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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

Development of Non-Linear Waveguide Devices for Optical Signal

Processing

by Costantino Corbari

Reported in this thesis are advances in glass poling, a technique which produces second-order
optical nonlinearity in glass. Poling of glass has drawn much attention because frequency conver-
sion and electro-optic modulation, operations which are typically restricted to crystals, becomes
feasible in glass fibres and waveguides which are widely spread media in photonics thanks to
their excellent optical properties and mature manufacturing technology. Poled silica glass, de-
spite showing about 10 times lower second-order nonlinearity than nonlinear crystals, can be
competitive with them because longer interaction lengths are possible in glass fibres, owing to
the lower chromatic dispersion.

In this thesis fundamental research about poling techniques, glass composition and characteriza-
tion methods has been carried out in order to investigate possibilities for enhancing the second-
order nonlinearity (χ(2)) induced by poling. A new poling method has been discovered whereby
second-order nonlinearity was produced in undoped silica glass by two-photon absorption of fem-
tosecond UV pulses in the presence of an applied static electric field. Silica pre-treatment by
exposure to IR-femtosecond pulses, which are believed to introduce non-bridging oxygen hole
centre defects in the glass, was also proven to enhance the induced second-order nonlinearity.
From the point of view of the characterization of bulk poled glass, a non-destructive technique
has been developed which enables accurate determination of the χ(2) by overcoming the limita-
tions of the Maker’s fringe technique. The issue of the stability of the second-order nonlinearity
in poled glass, which is fundamental for the development of devices, has been addressed in a
variety of glass compositions: poled fused silica glass was found to be stable for over 30 years
but a much longer stability was shown for a poled alkali free glass.

In parallel to the aforementioned investigations, technologies for the fabrication of χ(2)-gratings
for quasi-phase matching in optical fibres have been developed. The continuous UV-erasure
technique, introduced in this thesis, is compatible with the fabrication of 1 meter long χ(2)-
gratings in fibres. This technology led to the first demonstration of an all-fibre frequency doubler
of a fibre laser. Milliwatts of red light in the fundamental mode were produced by frequency
doubling in a quasi-phase matched periodically poled silica fibre which was directly spliced to
the output of the laser source. Efficiency up to 2.5% has been demonstrated in 11.5 cm long
device with only about 100 W of pump power, which means that 50% conversion efficiency is
expected for a 2 kW input power.
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Chapter 1

General introduction

1.1 Motivation and aims

Glass fibres are a key element for photonics applications and optical telecommunications.
Silica has a dominant position because of its superior optical properties such as low
loss, large transparency spectral range, high optical damage threshold and because of
its low fabrication cost. Optical amplifiers can be fabricated by doping fibres with
erbium, and also fibre lasers, whereby the gain is provided by doping with erbium,
ytterbium or neodymium, are now commercially available. Moreover important passive
optical elements such as fibre Bragg gratings mirrors and filters are straightforwardly
integrated in fibres. However glass has intrinsically a very low optical nonlinearity [4],
and because of its inversion symmetry on a macroscopic scale, it is not naturally a second-
order nonlinear (SON) material which enables for frequency conversion and electro-optic
modulation [5, 6].

Therefore, for frequency doubling of lasers, crystalline materials with second-order non-
linear properties such as lithium triborate (LBO), potassium titanyl phosphate (KTP)
or beta barium borate (BBO) have to be used. Lithium niobate (LiNbO3) is especially
used for electro-optic modulation, although, the coupling of fibre to crystals is not ideal
due to the refractive index mismatch. III-V semiconductor materials, on the other hand
are attractive for frequency conversion because of the high second-order nonlinearity.
However, III-V semiconductors exhibit various disadvantages, such as to having high
refractive index that leads to coupling losses and to require complicated processing dur-
ing manufacturing. A technology that could integrate into fibres active functionalities
based on second-order nonlinear effects, would be highly desirable, but the glass inversion
symmetry prevents this option.

New perspectives were opened by the technique of glass poling, that proved to induce
second-order nonlinearity in silica [7], in a variety of glass compositions [8, 9, 10, 11] and
in germanosilicate fibres and waveguides [12, 13]. Second-order nonlinear optical effects

1
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can be induced in glass by applying a high electric field while simultaneously heating it
at elevated temperatures. This treatment is known as thermal poling. This observation
has excited considerable interest because it suggests that efficient all-glass linear electro-
optic modulators and frequency converters are imminent [12, 14, 15, 16]. Considering
that interaction lengths tens of cm long are feasible in optical fibers (compared to few cm
in ferroelectric crystals), nonlinearities of 1 pm/V place silica glass in the position of a
serious potential rival to the aforementioned nonlinear crystals which have second-order
nonlinearity of the order of 10 pm/V.

For frequency conversion, the potentialities of poled fibres against nonlinear crystals,
can be quantified by defining a figure of merit for the process. The efficiency is higher
for higher second order optical nonlinearity χ(2), for longer interaction length L and for
higher intensity of the pump I. Conversely, the efficiency is reduced by the propagation
losses α and it is also reduced in material having higher index of refraction. Overall,
as will be derived in section 2.3, the figure of merit (FOM) can be expressed by the
following equation

FOM =

∣∣χ(2)
∣∣2 · L2 · I
α · n3

,

from which the advantages of using silica with respect to nonlinear crystals appear
evident:

1. Silica has higher damage threshold (∼ 105 MW/cm2 for nanosecond or even
higher for femtosecond pulses)as compared to LiNbO3 or other nonlinear crys-
tals (∼ 102 − 103 MW/cm2). This means that higher intensities can be used
before the material undergoes damage.

2. Silica can also be made into very low loss (α = 0.2 dB/km) waveguiding structures,
optical fibres.

3. The chromatic dispersion of silica around 1.5µm is much lower than for crystals
allowing the use of longer interaction lengths for the same bandwidth. In this way,
even if the nonlinearity is smaller, the previously defined figure of merit attains
similar values for both materials. The comparison becomes even more favorable
considering the frequency doubling of ultrashort pulses, where LBO or KDP (for
high power levels), having a wider bandwidth and χ(2) ∼ 1 pm/V are commonly
used.

4. Finally silica is relatively cheap and easy to fabricate.

All these characteristics make a glass optical fibre, possessing second-order nonlinearity,
particularly attractive for the frequency doubling of high peak power, short-pulsed,
mode-locked or Q-switched fibre lasers. Fibre lasers doped with rare-earth such as
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erbium (λ = 1525−1570 nm), ytterbium (975−1150 nm) or neodymium (890−940 ) are
protagonists of a rapid development and can now be considered as a serious alternative
to diode pumped solid state lasers [17]. Frequency doubling of these sources would
expand the range of available wavelengths into the visible [18].

In the past, there have been several attempts to demonstrate efficient frequency doubling
of high peak-power picosecond [19], femtosecond [20] and nanosecond sources [12]. Since
nonlinear crystals have typically ten times the nonlinearity of a poled fibre, the length of
a poled fibre must be ten times longer than in crystals to compensate. From the techno-
logical point of view the major difficulty is to maintain the phase coherence between the
driving frequency and the wavelets of the second harmonic for the whole length of the
device. The two waves travel, in fact, with different velocities, owing to dispersion. The
most effective solution is offered by Quasi-phase matching (QPM), in which a steady
phase slippage between the SH and pump wave is introduced by periodically modulating
the nonlinearity in order to compensate for the dispersion [21].

So far QPM has been successfully implemented in poled silica fibres by using both
periodic comb electrodes [20] and periodic UV erasure [22]. In 1999 frequency doubling
in quasi-phase matched germanosilicate optical fibre was reported [12]. Up to 75 mm
long χ(2)-gratings were fabricated by thermal poling in vacuum and periodic electrodes
defined by standard photolithography on the flat surface of a D-shape fibre. Average
conversion efficiency of 21%, defined as the ratio of the second harmonic (SH) power over
the pump power, was demonstrated for pump peak powers as high as 4 kW corresponding
to a normalized conversion efficiency of 5× 10−3%/W. However, the photolithographic
process limits the device length to about 10 cm thus preventing scalability to longer
devices and hence to higher conversion efficiency.

One of the aims of this thesis has been the development of a novel technology that
would allow fabrication of χ(2)-gratings up to one meter long. A continuous periodic
UV erasure technique has been developed, and experimentally demonstrated. For the
first time, the periodic nonlinearity was created step by step, by focusing the output
from a frequency doubled Ar+-laser on the core of the poled fibre and translating along
it. During the movement, the UV light was flashed intermittently in synchronization
with the translation stage. Up to ' 25 cm long QPM gratings in poled silica fibres were
fabricated, limited only by the travel range of the translation stage.

The periodic UV erasure technique is at the basis of the demonstration of the truly
all-fibre frequency doubling of a fibre-laser. 3.6 mW of red light in the fundamental
mode was obtained by frequency doubling from 1554.8 nm to 777.4 nm in quasi-phase
matched periodically poled silica fibre. An average conversion efficiency of 2.4% was
achieved in a 11.5 cm long device with pump peak power of only 108 W compared to 4
kW used in the previous works [12]. The corresponding conversion efficiency, normalized
for the pump power, is η = 2.2 × 10−2%/W and is the highest ever reported for poled
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fibres. As will be outlined in section 9.3 these values are already high enough to achieve
efficiencies of practical interest in frequency doubling of commercial fibre laser sources.

Besides the work on periodically poled fibres, there has been in this thesis a considerable
amount of research effort focused on gaining a deeper knowledge about fundamental
aspects of poling. Poling of novel glass systems and new poling methods for higher
second-order nonlinearity have been tested. The stability of poling, which is an impor-
tant issue for practical applications, has been investigated in bulk glasses. These studies
have benefited from the development of a new characterization technique.

The reason for this work finds its foundation in the aforementioned figure of merit which
would be even more advantageous if one could enhance the χ(2) induced in the glass.
Researchers have been trying poling methods other than thermal poling to increase the
second-order nonlinearity. Corona poling [23], electron beam poling [24], CO2 laser as-
sisted poling [25] and UV poling [26] have been demonstrated. The latter produced in
Ge-doped silica, SON about 10 times higher than in thermally poled silica [27]. The
claim was made that orientation of bonds in the germano-silica matrix or the nucle-
ation of micro-crystals were responsible for the increased χ(2). Nonetheless such high
nonlinearities have never been reproduced by independent groups.

This thesis led to the discovery of a new poling method [28]: UV-femtosecond poling,
where two-photon absorption of femtosecond UV pulses, inn the presence of an applied
electric field, creates a permanent space-charge in silica glass. In contrast to the tradi-
tional UV poling, this technique is not restricted to germano-silicate glasses, rather, it
has been demonstrated in pure silica glass. The maximum value of the induced second-
order nonlinearity was about 0.02 pm/V with the nonlinearity extending over the whole
sample thickness. A rectification model [5, 7], χ(2) = 3χ(3)Edc with χ(3), being the third-
order nonlinear susceptibility, equal to 2 × 10−22 m2V−2 for silica [29] and the applied
electric field Edc equal to 200 kV/cm, gives a predicted χ(2) of 0.01 pm/V in remarkable
agreement with the measured value. If the same experiment is performed in a twin-hole
fibre where the electrodes are separated by only ' 10µm and surrounded by a glass insu-
lator, the applied field can be much higher being only limited by the dielectric strength
of silica at room temperature (2× 109 V/m [30, 31]). We can tentatively predict a χ(2)

exceeding 1 pm/V.

Modification of silica by doping or special pre-treatment, is another route followed by
researchers for enhancing the value of the induced second-order nonlinearity of silica
whilst keeping its excellent optical properties. From this point of view, probably, the
most exciting result was the enhancement, by approximately a factor of ten, in the χ(2)

induced by thermal poling in synthetic silica after annealing at elevated temperatures
and exposure to UV pulses from a KrF excimer laser [32]. Both the annealing and the
UV exposure were believed to introduce point defects in the silica matrix, in particular
non bridging oxygen hole centres (NBOHC), that would make the glass more prone to



Chapter 1 General introduction 5

poling. As a result of the process, synthetic silica, a grade of silica in which thermal
poling proved to be inefficient, showed the same level of second-order nonlinearity as
fused silica (' 1 pm/V). Inspired by this work we studied the effect of irradiation, by
a focused IR femtosecond laser, on fused silica samples. It is known that femtosecond
irradiation, by a multiphoton absorption process, violently breaks the Si-O covalent
bonds and defects, such as oxygen deficiency centers, E’ centers and NBOHC, are created
inside the silica as well as densification [33]. For the first time during this thesis work,
silica pre-treatment by exposure to femtosecond pulses was proved to enhance the ability
of the glass to freeze the electrostatic field induced by thermal poling, leading to higher
nonlinearity [34]. This novel technique, which make it possible to achieve structural
modification in the glass with micro-scale resolution, was used for the fabrication of a
χ(2) grating with 20µm period in bulk glass.

Our work covered also poling of nano-composite silicate glasses aiming at higher χ(2)

through a resonant enhancement of χ(3) close to the surface plasmon resonance of gold
nanocluster dispersed in the silica matrix [35]. The work was motivated by the ob-
served resonant enhancement of χ(2) at the surface plasmon resonance in silver doped
silica glass [36]. In our experiment, though, we did not observe any significant improve-
ment [35]. Poling of tin-doped silica glass fabricated by sol-gel technique produced a
very interesting photosensitive second-order nonlinear glass having the same nonlinear-
ity as fused silica. The issue of the stability of the nonlinearity in poled glass has been
addressed and we demonstrated that engineering of the glass composition can lead to
stable second-order nonlinearity in NA35 glass, a commercial alkali-free silicate glass
produced by Nippon Sheet Glass [37]. Isothermal annealing experiments revealed that
poled fused silica glass is stable for over 30 years.

A further contribution of this thesis to the field of poling is the development of a new,
all-optical, characterization technique which enables accurate determination of the χ(2)

in poled glasses [38]. For accurate estimates of the second-order nonlinearity, it is neces-
sary to measure the thickness of the nonlinear optical layer, which is not straightforward
in thin nonlinear samples like in thermally poled glasses. Although it is a destructive
technique, etching in hydrofluoric acid is typically used for the purpose of measuring
the thickness of the nonlinear region [39]. Our method introduced the use of a stack of
identical poled glasses during tests for second-harmonic generation. For the first time we
suggested that the information about the thickness of the nonlinear region is encoded
in the SH light power by the interference between the SH light generated in the two
optical layers. Making use of the same stack configuration a group in Stanford demon-
strated that the whole profile of the nonlinearity could be retrieved and not only its
thickness [40]. Recently, an interferometric method based on a stack of a quartz plate
and a poled glass which also enables the profile of the nonlinearity to be retrieved, has
been developed by a group in Montreal [41]. These recent publications, together with
refinements of the etching methods being published in the last couple of years [42, 43]



Chapter 1 General introduction 6

testify to the importance given to the characterization techniques as a tool for gaining
insight on the physics of poling and support this way towards the development of de-
vices. In this respect the works aimed at the determination of the χ(2)-profile find their
immediate applications in poling of glass fibres and waveguides where it is necessary to
maximize the overlap between the nonlinear region and the core [44].

1.2 Thesis overview

In chapter two the theoretical background for second-order nonlinear processes is ad-
dressed considering both free and guided propagation of the optical waves.

In chapter three an historical review of the research carried out in the poling field is
given. The fundamental aspects of the physics of poling are presented following the
argumentations that have characterized the scientific debate in this field for the last 15
years. Particular emphasis has been given to specific topics such as ”poling methods”
and poling of ”non-silicate glasses” because they were important to make the choice
of the best poling method and glass composition for the development of a frequency
doubler device which is one of the aims of this thesis work. The review of the scientific
breakthroughs in the field of electro-optic modulators and frequency converters is also
covered.

In chapter four a detailed analysis of the Maker’s fringe technique (MFT) is given and
its limitations are shown. Such a detailed analysis was necessary to introduce the ”Stack
Maker’s fringe technique” (SMFT) that has been developed in this thesis to overcome the
MFT limitations. Both MFT and SMFT were used in this thesis for the characterization
of bulk poled samples given in chapter five.

In chapter five our UV-femtosecond poling technique is presented together with the stud-
ies on nanocomposite glasses, IR-femtosecond pretreatment of silica and stability of the
second-order nonlinearity. In the last section of this chapter various poling methods and
type of glasses for poling have been compared on the basis of both the literature review
and of the experiments presented in the chapter. A critical discussion in view of the
fabrication of a frequency doubler based on periodically poled optical fibres is presented.
In this respect, the most important criteria considered were the reproducibility of the
results and the stability of the nonlinearity. On this basis, the poling method and type
of glass to be used for the development of the frequency doubler fibre device, have been
chosen.

In chapter six are outlined the considerations that guided us in making the choice of
the fibre design and fibre parameters for the highest conversion efficiency and highest
compatibility with standard optical fibres. Details about the fibre that was fabricated
and used for the frequency doubler are also given in this chapter.
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Chapter seven is devoted to the assessment of the periodic UV erasure technique. Here
are also presented the numerical studies for the determination of the quasi-phase match-
ing period in the fibre to be used for the demonstration of the all-fibre frequency doubling
of fibre laser. The sensitivity of the QPM condition to variations in the fibre parameters
have been estimated. The experimental validation of the numerical simulation is also
given.

In chapter eight the fabrication of the periodically poled fibres is described. In particular,
the implementation of the continuous periodic UV erasure for the fabrication of long
χ(2)-gratings is given in this chapter, together with the realization of the truly all-fibre
frequency doubling of a fibre laser.

Chapter nine is a summary of the achievements presented in this thesis. The potential
of the periodically poled fibres with the efficiency demonstrated in this thesis work is
discussed for practical applications of frequency doubled fibre lasers and as a rugged
all-fibre source of entangled photon-pairs for quantum cryptography.

Finally, a list of the publications by the author is given.



Chapter 2

Parametric processes in optical

fibres

2.1 The nonlinear wave equation

The starting point of the discussion are the Maxwell’s equations in the time domain for
the macroscopic variables given here for the international unit system (SI):

∇×E(t) = − ∂

∂t
B(t) (2.1)

∇×H(t) = ε0
∂

∂t
E(t) + J(t) (2.2)

∇ ·D(t) = 0 (2.3)

∇ ·H(t) = 0 (2.4)

with

D(t) = ε0E(t) + P(t) (2.5)

B(t) = µ0H(t) + M(t) (2.6)

µ0 being the free space permeability, ε0 the dielectric constant of vacuum, B(t) the
magnetic induction field, H(t) the magnetic field, E(t) the electric field and D(t) the
electric displacement. J(t) is the total-volume current density. In the following discus-
sion we will focus on the polarization induced in a nonlinear material by the electric
field, therefore we will consider materials with no permanent polarization. We will also
assume that the main contribution to J(t) is due to the polarization current ∂P(t)/∂t,
thus neglecting any effects due to the conduction current that are rigorously absent in di-
electrics with only bound charges. Moreover, because in optics we are mainly concerned
with non-magnetic media, we will neglect the magnetization vector M(t), too.

