,
1998.

[65] M. Chauvet. Temporal analysis of open-circuit dark photovoltaic spa-
tial solitons. J. Opt. Soc. Am. B, 20:2515–2522, 2003.

[66] E. Fazio, M. Chauvet, V. I. Vlad, A. Petris, F. Pettazzi, V. Coda,
and M. Alonzo. Ferroelectric crystals for photonics applications: In-
cluding nanoscale fabrication and characterization techniques. Series
in material science. Springer, 2009.

[67] K. Kos, H. Meng, G. Salamo, M. Shih, M. Segev, and G. C. Valley.
One-dimensional steady-state photorefractive screening soliton. Phys.
Rev. E, 53:R4330–R4333, 1996.

[68] M. Alonzo. Master degree thesis: “solitoni ottici spaziali ad alta in-
tensità in niobato di litio”. Sapienza, Universitá di Roma, 2005.

[69] Crystal Technology. http://www.crystaltechnology.com.

[70] J. Safioui, M. Chauvet, F. Devaux, V. Coda, F. Pettazzi, M. Alonzo,
and E. Fazio. Polarization and configuration dependence of beam self-
focusing in photorefractive LiNbO3. J. Opt. Soc. Am. B, 26:487–492,
2009.

[71] J. Safioui, M. Chauvet, F. Devaux, V. Coda, F. Pettazzi, M. Alonzo,
and E: Fazio. Impact of tensorial nature of the electro-optic effect
on vortex beam propagation in photorefractive media. Opt. Express,
16:7134–7141, 2008.

[72] F. Devaux, V. Coda, M. Chauvet, and R. Passier. New time-dependent
photorefractive three dimensional model: application to self-trapped
beam with large bending. J. Opt. Soc. Am. B, 25:1081–1086, 2008.



148 Bibliography

[73] R. Passier, F. Devaux, and M. Chauvet. Impact of tensorial nature of
the electro-optic effect on vortex beam propagation in photorefractive
media. Opt. Express, 16:7134–7141, 2008.

[74] B. Sturmann and V. I. Fridkin. The photovoltaic and photorefractive
effects in noncentrosymmetric materials. Gordon and Breach Science
Publishers, 1992.

[75] K. Hsu, C. M. Miller, J. T. Kringlebotn, E. M. Taylor, J. Townsend,
and David N. Payne. Single-mode tunable erbium:ytterbium fiber
Fabry-Perot microlaser. Opt. Lett., 19:886–888, 1994.

[76] K. Hsu, C. M. Miller, J. T. Kringlebotn, and D. N. Payne. Continuous
and discrete wavelength tuning in Er:Yb fiber Fabry-Perot lasers. Opt.
Lett., 20:377–379, 1995.

[77] J. L. Zyskind, J. W. Sulhoff, J. Stone, D. J. DiGiovanni, L. W. Stulz,
H. M. Presby, A. Piccirilli, and P.E. Pramayon. Electrically tunable,
diode pumped erbium-doped fibre ring laser with fibre Fabry-Perot
etalon. Electron. Lett., 27:1950–1951, 1991.

[78] G. A. Ball and W. W. Morey. Continuously tunable single-mode er-
bium fiber laser. Opt. Lett., 17:420–422, 1992.

[79] R. Brinkmann, W. Sohler, and H. Suche. Continuous-wave erbium-
diffused LiNbO3 waveguide laser. Elect. Lett., 27:415–417, 1991.

[80] P. Becker, R. Brinkmann, M. Dinand, W. Sohler, and H. Suche. Er-
diffused Ti : LiNbO3 waveguide laser of 1563 and 1576 nm emission
wavelengths. Appl. Phys. Lett., 61:1257–1259, 1992.

[81] H. Suche, L. Baumann, D. Hiller, and W. Sohler. Modelocked
Er : Ti : LiNbO3 waveguide laser. Elect. Letters, 29:1111–1112, 1993.

[82] Söchtig, R. Groβ, I. Baumann, W. Sohler, H. Schütz, and R. Wid-
mer. DBR waveguide laser in erbium-diffusion-doped LiNbO3. Elect.
Letters, 31:551–552, 1995.

[83] Ch. Becker, A. Greiner, Th. Oesselke, A. Pape, W. Sohler, and
H.Suche. Integrated optical Ti : Er : LiNbO3 distributed bragg reflec-
tor laser with a fixed photorefractive grating. Opt. Lett., 23:1194–1196,
1998.



Bibliography 149

[84] K. Schäfer, I. Baumann, W. Sohler, H. Suche, and S. West-
enhöfer. Diode-pumped and packaged acoustooptically tunable
Ti:Er:LiNbO3 waveguide laser of wide tuning range. IEEE J. Quan-
tum Elect., 33:1636–1641, 1997.

[85] E. Fazio, M. Alonzo, F. Devaux, A. Toncelli, N. Argiolas, M. Baz-
zan, C. Sada, and M. Chauvet. Luminescence-induced photorefractive
spatial solitons. Appl. Phys. Lett., 96:091107 1–3, 2010.

[86] T. Fujiwara, M. Takahashi, M. Ohama, A. J. Ikushima, and Y. Fu-
rukawa nad K. Kitamura. Comparison of electro-optic effect between
stoichiometric and congruent LiNbO3 . Elect. Lett., 35:499–501, 1999.

[87] S. M. Kostritskii and O. G. Sevostyanov. Influence of intrinsic defects
on light-induced changes in the refractive index of lithium niobate
crystals. Appl. Phys. B, 65:527–533, 1997.

[88] X. He and D. Xue. Doping mechanism of optical damage resistant
ions in lithium niobate crystals. Opt. Commun., 265:537–541, 2006.

[89] M. Imlau. Defects and photorefraction: A relation with mutual bene-
fit. Phys. Stat. Sol. (a), 3:642–652, 2007.

[90] F. Abdi, M. Aillerie, M. Fontana, P. Bourson, T. Volk, B. Maximov,
S. Sulyanov, N. Rubinina, and M. Wöhlecke. Influence of Zn doping on
electrooptical properties and structure parameters of lithium niobate
crystals. Appl. Phys. B, 68:795–799, 1999.

[91] K. Chah, M. D. Fontana, M. Aillerie, P. Bourson, and G. Malovichko.
Electro-optic properties in undoped and Cr-doped LiNbO3 crystals.
Appl. Phys. B, 67:65–71, 1998.

[92] K. Chah, M. Aillerie, M. D. Fontana, and G. Malovichko. Electro-optic
properties in Fe-doped LiNbO3 crystals as a function of composition.
Opt. Commun., 176:261–265, 2000.

[93] Th. Gog, M. Griebenow, and G. Materlik. X-ray standing wave de-
termination of the lattice location of er diffused into LiNbO3. Phys.
Lett. A, 181:417–420, 1993.



150 Bibliography

[94] I. Baumann, S. Bosso, R. Brinkmann, R. Corsini, M. Dinand,
A. Greiner, K. Schäfer, J. Söchtig, W. Sohler, H. Suche, and R. Wes-
sel. Er-doped integrated optical devices in LiNbO3. IEEE J. Sel. Top.
Quant., 2:355–366, 1996.

[95] L. Rebouta, M. F. da Silva, J. C. Soares, D. Serrano, E. Diéguez,
F. Agulló-Lopez, and J. Tornero. Nonaxial sites for Er in LiNbO3 .
Appl. Phys. Lett., 70:1070–1072, 1997.

[96] T. Bodziony and S. M. Kaczmarek. EPR study of low simmetry Er
centers in congruent lithium niobate. Phys. Stat. Sol. (b), 245:998–
1002, 2008.

[97] S. M. Kaczmarek and T. Bodziony. Low symmetry centers in
LiNbO3 doped with Yb and Er. J. Non-cryst. solids, 354:4202–4210,
2008.

[98] P. Nekvindova, J. Cervena, P. Capek, A. Mackova, V. Perina, J. Schro-
fel, and J. Spirkova. Features of APE waveguides in different
Er : LiNbO3 and (Er + Yb) : LiNbO3 cuts: electrooptical coefficient
r33. Opt. Mat., 24:527–535, 2003.

[99] A. Petris, S. Heidari Bateni, V. I. Vlad, M. Alonzo, F. Pettazzi, N. Ar-
giolas, M. Bazzan, C. Sada, D. Wolfersberger, and E. Fazio. The r33
electro-optic coefficient of Er : LiNbO3. J. Opt., 12:015205 1–5, 2010.

[100] P. Delaye and G. Roosen. Measuring low amplitude periodical pulse
shift without set-up stabilization: effect characterization. Opt. Com-
mun., 214:199–206, 2002.

[101] M. Alonzo, F. Pettazzi, M. Bazzan, N. Argiolas, M. V. Ciampolillo,
S. H. Batheni, C. Sada, D. Wolfersberger, A. Petris, V. I. Vlad, and
E. Fazio. Self-confined beams in erbium-doped lithium niobate. J.
Opt., 12:015206 1–6, 2010.

[102] M. Nippus and R. Claus. The influence of photorefractive index
change on raman scattering intensities in LiNbO3 . Z. Naturforschung,
33a:924–933, 1978.

[103] C. Anastassiou, Ming feng Shih, M. Mitchell, Z. Chen, and M. Segev.
Optically induced photovoltaic self-defocusing-to-self-focusing transi-
tion. Opt. Lett., 23:924–926, 1998.