8
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After simple algebraic manipulations on the Maxwell’s equations (2.1), the wave equation
in the time domain is given as:

∇×∇×E(t) = − 1
c2

∂2E(t)
∂t2

− µ0
∂2P(t)
∂t2

. (2.7)

Since this chapter is concerned with Second Harmonic Generation (SHG), from hereafter
we will use the wave equation expressed in the frequency domain:

∇×∇×E(ω) =
ω2

c2
E(ω) + µ0ω

2P(ω). (2.8)

When the electric fields involved are small compared to the atomic electric fields, the
response of the medium, i.e. the polarization, is linear in the applied electric field. We
have

PL(ω) = ε0χ
(1) ·E(ω) (2.9)

χ(1) being the linear electric susceptibility, which in isotropic media is a simple propor-
tionality factor defining the index of refraction: n(ω) ≡ <e

√
(1 + χ(1)). On the other

hand, when the electric fields are of the same order of magnitude as the atomic elec-
tric fields the nonlinear response of the material cannot be neglected anymore. The
nonlinear regime can be described by the Maxwell’s equations themselves provided that
we express the polarization P(ω) as the sum of a linear (eq. (2.9)) and a nonlinear
contribution (PNL(ω)):

P(ω) = ε0χ
(1) ·E(ω) + PNL(ω). (2.10)

With such a definition, and by substituting eq. (2.10) into eq. (2.8), the wave equation
describing the nonlinear regime is finally obtained:

∇×∇×E(ω) =
ω2

c2
εr(ω) ·E(ω) + µ0ω

2PNL(ω) (2.11)

where εr(ω) denotes the linear dielectric tensor defined as

εr(ω) = 1 + χ(1). (2.12)

In the case of SHG, eq. (2.11) constitutes a set of two wave equations, one for the
component of the electric field at frequency ω and the other for the component at 2ω.
The equations at ω and 2ω are coupled through the nonlinear polarization term PNL(ω)
given, in terms of its frequency component, by [6]:

P(2)
ω = gε0χ

(2)|E2ωE∗ω
(2.13)

P(2)
2ω = gε0χ

(2)|EωEω .
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g being a degeneracy factor. For second harmonic generation g = 1/2, whereas g = 1
for linear absorption/emission processes, and linear refractive index. Through nonlinear
coupling, energy can be transferred back and forth between waves so that the nonlinear
polarization acts as a source for the electric fields propagating inside the nonlinear
medium.

It is worth noting here that, in the absence of the source term, i.e. in the linear regime,
eq. (2.11) has solutions of the form of plane waves propagating with velocity c/n(ω). In
order to find the solution for the nonlinear wave equation (2.11), one is then tempted to
retain the idea of propagating plane waves but with their amplitude and phase modified
by the nonlinearity. We attempt a solution in the form of

E(ω) = A(ω)eik·r (2.14)

with

k =
ω

c
nω ŝ (2.15)

and ŝ unit vector in the propagation direction. In general A(ω) will be a function of the
three coordinates x̂, ŷ, ẑ.

We will now consider further approximations necessary to solve eq. (2.11).

• First of all we will assume that A(ω) are plane waves propagating in an arbitrary
chosen z direction. k · r thus reduces to ±kz.

• Moreover we will consider a case in which the electric field vector is always or-
thogonal to the wave vector: ê · ŝ = 0. This assumption is strictly valid only in
isotropic media or media with cubic symmetry. Under these hypotheses the ex-
pression appearing in the left-hand side of eq. (2.11) can be simplified into:

∇×∇×E(ω)→ − ∂2

∂z2
E(ω). (2.16)

• Furthermore we will assume the Slowly Varying Envelope Approximation

(SVEA). As mentioned earlier, wave coupling in a nonlinear medium results in
energy transfer among waves. Hence the wave amplitudes are expected to change
during propagation. The SVEA approximation, expressed by

∣∣∣∣
∂2

∂z2
A(ω)

∣∣∣∣�
∣∣∣∣k
∂

∂z
A(ω)

∣∣∣∣ (2.17)

is justified when the variation of A(ω), both in amplitude and phase, can be
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considered small over distances of the order of a wavelength.

The aforementioned approximations lead to:

∂

∂z
A(ω) = i

µ0ω
2

2k
PNL(ω)e−ikz (2.18)

We are now ready to write the vector wave equation given in eq. (2.18) both for the
pump and the second-harmonic:

∂

∂z
Aω = i

µ0ω
2

2kω
PNL
ω e−ikωz

(2.19)

∂

∂z
A2ω = i

µ0(2ω)2

2k2ω
PNL

2ω e
−ik2ωz

where Aω and PNL
ω are the monochromatic frequency components of A(ω) and PNL(ω),

respectively. Defining Aω = êωAω, and making the scalar product ê· at both sides of
the previous equations, we can write in a more convenient form:

∂

∂z
Aω = i

µ0ω
2

2kω
êω ·PNL

ω e−ikωz

(2.20)

∂

∂z
A2ω = i

µ0(2ω)2

2k2ω
ê2ω ·PNL

2ω e
−ik2ωz.

Similarly the explicit form of the second order nonlinear polarization components P(2)

defined in eqs. (2.13) is given by:

P(2)
ω = ε0 χ

(2)
∣∣∣ê2ωêωA2ωA

∗
ωe

i(k2ω−kω)z

(2.21)

P(2)
2ω = ε0

1
2
χ(2)

∣∣∣êωêωAωA∗ωe
2ikωz

Substitution of eqs. (2.21) into eqs. (2.20) gives the evolution for the pump and second
harmonic electric fields:
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Figure 2.1: Intensity of SH wave along the propagation direction for (blue) non-phase
matching, (green) phase-matching, (red) quasi-phase matching

∂Aω
∂z′

= i
ω2

kωc2
deff(z)A2ωA

∗
ωe

i∆kz

(2.22)

∂A2ω

∂z
= i

(2ω)2

2k2ωc2
deff(z)A2

ωe
−i∆kz

∆k being equal to k2ω − 2kω.

We have also introduced the effective nonlinear optical coefficient defined as:

deff(z) ≡ 1
2

[
ê2ω · χ(2)|êωêω

]
. (2.23)

2.2 Quasi-phase matching

It was mentioned earlier in this chapter that during the propagation of a pump beam
along a nonlinear material, there is a continuous transfer of power from the pump to the
SH field and, subsequently, back from the SH field to the pump (Fig. 2.1). Mathemati-
cally, this is expressed by the fact that eqs. (2.22) are coupled through the wave-vector
mismatch ∆k. Physically the flow of power, back and forth between pump and SH,
is a consequence of the different velocities of the two waves in the medium owing to
the material dispersion. The flow of power is reversed each time the pump and SH
fields become π-out of phase, that is after propagating for a coherence length defined
as lc = π/∆k. A continuous growth of the SH power is obtained if the wave-vector
mismatch ∆k is equal to zero, i.e when nω = n2ω. Because of dispersion this condition
in general does not hold, but it is true for example in the case of birefringent phase
matching where the different refractive indexes of the ordinary and extra-ordinary rays
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in anisotropic crystals are matched for a particular direction of propagation of the light
in the crystal. Birefringent phase matching is obtained in LiNBO3 with the pump field
having extraordinary polarization (nω = nωe ) and the SH field having ordinary polar-
ization (n2ω = n2ω

o ). When this condition is fulfilled, only for specific wavelengths and
angles of propagation of the light within the crystal, the second-harmonic field grows lin-
early with the length of propagation and, consequently, its intensity grows quadratically
as shown by the green curve in Fig. 2.1.

Compared to birefringent phase matching, a wave-guiding structure can offer some de-
gree of flexibility as the waveguide dispersion can be used to compensate for the material
dispersion [45]. Different modes travel at different propagation velocities meaning that
it is possible to design the waveguide in order to match the velocity of the fundamental
mode at ω with the one of a higher order mode at frequency 2ω. However, since high
order modes are necessary to compensate for large mismatches, modal phase matching
gives poor output beam quality and low conversion efficiency due to the small overlap
between the fields involved.

A third way was proposed in 1962 [21] that, rather than rely on perfect phase coherence
between the driving frequency and the wavelets of the second harmonic, one could com-
promise and allow a steady phase slippage between them. The suggestion was that by
modulating the nonlinear coefficient periodically one could compensate for the phase mis-
match. This method, known as Quasi-phase matching (QPM), has several advantages
over birefringent and modal phase matching. It allows one access to new wavelengths,
higher efficiencies, and noncritical interaction geometries, and it provides flexibility and
new possibilities for phase matching, especially in materials in which the birefringence is
not high enough to compensate for the dispersion and in which modal phase matching
is not desirable because one wants to avoid generation of light in higher-order modes.

Supposing the nonlinear coefficient is a periodic function in z with period Λ, for example
a square wave, it can then be expressed in terms of a Fourier expansion:

d(r, φ, z) =
∑
q

d̃q(r, φ)e−iKqz (2.24)

where

Kq =
2πq
Λ

(2.25)

and

d̃q(r, φ) =
1
Λ

∫ Λ

0
d(r, φ, z)eiKqz (2.26)
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2.3 Second-harmonic generation in optical fibres

Throughout this section the weakly guiding approximation for cylindrical fibres will be
used [46]. This approximation implies ncore − nclad � 1, which holds in the fibres used
in the experiments presented in this thesis as ∆n ' 0.02. Under this approximation, it
has been shown that any electromagnetic field propagating in a fibre can be expressed
as a linear combination of the modes that are solution to the modal equation [47].
In the weakly guiding approximation, the exact fibre modes are well approximated by
the linearly polarized modes LPlm, therefore the electromagnetic field in the fibre is
expressed by:

E(z, r, φ, t) =
1
2

∑

l,m

[
Alm(z)LPlm(r, φ)ei(βlmz−ωt) + c.c

]
(2.27)

where βlm = ω
c

(
nω

eff

)
lm

is the propagation constant for the l,m mode which takes into ac-
count both material and waveguide dispersion through the mode effective index

(
nω

eff

)
lm

.
The LPlm modes are normalized in such a way that:

〈LPlm|LPjk〉 = δjl (2.28)

Following the choice of the normalization the LP modes have the dimension of the inverse
of length. The evolution equations for pump and SH electromagnetic fields for quasi-
phase matching second-harmonic generation in a waveguiding structure are obtained
likewise 2.22.

d
dz
A2ω(z) = i

ω

neff
2ωc

A2
ω(z) d

SH

eff I
SH

ovl

∑
q

ei[β(2ω)−2β(ω)−Kq ]z (2.29)

d

dz
Aω(z) = i

ω

neff
ω c

A2ω(z)A∗ω(z)d
SH

eff I
SH

ovl

∑
q

e−i[β(2ω)−2β(ω)−Kq ]z (2.30)

In analogy with 2.22 the effective nonlinear coefficient should be substituted by

d
SH

eff =

∫∫
Sfibre

d̃q(r, φ)LP2ω(r, φ) LP2
ω(r, φ) dσ

I
SH

ovl

(2.31)

where

I
SH

ovl =
∫∫

Sfibre

LP2ω(r, φ) LP2
ω(r, φ) dσ (2.32)

Because of the choice of the normalization, eq. 2.28, the LP modes have the dimension
of the inverse of a length. The overlap integral I

SH

ovl depends on the mode overlap only
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and it has the dimension of the inverse of a length. By introducing this factor, the
dependence of the nonlinear coefficient from the transversal coordinate is lumped into
deff .

The wave-vector mismatch is now:

∆Kq = β(2ω)− 2β(ω)− 2πq
Λ

(2.33)

For every q there is a value of Λ for which the wave-vector mismatch is null and quasi-
phase matching is achieved. As the expression for deff contains the coefficients of a
Fourier expansion, which decreases with increasing index q value, the most efficient
quasi-phase matching is obtained for q = 1. This case is referred to as first-order quasi-
phase matching.

The second-harmonic power PSH and the efficiency ηSH expressed in term of the funda-
mental power Pω, of the interaction length L and of A

ovl
= |1/I

ovl
|2 is:

PSH =
2ω2

∣∣∣dSH

eff

∣∣∣
2
L2

ε0c3 (neff
ω )2

neff
2ω

P 2
ω

AOVL
sinc2

(
∆KL

2

)
(2.34)

ηSH =
2ω2

∣∣∣dSH

eff

∣∣∣
2
L2

ε0c3 (neff
ω )2

neff
2ω

Pω
AOVL

sinc2

(
∆KL

2

)
(2.35)

where

P (z) =
∫∫

Sfibre

I(r)dσ =
1
2
ε0cn |A(z)|2 (2.36)

was used. At the phase matching the value of sinc2 function is one so that:

ηSH =
2ω2

∣∣∣dSH

eff

∣∣∣
2
L2

ε0c3 (neff
ω )2

neff
2ω

Pω
AOVL

(2.37)

Starting from the expression for the conversion efficiency a figure of merit (FOM) can
be defined for the second-harmonic generation process, thus enabling one to compare
the performance of second-order nonlinear materials:
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FOM =

∣∣∣dSH

eff

∣∣∣
2
L2IMAX

αn3
(2.38)

where α is the propagation loss and IMAX represents the damage threshold intensity
associated with different materials. For the bandwidth, that is the range of wavelength
over which the frequency conversion is efficient, in first approximation, one can write [48]:

∆λ ' 0.44λ2
ω

cL ·GVM (2.39)

with the GVM being the group velocity mismatch defined as [4]

GVM =
∣∣υg(2ω)−1 − υg(ω)−1

∣∣ (2.40)

with

υg(ω) =
∂ω

∂β

∣∣
ω

(2.41)

In silica fibres is GVM ' 19 ps/m between λ1 = 1550 nm and λ2 = 775 nm [4]. It follows
that the bandwidth of a 10 cm long periodically poled fibre, phase matching between
1550 nm and 775 nm is ' 1.73 nm.



Chapter 3

Thermal poling

3.1 The poling process

In this chapter is reported an historical review of the research carried out in the poling
field. Throughout the chapter the fundamental aspects of the physics of poling will
be described following the arguments that have characterized the scientific debate in
this field. The aim of the chapter is to provide the background knowledge that was
necessary to make the decision about the poling method and poled glass to employ for
the development, in this thesis, of the frequency doubler. However, a critical comparison
between different poling technologies and materials is postponed to chapter 5 after the
experimental work carried out in this thesis is presented.

Silica glass is naturally an amorphous material possessing inversion symmetry on a
macroscopic scale. Consequently the vanishing χ(2) makes its use for efficient second-
order nonlinear processes, impossible. Nonetheless, starting from the 1980s, photoin-
duced SHG has been observed by many researchers when launching strong IR beams,
typically from a Nd:YAG laser into an optical fibre [49, 50, 51, 52, 53]. This was the
first demonstration that it was possible to break the symmetry of an amorphous material
such as a glass and to induce a second-order nonlinearity. The cause of the photoin-
duced SHG was attributed to the coherent photo-galvanic effect, through which a static
electric field, spatially modulated along the fibre, is established [54, 55, 56, 57, 58].
The electric field couples with the χ(3) of the glass to give an effective χ(2). The pe-
riod of the self-organized electric field in the fibre alternates spatially with the exact
period to provide constructive interference through quasi-phase matching. The effi-
ciency of the frequency doubling process is high enough such that in 1986 Österberg et
al. [51] could pump a dye laser with the green light produced by photoinduced SHG.
Following this demonstration a considerable amount of research effort, both from the
theoretical and the experimental side, has been made in order to understand the fun-
damental physics behind this unexpected phenomenon and to prove the technology as

17
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a viable alternative to nonlinear crystals. Eventually, the efficiency of photoinduced
SHG was found to be limited by the low value of the nonlinearity, 10−3 pm/V, and
by the length of the self-organized QPM-grating which cannot exceed 60− 80 cm owing
to chromatic dispersion and phase modulation [52]. Efficiencies up to few % have been
demonstrated [59, 60, 61, 62, 63, 64, 65], but unfortunately this figure does not make
photoinduced SHG attractive for practical applications.

A turning point in the quest for an efficient glass-based second-order nonlinear material
is the work by Myers et al in 1991 [7]. The authors observed that a permanent SON could
be induced in a fused-silica glass plate once heated to 250 ◦C - 325 ◦C with an applied
voltage of about 3 kV -5 kV for 15 min and then cooled down to room temperature
with the voltage still applied. It has been suggested that a high electrostatic field
Edc, appearing in a thin depletion region near the anodic surface, is responsible for the
poling phenomenon, similarly to the explanation of the photoinduced SHG. Despite the
vanishing χ(2) in glass, the coupling between the electro-static field Edc and the intrinsic
third-order nonlinearity of the glass produces an effective second-order nonlinearity.
By recalling the expression that relates the amplitude of the second-order nonlinear
polarization with the amplitude of the interacting electric fields, the following equations
are obtained in the case of SHG [6]

P (2)(ω + ω) =
1
2
χ(2)(−2ω;ω, ω)E(ω)E(ω) , (3.1)

and in the case of third order nonlinear interactions [6]:

P (3)(0 + ω + ω) =
3
2
χ(3)(0− ω − ω; 0, ω, ω)Edc(0)E(ω)E(ω) (3.2)

where the factor in front of the right hand side of the above equations is the degeneracy
factor and corresponds to the number of independent permutations of the frequencies
(0, ω, ω) times a factor 1/2 for each of the interacting fields. This factor arises from
the convention chosen to express the electric field (eq. 2.27). Furthermore, when the
nonlinear polarization is expressed in the same analytical form used for the electric field
(eq. 2.27), the degeneracy factor is multiplied by a factor of 2 [6]. From the above
equations it follows:

χ(2) = 3χ(3)Edc (3.3)

which physically means that the interaction between the χ(3) and the electro-static field
(ω=0) produces, on the optical fieldsE(ω), the same effect as a second-order nonlinearity.

As the χ(3) in silica is 2 × 10−22 m2/V2 [29] and as the field strength of Edc is very
close to the breakdown strength of fused silica, 2 × 109 V/m [30, 31], the χ(2) in poled
glass is expected to be ∼ 1 pm/V. Indeed this was the measured value and, as it is of
the same order of magnitude as the nonlinear susceptibilities of widely used nonlinear
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crystals for frequency doubling, the figure of 1 pm/V justifies for the enthusiasm that
thermal poling in glass had generated in the scientific community. As a comparison
the values of the SON susceptibility tensor elements reported in [5] for LiNbO3 are:
χ

(2)
22 = 6.2 pm/V, χ(2)

31 = 11.7 pm/V and χ(2)
33 = 82 pm/V. But poled silica glass compares

better with widely used nonlinear crystals such as quartz, KDP and BBO. For quartz
χ

(2)
11 is 0.6 pm/V [66]). For KDP χ

(2)
14 is 1 pm/V and χ

(2)
36 is 0.92 pm/V. BBO has a χ(2)

11

equal to 3.8 pm/V.

The mechanism that leads to the establishment of the SON in the glass has yet to be
understood and nowadays, more than 14 years later, there is not a firm conclusion. The
origin of the electro-static field Edc, responsible for χ(2), was at the centre of the scientific
debate in the early 90s. Poling had been studied before in connection with electrets and
polymers [67, 68]. The application of high voltages to silica at elevated temperatures has
been studied since the 1970s, although not for applications in optics [69]. From these
studies it was known that alkali ions such as Na+ and Li+, that are present in silica
as impurities, are bonded to negatively charged non-bridging oxygen (NBO) sites, and
may drift under the action of electric fields. It was also known, from Myers’ and co-
workers’ observations that the nonlinearity was located in a thin layer, < 10µm, under
the surface of the glass plate that had been in contact with the anode electrode [7]. Two
mechanisms were proposed: either the nonlinearity was caused by orientation of bonds
or by the creation of a space charge field leading to a dc electronic polarization [70, 71].
It has been suggested that the high temperature involved in the poling process increases
the mobility of the impurities present in the glass, mainly alkali ions such asNa+. Hence,
upon the application of an electric field, the positively charged sodium ions drift towards
the cathode where they are neutralized by injected electrons. Under the hypothesis of
zero ionic conductivity at the anode (blocking electrode), the ions, while migrating, leave
a depleted region behind them, negatively charged and located a few microns under the
anodic surface. Due to the lack of mobile charges the depleted region has a much larger
resistivity than the rest of the glass. Like in a voltage divider, the applied voltage
drops mainly across the more resistive depleted region. As a consequence, a large static
electric field is established between the depleted layer and the anode. Kazansky and
Russell distinguished between two possibilities that could arise at this stage [71]. Either
orientation of NBO bonds or glass ionization could take place under the action of the
high electrostatic field. In the former hypothesis, the high temperature increases the
mobility of NBO dipoles, whereas the applied electric field forces them all to orient in
the same direction. After cooling, the dipoles would be frozen in this direction, thus
breaking the symmetry of the glass and accounting for the second order nonlinearity. In
the latter hypothesis, the static field is responsible for the ionization of the glass in the
anodic region, leading to the creation of a positive charge layer that screens the external
field and stops the process. When the sample is cooled down the ions are trapped in
their positions. A high static electric field, between the positive layer and the negatively
charged region, is then frozen in the glass once again breaking its centro-symmetric
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structure.

Mukherjee and co-workers used a general expression for the effective χ(2) [70]:

χ(2) = 3χ(3)Edc +
Npβ

5kbT
Edc (3.4)

where the first term, as shown before, accounts for the interaction between Edc and the
third-order nonlinearity χ(3)(−2ω; 0, ω, ω). The second term originates from Nβ

〈
cos3 ϑ

〉

and describes the electric-field orientation of the molecular second-order hyperpolariz-
ability β, ϑ being the angle between the molecular axis and Edc and N the concentration
of orientable moieties. p is the permanent dipole associated with the bond.

Nowadays there are strong arguments against a significant contribution to the effective
χ2 due to orientation of dipoles, at least in silica glass [10, 39, 72, 73, 74]. In [71], the
values of the nonlinear coefficients in poled silica glass, d33 and d31 were shown to be in a
ratio of 3:1. This ratio is the only one possible in the space charge scenario, although it is
also compatible with dipole orientation. Observations of the cross section of poled glass
through ion mass spectrometry [73] and energy dispersion spectra (EDS) [10] confirmed
that the nonlinear region is actually depleted of alkali ions. Moreover, taking advan-
tage of the variation of the hydrofluoric acid etching-rate in the presence of an electric
field [39], a large electric field was proven to exist within the depleted region [75, 76].
Insights into the charge distribution have been given with a laser induced pressure pulse
(LIPP) method. With this technique a positive charged layer was found at the anodic
surface [74] supporting the case of either glass ionization or in-diffusion of positive ions
under the high electro-static field. Although the aforementioned studies give strength to
the charge migration model, the controversy between the two descriptions is not com-
pletely resolved. Data collected in further experiments reveal, according to the authors,
that reorientable moieties are at the origin of the induced nonlinearity [77]. Nonethe-
less if such moieties are present and oriented, then the individual hyperpolarizability β
can be estimated from the measured χ(2) and from the dipole concentration [7]. As-
suming a reasonable concentration of orientable defects in the glass of about 50 ppm,
β is estimated to be many orders of magnitude larger than that of urea or 2-methyl-
4-nitroaniline. Although non conclusive, the previous statement is one of the first and
stronger arguments against the reorientational model [7].

3.2 Single Carrier Model

In an early paper, Von Hippel and co-workers developed a model for the space charge
build-up in alkali halide crystals [78]. The model can be easily adapted to the case
of positive charge carriers. According to this model, Na+ is assumed to be the only
mobile charge carrier. The anode is assumed to act as a blocking electrode. Electrical
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Figure 3.1: The single-ionic carrier model. The negatively charged depletion region
(I), the neutral region (II) and the distribution of the electric field are shown in the
steady-state. Also shown is the uniform field distribution in the absence of charge
motion E0 = V/h. This simplified picture of the poling corresponds to the early stage

of the actual poling process.

neutrality requires an equal amount of fixed negative charges to be present in the glass
(e.g. negatively charged non-bridging oxygens). NBO sites are assumed to be immobile.
At steady state the electric-field is given by:

Edc =
eN

ε
(d∞ − x) 0 < x < d∞ (3.5)

Edc = 0 x > d∞ (3.6)

where d∞ is the thickness of the depleted region, e the elementary charge, N the fixed
charge density associated with the nonbridging oxygen-hole centers and ε the dielectric
permittivity of glass. This simple model can describe all the essential features of thermal
poling. During the migration of Na+, the charge front (at z = d) which separates the
depletion region and the neutral region moves in the glass according to:

d(t) = d∞ tanh
(
t

2τ

)
(3.7)

with

d∞ =

√
2εV
eN

(3.8)
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and

τ =
d∞

2µE0
(3.9)

where µ is the effective mobility of sodium. The motion of the charge front can be
measured by the current that flows through the glass. The current in the limit of
d∞ � L is well approximated by:

I(t) ' I(0)
cosh2

(
t

2τ

) (3.10)

where the current at t = 0+ is I(0) = AeNd∞/(2τ) and A is the electrodes’ cross section.

Using the values for fused silica reported in [30] and references therein, ε = 3.8ε0,
N = 2× 1022 m−3, µNa+ = 1× 10−15m2V−1sec−1, we can estimate the thickness of the
depletion region to be approximately 9µm. The depletion region is formed on the time
scale of about 20 min for a 1 mm thick sample and with 4 kV applied and it is ten times
faster for a ten times thinner sample. The frozen electric field peaks at the surface in
contact with the anode and its maximum value according to eq. 3.5, is ' 109 V/m which
is very close to the value of the electrical breakdown in silica. It suggests that high field
ionization stops the poling process, as envisaged in [72]. As a consequence the χ(2) is also
limited in silica to values of ' 1 pm/V. Edc is also independent of the applied field. The
applied field mainly alters the time scale of the process. Edc is found to depend upon the
charge carrier concentration. From this simple model it is possible to infer that a glass
sample having lower charge concentration will exhibit lower nonlinearity and a wider
depletion region. It is indeed the case, as measurements performed in Suprasil

TM
have

pointed out [79]. Suprasil is a synthetic silica glass having approximately 10 times less
impurities compared to fused silica glass. After poling a 10 times smaller χ(2) is induced
and d∞ is wider, generally above 20µm. Incidentally, a larger second-order nonlinearity
in synthetic silica has been induced by thermal poling if the glass had been previously
thermally annealed and exposed to UV-irradiation from a KrF excimer laser [80]. Both
the previous treatments are believed to produce point defects inside the silica matrix.

Quiquempois and co-workers reported the existence of a poling voltage threshold in fused
silica (Infrasil

TM
301), below which is not possible to induce any second-order nonlinear-

ity. In order to explain such a feature a model considering diffusion of charge carriers
and their dissociation and recombination was introduced [31] based on the Proctor and
Sutton model [81].

3.3 Multiple Carrier Model

Although the single carrier model successfully describes the general features of the poling
process, it does not account for all the experimental evidence. Alley et al. found two
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time scales while measuring the poling and de-poling currents [30]. This behaviour was
attributed to the presence of a second charge carrier with orders of magnitude lower
mobility. In-diffusion of H+ from the atmosphere, driven by the high electrostatic field,
was believed to take place. Indeed the presence of a positive charge layer between the
negatively charged depleted region and the anodic surface was revealed by Kazansky et
al. with a laser-induced pulse pressure (LIPP) technique [74]. Pruneri and co-workers
pointed out the relevance of the poling atmosphere by performing poling in air or under
vacuum (10−8 atm) [82]. Samples poled in vacuum exhibit wider depletion regions and
consequently lower nonlinearity compared to samples poled in air for the same time. In
agreement with Alley et al. [30], it was speculated that H+/H3O+ may in-diffuse from
the atmosphere, while poling in air, and slow down the movement of the faster species.

LIPP measurements also showed a different charge distribution for poling in vacuum
and air. A positive charge layer was revealed to be present also in the samples poled
in vacuum. It was therefore thought that, in vacuum, glass ionization with liberation
of e−, must take place. The same phenomenon is probably occurring in air as well, but
in that case in-diffusion of positive species from the atmosphere is believed to be the
dominant mechanism. More recently Faccio et al. published a study of the dynamics
of thermal poling for different sample thicknesses [83]. The existence of an optimum
poling time, ' 10 min depending on sample thickness, for which the χ(2) was maximized,
was presented. The decrease of χ(2) for longer poling times cannot be explained by a
single carrier model. In order to account for the new experimental findings new models
have been developed. In Alley et al. two charge carriers with vastly different mobility
were considered. The same hypotheses as the Von Hippel model (see Section 3.2) were
used [30]. Diffusion of ions has been considered by Godbout and Lacroix [84]. The
models have shown good agreement with experimental results when applied to poling
of Suprasil

TM
silica glass. Xue-Ming Liu and co-workers have considered ionization of

the glass together with in-diffusion of H3O+ and H+ from the atmosphere [85, 86]. The
model predicts the existence of a ionosphere sandwiched between the positive charge
layer and the negatively charged depletion region which seems to be in agreement with
the findings of [82].

3.4 Characterization Techniques

The understanding of the physical mechanism involved in thermal poling is crucial for
the identification of the critical parameters affecting the process. Such a knowledge
could lead towards engineering of the glass system and/or of the poling procedure for
enhancing the induced second-order nonlinearity. Early on it was realized that progress
was hindered by the difficulty in accessing the depletion region and obtaining information
from its thickness, profile and dynamics. Hence, the improvement of characterization
techniques and the development of new methods has never stopped from the early days



Chapter 3 Thermal poling 24

of poling. The Maker’s fringe technique (MFT), which will be described in detail in
Chapter 4, was the first method to be employed for the measurement of χ(2) [7], but,
unless the thickness of the nonlinear region is measured independently, the MFT is
not suitable for the characterization of poled glasses when the width of the nonlinear
region is thinner than one coherence length. Typically, the silica plates were etched
in hydrofluoric acid solution in steps separated by a few seconds or minutes. At each
step the thickness of the etched glass was measured with a profilometer and the SH
signal recorded. The width of the nonlinear region was extrapolated to be the thickness
for which the SH signal had disappeared [7]. Lesche et al. observed that the presence
of Edc affects the etching rate. Namely the etching rate of poled silica is 0.7 times
slower than unpoled silica. Based on this discovery they developed an interferometric
etching technique that enabled them to monitor, in real time, the evolution of the
depletion region by looking at the sudden change in the etching rate [42]. In 2003
Kudlinski and co-workers proposed a very accurate method for the determination of
the χ(2) profile. The evolution of the SH signal is monitored as the poled sample is
etched with hydrofluoric acid. The sample thickness is measured in real time using an
interferometric method. The nonlinear profile was reconstructed from the full set of
data by means of a layer peeling method [43]. Given that the spatial resolution is below
1µm and that the reconstructed profile does not depend on a priori assumptions, this
technique is a very powerful tool for characterizing the distribution of the nonlinearity in
the poled glass and so gain knowledge about the physical processes involved in thermal
poling. The nonlinear profile that was inferred for a 10 min poling of Infrasil

TM
at 290◦C

was compatible with a multiple carrier model but not with the single carrier model. Sign
reversal of the nonlinearity in the first 2µm beneath the anodic surface was observed
during poling of pre-annealed samples [87].

The aforementioned technique has the only disadvantage that samples are unusable after
having been characterized. Another direction followed by researchers in order to obtain
the distribution of the nonlinearity in the glass was the improving of the MFT technique.
The limitation in the MFT is caused by total internal reflection of the SH light beam
at the output surface of the sample being tested. Pureur et al. demonstrated a prism-
assisted MFT, in which the sample was sandwiched between two prisms in order to avoid
the total internal reflection. For the first time the profile of the nonlinearity, and not
only its thickness, could be estimated. Best fit to the experimental data was obtained
for a truncated Gaussian profile, 8µm wide when the nonlinear coefficient decreased
by a factor 1/e [88]. Quiquempois et al. suggested to use hemispherical lenses instead
of the prisms [89]. The main advantage was that this configuration allowed for easier
measurements as it was no longer necessary to adjust the focus of the beam on the
sample for each angle. The use of cylindrical lenses in place of the hemispherical ones
is a further technical improvement of the same initial idea [90]. A different approach
was followed by Faccio and co-workers where a Non-Collinear MFT (NCMFT) was
demonstrated [91]. In this technique two beams at the fundamental frequency radiation
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are focused on the poled sample and SH light generated in the non-collinear direction
is collected. The coherence length of such a process is about 2µm in silica compared to
the 24µm of the collinear interaction, meaning that the NCMFT is able to resolve the
spatial distribution of the nonlinearity. Best fit to the data gave a truncated Gaussian
profile for poling of Herasil

TM
1 glass plates. Guillet de Chatellus et al., also used a

NCMFT but they also vary the angle between the two pump beams to increase the
sensitivity to the nonlinear profile [92]. The nonlinearity profile that was inferred from
the data gave credit, once more, to the existence of a double charged layer close to the
anodic surface in poled glass.

In contrast to the layer peeling method mentioned before, all these techniques derived
from the MFT are non-destructive. On the other hand the profile of the nonlinearity
is inferred from the Maker’s fringe patterns under a priori hypothesis of having a sin-
gle maximum and no change in sign. This last assumption might be too crude as in
some poling conditions the existence of double layer, positive (H+, ionized glass) and
negatively charged depletion region was shown [30, 74].

In parallel to the development of new and accurate characterization techniques, a con-
spicuous amount of effort was devoted to the fabrication of novel glasses for poling.
As the characterization techniques became more and more sophisticated there was the
need for glass scientists to have a simple and practical tool for evaluating the glass sam-
ples and have an immediate feedback for improving the glass composition. Bearing this
idea in mind, in this thesis we proposed a variation of the MFT technique in which
a sandwich structure formed by two identically poled samples stacked together with
their nonlinear regions facing each other. The thickness of the nonlinearity is inferred
from interference pattern between the SH light beams generated by the two nonlinear
layers. The major advantage of such a technique is that it is non-destructive and can
measure thicknesses of the depletion layer as small as 4µm, with a resolution of 1µm.
The approximation of a square nonlinear profile is made and therefore this technique
provides the same information as a classical MFT plus an etching measurement of the
thickness of the nonlinear region. A beautiful technique was proposed by Ozcan et al.
at Stanford, that makes use of the same sandwich structure, together with a cylindrical
lens assisted MFT, to determine the nonlinear profile [40, 93]. The method they sug-
gested is based on an inverse Fourier transform algorithm. Their technique was refined
in subsequent publications [94, 95], also employing a Fineup algorithm [96] and applied
to the characterization of thermally poled germano-silicate thin-films [44]. Very recently
Tréanton and co-workers proposed to use a quartz plate, of known nonlinearity, instead
of one of the poled samples in the stack so that the χ(2)(z) spatial distribution could be
determined by an interferometric method.
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3.5 Poling of non-silica glass systems

According to the charge migration model, the second-order nonlinear optical suscepti-
bility χ(2) induced in thermally poled glass is related to the third-order nonlinear optical
susceptibility χ(3) by χ(2) = 3χ(3)Edc where Edc is the frozen-in electrostatic field in-
duced by charge migration. For a given glass χ(3) is fixed and, since Edc is limited by the
dielectric breakdown strength of the glass, χ(2) has an upper limit. High-index glasses,
which possess higher χ(3) than silica, are potentially attractive since χ(2) increases in
proportion to χ(3), for a fixed value of Edc. However, in order to obtain higher χ(2)

values than in silica from high-index glasses, a permanent electrostatic field of the same
order of magnitude as in silica has to be built in the glass. When one moves from silica
to a high-index glass, the enhancement of χ(3) can be estimated from Miller’s rule. In
‘esu‘ units , the linear and third-order nonlinear optical susceptibilities χ(1) and χ(3) are
expressed by:

χ(1) =
n2 − 1

4π
(3.11)

χ(3) = 10−10
(
χ(1)

)4
(3.12)

where n is the refractive index. The χ(3) enhancement factor is therefore given by:

χ(3)

χ
(3)
s

=
(
n2 − 1
n2
s − 1

)4

(3.13)

where n and ns are the refractive indexes of high-index glass and silica, respectively.
Miller’s rule predicts an enhancement of χ(3) by one order of magnitude in a glass
which has a refractive index equal to 1.7 and by two orders of magnitude in a glass
which has a refractive index equal to 2.1. It should be noted that actual values of χ(3)

are generally higher than those predicted by Miller’s rule [5]. Although the approach
may appear straightforward, we anticipate issues as we move from silica to other glass
systems. First, it could be more difficult to create and to freeze a space charge in the
glass. Second, the dielectric breakdown strength of the glass could be lower than in
silica. For the poling process to be efficient, an electrostatic field of sufficiently high
strength must be frozen-in the high-index glass such that the benefit of a high intrinsic
χ(3) is not lost.

Hereafter is a review on poling of high-index glasses. Possible candidates are zinc- or
tungsten-doped tellurite glasses, titanium-doped silicate glasses, lead- or bismuth-doped
silicate glasses.

Tellurite Glasses
TeO2-based glasses have one of the largest χ(3) among homogeneous glasses [97]. Re-
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fractive index values (at 633 nm) range from 2.0 to 2.3 and χ(2) values range from 0.3
to 3× 10−12 esu [97]. For comparison, χ(2) = 0.028× 10−12 esu in SiO2 [97]. A peculiar
property of tellurite glass is their low glass transition temperature, ranging from 250 ◦C
for 30NaO1/2·70TeO2 glass [9] to 350 ◦C for 10MgO · 20ZnO· 70TeO2 glass [98]. Because
the glass transition temperature is very close to usual poling temperatures, the latter
must be optimized for each glass composition.