Bibliography 151

[104] A. R. Denton and N. W. Ashcroft. Vegard’s law. Phys. Rev. A,
43:3161–3164, 1991.

[105] S. C. Abrahams and P. Marsh. Defect structure dependence on com-
position in lithium niobate. Acta Crystallogr., Sect. B: Struct. Sci.,
42:61, 1986.

[106] P. Lerner, C. Legras, and J.P. Dumas. Stoechiométrie des
monocristaux de métaniobate de lithium. J. Cryst. Growth, 3:231,
1968.

[107] N. Iyi, K. Kitamura, F. Izumi, J.K. Yamamoto, T. Hayashi, H. Asano,
and S. Kimura. Comparative study of defect structures in lithium
niobate with different compositions. J. Solid State Chem., 101:340,
1992.

[108] N. Zotov, H. Boysen, F. Frey, T. Metzger, and E. Born. Cation substi-
tution models of congruent LiNbO3 investigated by X-ray and neutron
powder diffraction. J. Phys. Chem. Solids, 55:145, 1994.

[109] A. P. Wilkinson, A. K. Cheetham, and R. H. Jarman. The defect struc-
ture of congruently melting lithium niobate. J. Appl. Phys., 74:3080–
3083, 1993.

[110] G. Malovichko, V. Grachev, and O. Schirmer. Intercorrelation of in-
trinsic and extrinsic defects - congruent, stoichiometric, and regularly
ordered lithium niobate. Appl. Phys. B, 68:785–793, 1999.

[111] F. Abdi, M. D. Fontana, M. Aillerie, and P. Bourson. Coexistence of
Li and Nb vacancies in the defect structure of pure LiNbO3 and its
relationship to optical properties. Appl. Phys. A - Mater, 83:427–434,
2006.

[112] G. G. DeLeo, J. L. Dobson, M. F. Masters, and L. H. Bonjack. Elec-
tronic structure of an oxygen vacancy in lithium niobate. Phys. Rev.
B, 37:8394–8400, 1988.

[113] G.E. Peterson and A. Carnevale. 93Nb NMR linewidths in nonstoi-
chiometric lithium niobate. J. Chem. Phys., 56:4848, 1972.



152 Bibliography

[114] H. Fay, W. J. Alford, and H. M. Dess. Dependence of second harmonic
phase-matching temperature in lithium niobate crystals on melt com-
position. Appl. Phys. Lett., 12:89–92, 1968.

[115] R. S. Quimby. Output saturation in 980-nm pumped erbium-doped
fiber amplifier. Appl. Optics, 30:2546–2552, 1991.

[116] J. Amin, B. Dussardier, T. Schweizer, and M. Hempstead. Spectro-
scopic analysis of Er3+ transitions in lithium niobate. J. Lumin.,
69:17–26, 1996.

[117] M. Mitchell, Z. Chen, M. Shih, and M. Segev. Self-trapping of partially
spatially incoherent light. Phys. Rev. Lett., 77:490–493, 1996.

[118] M. Mitchell and M. Segev. Self-trapping of incoherent white light.
Nature, 387:880–883, 1997.

[119] D. L. Veasey, J. M. Gary, J. Amin, and J. A. Aust. Time-dependent
modeling of erbium-doped waveguide lasers in lithium niobate pumped
at 980 and 1480nm. IEEE J Qunatum Elect, 33:1647–1662, 1997.

[120] S. Yamaga. Epitaxial ZnS MπS blue light emitting diode fabricated on
n+-GaAs by low-pressure metalorganic vapor phase epitaxy. Japanese
Journal of Applied Physics, 30:437–441, 1991.

[121] L.C. Chao and A.J. Steckl. CW blue-green light emission from GaN
and SiC by sum-frequency generation and second harmonic generation.
J. Electron. Mater., 29:1059–1062, 2000.

[122] I. Harrison, S. V. Novikov, T. Li, R. P. Campion, C. R. Staddon, C. S.
Davis, Y. Liao, A. J. Winser, and C. T. Foxon. On the origin of blue
emission from As-doped GaN. Phys. Stat. Sol. (b), 228:213–217, 2001.

[123] Crystal Technology. Periodically poled lithium niobate (PPLN).
http://www.crystaltechnology.com.

[124] E. J. Lim, M. M. Fejer, R. L. Byer, and W. J. Kozlovsky. Blue light
generation by frequency doubling in periodically poled lithium niobate
channel waveguide. Elect. Lett., 25:731–732, 1989.



Bibliography 153

[125] G. W. Ross, M. Pollnau, P. G. R. Smith, W. A. Clarkson, P. E. Britton,
and D. C. Hanna. Generation of high power blue light in periodically
poled LiNbO3 . Opt. Lett., 23:171–173, 1998.