In thermally poled ZnO·TeO2 glass, an increase of ZnO doping concentration enhances
SHG [99]. It is believed that non centro-symmetric structural units of tellurite glass
are oriented in the direction of the applied electric field during poling. Orientation of
these units takes place more easily in ZnO-rich glass because the glass network is softer
in this case. In thermally poled 15BaO·85TeO2 glass, however, no SHG was observed,
presumably because the applied electric field mainly causes the electronic polarisation of
Ba2+ ions, which readily disappears when the electric field is removed after poling [99].
In thermally poled B2O3·TeO2 and MgO·ZnO·TeO2 glasses, rather small values of the
nonlinearity (χ(2) ∼ 0.2 pm/V) were reported [100]. Nonlinearity was larger in the latter
glass system than in the former. In MgO·ZnO·TeO2 glass system, the glass transition
temperature (Tg) increases with replacement of ZnO by MgO. Maximum SHG intensity
is higher and poling temperature, which corresponds to maximum SHG, is lower in the
glass with lower Tg [98]. A similar correlation between optimal poling temperature and
glass transition temperature is also found in Na2O·ZnO·TeO2 glasses [9]. At least, such
a correlation suggests that the structural changes of glass network occurring near Tg
affect the poling process. Heat treated (but not poled) 15K2O·15Nb2O5·70TeO2 glass
exhibits SHG that is comparable to that in thermally poled TeO2-based glass [101].
The origin of SHG is thought to be closely related to the presence of slightly distorted
cubic crystalline phase. In 15BaO·15TiO3·70TeO2 glass, thermal poling was found to
stabilise the tetragonal BaTiO3 crystals which are precipitated at the glass surface,
leading to a larger second-order nonlinearity [102]. In early studies on thermally poled
WO3·TeO2 glasses, rather small values of the nonlinearity ( χ(2) = 0.1 − 0.2 pm/V)
were obtained [99]. Recently, nonlinearity as high as χ(2) = 2.1 pm/V was achieved in
20WO3·80TeO2 glasses [8]. Nonlinear thickness was estimated to be 15µm. Nonlinearity
in this glass is attributed to migration of Na+ from borosilicate glass plates, between
which the sample is sandwiched, and to subsequent formation of a large electrostatic
field beneath the anode which results in fairly large χ(2) through interaction with the
large χ(3) of the glass [8]. Hence, application of higher voltage (limited to 3 kV in the
experiment) should lead to even higher χ(2) . However, nonlinearity induced in this glass
decays with relaxation time of ∼ 15 days at room temperature.

Titanium Silicate Glasses
In thermally poled TiO2-doped silica glass, rather small values of the nonlinearity were
reported (χ(2) = 0.02 pm/V) [103]. However, in this early experiment, dielectric break-
down prevented from applying dc voltage higher than 3 kV and temperature higher than
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300 ◦C. SHG was attributed to the presence of TiO2 in silica, assuming the formation of
dipoles and their orientation in the direction of the applied electric field. More recently,
ab-initio calculations were performed in order to estimate the first and second-order
microscopic polarisabilities for titanium oxygen clusters in TiO2·NaPO3·Na2B4O7 and
TiO2·K2O·SiO2 glasses [104]. Enhancement of the polarisabilities through formation of
dimeric entities was demonstrated.

Lead Silicate Glasses
Lead silicate glasses have large third-order optical nonlinearity. In SF59 lead silicate
glass (Pb ∼ 83 %wt) χ(3) is equal to 6.2 × 10−21 m2/V2, which is about 30 times the
value of pure silica glass (2.0× 10−22 m2/V2) [105].
By electron-beam irradiation poling, a value of χ(2) equal to 0.7 pm/V was achieved
in F2 lead silicate glass (Pb ∼ 45 %wt.) [24]. The nonlinearity induced in lead silicate
glass by this technique increases linearly with the lead concentration. Using the same
poling technique, χ(2) as high as 4 pm/V was obtained for ZF7 lead silicate glass (Pb
∼ 70.9 %wt) [106]. The accumulative effect of electron irradiation for inducing the
nonlinearity appears limited by the breakdown threshold in the charged layer. Recently,
SH intensity in thermally poled lead silicate glass was found to increase exponentially
with an increase in lead concentration. A value of χ(2) as high as 7 pm/V is inferred for
ZF7 lead silicate glass [107].

3.6 Alternative poling methods

UV Poling
The method of direct UV poling, first realized by Fujiwara, consists of the irradiation
of highly Ge-doped (15.7 %mol.) fused silica glass by short UV (193 nm) laser light
in the presence of an applied electric field of 100 − 300 kV/cm. Fujiwara reported the
induction of a nonlinear second-order coefficient d as high as 3.4 pm/V [108]. In following
publications 5.2 pm/V were reported for pre-heated GeO2-SiO2 glass and 12.5 pm/V in
GeO2-SiO2 sputtered thin-films[27]. The authors claim that orientation of GeE’ dipoles
together with the formation of micro-crystallites in the poled glass are likely to be the
cause of such a high nonlinearities. Despite the following publications on this subject
by the same group [26, 109, 110], there is growing scepticism about these results in
scientific literature as they are not reproducible by independent research groups [111,
112]. Moreover, the results on poled fibres have not been reproduced at all after their first
publication. The report by [112] of repeatable UV-poling in fibres with induction of linear
electro-optic coefficient r = 0.1 pm/V is interesting. The fibre was a specially fabricated
twin-hole germanosilicate fibre with a layer of boron deposited around the anodic hole
to act as a trapping layer for the electrons generated during the UV irradiation.

CO2 Laser-Assisted Poling
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This poling method is a variation of thermal poling. The source of heat is provided
here by a CO2 laser beam. It was first introduced by [113], but it was then extensively
used by [25, 112]. Compared to thermal poling it is claimed that a more efficient heat
energy transfer to the fibre is achieved due to the localized action of the laser beam.
This leads to a faster poling process (in the region of few seconds compared to tens of
minutes in thermal poling [112]). Furthermore, as the laser beam can be focused in a
small area, it is possible to achieve periodic poling in fibre, without the need of periodic
electrodes defined by photolithography. CO2 laser assisted poling could greatly simplify
the production of periodically poled fibres and in principle devices longer than 10 cm
and up to about 1 m are feasible. In [114] an irradiance of 54± 2 W/cm2 was judged as
the optimum for poling of optical fibre. Such a value raises the temperature of the core
to 280 ◦C. From the point of view of a periodically poled fibre device, it is interesting to
note that 2.2 s of exposure (beam size l = 3 mm, scanning speed v = 1.36 mm/s ) were
required to bring the induced linear electro-optic coefficient to the maximum value of
0.2 pm/V. A periodic poled device, having QPM period of ∼ 40µm, could be fabricated
by focusing the laser beam down to about 20µm in size, attenuated in order to maintain
the same irradiance, and exposed for 2.2 s. The procedure has to be repeated every
40µm for the whole device length. It becomes clear then that the fabrication of a 20 cm
long periodic poled device would require about 3 hours to be completed. Such a long
time imposes very strict requirements about the stability of the laser source and on the
fibre positioning. Fascinating is the possibility to periodically reverse the nonlinearity by
periodically reversing the sign of the applied field while scanning the laser beam. This
would make devices made by this method four times as efficient, for the same length, as
devices made by periodic thermal poling.

electron-beam Poling
The electron-beam poling consists of exposing the glass surface to a focused electron
beam [24].As a result of electron implantation, a space-charge electro-static field is cre-
ated in a thin region beneath the surface. The electron-beam poling is very efficient for
lead-silicate glasses. Interestingly, it should be noted that electron-beam irradiation is
able to erase the nonlinearity induced by thermal poling in silica, thus providing a way
for the fabrication of χ(2)-gratings for quasi-phase matching [115].

3.7 Electro-Optic Modulators and Switches

The discovery of thermal poling in 1991 opened up the possibility of electro-optic mod-
ulation and frequency conversion in glass fibres and waveguides. Together with funda-
mental studies aimed at enhancing the value of the second-order nonlinearity, the first
working devices were demonstrated. Since the nonlinearity is located a few microns
below the anodic surface, the challenge from the technological point of view was the
fabrication of fibres and waveguides having the core close to that surface. In 1989,
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even before the discovery of thermal poling, Li and Payne induced a permanent linear
electro-optic coefficient in a fused silica fibre subjected to strong electric field by means
of internal electrodes [116]. The fibre had two holes running parallel to the core that were
filled with gallium liquid electrodes at room temperature. A 65 cm long fibre modulator
was fabricated by exposing the core to 4000 kV/cm. The induced linear electro-optic
coefficient was r ' 2χ(2)/n4 = 2×10−3 pm/V. In 1994 a D-shape fibre, where the core is
placed close to the flat side of the fibre, was used for the first time and a χ(2) as large as
0.2 pm/V was obtained after poling [117]. The reproducibility of the results was greatly
improved by poling in vacuum in order to circumvent problems caused by partial electric
breakdown in air during poling [118]. Also in 1994, the research group in Albuquerque,
fabricated a poled fibre electro-optic modulator using a D-shape fibre [119]. HF etching
of the fibre allows the reduction of the thickness of the cladding above the core to only
6µm. The reported linear electro-optic coefficient was 0.05 pm/V. The major issue while
poling D-shape fibre is that breakdown may occur between the flat electrode and the
ground. Further improvement of the packaging using polyimide as insulator resulted
in r = 0.3 pm/V and the half-way driving voltage of the fibre modulator was 75 V at
633 nm and for a 12 cm long device. A planar device was first obtained in 1996 by the
NTT Opto-electronics laboratories. 2x2 electro-optic switching was demonstrated in an
integrated Mach-Zehnder interferometer constructed with thermally poled GeO2-doped
silica based channel waveguides on a Si substrate. The switching voltage was 1700 V
in the 1.55µm wavelength region for a 36 cm long device [120]. Fascinating is also the
demonstration of poling of holey fibres by Faccio and co-workers [121]. A maximum
linear electro-optic coefficient of ' 0.02 pm/V was obtained after 40 minutes poling at
4 kV at 280 ◦C. This work demonstrates that the air-holes structure of micro-structured
fibres is compatible with poling. More than for electro-optic modulators, this work opens
new possibilities for efficient and broadband frequency conversion owing to the endlessly
single mode operation and tight mode confinement of micro-structured fibres [122]. A
conspicuous amount of work on the fabrication of electro-optic modulators has been
carried out by the research group at Sydney University. A powerful tool they have been
using is a Mach-Zehnder interferometer employed for a real-time monitoring of the evolu-
tion of the E-O coefficient during poling of twin-hole fibres [123, 124]. The experimental
set-up enabled the measurement of both amplitude and direction of the frozen-in field
E

dc
and also of the χ(3) in poled and unpoled fibres [123]. On the basis of the experimen-

tal observations, including a different behavior for positive and negative poling [125] and
direct visualization of the depletion region in fibres [114], they proposed a model for the
thermal poling in fibre based on the competition between three fields, the applied field,
a shielding field created by the diffusion of charges which opposes to the applied field,
and an ionizing field originated by charge emission and glass ionization as the depletion
region builds up [114, 126]. The depletion region was found to be formed all around
the hole containing the anode electrode. A novel design of twin-hole fibre, having a
ring of either boron or erbium to act as a trap, or donor, of electrons respectively, was
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fabricated in order to improve the poling performance [112]. Indeed the B-ring doped
twin-hole fibre exhibited longer stability, in the range of few years [127] compared to
hundreds of days in the undoped fibres used by them [128]. It should be mentioned that
several groups observed an enhancement of χ(3) in the fibre after thermal poling [127].
This enhancement was measured to be ' 2 by the group in Sydney and was found to be
1.98 by Garcia et al. after poling of a channel waveguide [13]. A tentative explanation
was given by Kashyap [129] but overall the enhancement of χ(3) is still questionable and
not all groups could observe it [14]. A very promising technology has been developed
by Fokine et al. [130]. The holes of a twin-hole fibre have been filled with a AuSn alloy
in the liquid state at 300◦C under pressure. Subsequent poling has been carried out
at 250◦C with the alloy in the solid state. A wide wedge shaped nonlinear region was
revealed around the anodic hole, by etching, in agreement with simulations considering
the air surrounding the fibre to be at the same potential as the cathode electrode [14].
From the point of view of an electro-optic modulator or 2×2 switch, the good contact
between the electrodes and the walls of the holes ensured by this technology, makes it
possible to use the electrodes in order to apply the driving field. An half-way voltage, Vπ,
of 1.37 kV at 1550 nm for a 20 cm device was demonstrated. Although filling the holes
with alloys enables over a meter long electrodes, in this first experiment, the total length
of the devices was limited by the loss caused by the interaction of the light modes with
the metallic interfaces. Improvements in the fibre design are expected to lead towards
long > 1 m electro-optic modulators with a switching voltage as low as 50 V [14].

3.8 Quasi-Phase Matched Frequency Converters

In 1989 R. Kashyap demonstrated for the first time quasi-phase matched frequency con-
version in optical fibres by electric field induced second-harmonic generation [131]. The
electric field was not frozen in the glass, rather it was applied externally with inter-
digited electrodes. Four years later, again using interdigitated electrodes he thermally
poled a bulk fused silica plate and demonstrated quasi-phase matching. [72]. In 1995
at the Optoelectronics Research Centre, the first demonstration of quasi-phase match-
ing in a thermally poled optical fibre was reported. Frequency doubling to the blue
was obtained in a D-shape fibre [132]. The breakthrough was made possible by the
vacuum poling technique that improved the uniformity and reproducibility of the fibre
poling [118]. A maximum of 400 pW of blue light for a pump power of 100 mW was
produced. The low efficiency was attributed to a combination of imperfections (slight
chirping and randomness in the length of the individual poled sections) and of inexact
overlap between the nonlinear layer and the core. Later it was also found by the same
group that poling in vacuum produces a value of the nonlinearity which is approxi-
mately three times lower than for poling in air [82]. In 1997 Pruneri et al. achieved
QPM SHG generation into the blue by frequency doubling picosecond pulses [19]. The
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average conversion efficiency, defined as the ratio of the second harmonic (SH) power
over the pump power, was ' 0.22% in a 1.8 cm long periodically poled D-shape fibre
enabling 76µW of SH blue light power to be produced with a 35 mW average input
power (200 W peak power). In contrast to the previous work, in this case the comb
electrode was patterned by photolithography directly on the flat surface of the D-shape
fibre, allowing better contact. Using the same technology Pruneri et al. demonstrated
for the first time frequency doubling of femtosecond pulses [20]. A 1.2% conversion effi-
ciency was obtained in a 4 cm long periodically poled fibre and was found to be limited
by competing third-order nonlinear processes [133]. In 1999, the same group reported
frequency doubling of a nanosecond Q-switched fibre based source. Compared to the
picosecond and femtosecond pulses, nanosecond pulses enable longer interaction lengths
before walk-off takes place. Up to 7.5 cm long χ(2)-gratings were fabricated by thermal
poling in vacuum and periodic electrodes defined by standard photolithography on the
flat surface of a D-shape fibre. Average conversion efficiency of 21% was demonstrated
for pump peak powers as high as 4 kW corresponding to a normalized conversion effi-
ciency of 5× 10−3 %/W [12]. The conversion efficiencies obtained in this work aroused
considerable excitement as they are on the same level as can be obtained with widely
used nonlinear crystals for frequency conversion such as LiB3O5 and KTP. Following
this work Bonfrate and co-workers demonstrated for the first time parametric fluores-
cence in a quasi-phase matched optical fibre [134]. Photon-pairs were produced at a
rate of ' 150 MHz, which in principle is large enough to demonstrate a quantum-key
distribution system at 1550 nm with poled fibres.

Although successful, periodic poling of D-shape fibres in vacuum, has some drawbacks
which prevent scalability towards higher conversion efficiency. The photolithographic
process limits the device length to about 10 cm. Also the quality of the χ(2)-grating
might be an issue as the fringe field produced by the comb-electrode might vary the
duty cycle and reduce the contrast of the QPM structure. Furthermore, as it was men-
tioned earlier, poling in vacuum results in about a three times smaller value of the
nonlinearity compared to poling in air [12]. For this reason it was necessary to look into
alternative technologies which could be compatible to poling in air and also scalable to
longer lengths. One possibility that has been investigated in order to overcome the lim-
itations imposed by the fabrication of periodic comb electrodes is the periodic erasure
of a uniform nonlinearity. Since the work on photoinduced second-harmonic generation
in fibres it has been known that the self-organized χ(2)-grating could be erased by ex-
posure to ultraviolet light excitation [135, 136]. In principle, since long uniformly poled
fibres with internal electrodes can be fabricated [130], the uniformly poled fibre could
be exposed through an amplitude mask and even translated relative to it in order to
achieve long χ(2)-gratings. Several groups have reported erasure by UV light in thermally
poled silica glass plates [80, 137, 138]. Montant and co-workers at Bordeaux University
demonstrated erasure of the nonlinearity by two-photon absorbtion in thermally poled
borophosphate bulk glasses exposed to femtosecond pulses at 800nm [139, 140]. The
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same group also demonstrated that the erasure of the nonlinearity could be spatially con-
trolled by appropriately controlling the intensity distribution of the erasing beam [141].
The first demonstration of UV erasure for quasi-phase matched second-harmonic gen-
eration in a poled optical fibres was in 2000 by Bonfrate et al. [22]. For a 4 kW peak
power of the fundamental radiation, an average conversion efficiency of 6% was reported
after exposure of a uniformly poled D-shape fibre through a 6 cm long amplitude mask.
The UV light excitation was provided by a non-collimated mercury-xenon lamp. This
result was very encouraging as, although not completely optimized, devices fabricated
by periodic UV erasure had performances comparable with the best fibres fabricated by
periodic comb electrodes [12]. Nonetheless, the possibility of scaling to longer lengths
was not exploited in this case. In this thesis quasi-phase matching second-harmonic
generation in long (> 10 cm) periodically poled silica fibres is reported [16]. All fi-
bre frequency doubling of a fibre laser operating at 1554.8 nm produced 3.6 mW of red
light in the fundamental mode. The average conversion efficiency was 2.4% achieved in
a 11.5 cm long device with a pump peak power of only 108 W compared to the 4 kW
used in the previous works. The corresponding conversion efficiency, normalized for the
pump power, is 2.2 × 10−2 %/W and is the highest ever reported for poled fibres. The
fabrication of long devices has been made possible by the use of a twin-hole fibre with
internal wire electrodes in order to produce a long uniformly poled region and by a new
technology for the χ(2)-grating fabrication: the continuous periodic UV erasure. A UV
beam is flashed intermittently and translated along the poled fibre in order to produce
the desired modulation of the nonlinearity, without the need for an amplitude mask.
The continuous periodic UV erasure derives from the continuous Bragg-grating writing
technology which enabled up to 1 m long Bragg gratings to be fabricated [142, 143]. A
further extension of the potentialities offered by periodically poled fibre devices is the
demonstration, by Canagasabey and co-workers of more than 30 nm tuneability of the
QPM wavelength [144].