[126] Y. Chen, R. Wu, X. Zeng, Y. Xia, and X. Chen. Type I quasi-phase-
matched blue second harmonic generation with different polarizations
in periodically poled LiNbO3 . Opt. Laser Technol., 38:19–22, 2006.

[127] M. M. Fejer, G. A. Magel, D. H. Jundt, and R. L. Byer. Quasi-phase-
matched second harmonic generation: tuning and tolerances. IEEE J.
Quantum Elect., 28:2631–2654, 1992.

[128] V. Gopalan, T. E. Mitchell, Y. Furukawa, and K. Kitamura. The
role of nonstoichiometry in 180◦ domain switching of LiNbO3 crystals.
Appl. Phys. Lett., 72:1981–1983, 1998.

[129] D. A. Bryan, R. Gerson, and H. E. Tomachke. Increased optical dam-
age resistance in lithium niobate. Appl. Phys. Lett., 44:847–849, 1984.

[130] S. Lan, Ming feng Shih, G. Mizell, J. A. Giordmaine, Z. Chen, C. Anas-
tassiou, J. Martin, and M. Segev. Second-harmonic generation in
waveguides induced by photorefractive spatial solitons. Opt. Lett.,
24:1145–1147, 1999.

[131] C. Lou, J. Xu, H. Qiao, X. Zhang, Y.Chen, and Z. Chen. Enhanced
second-harmonic generation by means of high-power confinement in a
photovoltaic soliton-induced waveguide. Opt. Lett., 29:953–955, 2004.

[132] M. Domenech, R. E. Di Paolo, G. Lifante, and F. Cussó. Blue light
by SHG in diode pumped LiNbO3 waveguides. Phys. Stat. Sol. (a),
192:135–138, 2002.

[133] A. Yariv. Optical electronics in modern communications. Oxford Uni-
versity press, 1997.

[134] N. Bloembergen. Nonlinear optics. World Scientific, 2005.

[135] J. A. Armstrong, N. Bloembergen, J. Ducuing, and P. S. Pershan.
Interactions between light waves in a nonlinear dielectric. Phys. Rev.,
127:1918–1939, 1962.



154 Bibliography

[136] S. A. Akhmanov, V. A. Vysloukh, and A. S. Chirkin. Optics of fem-
tosecond laser pulses. American Institute of Physics, New York, pages
140–141, 1992.

[137] S. M. Saltiel, K. Koynov, B. Agate, and W. Sibbett. Second-
harmonic generation with focused beams under conditions of large
group-velocity mismatch. J. Opt. Soc. Am. B, 21:591–598, 2004.

[138] N. Bloembergen and P. S. Pershan. Light waves at the boundary of
nonlinear media. Physical Review, 128:606–622, 1962.

[139] M. Mlejnek, E. M. Wright, J. V. Moloney, and N. Bloembergen. Sec-
ond harmonic generation of femtosecond pulses at the boundary of a
nonlinear dielectric. Phys. Rev. Lett., 83:2934–2937, 1999.

[140] P. D. Maker, R. W. Terhune, M. Nisenoff, and C. M. Savage. Effects of
dispersion and focusing of the production of optical harmonics. Phys.
Rev. Lett., 8:21–22, 1962.

[141] W. N. Herman and L. M. Hayden. Maker fringes revisited: second
harmonic generation from birefringent or absorbing materials. J. Opt.
Soc. Am. B, 12:416–427, 1995.

[142] N. C. Kothari and X. Carlotti. Transient second harmonic generation:
influence of effective group velocity dispersion. J. Opt. Soc. Am. B,
5:756–764, 1988.

[143] W. Su, L. Qian, H. Luo, X. Fu, H. Zhu, T. Wang, K. Beckwitt,
Y. Chen, and F. Wise. Induced group velocity dispersion in phase
matched second-harmonic generation. J. Opt. Soc. Am. B, 23:51–55,
2006.

[144] M. Scalora, G. D’aguanno, M. Bloemer, M. Centini, D. de Ceglia,
N. Mattiucci, and Y. S. Kivshar. Dynamics of short pulses and phase
matched second harmonic generation in negative index materials. Opt.
Express, 14:4746–4756, 2006.

[145] E. Fazio, F. Pettazzi, M. Centini, M. Chauvet, A. Belardini,
M. Alonzo, C. Sibilia, M. Bertolotti, and M. Scalora. Complete spatial
and temporal locking in phase-mismatched second-harmonic genera-
tion. Opt. Express, 17:3141–3147, 2009.



Bibliography 155

[146] F. Pettazzi, M. Alonzo, M. Centini, A. Petris, V. I. Vlad, M. Chauvet,
and E. Fazio. Self-trapping of low energy infrared femtosecond beams
in lithium niobate. Phys. Rev. A, 76:063818 1–4, 2007.