Chapter 4

Improvement of the Maker’s

fringe technique

Nowadays, efforts are focused on the search for novel glass systems and optimum poling
conditions to obtain the highest SON [145, 146], even though a reliable determination
of the value of χ(2) is still an issue. Typically, the Maker’s fringe technique (MFT),
first developed by Maker et al. in 1962 [147], is used to evaluate the χ(2) of nonlinear
materials. In this technique, a laser beam is focused onto the nonlinear sample of
length L and, while varying the angle of incidence, the beam is used as a pump to
generate second harmonic light. Due to the dispersion of the glass the SH and the driving
polarization waves propagate with different velocities and their phase relationship at the
output of the nonlinear medium depends on the actual path travelled inside. Therefore,
while rotating the sample and recording the power at the second-harmonic frequency,
an oscillating behavior results from the interference between the polarization wave and
the SH-wave. The spacing between two adjacent peaks of the second-harmonic power
carries the information about the thickness of the nonlinear region. The critical point
of the Maker’s fringe technique for the measurement of χ(2) is the determination of the
thickness of the nonlinear region, which is not straightforward in thin nonlinear samples
like, in most cases, in thermally poled glasses. In thin samples no fringes in the MFT
pattern are present and unless an independent measurement of the thickness of the
depletion layer is performed, the MFT cannot be used. Unfortunately, in the literature
values of χ(2) in poled glasses are reported where the thickness of the nonlinearity had
only been estimated, making it difficult to compare results.

A detailed analysis of the theoretical background and principle of operation of the
Maker’s fringe technique is discussed in the following section. Care is taken in order
to highlight the refinements that are necessary for the highest accuracy. The validation
of the experimental procedure is the subject of sections 4.1.5 to 4.1.7. The limits of
the Maker’s fringe technique are discussed in Section 4.2 and a novel technique is pro-
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Figure 4.1: The incident and refracted rays at the fundamental and second harmonic
frequencies near the boundary between a nonlinear medium and air.

posed for characterizing the second-order nonlinearity in thin samples and to overcome
the limits of the MFT. The technique developed in this work was called Stack Maker’s
Fringe Technique (SMFT): it is based on the interference between SH light beams which
are generated by two identically poled glasses pressed together in a stack. The SMFT
was tested on a set of thermally poled silica plates.

4.1 Maker’s fringe technique

In this section the same formalism as in chapter 2 is used. In addition, the presence
of an interface between a linear and a nonlinear medium as well as the general case of
non-normal incidence are considered here in order to adequately describe the Maker’s
fringe technique.

Due to the boundary conditions for second harmonic generation at the interface be-
tween a linear and a nonlinear medium, i.e. from the continuity of the magnetic and
electric field tangential components, the pump and second harmonic waves propagate in
a slightly different direction (see Fig.4.1) [148]:

ϑω = arcsin
(

sinϑ
nω

)
(4.1)

ϑ2ω = arcsin
(

sinϑ
n2ω

)
. (4.2)

From hereafter the z axis will be defined as the axis normal to the sample surface. Hence,
the pump travels with a k-vector kω = (ω/c)nω along a z′ axis. Similarly the second
harmonic travels with a k-vector k2ω = (2ω/c)n2ω along a z′′ axis (see Fig. 4.1).
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4.1.1 Derivation of the second harmonic intensity

The vector wave equation for both pump and second-harmonic electromagnetic fields is
derived from eq. 2.18. The treatment follows the same line as in chapter 2 but it has
been generalized in order to consider the two different directions of propagation of pump
and SH.

∂Aω

∂z′
= i

µ0ω
2

2kω
PNL
ω e−ikωz

′

(4.3)

∂A2ω

∂z′′
= i

µ0(2ω)2

2k2ω
PNL

2ω e
−ik2ωz′′

Like before, we can write

∂Aω
∂z′

= i
µ0ω

2

2kω
êω ·PNL

ω e−ikωz
′

(4.4)

∂A2ω

∂z′′
= i

µ0(2ω)2

2k2ω
ê2ω ·PNL

2ω e
−ik2ωz′′

by defining Aω = êωAω, and making the scalar product ê· at both sides of equations 4.3.
The explicit form of the second order nonlinear polarization components P(2) defined in
eqs. (2.13) is given by:

P(2)
ω = ε0χ

(2)|ê2ωêωA2ωA
∗
ωe

i(k2ωz′′−kωz′)

(4.5a)

= ε0χ
(2)|ê2ωêωA2ωA

∗
ωe

i(k2ω cos(ϑ2ω−ϑω)z′−kωz′)

P(2)
2ω = ε0

1
2
χ(2)|êωêωAωAωe2ikωz′

(4.5b)

= ε0
1
2
χ(2)|êωêωA2

ωe
2ikω cos(ϑ2ω−ϑω)z′′

Substitution of eqs. (4.5a) into eqs. (4.4) gives the evolution of the second harmonic
electro-magnetic field:
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∂A2ω

∂z′′
= i

(2ω)2

2k2ωc2
deff(z′′)|Aω|2e−i∆k′′z′′ (4.6)

∆k′′ being the projection of the wave-vector mismatch ∆k = k2ω−2kω along the second
harmonic direction (i.e. the z′′ axis):

∆k′′ = k2ω − 2kω cos (ϑ2ω − ϑω)

(4.7)

=
4π
λ

(n2ω − nω cos (ϑ2ω − ϑω)) .

The expression defining deff is the same as in eq. (2.23). The second harmonic field,
after it propagates across the full length of the nonlinear material, is obtained through
integration of eq. (2.22) with the condition A2ω(z = 0) = 0 and the hypothesis of low
conversion efficiency Aω(z) = const. If L is the thickness of the nonlinear slab, the
actual path travelled by the light inside the sample varies with the angle of incidence
and it is given by L/ cosϑ2ω:

A2ω(L) = i
ω

n2ωc
|Aω|2

∫ L
cosϑ2ω

0
deff(z′′)e−i∆k

′′z′′dz′′ (4.8)

The intensity of the SH is then obtained by squaring eq. (4.8) bearing in mind that

I2ω =
1
2
ε0cn2ω|A2ω|2. (4.9)

Finally it follows:

I2ω(L) =
2ω2

ε0c3n2ωn2
ω

I2
ω

∣∣∣∣∣
∫ L

cosϑ2ω

0
deff(z′′)e−i∆k

′′z′′dz′′
∣∣∣∣∣
2

(4.10)

4.1.2 Measurement of the second-order nonlinearity

In the previous section the expression for the second-harmonic intensity was derived
(eq. 4.10). The aim of this section is to give all the necessary refinements in order to
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apply it to practical situations [149]. In particular the losses at the air-sample and
sample-air interfaces that are due to reflections must be considered.

The main limit of eq. (4.10), when trying to apply it to Maker’s fringe measurements,
is that its validity is limited to inside the material whereas, experimentally, the only
measurable quantities are the powers of the pump and SH beams outside the nonlinear
medium. The transmittance coefficients relating the external powers of the pump and of
the second harmonic, Pωext and P2ω

ext respectively, with the internal powers,Pωint and P2ω
int ,

have to be included in the final equation. The following discussion will be restricted to
the case of polarization parallel to the plane of incidence, i.e. the plane containing the
normal to the surface and the beam itself (p-pol. case).
At the air-sample interface power is removed from the pump by a factor depending
on the transmittance (Tω) of the material, defined as the ratio between the transmitted
and the incident power:

Tω ≡ P
ω
int

Pωext

(4.11)

Tω, in turn, depends on the index of refraction, on the direction of the polarization of
the light and on the angle of incidence. In the case of polarization parallel to the plane
of incidence, it follows [150]:

Tωp−pol (ϑ) = 1−
(
nω cosϑ− cosϑω
cosϑω + nω cosϑ

)2

(4.12)

At the sample-air interface the second harmonic beam is refracted and the same con-
sideration as before can be applied. Due to partial reflection the power that actually
comes out from the nonlinear medium is reduced by the transmittance factor T 2ω ex-
pressed by the ratio

T 2ω ≡ P
2ω
ext

P2ω
int

(4.13)

Noting that from Snell’s law and from eq.(4.2), the exit angle of the second harmonic
beam is equal to the incidence angle of the pump ϑ, the transmission coefficient for p-pol
can be written as [150]:

T 2ω
p−pol (ϑ) = 1−

(
cosϑ2ω − n2ω cosϑ
n2ω cosϑ+ cosϑ2ω

)2

(4.14)
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Figure 4.2: Cross sectional area of the pump and second harmonic beams. Note how
the cross section changes due to the refraction at the air sample interface.

Moreover while considering the power per unit area we must take into account that
the cross section of the beam inside the material is different from that of the beam
propagating outside due to the refraction. This situation is depicted in Fig. (4.2) and
with the aid of the above definitions:

Pωint = IωintSω (4.15)

P2ω
int = I2ω

intS2ω

where

S ω = S′ cosϑω = S
cosϑω
cosϑ

(4.16)

S2ω = S′ cosϑ2ω = S
cosϑ2ω

cosϑ

with S being the cross-sectional area of the pump beam and S′ its projection on the sam-
ple (Figure 4.2). Combining eqs. (4.11,4.13,4.15,4.16) and substituting into eq. (4.10) it
follows:

ηSHG ≡
P2ω

ext

Pωext

=
1
S

2ω2

ε0c3n2ωn2
ω

aT

∣∣∣∣∣
∫ L

cosϑ2ω

0
deff(z′′)e−i∆k

′′z′′dz′′
∣∣∣∣∣
2

Pωext (4.17)

where the beam correction factor a has been introduced

a ≡ cosϑ2ω

cosϑ

(
cosϑ
cosϑω

)2

, (4.18)
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and the Fresnel transmission losses have been accounted for by the factor T

T = T 2ω(Tω)2. (4.19)

When deff(z′′) is uniform along z′′ the integral can be analytically solved and the ex-
pression describing the output of a Maker’s fringe measurement is obtained:

ηSHG ≡
P2ω

ext

Pωext

=
1
S

2ω2

ε0c3n2ωn2
ω

d2
eff aT

L2

(cosϑ2ω)2 sinc2

(
∆k′′L

2 cosϑ2ω

)
Pωext (4.20)

with ∆k′′ defined in eq. 4.7 as

∆k′′ =
4π
λ

(n2ω − nω cos (ϑ2ω − ϑω)) (4.21)

and deff defined in eq. 2.23:

deff ≡ 1
2

[
ê2ω · χ(2)|êωêω

]
. (4.22)

4.1.3 The case of poled glass

The Maker’s fringe technique can be applied to all nonlinear materials and thin films.
Hereafter the particular case of the measurement of the second-order nonlinearity in a
poled glass is discussed.

The glass plates are rotated along an axis perpendicular to the plane of incidence to
perform the MFT measurement (Fig. 4.3). The pump electric-field is p-polarized in
order to be co-planar with the frozen-in field Edc. The direction of Edc defines the
optical axis of the poled glass as well as the group symmetry the poled glass belongs to:
(6mm or C∞mm). A straightforward picture of the principle of operation of the Maker’s
fringe technique arises if the second harmonic is considered to be always collinear with
the pump (i.e. ϑ2ω w ϑω). Such approximation is extremely useful: it gives an intuitive
physical description and moreover it fails only for extremely high incident angles ϑ. The
approximation is justified because, owing to the low dispersion of silica, the difference
between the index of refraction at the two frequencies is typically very small: w 0.01.
As a result, the difference between the internal angle of propagation for the pump and
the second harmonic ϑω − ϑ2ω, given by eqs. (4.1 and 4.2), is always smaller than 0.4◦
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Figure 4.3: Geometry of a Maker’s fringe experiment for a thermally poled glass. The
pump beam is parallel to the plane of incidence (p-pol), which contains the Y and Z
axis. The Z-axis is the optical axis of the poled glass (group symmetry 6mm or C∞mm).

The sample is rotated along the X axis.
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Figure 4.4: (left) Plot of the angular difference, ϑω − ϑ2ω, between pump and second
harmonic internal propagation directions, as a function of the angle of incidence ϑ.
(right) Theoretical computation of the oscillating function in the Maker Fringe formula
(eq. (4.20)) assuming the case of a poled glass. (Red curve) ϑω 6= ϑ2ω, (Green curve)
Approximated curve for ϑω = ϑ2ω. Note that the green and red curves are overlapped.

The parameters used for the computation are the same as described in Fig. (4.5)

(Fig. (4.4(left))) It is worth noting that for normal incidence (i.e. ϑ = 0) the difference is
rigorously zero. Therefore for normal incidence the approximation ϑ2ω w ϑω is rigorously
exact.

A numerical computation of the output of a Maker’s fringe measurement of a poled glass
with a uniform nonlinear depletion layer of 10µm is shown in Fig. (4.5). On the same
graph, the approximate curve is also shown. No appreciable difference can be observed.

Due to the dispersion, the polarization wave (bound wave) and the second harmonic wave
(free wave) travel at different velocities inside the medium. As a result, the intensity
I2ω(L) of the second harmonic along the length of the sample is determined by the
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interference between the two waves. Rotation of the sample alters the phase relationship
between the bound and the free wave at the output of the sample because of the variation
in the optical path length. There will be angles for which the two waves interfere
constructively and angles for which there is complete destructive interference. The
result of a Maker’s fringe measurement is an oscillating curve obtained by recording the
second harmonic power as a function of the incident angle.

The sinc2 function, in eq. (4.20), accounts for this oscillating behavior. The angular
separation between two adjacent peaks of the interference pattern corresponds to a
difference in the optical path length equal to one coherence length. According to lc =
π/∆k, the argument of the sinc2 function in eq. (4.20) can be expressed in term of the
coherence length as: π

2
L

lc cos(ϑ2ω) . When (L/ cosϑ2ω)� lc the sinc2 tends to one and the
second harmonic efficiency scales with the square of the interaction length (L/ cosϑ2ω).
This condition holds for small angles of incidence and for thin nonlinear samples. The
poled glass, having lc = 24µm and a nonlinear region of w 10µm is a typical case. The
sinc2 function, plotted in Fig. (4.4(right)), is close to one for all the incident angles.

∆k′′ represents the projection of the vector ∆k = k2ω− 2kω along the second harmonic
direction and it was defined in eq. (4.21): Owing to the low chromatic dispersion of silica
glass, the dependence of ∆k′′ on the angle of incidence is limited. When ϑ2ω is assumed
to be equal to ϑω, ∆k′′ reduces to the well known modulus of the wave-vector mismatch

|∆k| = ∆k =
4π
λ

(n2ω − nω). (4.23)

As ∆k can be considered constant for all ϑ, the major contribution to the oscillations
in the MFT pattern is given by the variation of the path travelled by the light in the
material: L/ cosϑ2ω. The wave-vector mismatch ∆k accounts for the dispersion of the
medium.

In Fig. (4.4(right)) the variation between the exact and the approximated oscillating
function can be observed. The computed Maker’s fringe curve is also shown.

The envelope of the MFT pattern (eq. 4.20) reflects the angular dependence of the
Fresnel transmission losses T (eq. 4.19), the beam correction factor a (eq. 4.18) and of
the effective nonlinear coefficient deff (eq. 4.22).

In the case of the poled glass with the 10µm depletion layer depicted in Fig. (4.5),
the path travelled by the light in the nonlinear region is smaller than the coherence
length for all the incident angles. The maximum angle of refraction in silica is in fact
43.6◦, hence the maximum path travelled by the light in the nonlinear region is 10µm
/ cos(43.6) = 13.8µm < lc = 24µm. As long as no coherence length is reached in the
Maker Fringe measurement, we would expect the second harmonic to grow with the
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angle according to (L/cosϑ2ω)2. The maxima and the subsequent drops in Fig. (4.5) are
due to the Fresnel transmission losses of the pump and of the second harmonic beam
at the sample interfaces. The situation is clarified in Fig. (4.6) where the transmittance
coefficient for the second harmonic and the Fresnel loss correction factor to the Maker
Fringe formula (T 2ω × (Tω)2) are plotted versus the angle of incidence.

From symmetry considerations poled glass can be considered as belonging to the group
symmetry 6mm or C∞mm. According to the Kleinman symmetry condition [5], the
nonlinear tensor for a poled glass is given by:




0 0 0 0 d31 0
0 0 0 d31 0 0
d31 d31 d33 0 0 0


 (4.24)

with d33 = 3d31 and dij = (1/2)χ(2)
ij .

The angular dependence of deff is obtained from eq. 4.22:

deff =
2
3
d33 (sinϑω cosϑω cosϑ2ω) +

1
3
d33(cosϑω)2 sinϑ2ω + d33(sinϑω)2 sinϑ2ω

(4.25)

The simpler case of ϑ2ω w ϑω, hence,

deff w d33 sinϑω, (4.26)

provides a better understanding of the role played by this parameter in the Maker’s
fringe output pattern. At normal incidence the nonlinear optical coefficient causes the
second harmonic intensity to be zero. A plot of d2

eff is shown in Fig. (4.7(left)).

Finally, the beam correction factor (eq. 4.18)versus the angle of incidence is plotted in
Fig. (4.7(right)). The effect of this correction is merely a reshaping of the envelope.
The envelope of the MFT pattern is dominated at small ϑ by the contribution given by
deff and at large ϑ by the Fresnel transmission losses.

4.1.4 The case of α-quartz

The absolute determination of the nonlinear coefficient d33 in poled glass with the MFT,
requires the power of the fundamental beam and, in the case of a pulsed fundamental
laser beam, the spatial and temporal distribution of the pulses, to be known with high
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Figure 4.5: The output of a Maker’s fringe measurement is evaluated numerically
for the case of a poled glass with a nonlinear depletion layer of 10µm. Both the
exact equation (eq. (4.20)) (blue curve) and the approximate case for ϑ2ω w ϑω are
plotted (circles). Other parameters used in the simulation are: λpump = 1064 nm,

λshg = 532 nm, nω = 1.45, n2ω = 1.46
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Figure 4.6: (Blue curve) Theoretical computation of the MFT pattern for a poled
glass. (Red curve) Angular dependence of the Fresnel loss correction factor T (eq. 4.19).
Note the sharp decrease in the transmitted power for angles larger than 60◦. (Green
curve) Approximated curve for ϑω = ϑ2ω. Note that the green and red curves are

overlapped.

precision. Unfortunately this is not always easy especially when short pulses, typically
hundreds of picosecond long pulses, are employed as the fundamental radiation. This
issue can be circumvented by means of a comparative measurement with a material of
known second-order nonlinearity, typically α-quartz is used for this purpose.