[147] K. Buse, F. Jermann, and E. Krätzig. Infrared holografic recording in
LiNbO3 : Fe and LiNbO3 : Cu. Opt. Mater., 4:237–240, 1995.

[148] Y. Furukawa, K.Kitamura, A. Alexandrovski, R. K. Route, M. M.
Fejer, and G. Foulon. Green induced infrared absorption in MgO
doped LiNbO3. Appl. Phys. Lett., 78:1970–1972, 2001.

[149] M. L. Sundheimer, Ch. Bosshard, E. W. Van Stryland, and G. I.
Stegeman. Large nonlinear phase modulation in quasi-phase-matched
KTP waveguides as a result of cascaded second-order processes. Opt.
Lett., 18 (17):1397–1399, 1993.

[150] O. Ilday F, Kale Beckwitt, Yi-Fan Chen, Hyungsik Lim, and Frank W.
Wise. Controllable raman-like nonlinearities from nonstationary, cas-
caded quadratic processes. J. Opt. Soc. Am. B, 21 (2):376–383, 2004.

[151] G. I. Stegeman, D. J. Hagan, and L. Torner. χ(2) cascading phenomena
and their applications to all-optical signal processing, mode-locking,
pulse compression and solitons. Optical and Quantum Electronics,
28:1691–1740, 1996.

[152] G. Assanto and G. I. Stegeman. Simple physics of quadratic spatial
solitons. Opt. Express, 10:388–396, 2002.

[153] Richard DeSalvo, Ali A. Said, David J. Hagan, Eric W. Van Stryland,
and Mansoor Sheik-Bahae. Infrared to ultraviolet measurements of
two-photon absorption and n2 in wide bandgap solids. IEEE J. Quan-
tum Elect., 32 (8):1324–1333, 1996.

[154] E. Fazio, A. Belardini, M. Alonzo, M. Centini, M. Chauvet, F. Devaux,
and M. Scalora. Observation of photorefractive simultons in lithium
niobate. Opt. Express. Accepted for pubblication, 2010.

[155] M. Zitelli, E. Fazio, and M. Bertolotti. An all optical nor gate based
on the interaction between cosine-shaped input beams of orthogonal
polarization. J. Opt. Soc. Am. B, 16:214–218, 1999.



156 Bibliography

[156] M. Bertolotti, A. D’Andrea, E. Fazio, M. Zitelli, A. Carrera,
G. Chiaretti, and N. G. Sanvito. Experimental observation of spa-
tial soliton dragging in a planar glass waveguide. Optics Commun.,
168:399–403, 1999.

[157] E. Fazio, M. Zitelli, M. Bertolotti, A. Carrera, G. Chiaretti, and N. G.
Sanvito. Solitonic waveguiding in planar glass structures. Optics Com-
mun., 158:331–336, 2000.

[158] F. Garcia, E. Fazio, and M. Bertolotti. Optical multifunction logic
gate based on bso photorefractive crystal. SPIE, 4987:310–319, 2003.

[159] L. B. Ceipidor, A. Bosco, and E. Fazio. Logic functions, devices and
circuits based on parametric nonlinear processes. J. Lightwave Tech-
nol., 4987:310–319, 2008.

[160] T. Tanemura, M. Takenaka, A. Al Amin, K. Takeda, T. Shioda,
M. Sugiyama, and Y. Nakano. Inp-InGaAsP integrated 1x5 opti-
cal switch using arrayed phase shifters. IEEE Photonic Tech. Lett.,
20:1063–1065, 2008.

[161] I. M. Soganci, T. Tanemura, K. A. Williams, N. Calabretta,
T. de Vries, E. Smalbrugge, M. K. Smit, H. J. S. Dorren, and
Y. Nakano. Test. ECOC 2009 20-24 September Vienna - Austria,
2009.

[162] J. Söchtig, H. Schütz, R. Widmer, R. Corsini, D. Hiller, C. Car-
mannini, G. Consonni, S. Bosso, and L. Gobbi. Monolithically inte-
grated DBR waveguide laser and intensity modulator in erbium doped
LiNbO3 . Electron. Lett., 32:899–900, 1996.

[163] M. L. Masanovic, V. Lal, J. S. Barton, E. J. Skogen, L. A. Coldren,
and D. J: Blumenthal. Monolithically integrated Mach-Zehnder inter-
ferometer wavelength converter and widely tunable laser in InP. IEEE
Photonic Tech. Lett., 15:1117–1119, 2003.

[164] K. J. Bachmann, E. Buehler, J. L. Shay, and A. R. Strnad. Liquid
encapsulated Czochralski pulling of InP crystals. J. Electron. Mater.,
4:389–406, 1975.