In this section a theoretical computation of a Maker’s fringe pattern for α-quartz is
presented. The case shown in figure (4.8) reflects the probing geometry used in the
experiments, further described in this thesis. The crystal was an x-cut crystal. It had
X-axis perpendicular to the optical window (α = 0◦) and the Z axis, which is the optical
axis, parallel to the optical window. The Maker Fringe pattern for a 1.0186 mm thick
quartz plate was derived according to eq. 4.20 (Fig. 4.9). The curve resulting from the
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Figure 4.7: (Blue curve) Theoretical computation of the MFT pattern for a poled
glass. (left) Theoretical computation of the squared effective nonlinear optical coeffi-
cient defined in eq. (4.22)) assuming the case of a poled glass (group symmetry 6mm
(C∞mm)). (right) Plot of the correction factor a (eq. 4.18) accounting for the variation

of the beam cross section due to refraction at the sample interfaces.
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Figure 4.8: Geometry of a Maker Fringe experiment for the α-quartz plate used
as a reference. The pump beam is parallel to the plane of incidence (p-pol), which
contains the X and Y crystallographic axis. The Z-axis is the optical axis of the quartz

(crystallographic class 32). The plate is rotated along the Z axis.

approximation introduced in the previous section (ϑω ' ϑ2ω) is shown on the same
graph, too. Note that at large angles this approximation is no longer valid. A large
number of fringes is observed due to the thickness of the quartz plate being much larger
than the coherence length (lc = 20µm). A plot of the oscillating part in eq. 4.20 is given
in Fig. (4.10).

The contribution to the envelope given by the Fresnel transmission losses, T = T 2ω(Tω)2,
(see eq. (4.19)) and by the beam correction factor,a, (see eq. (4.18)), is shown in
Fig. (4.12). The angular dependence of the nonlinear optical coefficient (deff) is cal-
culated from the nonlinear tensor for a α-quartz crystal (crystallographic class 32):
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Figure 4.9: Theoretical computation of the MFT pattern of α-quartz. Numerical
simulation of the output of a Maker Fringe measurement. A 1018.6µm thick α-quartz
plate is considered. Both (Blue curve) eq. (4.20)and (Red curve) the approximate case
for ϑ2ω w ϑω are plotted. Other parameters used in the simulation are: λpump =
1064 nm, λshg = 532 nm. The indexes of refractions are evaluated from Sellmeier’s eqs.

nω = 1.5342, n2ω = 1.5469



d11 −d11 0 d14 0 0
0 0 0 0 −d14 −d11

0 0 0 0 0 0


 (4.27)

with dij = (1/2)χ(2)
ij . From eq. 4.22 follows:

deff = d11 sin (ϑ2ω + 2ϑω − 3α) (4.28)

where α was defined in Fig. 4.8 and it is equal to zero for an x-cut crystal. The previous
equation reduces to

deff = d11 sin (3 (ϑω − α)) (4.29)

under the hypothesis of ϑω ' ϑ2ω (Fig. 4.11)).
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Figure 4.10: (Blue curve)Theoretical computation of the MFT pattern of α-quartz.
(Red curve) Plot of the oscillating part in the Maker Fringe formula (eq. (4.20)) assum-
ing the case of an α-quartz plate. The parameters in the simulation are the same as

described in Fig. (4.9)
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Figure 4.11: (Blue curve)Theoretical computation of the MFT pattern of α-quartz.
(Red curve) Squared effective nonlinear optical coefficient defined in eq. (4.22)) assum-

ing the case of an α-quartz plate (crystallographic class 32).
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Figure 4.12: (Blue curve)Theoretical computation of the MFT pattern of α-quartz.
Contribution to the envelope of the Maker fringe pattern due to (Red curve) the Fresnel
transmission losses (T = T 2ω(Tω)2 cfr. eq. 4.19) and to (Green curve) the beam

correction factor (a cfr. eq. 4.18).
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Work Reference d11(pm/V) Cited Source
Henry, 1995 [151] not specified
Kameyama, 2001 [80] 0.31 Singh a

Kameyama, 1997 [152] 0.31 Singh a

Narazaki, 2002 [153] 0.34 not cited
Tanaka, 1996 [100] 0.34 not cited
Narazaki, 1998 [9] 0.34 not cited
Narazaki, 1999 [154] 0.34 not cited
Fujiwara, 1997 [108] 0.51 not cited
Hayashi, 1995 [155] 0.51 not cited
Khaled, 2001 [27] 0.51 not cited
Matsumoto, 2001 [156] 0.51 Levine b

Okada, 1992 [23] 0.51 Kurtz c

Okada, 1993 [157] 0.51 Kurtz c

Khaled, 2000 [158] 0.51 not cited
Ohama, 1999 [110] 0.51 Levine b

Tanaka, 1994 [99] not specified
Le Calvez, 1997 [77] not specified
Tanaka, 2000 [8] not specified

Table 4.1: Values of d11 reported in articles. Cited sources are (a) S. Singh in
ref.[1],(b) B.F. Levine in ref.[2] and (c) S.K. Kurtz, J. Jerphagnon and M.M.

Choy in ref.[3]

4.1.5 Calibration issues

Even though quartz is a well studied crystal, the values of the nonlinear coefficient d11

published in the literature far exceed the quoted experimental errors. The most cited
works are 30 years old and the values of the nonlinearity for the d11 coefficient range from
0.31 [1] to 0.51 [3]. In a recent paper [66] the d11 of α-quartz is determined relative to d36

of ammonium dihydrogen phosphate (ADP) and found to be equal to 0.30± 0.01 pm/V
at 1064 nm. This is the value of d11 that is used in this thesis for the characterization
of the SON in poled glass.

In table 4.1 results are reported on thermal poling of various glasses together with the
cited values of d11 for quartz. It is clear how it is hard, and in some cases impossible,
to make a comparison among published results.

4.1.6 Calibration measurements

For the content of this section it is convenient to write the expression for the second-
harmonic power defined in eq. (4.20) as the product of two different contributions:

P2ω
g,q = K ′ f(ϑ,Lg,q, d

g,q
eff , . . .). (4.30)
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One of these contributions

K ′ =
2ω2

ε0c3

(Pωg,q
)2

S
(4.31)

depending only on physical constants such as the pump frequency ω, pump power Pω
and the pump beam area S and the other factor (f(ϑ,Lg,q, d

g,q
eff )) containing all the

dependencies on the sample ’(g,q)’ (q: quartz or g: glass) characteristics.

In experiments, P2ω
g,q is not directly measured. What is actually measured is the signal

from the photomultiplier tube which is a voltage (V g,q
2ω ) proportional to the second-

harmonic power:

V g,q
2ω = K f(ϑ,Lg,q, d

g,q
eff , . . .), (4.32)

where K is simply a calibration factor determined by recording V q
2ω for the quartz.

It does not depend on the sample characteristics, therefore, it does not change when
measuring, in the same conditions, the second-harmonic generated by a thermally poled
glass. The second-order nonlinear optical susceptibility in the poled glass is eventually
obtained by recording the Maker fringe pattern, V g

2ω, and fitting the data with eq. (4.32)
and K given by the reference measurement with the quartz plate.

In principle, it is sufficient to record P 2ω
q at a given angle ϑ. However, the Maker fringe

pattern is extremely sensitive to the sample thickness Lq. Therefore, in order to deter-
mine Lq with high accuracy, Maker’s fringe patterns for the quartz plate were measured
for a wide range of incident angles and the experimental data were fitted to eq. (4.30)
with K, Lq and ϑ0 as free parameters. The latter takes into account the error which
may affect the reading of the incident angle (Figs. 4.13 and 4.14). Remarkably, the
values of Lq obtained from two different sets of data are almost the same and are close
to the value that was obtained by measuring the sample thickness with a micrometer
(1016µm-1018µm).

4.1.7 Evaluation of d33 in a thermally poled silica glass

In this section, an example of the complete procedure used to determine the nonlinear
optical coefficient d33 in thermally poled glasses, is given. A 1 mm thick silica plate
(Herasil 1 by Heraeus) is thermally poled at 280 ◦C for 30 minutes with 4 kV applied in
air. For the reference measurement, only a few points were recorded and the calibration
factor was determined by fitting the data with K as the only parameter (see Fig. (4.15)).
The thickness of the quartz sample Lq was taken as equal to 1018.5µm from a full Maker
fringe measurement (see section 4.1.6).
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Figure 4.13: Full-range Maker fringe pattern recorded for a nominal 1-mm thick
quartz sample (circles). The line is the best fit to eq. (4.30) with K = 67.7, LQ =

1018.6µm, ϑ0 = −0.9 ◦. d11 = 0.3 pm/V
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Figure 4.14: Full-range Maker fringe pattern recorded for a nominal 1-mm thick
quartz sample (circles). The line is the best fit to eq. (4.30) with K = 20.45, Lq =

1014.2µm, ϑ0 = 0.3 ◦. d11 = 0.3 pm/V
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Figure 4.15: Calibration data obtained using quartz as a reference sample (circle).
The second-harmonic signal was measured only for a limited set of angles. The line is
a best fit. to eq. (4.30) with K=999.7. Fixed parameters are Lq = 1018.5µm, ϑ0 = 0

degree,d11 = 0.3 pm/V

The second harmonic signal recorded for the poled glass is shown in Fig. 4.16. The
SH power is proportional to the product

(
χ(2) L

)2
. Hence, the ability to determine

the value of χ(2) requires the knowledge of L that is possible, in the MFT, only if the
fundamental beam travels through the nonlinear medium for a length (L′) at least equal
to one coherence length (lc ∼ 24µm in silica). In principle it is possible to make L′

longer than lc by probing at large angles, but the total internal reflection (TIR) limits
the minimum measurable thickness to L = lc cos(ϑTIR), that is about 18µm for silica.
In poled glasses the thickness of the nonlinear layer is usually smaller than this value
(∼ 10µm) and therefore the MFT cannot be used.

This point is highlighted in Fig. 4.16 by fitting the experimental data to eq. (4.30) for
a range of possible values of the nonlinear thickness. When Lg is below 10µm all the
fitting curves overlap and it is impossible to estimate the nonlinear thickness. For Lg

between 10µm and 18µm there is a small difference in the position of the maximum,
meaning that it should be theoretically possible to discriminate among them. On the
other hand the difference is so small that it is hard to appreciate due to experimental
errors. Practically, the MFT should not be used for Lg below 18µm. The knowledge of
the nonlinear thickness is crucial since different values of Lg lead to different values of
d33. Since the experimental data appears to indicate that the nonlinear region is smaller
than 18µm, the nonlinear thickness must be obtained independently. Lg was measured
by etching measurements, and inferred to be 4µm. The experimental data were then
fitted to eq. (4.30) with d33 as a free parameter. Taking Lg = 4µm , a d33 value of
0.22 pm/V (χ(2) = 0.44 pm/V) is found by fitting the data, in good agreement with
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Figure 4.16: Second-harmonic signal as a function of the incident angle, for a poled
glass sample (circles). The thickness of the nonlinear region was measured to be L =
4µm by etching measurement. The Blue curve is the best fit to the data and d33 =
0.22 pm/V is obtained. Equation (4.30) is fitted to the experimental data assuming
different thickness of the nonlinear layer in order to highlight the limitation of the
MFT to measurements of thin nonlinear samples: (Yellow) L = 2µm, (Blue) L = 4µm,

(Cyan) L = 8µm, (Red) L = 12µm, (Green) L = 16µm and (Black)L = 20µm

previously reported values for poled silica glass (Fig. 4.16).

4.2 Stack Maker’s fringe Technique: a practical technique

for measurement of second-order nonlinearity in poled

glass

In the literature, when the measurement of the thickness of the nonlinear optical layer L
in poled glass is impossible using MFT, the reported values of χ(2) are sometimes only
estimated, giving less significance to the achievements in this area. It can possibly be
explained by the difficulties of handling hydrofluoric acid for an independent determi-
nation of L [103, 159]. Hence, a reliable and practical optical technique to measure the
thickness of the induced nonlinear layer would be extremely important in the field of
poling.

Modified MFT set-ups, with the sample sandwiched between a couple of prisms or glass
hemispheres, were proposed in order to avoid the limitation imposed in the MFT by the
total internal reflection, so that the condition L′ > lc is achieved [79, 88]. A variant
of the MFT[121] , employs two fundamental beams, at an angle, in order to produce a
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non-collinear SH beam which has a much smaller coherence length (∼ 2µm in silica),
compared to the collinear ones, so that L′ > lc is easily achieved. Chemical etching in
which the etched depth is monitored interferometrically, was also used as an independent
measurement of L[76].

In this section a non-destructive and more practical technique is proposed for measuring
the nonlinear thickness of poled glass. The technique is based on the interference between
SH light beams which are generated by two identically poled glasses pressed together in
a stack. Thicknesses, as small as 4µm can be measured with a resolution better than
1µm.

4.2.1 Principle of Operation

In the technique presented hereafter, a stack is made by pressing in contact two identi-
cally poled glasses (or alternatively the same sample cut in two pieces) with the nonlinear
layers facing each other. The stack is then probed just as in the MFT (Fig. 4.17). In
our ”stack” Maker’s fringe technique (SMFT), each of the two nonlinear layers generates
a SH light beam which interferes with the other one and the SH power at the output
of the stack depends on the relative phase between the two SH beams. The key point
of the SMFT is that, at a given angle, the ratio of the SH powers measured for the
stack (P2ω

S ) and for the single glass (P2ω) only depends on L′ which is the quantity we
want to determine. It should be noticed that, at the interface between the two glasses,
the sign of the nonlinearity is reversed because of the opposite orientations of Edc. It
follows that the mathematical treatment typically used in quasi-phase matching analysis
is applicable to the SMFT as well.

The SH field at the output surface A2ω
S is given by the interference between the SH fields

generated by the two nonlinear layers.

A2ω
S = A2ω

1 + A2ω
2 , (4.33)

where A2ω
1 is the SH field generated by the first layer after propagation to the output

surface and A2ω
2 is the SH field generated by the second layer after propagation to the

output surface. Any effect due to the presence of interfaces and Fresnel transmission
losses will be considered afterwards to simplify the treatment, moreover the hypothesis
of undepleted pump is considered as previously. It is worth noting here that the SH
field at the output of the first layer A2ω is the SH field for a conventional Maker’s fringe
defined in eq. (4.8). Assuming a uniform χ(2) across the nonlinear layer, A2ω

1 and A2ω
2

can be written as
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Figure 4.17: Schematic of the stack made by pressing two poled glasses together.
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Figure 4.18: SH power, as a function of the external angle measured for a single poled
glass (solid symbols) and for the stack of two identically poled glasses (open symbols).
Data refers to the sample poled for 90 min. From the ratio of the SH powers at each
angle, the thickness of the nonlinear layer is calculated and its value is used to fit the

data (solid and dashed line).
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A2ω
1 = A2ωeik2ωL′

(4.34)

A2ω
2 = A2ω

[
eikωL

′]2
.

with L′ = L/ cos(ϑ2ω) where L is the thickness of the nonlinear layer that we want to
measure and θ2ω the internal angle of propagation for the SH light beam. From eq.(4.33)
we have

A2ω
S = A2ωeik2ωL′ −A2ωei2kωL

′
(4.35)

where the minus sign before the second term is caused by the opposite orientation of
the frozen-in static electric field in the poled glasses. Simple mathematical manipulation
gives

A2ω
S = 2iA2ωeik2ωL′e−i

(2kω−k2ω)L′
2 sin

(
∆k
2
L′
)

(4.36)

The intensity of the SH light beam at the output surface is then obtained by squaring
eq.(4.36) and with I2ω defined in eq.(4.9).

I2ω
S = 4 I2ω sin2

(
∆k
2
L′
)
. (4.37)

The quantity

R ≡ I2ω
S

I2ω
(4.38)

is the ratio of the SH beam intensities generated by a stack of two identical poled glasses
and by a single poled glass sample. The Fresnel transmission losses and the beam size
correction (eqs.(4.18,4.19)) contribute in the same way to the Maker Fringe pattern for
both the stack and the single sample. Hence, they simplify in the ratio and finally R is
equal to the experimentally measurable quantity
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R =
P2ω
S

P2ω
= 4 sin2

(
∆k
2
L′
)
. (4.39)

For L′ = L/ cos(ϑ2ω) < lc, the function described in eq.(4.39) is monotonic so that, by
inverting it, L is uniquely determined:

L =
2
π
lc cos(ϑ2ω) arcsin

(
1
2

√
P2ω
S

P2ω

)
(4.40)

where the definition ∆k ≡ π/lc is used.

Indeed, for L′ = L/ cos(ϑ2ω) > lc the SMFT cannot be used, but in this range the
MFT provides enough accuracy for the determination of both L and χ(2). Hence, we
found the interesting result that the SMFT is complementary to the MFT and extends
its range to smaller values of L. In the stack, the SH power is maximized for L = lc

which is the condition for quasi-phase matching. It should also be pointed out that,
with the SMFT, the measurement of the thickness is further simplified, compared to
other techniques, as the angular dependence of the Fresnel transmission losses and of
the beam size correction factor do not have to be taken into account.

4.2.2 Error analysis

The most important sources of errors for the determination of L were found to be the
error in the measurement of the ratio P2ω

S /P2ω, the error in the reading of the angle
of incidence of the fundamental beam and the error in the coherence length. Assuming
realistic values for the aforementioned errors, the error in L is evaluated from eq.( 4.40).
δL/L is found to increase for L below 4µm and when the path travelled by the light in
the nonlinear layer (L′) is equal to the coherence length (see peaks in Fig. 4.19). In such
a case the error goes to infinite because around these values, variations in L produce
only little variation in the power ratio (eq. 4.40).

The major sources of experimental errors are found in the measurement of the ratio of
the SH powers and in the reading of the incident angle. The former contribution to the
error is more important when L is small, whereas the latter dominates when L is large,
especially if the sample is probed at large angles(Fig.4.20).
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Figure 4.19: Percentage error of the nonlinear thickness (L) against L evaluated for
different angles of incidence.
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Figure 4.20: Contributions to the error in the nonlinear thickness against the angle
of incidence of the fundamental beam for two values of L. (green) error in lc, (red)
error in the angle reading, (light blue) error in the ratio P2ω

S /P2ω. (Dark blue) overall
error in L.

4.2.3 Assessment of the method

The method to measure the nonlinear thickness in a poled glass presented here is based
on the measurement of two Maker fringe patterns. One pattern is recorded using a poled
glass, and the second one is measured using a stack made of the measured poled glass
and an identical one that could be fabricated either by poling it in the same conditions
as the first glass or by cutting the first glass in two halves. The method also requires that
the two nonlinear regions are facing each other in the stack. According to eq.(4.21) the
ratio of the SH power measured at each angle gives the nonlinear thickness L. Finally,
having L, the χ(2) is estimated with reference with to a α-quartz crystal as described in
section 4.1.7.