Bibliography 157

[165] S. Kitazaki, M. J. Griffin, R. Fornari, E. Giglioli, A. Sentiri, A. Zap-
pettini, G. Mignoni, and G. Zuccalli. Growth of semi-insulating InP
with uniform axial Fe doping by a double-crucible LEC technique. J.
Cryst. Growth, 179:57–66, 1997.

[166] T. Inada, T. Fujii, M. Eguchi, and T. Fukuda. Technique for the direct
synthesis and grown of indium phosphide by the liquid phosphorus
encapsulated Czochralski method. Appl. Phys. Lett., 50:86–89, 1987.

[167] S. M. Sze. Physics of semiconductor devices. Wiley Int. Science, 1981.

[168] G. C. Valley. Simultaneous electron-hole transport in photorefractive
materials. J. Appl. Phys., 59:3363–3366, 1986.

[169] G. Picoli, P. Gravey, C. Özkul, and V. Vieux. Theory of two-wave mix-
ing gain enhancement in photorefractive InP:Fe: A new mechanism of
resonance. J. Appl. Phys., 66:3798–3813, 1989.

[170] C. Özkul, S. Jamet, and V. Dupray. Dependence on temperature of
two-wave-mixing in InP:Fe at three different wavelengths: an extended
two-defect model. J. Opt. Soc. B, 14:2895–2903, 1997.

[171] L. Pavesi, F. Piazza, A. Rudra, J. F. Carlin, and M. Ilegems. Tem-
perature dependence of the InP bandgap from a photoluminescence
study. Phys. Rev. B, 44:9052–9055, 1991.

[172] D. C. Look. Model for Fe2+ intracenter-induced photoconductivity in
InP:Fe. Phys. Rev. B, 20:4160–4166, 1979.

[173] G. C. Valley, S. W. McCahon, and M. B. Klein. Photorefractive
measurement of photoionization and recombination cross sections in
InP:Fe. J. Appl. Phys., 64:6684–6689, 1988.

[174] F. P. Strohkendl, J. M. C. Jonathan, and R. W. Hellwarth. Hole-
electron competition in photorefractive gratings. Opt. Lett., 11:312–
314, 1986.

[175] M. C. Bashaw, T. P. Ma, and R. C. Barker. Comparison of single-
and two-species models of electron-hole transport in photorefractive
media. J. Opt. Soc. Am. B, 9:1666–1672, 1992.



158 Bibliography

[176] G. Picoli, P. Gravey, and C. Özkul. Model for resonant intensity
dependence of photorefractive two-wave mixing in InP:Fe. Opt. Lett.,
14:1362–1364, 1989.

[177] C. Özkul, S. Jamet, P. Gravey, K. Turki, and G. Bremond. Pho-
torefractive effect in InP:Fe dominated by holes at room temperature:
influence of the indirect transitions. J. Opt. Soc. B, 11:1668–1673,
1994.

[178] G. Bremond, A. Nouailhat, G. Guillot, and B. Cockayne. Deep level
spectroscopy in InP:Fe. Electron. Lett., 17:55–56, 1981.

[179] C. Özkul, G. Picoli, P. Gravey, and N. Wolffer. High gain coherent
amplification in thermally stabilized InP:Fe crystals under dc fields.
Appl. Optics, 29:2711–2717, 1990.

[180] R.S. Rana, D. D. Nolte, R. Steldt, and E. M. Monberg. Temperature
dependence of the photorefractive effect in InP:Fe: role of multiple
defects. J. Opt. Soc. Am. B, 9:1614–1625, 1992.

[181] P. Delaye, P. U. Halter, and G. Roosen. Thermally induced hole-
electron competition in photorefractive InP:Fe due to the Fe2+ exited
state. Appl. Phys. Lett., 57:360–362, 1990.

[182] F. Devaux and M. Chauvet. Three-dimensional numerical model of
the dynamics of photorefractive beam self-focusing in InP:Fe. Phys.
Rev. A, 79:033823 1–7, 2009.

[183] N. Fressengeas, N. Khelfaoui, C. Dan, D. Wolfersberger, H. Leblond,
and M. Chauvet. Roles of resonance and dark irradiance for infrared
photorefractive self-focusing and solitons in bi-polar InP:Fe. Phys.
Rev. A, 75:063834 1–6, 2007.

[184] M. Chauvet, S. A. Hawkins, G. J. Salamo, M. Segev, D. F. Bliss,
and G. Bryant. Self-trapping of planar optical beams by use of the
photorefractive effect in InP:Fe. Opt. Lett., 21:1333–1335, 1996.

[185] H. Meng, G. Salamo, M. Shih, and M. Segev. Coherent collisions of
photorefractive solitons. Opt. Lett., 22:448–450, 1997.