MFT and SMFT measurements were performed (Fig. 4.18) on a set of 200µm thick
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Figure 4.21: Thickness of the nonlinear layer in a set of silica plates poled for different
times: (diamonds) 7 min, (square) 15 min, (up -triangle) 30 min, (down triangle) 45

min, (circles) 90 min.
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Figure 4.22: Measured values for the nonlinear thickness against poling time. The
solid curve is the best stretched-exponential fit for the experimental data

silica plates (Herasil 1), poled in air for 7, 15, 30, 45 and 90 minutes at 280 ◦C, with
4 kV applied voltage. The samples were tested for SHG using a mode-locked and Q-
switched Nd:YAG laser (λ = 1064 nm) with a focused spot radius of wo = 26µm. The
corresponding Rayleigh range (2z0 ∼ 4 mm) is long enough to encompass the whole stack,
so that the effect of spherical aberrations and astigmatism is reduced. No index matching
fluid is used between the samples, since its larger dispersion (compared to air) would
introduce a phase shift between the SH beams generated by the two layers, randomly
modifying their interference condition and making it impossible to retrieve the value of
L. According to eq. (4.40) the thickness of the nonlinear optical layer is calculated, for
each sample, at different angles (Fig.4.21). As in the standard Maker’s fringe technique,
once determined, the value of L is used to fit the MFT pattern (Fig. 4.18) and χ(2)

is evaluated by comparison with α-quartz crystal (d11 = 0.3 pm/V). A χ(2) of 0.14
pm/V is determined in the sample poled for 90 minutes. The evolution of L with poling
time agrees well with the result of previous studies [75] (Fig. 4.22). Each datum for L
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presented in Fig. 4.22 is the average of the values obtained at different angles (Fig. 4.21).
The experimental errors, evaluated from the standard error of the mean, are in general
below 10%.



Chapter 5

Evaluation of poling methods and

materials for devices

The value of the induced second-order nonlinearity in thermally poled silica glass is more
than one order of magnitude smaller than the χ(2) in nonlinear crystals such as LiNbO3.
Two main possibilities to reduce this gap can be envisaged: the first possibility is to use
a different technique from thermal poling (see section 3.6). Corona poling [23, 157, 160],
UV-poling [27, 156],electron-beam poling [24, 161], all-optical poling [162] have been
reported so far. The second possibility is to either change or modify the material to
make it more prone to the poling process. Several groups are now working on poling
of glasses other than silica (see Section 3.5). Glasses with high χ(3) [8, 100, 159] are
the most promising in order to obtain a larger χ(2) (see χ(2) = 3χ(3)Edc). Moreover,
pre-treatment of silica glass, with the aim of preserving its excellent optical properties
whilst including new features, has already proven to be effective. For example it was
shown that the creation of point defects in synthetic silica by UV exposure led to a ten
fold increase in the value of the nonlinearity induced by thermal poling [80].

This thesis led to the discovery of a new poling method [28]: UV-fs poling, where two-
photon absorption of femtosecond UV pulses in the presence of an applied electric field
creates a permanent space-charge in pure silica glass. This technique is described in
section 5.1. Various nanostructured glass-ceramic families have also been character-
ized, both using standard MFT technique and the new stack Maker’s fringe technique
introduced in section 4.2. In particular, thermal poling as efficient as in silica, was
demonstrated in photosensitive tin-doped silica glass (Section 5.2). The addition of pho-
tosensitivity to the optical properties of poled silica makes this new material attractive
for planar poled devices where waveguides can be written by UV exposure. The gener-
ation of point defects in silica and their effect on the poling process have been studied
by exposing the glass to either γ-ray or IR-femtosecond pulses. γ-ray pre-treatment has
been experimentally investigated in both type-II and type-III silica glass, in a wide range

60
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Figure 5.1: Schematic of the UV-assisted poling experiment with induced photocur-
rent measurement.

of doses and dose-rates of exposures to γ-rays. This study is presented in Section 5.3.
An original contribution of this thesis is also the discovery that IR femtosecond pre-
treatment of silica enhances the capability of the glass to freeze an electric field, leading
to higher nonlinearity (Section 5.4).

The issue of the stability of the nonlinearity in poled glass, that is fundamental for the
development of practical devices, has been addressed in Section 5.5. Glass compositions,
whose second-order nonlinearity is far more stable than for poled silica, were identified.

In Section 5.6, the compatibility of each poling method, glass, and glass pre-treatment
with the fabrication of a glass based frequency doubler, is critically discussed on the
basis of both literature review and of the experiments presented in this chapter.

5.1 UV-fs poling

In this section the discovery of a new poling technique is reported. Differently from
Fujiwara’s experiments a high intensity UV femtosecond laser source and un-doped
fused silica samples, excited by a two-photon mechanism were used. After irradiation,
a strong second-harmonic signal in the areas of the sample that had been subjected to
both the electric field and UV light, was observed. To the best of our knowledge, it is
the first experimental demonstration of direct UV-poling in pure fused silica.

Samples Preparation

The experimental set-up is shown in Fig.5.1. The fused silica samples used for poling
were made from Herasil 1 glass (Heraeus Quarzglas GmbH) and had dimensions 37.2×
11 × 0.5 mm3. All the sides of the samples were polished and aluminium electrodes,



Chapter 5 Evaluation of poling methods and materials for devices 62

��������

	�
������

����
�������� 	���������

������
�

�����������

��� ����

������

!������������"�

�� ���

	���������

������
�

��

#�

��

Figure 5.2: Schematic of the UV-assisted poling experiment: details of the beam
propagation.

11 × 5 mm2, were deposited on both plane sides of the samples in such a way that the
edges of each electrode were at a distance of about 3 mm from the end of the plate and
side edges (see Fig.5.1).

For sample irradiation, we used the UV pulses from a femtosecond Nd:glass laser (Twin-
kle, Light Conversion Ltd., Vilnius, Lithuania). It is based on an active-passive mode-
locked negative-feedback controlled Nd:glass master oscillator, a stretcher, a Nd:glass
regenerative amplifier, and a compressor. It delivers 0.9 ps pulses with energy of as much
as 4 mJ at 1055 nm with a repetition rate of 27 Hz. Further compression to 200 fs pulse
width is accomplished in the course of second-harmonic generation with a potassium
dihydrogen phosphate type II (KDP) crystal with time predelay between pulses with
orthogonal polarization. The subsequent generation of third (351 nm), fourth (264 nm),
and fifth (211 nm) harmonics of fundamental radiation is carried out in KDP and β-
barium borate (BBO) crystals. The energy stability of pulses at 264 nm is ∼ 10% [163].

The laser parameters used for the UV femtosecond poling were the following: the pulse
energy, εp, is around 200µJ; the wavelength, λ, is 264 nm; the pulse duration,τFWHM , is
220 fs (τ = τFWHM/

√
ln2 at 1/e); the beam radius, wFWHM , is 0.15 cm (w = wFWHM/

√
ln2

at 1/e); and the repetition rate, Rr, is 27 Hz. The UV radiation was focussed into the
narrow side of the sample by a cylindrical lens with focal length 21.8 cm. The sample
was placed at a distance of 21 cm from the lens (Fig. 5.2).
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The peak beam intensity, I0, is calculated assuming that the pulses generated by the
laser have a Gaussian temporal and spatial profile. The following representation was
chosen for the Gaussian beam:

I(r, t) = I0exp

[
− r2

(
w0/
√

2
)2
]
exp

[
− t2

(τ/2)2

]
(5.1)

where w = w0/
√

2 is the beam radius when the intensity has decreased by 1/e and τ

the pulse width at 1/e. Eq.( 5.1) has to be integrated over time and space in order to
obtain the pulse energy, εp. This leads to the following result:

εp =
∫ +∞

−∞
dt

∫ +∞

0
I(r, t)2πrdr =

π
√
π

4
I0τw

2
0 (5.2)

From the above expression the peak beam intensity is calculated to be:

I0 =
εp

π
√
π

4 τw2
0

(5.3)

corresponding to 8.7 GW/cm2 on the lens. Due to the focusing the beam cross sectional
area at the sample edge is reduced by approximately 27 times, as calculated using Gaus-
sian beam propagation. As a result the peak intensity incident on the sample is about
236 GW/cm2. The incident fluence was calculated from the following equation [28]:

E =
εpN

πw2
0

(5.4)

where N is the total number of pulses incident on the sample. A high voltage block
FC30P4 (Glassman High Voltage, Inc.) was used to create an electric field of about
200 kV/cm through the sample. The sample, with the high voltage applied across it,
was irradiated with the high-intensity UV laser light for approximately 3 hours (total
incident fluence of around 8 kJ/cm2). Using the experimental values for the two-photon
absorption coefficient for Herasil glass reported in [164], we can estimate the light
intensity value entering the volume inside the sample under high voltage as 40 GW/cm2

(the pulse energy, entering the poling volume, is about 40µJ). The total irradiation
fluence regarding the poling volume was 2 kJ/cm2.

Current Measurements

A digital oscilloscope LT372 (LeCroy) was used to measure the photoelectric current
induced in the sample while applying the high voltage and exposing it to the UV-
femtosecond pulses. No current was observed in the absence of high-intensity UV light.
Immediately, at the start of irradiation, a strong photocurrent pulse with an amplitude of
up to 20 V (measured across an 100 kΩ resistor) appeared, which corresponded to a con-
ductivity value of σ = 2×10−9 cm−1Ω−1 (resistivity value ρ = 5×108 cm·Ω, which is ten
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orders less than the standard reference value for room temperature ρ = 1018 cm·Ω[165]).
The calculated initial quantum yield of charged particles between the electrodes was
about 2 × 10−6, if we presume that the time resolution of our oscilloscope was 50 ns.
During the irradiation, the pulse amplitude value degraded rather quickly (during some
seconds) to a level of some volts (Fig.5.3). A horizontal movement of the sample in
respect to the laser beam led to a revival of the photocurrent signal. After switching
off the applied voltage, the photocurrent pulse changed its polarity and continued to
degrade. The observed photocurrent behavior is qualitatively consistent with the one
induced in earlier experiments on two-step ionization S0 → S1 → SN of oxygen defi-
cient fused silica by KrF excimer laser radiation with λ = 248 nm and t = 25ns[166].
However, a side effect, which is difficult to isolate in this type of experiments, is the
photoelectric emission of electrons from the electrodes, when illuminated by high energy
UV photons. In order to estimate the importance of the contribution of photoelectrons
to the measured current, future experiments will be performed using various metal elec-
trodes, having different work-functions. Another possibility is to shine the UV laser
beam alternatively on the anode electrode, inside the glass and on the cathode electrode
and see how the measured current is affected.

Measurements of the Second-Order Nonlinearity

After the poling and removal of the electrodes (by etching), the sample was tested for
evidence of second-harmonic generation. As a pump source, a mode-locked and Q-
switched Nd:YAG laser was used (λ = 1064 nm). For the Maker’s fringe measurement
the sample was placed on a rotation stage and the laser beam was focused on the poled
area, with polarization parallel to the plane of incidence. The generated SH light was
detected with a photomultiplier. The fit to the experimental data reveals that the region
with an induced χ(2) corresponds to the whole bulk volume between the two electrodes
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Figure 5.4: Maker’s fringe measurement on the UV poled sample

(Fig.5.4).

The comparison of the SHG signal value with that obtained from a reference sample
(crystalline α-quartz) with a known χ(2) value of 0.6 pm/V, allowed us to estimate the
maximum value of the induced second-order nonlinearity as about 0.02 pm/V. A recti-
fication model, χ(2) = 3χ(3)Edc with χ(3), being the third-order nonlinear susceptibility,
equal to 2×10−22 m2V−2 for silica and the applied electric field Edc equal to 200 kV/cm,
gives a predicted χ(2) of 0.01 pm/V in remarkable agreement with the measured value. If
the same experiment is performed in twin-hole fibres, where the maximum applied field is
only limited by the dielectric strength of silica at room temperature (2× 109 V/m [75])
we can tentatively predict χ(2) exceeding 1 pm/V. The pump beam was also scanned
across the surface of the sample to test the distribution of the second-order nonlinearity
(Fig.5.5). The geometry was the same as for the Maker’s fringe measurements described
above. The angle of incidence was chosen to be close to normal incidence (10 degrees)
to reduce the effects of non-uniformities. A stronger SH signal is observed near the
side where the laser beam entered the sample which could be explained by the decrease
of UV intensity caused by two-photon absorption in the glass. During the inscription
procedure we poled several regions under the electrodes by translating the sample. It is
clearly seen that the second-harmonic signal is observed only in the area under the elec-
trodes illuminated by the UV light beam, indicating that the poling takes place under
the simultaneous action of both UV light and the applied electric field.

5.2 Poling of nanostructured glass-ceramics

Crystals which do not possess inversion symmetry inevitably show second-order nonlin-
ear optical properties. Therefore, composite materials containing nonlinear nanocrystals
are interesting for nonlinear optical applications especially if orientation of the nanocrys-
tals is achieved.
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Figure 5.5: The two dimensional distribution of the second-harmonic signal in the
poled fused silica sample. The sample geometry and the area covered by the electrode
are marked by the black lines and the area that was scanned for SHG is delimited by

the white lines. The UV beam entered the sample from the top.

So far only a few studies have been reported on second harmonic generation in semicon-
ductor nanocrystals and the mechanism leading to the second harmonic is still unclear.
Second-harmonic generation in commercial filter glass, where CdSSe semiconductor
nanocrystal were dispersed, have been reported[167]. It has been suggested that photo-
induced formation of positive holes and electrons in the semiconductor nanocrystalline
phase is responsible for an internal electric field, leading to SHG via χ(2) = 3χ(3)Edc.
Another study claims that surface effects, inherently lacking in inversion symmetry, as
well as bulk effects can contribute to second harmonic generation[168]. In that work the
effect of the surface is found to enhance the first order hyperpolarizability corresponding
to the second-order optical nonlinearity for CdSe nanocrystals smaller than 1.3 nm in
radius.

SHG in CuCl-nanocrystal-embedded indium tin oxide film
CuCl is a semiconductor nanocrystal with a zinc-blende type structure and it possesses

a large second-order nonlinearity. In addition it shows high transparency in the visi-
ble wavelength region. Recently SHG in CuCl nanocrystal-embedded silica glass films
and thermally poled borosilicate glasses containing CuCl nanocrystals have been re-
ported [169, 170]. Second harmonic generation from CuCl nanocrystal-embedded amor-
phous indium tin oxide(ITO) film, which is known as a transparent electrode, has also
been reported [171]. SHG was larger by one to two orders of magnitude in the ITO thin
film than in the silica glass film. The second-order nonlinear optical properties of the
ITO thin film containing a nanocrystalline phase are interesting considering that the
ITO crystalline film itself exhibits SHG [172] and that it has been found to enhance the
second harmonic intensity of organic polymer (PMMA) film, when this was deposited



Chapter 5 Evaluation of poling methods and materials for devices 67

0

10

20

30

40

50

60

-80 -40 0 40 80

S
H

G
 in

te
ns

ity
 (

ar
bi

tr
ar

y 
un

its
)

ITO thin film containing CuCl nanocrystal (not poled)

Angle of Incidence (deg)

Figure 5.6: Maker Fringe pattern for the CuCl nanocrystal-embedded ITO film.
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onto the ITO film, thanks to surface-induced ordering of the polymer [173].

As for the CuCl nanocrystal-embedded ITO film, details for the second-harmonic gen-
eration still remain unclear, in the present study, which was carried out in collaboration
with professor Katsuhisa Tanaka1, SHG under various conditions is reported.

The CuCl nanocrystal-embedded ITO film has been prepared by sputtering. The prepa-
ration process is extensively described in ref. [169]. According to X-ray diffraction anal-
ysis, the film is composed of CuCl in a crystalline phase (20 nm size) and amorphous
ITO. SHG measurements are performed using a Q-switched, mode-locked Nd:YAG laser
and the second-harmonic is detected using a photomultiplier and an oscilloscope. The
Maker’s fringe pattern is shown in Fig.( 5.6). The maximum of the second-harmonic
is around 40◦ − 45◦ agreeing with previous measurements in analogous samples [171].
The noise of the data is mainly due to the inhomogeneity of the sample. The random
orientation of the CuCl nanocrystals causes SH light to be produced at normal inci-
dence. Indeed, the generation of SH light from powders of nonlinear crystals have been
exploited in the past for the measurement of nonlinear coefficients. In order to demon-
strate that the measured signal is genuinely second-harmonic we show in Fig. (5.7) that
the SHG intensity increases with a second-power law while increasing the fundamental
power. The two curves refer to a different orientation of the sample with respect to the
fundamental wave: normal incidence (square) and 45o (circle). The dashed lines are
the best least-squares fit with a second-order polynomial confirming that the measured
signal is second-harmonic even at normal incidence.

Poling of tin-doped silica glasses fabricated by sol-gel technique
Promising results in terms of nonlinearity were obtained in silica glass prepared by sol-
gel. In an early paper, the increase of bulk second-order nonlinearity (SON) with the
OH concentration was reported [174]. More recently, high SON has been demonstrated
in sol-gel glasses with low OH content. In the latter case the second-order optical
nonlinearity was located in a 20µm thick region close to the anodic surface [82].

Sn-doped silica-based materials have been supplied by N. Chiodini and M. Paleari from
Università di Milano-Bicocca (Italy). They were prepared by a sol-gel method [174] and
synthesized at 1050 ◦C. Thermal poling has been investigated in Sn-doped glasses and
SnO2:SiO2 nanostructured composites. The tin-content was ∼ 1.2%w/w and 2 %w/w,
respectively. In the samples with lower concentration Sn acts as a substitutional atom
for silicon in the silica matrix. In the sample with the higher concentration, Sn atoms
segregate, giving rise to nanosized SnO2 clusters homogenously dispersed in the silica
matrix [175].

Thermal Poling has been carried out in air at 280 ◦C for 30 min with 3 kV applied. The
second-order optical nonlinearity induced in glass by poling has been evaluated through

1Department of Chemistry and Material Technology, Faculty of Engineering and Design, Matsugasaki,
Sakyo-ku, Kyoto, Japan
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Figure 5.8: SMFT measurement of the thickness of the poled region in thermally
poled tin-doped silica glass.
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Figure 5.9: Maker’s fringe pattern of thermally poled tin-doped silica glass.

the Stack Maker’s fringe technique (SMFT) described in Section 4.2. The depth of
the nonlinear region was found to be 8.5 ± 0.75µm and 14.0 ± 0.36µm for the glass
and glass-ceramic, respectively (Fig. 5.8). The second-order susceptibility was measured
with the conventional MFT (Fig. 5.9 and 5.10). A χ(2) = 0.26pm/V was found for the
glass system (1.2%w/w tin-content) whereas χ(2) = 0.18pm/V was found for the glass-
ceramic (2.0%w/w tin-content). The χ(2) is found to be almost the same in both the
glass and glass-ceramic. Tentatively we can draw the conclusion that in this glass system,
during the poling process, the glass matrix is mainly involved despite the presence of
nanocrystals.