Bibliography 159

[186] W. Krolikowski, C. Denz, A. Stepken, M. Saffman, and B. L.-Davies.
Interactions of spatial photorefractive solitons. Quantum Semiclass.
Opt., 10:823–837, 1998.

[187] W. Krolikowski, B. L.-Davies, C. Denz, and T. Tschudi. Annihilation
of photorefractive solitons. Opt. Lett., 23:97–99, 1998.

[188] A. V. Mamaev, M. Saffman, and A. A. Zozulya. Phase-dependent
collisions of (2+1)-dimensional spatial solitons. J. Opt. Soc. Am. B,
15:2079–2082, 1998.

[189] E. DelRe, S. Trillo, and A. J. Agranat. Collisions and inhomogeneous
forces between solitons of different dimensionality. Opt. Lett., 25:560–
562, 2000.

[190] A. Stepken, M. R. belic, F. Kaiser, W. Krolikowski, and B. Luther-
Davies. Three dimensional trajectories of interacting incoherent pho-
torefractive solitons. Phys. Rev. Lett., 82:540–543, 1999.

[191] C. Denz, W. Krolikowski, J. Petter, C. Weilnau, T. Tschudi, M. R.
Belic, F. Kaiser, and A. Stepken. Dynamics of formation and interac-
tion of photorefractive screening solitons. Phys. Rev. E, 60:6222–6225,
1999.

[192] A. Stepken, F. Kaiser, and M. R. Belic. Anisotropic interaction of
three-dimensional spatial screening solitons. J. Opt. Soc. Am. B,
17:68–77, 2000.

[193] J. S. Aitchison, A. M. Weiner, Y. Silberberg, D.E. Leaird, M. K.
Oliver, J. L. Jeckel, and P. W. E. Smith. Experimental observation of
spatial soliton interactions. Opt. Lett., 16:15–17, 1991.

[194] C. Rotschild, B. Alfassi, O. Cohen, and M. Segev. Long-range inter-
actions between optical solitons. Nature Physics, 2:769–774, 2006.

[195] D. J. Mitchell, A. W. Snyder, and L. Poladian. Interacting self-guided
beams viewed as particles: Lorentz force derivation. Phys. Rev. Lett.,
77:271–273, 1996.

[196] M. R. Belić, A. Stepken, and F. Kaiser. Spatial screening solitons as
particles. Phys. Rev. Lett., 84:83–86, 2000.



160 Bibliography

[197] L. Poladian, A. W. Snyder, and D. J. Mitchell. Spiralling spatial
solitons. Opt. Commun., 85:59–62, 1991.

[198] H. Leblond and N. Fressengeas. Theory of photorefractive resonance
for localized beams in two-carrier photorefractive systems. Phys. Rev.
A, 80:033837 1–6, 2009.

[199] M. Alonzo, C. Dan, D. Wolfersberger, and E. Fazio. Coherent collisions
of infrared self-trapped beams in photorefractive InP:Fe. Appl. Phys.
Lett., 96:121111 1–3, 2010.

[200] E. Fazio, A. Passaseo, M. Alonzo, A. Belardini, C. Sibilia, M. C. Lar-
ciprete, and M. Bertolotti. Measurement of pure Kerr nonlinearity in
GaN thin films at 800nm by means of eclipsing Z-scan experiments.
J. Opt. A: Pure Appl. Opt., 9:L3–L4, 2007.

[201] M. C. Larciprete, R. Ostuni, A. Belardini, M. Alonzo, G. Leahu,
E. Fazio, C. Sibilia, and M. Bertolotti. Nonlinear optical absorption
of zinc-phthalocyanines in polymeric matrix. Photonic Nanostruct.,
5:73–78, 2007.



Candidate publication list

Book chapters:

• E. Fazio, M. Chauvet, V. I. Vlad, A. Petris, F. Pettazzi, V. Coda,
M. Alonzo. Ferroelectric crystals for photonics applications: Includ-
ing nanoscale fabrication and characterization techniques. Chapter:
Integrated optical microcircuits in lithium niobate written by spatial
solitons. Pag:101-134. Springer-Material science 2009

Publication list:

• M. Alonzo, C. Dan, D. Wolfersberger and E. Fazio. Coherent collisions
of infrared self-trapped beams in photorefractive InP:Fe. Appl. Phys.
Lett., 96:121111 1-3,2010.

• E. Fazio, A. Belardini, M. Alonzo, M. Centini, M. Chauvet, F. Devaux
and M. Scalora. Observation of photorefractive simultons in lithium
niobate. Opt. Express, Accepted for pubblication, 2010.

• E. Fazio, M. Alonzo, F. Devaux, A. Toncelli, N. Argiolas, M. Baz-
zan, C. Sada and M. Chauvet. Luminescence-induced photorefractive
spatial solitons. Appl. Phys. Lett.,96:091107 1-3,2010.

• M. Alonzo, F. Pettazzi, M. Bazzan, N. Argiolas, M. V. Ciampolillo,
S. Heidari Batheni, C. Sada, D. Wolfersberger, A. Petris, V. I. Vlad
and E. Fazio. Self-confined beams in erbium-doped lithium niobate.
J. Opt.,12:015206 1-6, 2010.

• A. Petris, S. Heidari Batheni, V. I. Vlad, M. Alonzo, F. Pettazzi, N.
Argiolas, M. Bazzan, C. Sada, D. Wolfersberger and E. Fazio. The r33
electro-optic coefficient of Er : LiNbO3. J. Opt.,12:015205 1-5, 2010.

161



162 Bibliography

• E. Fazio, F. Pettazzi, M. Centini, M. Chauvet, A. Belardini, M. Alonzo,
C. Sibilia, M. Bertolotti and M. Scalora. Complete spatial and tem-
poral locking in phase-mismatched second-harmonic generation. Opt.
Express, 17:3141-3147, 2009.

• J. Safioui, M. Chauvet, F. Devaux, V. Coda, F. Pettazzi, M. Alonzo,
and E. Fazio. Polarization and configuration dependence of beam self-
focusing in photorefractive LiNbO3. J. Opt. Soc. Am. B, 26:487-492,
2009.

• F. Pettazzi, M. Alonzo, M. Centini, A. Petris, V. I. Vlad, M. Chauvet
and E. Fazio. Self-trapping of low-energy infrared femtosecond beams
in lithium niobate. Phys. Rev. A, 76:063818 1-4, 2007.

• M. C. Larciprete, R. Ostuni, A. Belardini, M. Alonzo, G. Leahu, E.
Fazio, C. Sibilia, M. Bertolotti. Nonlinear optical absorption of zinc-
phthalocyanines in polymeric matrix. Photonic Nanostruct., 5:73-78,
2007.

• E. Fazio, A. Passaseo, M. Alonzo, A. Belardini, C. Sibilia, M. C. Lar-
ciprete and M. Bertolotti. Measurement of pure Kerr nonlinearity in
GaN thin films at 800nm by means of eclipsing Z-scan experiments.
J. Opt. A: Pure Appl. Opt., 9:L3-L4, 2007.





164 Bibliography



Bibliography 165



166 Bibliography



Bibliography 167



168 Bibliography



Bibliography 169



170 Bibliography


	Contents
	Introduction
	Solitonic waveguides as optical 3D interconnections
	Spatial optical solitons: alternatives to photorefractivity
	Kerr effect based spatial soliton
	Cascading-effect-based quadratic spatial solitons

	Lithium niobate
	Electro-optic coefficient
	Photovoltaic effect

	From photorefractivity to bright spatial solitons, application case: LiNbO3
	One carrier model for photorefractivity in lithium niobate

	Classical mathematical approximations
	Space charge field derivation: time dependency and stationary regime
	Approximated wave equation for beam propagation in a PR medium: solitonic solution

	Guiding optimization and anisotropy effects on bright spatial soliton induced waveguides in lithium niobate

	Solitonic waveguide-based active devices in lithium niobate
	Material characterisation: Erbium volume doping via the Czochralski technique
	Material characterisation: r33 coefficient measurement
	Material characterisation: photovoltaic field (EPV) measurement
	Self-trapped beams in Er:LiNbO3
	Microscopic structure and defects-based erbium incorporation model
	Erbium spectroscopic properties
	LISS: Luminescence Induced Spatial Soliton
	Towards laser devices in solitonic waveguides

	Second Harmonic Generation and solitonic waveguides
	Introduction
	Second harmonic generation: An introduction
	Second harmonic beam properties in photorefractive congruent lithium niobate
	Experimental demonstration of pulse locking: phase and group velocities
	Experimental self-trapped (solitonic) waveguide at 800nm in congruent lithium niobate
	Simulton

	Photorefractive interactions in InP:Fe for all-optical telecommunication devices
	InP:Fe structural and optical properties
	Temperature and illumination role on InP:Fe photorefractivity: electron-hole competition effect
	From two wave mixing to one beam self-trapping process in InP:Fe
	Self-trapped beams and coherent interactions
	Coherent interactions: experimental setup
	One beam self-trapping: dependency on light intensity, temperature and input waist
	Collisions between co-propagating parallel beams
	Out of phase (= ) beams: repulsion
	In-phase (= 0) beams: fusion


	Conclusions
	Research activities out of the main thesis topic
	List of Figures
	Bibliography
	Candidate publication list