5.3 γ-ray pre-treatment of silica glass

In the past, it has been reported that silica glass exposed to gamma radiation exhibits
enhanced SHG when it is thermally poled [176]. Although promising, this result has
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Figure 5.10: Maker’s fringe pattern of a thermally poled tin-doped silica glass-ceramic.

been reported only for type-III silica glass (manufactured by flame hydrolysis of SiCl4)
which was irradiated at a maximum dose of 100 kGy. On the other hand, all the poling
parameters being identical, SHG is 10 times higher in type-II silica glass (manufactured
by flame fusion of quartz) than in type III silica glass. In order to evaluate the ability
of gamma-radiation pre-treatment to increase the second-order nonlinearity, we have
carried out thermal poling of silica glass modified by gamma radiation. Type-II (Herasil)
and type-III (Suprasil) silica glass samples (0.53 mm and 1 mm thick, respectively) were
exposed to gamma-rays from a Cobalt-60 source at high dose rates of 10 kGy/h and
total doses from 100 kGy to 10 MGy. Temperature during irradiation was about 55 ◦C.
After irradiation, the samples were thermally poled at 280 ◦C, 4 kV for 30 minutes. For
each type of silica, a fresh (non-irradiated) sample was poled in the same conditions and
taken as a reference. Results of the SHG tests are summarized in Table 5.3 (the incident
angle of 60 ◦ was chosen because it corresponds to the maximum SH intensity in the
Maker fringe pattern of thermally poled silica glass). Depending on the type of silica
and the dose, the SH intensity in the irradiated samples is either considerably reduced or
almost unchanged in comparison with the corresponding reference sample. Enhancement
of SH intensity is not observed, in any of the samples, including the Suprasil ones, in
contradiction with [176]. MFT measurements were performed on the irradiated samples.
Surprisingly, we observed Maker’s fringes in both Herasil and Suprasil samples which
were irradiated at 7 MGy and then thermally poled, meaning that the depth of the
induced nonlinear region was larger than the coherence length, i.e. larger than 24µm.
In both cases the period of the oscillations corresponds to the thickness of the sample.
This result indicates that the nonlinearity is induced either in the whole bulk or in thin
layers at both the anode side and the cathode side. In the former case, the orientation
of dipoles (possibly related to defects) would be responsible for the nonlinearity. Indeed,
typical UV optical absorption bands due to defects (e.g. E’ centre) are observed in all
the irradiated samples, showing that the glass is significantly modified after exposure
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Dose Dose Rate ISH/ISHref

Sample (KGy) (KGy/h)

H1 7096 9.07 8.6× 10−5

H2 1466 9.07 0.92
H3 817 9.07 0.97
S1 7096 9.07 1.1× 10−3

S2 1466 9.07 5.3× 10−4

S3 817 9.07 4.2× 10−4

S4 119 6.78 7.8× 10−4

Table 5.1: Results of SHG tests. The p-polarised pump beam from a Q-switched
and mode-locked NdYAG laser (1064 nm) was used to probe the sample at an incident
angle of 60◦. SH intensity is normalised to that measured in a non-irradiated sample.
H: Herasil (type II fused silica, Na and Ge impurities), S: Suprasil (type III synthetic

silica, 600-1000 ppm water impurities).
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Figure 5.11: Optical absorbance spectra of as-received Herasil glass sample (Href1)
and gamma-irradiated Herasil glass samples (H1-H3).

to gamma rays (Figures 5.11 and 5.12). Although no enhancement of the second-
order nonlinearity could be obtained by gamma-irradiation pre-treatment, these new
and unexpected results on thermal poling of silica glass modified by gamma radiation
are important for our understanding of the poling mechanisms, in particular on the
aspects related to the role of defects.
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Figure 5.12: Optical absorbance spectra of as-received Suprasil glass sample (Sref1)
and gamma-irradiated Suprasil glass samples (S1-S4).

5.4 IR-fs laser pre-treatment of silica glass

In this work the silica is first modified by irradiation with a focused femtosecond laser.
The femtosecond irradiation, by a multiphoton absorption process, violently breaks the
Si-O covalent bonds and defects, such as oxygen deficiency centers, E’ centers and
NBOHC are created inside the silica as well as densification [33]. Although much is
known about the type of defects generated by femtosecond irradiation, little is known
about the effect of these defects on the poling process.

Preparation of the samples

A refractive index grating of 20µm period and 4µm line width is written within a fused
silica glass plate (Herasil 1 by Heraeus) by scanning (v = 200µm/s) with the focused
beam produced by a regeneratively-amplified mode-locked Ti:Sapphire laser operating
at λ = 850 nm, 150 fs pulse duration and 250 kHz repetition rate. The energy is 1.2µJ
per pulse. The grating is written in the bulk of the glass with its plane parallel to
the surface of the silica plate. The silica plate is polished until the surface reaches the
grating. Thermal poling is then carried out in air for 15 minutes at 280 ◦C with 4 kV
applied. The short poling time, together with the polishing, ensures overlapping between
the grating and the nonlinear layer created by the poling, the latter usually being only
a few microns thick.

Experimental setup

After poling, SHG in the poled glass is investigated using a mode-locked and Q-switched
Nd:YAG laser (λ = 1064 nm), with a focused spot size of w0 = 4.1±0.4µm, smaller than
the spacing between two grating lines. The polarization of the pump beam is controlled
by means of a half-wave plate. The experimental setup is described in Fig. 5.13. The
silica plate containing the grating is mounted on a rotation stage and placed in the focus
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of the Nd:YAG laser beam. A step-motor translation stage is used in order to scan the
beam across the grating. The second harmonic light generated in the poled region is
detected by a photomultiplier (PMT) and recorded by an oscilloscope. Simultaneously,
by means of a beam splitter placed in front of the PMT, the SH light spot is imaged
on a CCD camera connected to a computer for analysis. A white light beam collinear
with the laser beam is also used in order to overlap, in the plane of the CCD camera,
the image of the grating with the image of the SH light spot thus enabling assessment
of whether the SH light is generated outside the grating, on a grating line or in between
two lines. The sample was probed with either the grating lines parallel or perpendicular
to the plane of incidence and with either an s-polarized or p-polarized pump beam (see
Fig. 5.14).

Results and Discussion

First, before poling, the sample is tested to characterize structural modifications induced
by femtosecond irradiation[33]. The photoluminescence (PL) spectrum is recorded by
pumping with an He-Ne laser (λ = 632.8 nm) while scanning the beam perpendicular
to the grating lines. The PL intensity peak at 1.9 eV (655 nm) is associated with non-
bridging oxygen hole centres (NBOHC) [177]. The extremely strong PL signal observed
on the grating lines (Fig. 5.15(top)) indicates that a large number of these defects is
induced by irradiation. No SH light is detected before poling.

After poling, a well-defined modulation of the SH light, having the same period as the
grating, is observed, while scanning the p-polarized pump beam across the grating lines
oriented parallel to the plane of incidence (Fig. 5.15(bottom)). In the region well away
from the grating SH light is generated, as expected for uniformly poled regions, with a
well-defined Gaussian spot (Fig. 5.16(a)). A significant enhancement in the SH intensity
is observed when the pump beam is focused on the grating lines (Fig. 5.16(b),(d)). The
average enhancement is a factor of two compared to the poled region well away from
the grating. Remarkably the SH intensity generated when the pump beam is focused
between two lines (Fig. 5.16(c)) has the same level as outside the grating. With an
s-polarized pump beam focused on a grating line no SH light is generated on that line
but, quite surprisingly, two lobes are observed, one on each side of the line (Fig. 5.16(e)).
The diffraction pattern in the far-field, although not shown here, presents a gap in the
centre suggesting that the two lobes are π-out of phase. Testing the sample in a different
geometry, i.e. by scanning across the grating with the plane of incidence perpendicular
to the grating lines and with a p-polarized pump beam, a bright SH spot is visible on
the left side of each line if the incident angle is positive, whereas the spot is on the right
side if the incident angle is negative (Fig. 5.17).

The enhancement of SHG when the pump beam is upon a grating line gives evidence that
the poling process is more efficient due to the structural modifications in the irradiated
glass. There are indications that Edc is higher in the irradiated regions. The presence
of a large number of defects such as NBOHC could be responsible for the higher frozen-
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Figure 5.13: Experimental setup for measuring and imaging the SH light generated
from the sample (S). Paths of the pump beam (1064 nm) and the SH light are indicated
by thin and dashed lines respectively. White light illumination used for imaging the
sample is indicated by a shaded grey stripe. L1, L2, L3 lenses; R rotation stage;
H harmonic separator; M.O. microscope objective; PMT photomultiplier tube; CCD

charge coupled device.
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Figure 5.14: Schematic of the sample and geometry used for SHG tests. The regions
of the glass modified by femtosecond irradiation before poling (i.e. the grating lines) are
indicated in light grey. The poled region, lying underneath the anode side (top surface),
is indicated in dark grey. In the poled region the field lines of the electrostatic field
frozen in glass during poling (Edc) are sketched. The frozen-in field has components
along z and x directions (the latter is symbolized by arrows on the top surface). For
SHG tests, the plane of incidence is either parallel or perpendicular to the grating lines

and the pump beam is either p-polarized or s-polarized.

in electrostatic field and moreover these defects could be oriented and contribute to
the enhancement of SHG. There are also indications that the spatial distribution of
Edc is changed by the femtosecond irradiation treatment. Assuming the field lines of
Edc are those sketched in Fig. 5.14, our experimental results can be explained. In the
first geometry, with the plane of incidence parallel to the grating lines and with p-
polarized pump beam, the component of Edc perpendicular to the surface (Z axis) is
probed. Possible distortions of the electrostatic field distribution are expected to lie in
the YZ plane from symmetry considerations and therefore cannot give any contribution
to SHG in this geometry. The observed enhancement of the SHG when the beam is
focused on a grating line is due to a higher electrostatic field in the irradiated regions
(Fig. 5.16(b),(d)). In the same geometry, but with an s-polarized pump beam, the Z-
component of Edc does not give any contribution to SHG and there is no SHG on a line,
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Figure 5.15: Upper graph: Photoluminescence (1.9 eV) intensity recorded before pol-
ing while scanning a He-Ne beam across the sample. The intensity peak occurs when
the beam position is on a grating line. Lower graph: SH signal recorded after poling
while scanning the Nd:YAG pump beam (1064 nm) across the sample. Labels indicate
beam positions: outside the grating (a), on a grating line (b),(d), in between two lines

(c).

Figure 5.16: Images of the SH light spot recorded while probing the sample with the
grating lines parallel to the plane of incidence, with p-polarized pump (a to d) and
s-polarized pump (e). The incident angle is about 40 ◦. The position of the pump beam
in images (a) to (d) corresponds to labels (a) to (d) in the lower graph of Fig. 5.15. The
position of the pump in image (e) is the same as in (d). Two grating lines are visible

(dashed line)

as observed (Fig. 5.16(e)). On the other hand, distortions of the field lines introduce
a component of Edc along the Y direction which contributes to SHG and accounts for
the observed two-lobe pattern (Fig. 5.16(e)). The fact that the two lobes are π-out of
phase, as indicated by the far-field distribution, reveals that Edc field lines have opposite
directions at the two sides of the grating line. Such a conclusion is reinforced by the
measurement in the second geometry, i.e. with the plane of incidence perpendicular
to the grating lines and p-polarized pump beam. In this geometry, while probing the
grating at an angle, the field lines are more aligned with the direction of the pump
polarization on one side of the grating line than on the opposite side. Therefore, a
brighter SH spot is expected on the side where the field lines are more aligned. The
opposite situation is expected when reversing the angle of incidence (Fig. 5.17).
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Figure 5.17: Images of the SH light spot recorded while probing the sample with the
grating lines perpendicular to the plane of incidence and with p-polarized pump, at

incident angles of +20◦ and −20◦. Three grating lines are visible (dashed lines).

5.5 Thermal stability of poled glasses

The second-order optical nonlinearity induced in silica by thermal poling possesses ex-
cellent long term stability in ambient conditions [7]. Charge recombination within the
bulk and near the surface is responsible for the decay of χ(2) which is observed when the
poled glass is heated above room temperature. Since charge recombination processes
are dependent on the type of mobile ionic species and the glass matrix, the decay be-
haviour is expected to vary with glass composition. To what extent χ(2) is stable in
poled glass is not only a fundamental aspect of glass poling physics but it should be
taken into account in the design of devices. In this section a dramatic enhancement of
the stability of χ(2) for specific glass compositions is reported and its physical origin
is discussed. Glass samples included Herasil 1 commercial silica from Heraeus Quarz-
glas GmbH., NA35 commercial glass (66.8 SiO2, 10.1 B2O3, 9.7 Al2O3, 2.1 MgO, 5.8
CaO, 2.6 SrO, 2.6 BaO, 0.2 As2O3, 0.1 Sb2O3, in %mol) from NH Techno Glass Corp.,
and SA experimental glass (68.6 SiO2, 15.6 Al2O3, 0.5 MgO, 15.2 ZnO, in %mol) from
Nippon Sheet Glass Co. Ltd. (Table 5.2). All glasses contained alkali ions, among
which sodium is known to possess high mobility in silica at elevated temperatures[178].
Herasil samples (25× 25× 0.5 mm) had sodium as impurity (10−4 %wt); NA35 samples
(20 × 30 × 0.7 mm) had 0.07 %mol of Na2O as impurity; SA2, SA3 and SA4 samples
(20× 30× 1.0 mm) were doped with an alkali oxide (Na2O, Li2O and K2O respectively)
in 0.07 %mol concentration and SA1 did not contain dopant. All SA samples contained
additional Na2O (∼ 0.08 %mol) which was unintentionally incorporated from SiO2 raw
material. Thermal poling was carried out in air inside an oven at an applied voltage
of 4 kV using pressed-contact electrodes (6 × 9 mm2) made of stainless steel. For each
glass, preliminary poling experiments were first carried out in order to determine the
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optimal values of temperature and time that maximize the second order nonlinearity in
the poled samples (these values were then chosen for poling the samples of the present
study. Table 5.2). These experiments revealed that the ionic conductivity was lower in

Tp tp Ea1 Ea2 τ1;RT τ2;RT

Sample (�C) (min) (eV ) (eV ) (day) (day)

He1 280 10 0.62 0.79 2.1× 101 1.3× 104

NA35 420 30 1.22 2.04 9.2× 106 2.9× 1014

SA1 350 30 0.85 1.40 9.4× 103 1.0× 109

SA2 350 30 0.60 1.15 6.9× 101 1.2× 107

SA3 350 30 1.09 1.38 2.7× 105 6.8× 108

SA4 350 30 1.21 1.53 2.0× 106 7.6× 109

Table 5.2: Samples under test: HE1 (flame-fused silica); NA35 (alumino-boro-
silicate), SA1-4 (alumino-silicates); poling temperature (Tp); poling time (tp); acti-
vation energies of fast and slow relaxation processes associated with the decay of χ(2)

(Ea1 , Ea2); room-temperature extrapolated decay time constants (τ1,RT ,τ2,RT). Glass
chemical compositions are given in the text.

SA (NA35) glasses than in silica, with the consequence that higher temperatures and
longer times were required to pole them (Fig. 5.18). Thicknesses of nonlinear layers were
determined for typical poled samples using the stack Maker’s fringe technique [38] or
etching technique [179]. Despite the significantly different poling conditions and chem-
ical composition, the level of χ(2) was found for all the glasses in the same range as
silica. For isothermal annealing experiments, the poled samples were put on a large
aluminum block inside the oven, with their cathodic surface in contact with the block,
for a reason which will be explained later. This arrangement ensured that the sam-
ples rapidly reached thermal equilibrium at a temperature that was fixed by the block
and, thanks to the high heat capacity of the latter, did not fluctuate during loading
of samples. For silica, we calculated that the temperature of the sample, given its
dimensions, reached steady-state with a time constant of the order of one second. The
closed space of the oven ensured that the temperature did not fluctuate significantly
during annealing. Second-harmonic generation was probed in the poled samples after
each annealing period using p-polarized pump light from a mode-locked and Q-switched
Nd-YAG laser ( λp = 1.064µm), at a fixed incident angle (ϑext = 60◦) and at nine
locations across the poled area. Since the thickness of the nonlinear layer (L) was lower
than the coherence length in all samples, the second-harmonic power (P 2ω) was pro-
portional to (L × χ(2)

33,av
)2, where χ2

33,av
is the spatially averaged nonlinear coefficient.

Before annealing and after an annealing time t, we measured the SH power at a fixed
angle and calculated [(P 2ω(t)/P 2ω(0))1/2], i.e. the quantity of interest, which is equal to
χ(2)

33,av
(t)/χ2

33,av
(0) if L does not change during annealing. The decay of the nonlinearity
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Figure 5.18: Current as a function of time during poling of SA1 (a) and (g), SA2 (b),
SA3 (c), SA4 (d), NA35 (e) and HE1 (f). Poling temperatures: 350 ◦C (a-d), 420 ◦C

(e), 280 ◦C (f, g).

Figure 5.19: Decay of the second-order nonlinearity (χ(2)) as a function of annealing
time in poled samples: HE1 (a), NA35 (b), SA3 (c) and SA1 (d). Lines are best fits to
data using the sum of two exponential functions. Annealing temperatures are indicated
next to decay curves. Error bars indicate standard deviations of the measured quantity.
The cathodic surface of the sample was put on a metallic block in the oven [except for

dashed curve in d: in this case the anodic surface was put on the block].
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Figure 5.20: Decay rate (k = 1/τ ) as a function of the reciprocal absolute temper-
ature. Samples: HE1 ( ◦ ), NA35 ( O ), SA1 ( M ), SA2 ( ♦ ), SA3 ( � ), SA4 ( .
). Open (closed) symbols: decay rates associated with slow (fast) relaxation processes.

Lines are best fits to Arrhenius law.

was recorded at different temperatures as a function of the annealing time (Figure 5.19).
In SA and NA35 glasses, the nonlinearity started to decay at higher temperatures than
in silica, so that enhanced stability could be anticipated for specific glass compositions.
Although the decay curves could not be fitted successfully in the whole annealing time
range using single exponential functions, data could be nicely fitted using the sum of
two exponential functions with largely different time constants, i.e.

f(t) = a1 × e
�
−t
τ1

�
+ a2 × e

�
−t
τ2

�
. (5.5)

From a phenomenological point of view, it means that two independent decay processes,
a fast one (1) and a slow one (2), took place during annealing. Physically the two de-
cay processes could be associated with migration of cations of different mobility which
recombine with immobile negatively-charged sites, or with charge recombination (what-
ever the charge carrier is) in a near-surface layer, on one hand, and in a deeper layer
within the bulk, on the other hand. Irrespective of which physical process is actually at
play, it should be thermally activated. Indeed, the decay rates of both processes were
found to follow the Arrhenius law:

k = A× e
�
−Ea
kBT

�
, (5.6)

where Ea is the activation energy, A is the frequency factor, T the absolute temperature,
and kB the Boltzmann constant (Figure 5.20). The corresponding activation energies
and frequency factors were determined, from which decay time constants at room tem-
perature (RT), τ1,RT and τ2,RT , were extrapolated (Table 5.2). By extrapolating the
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dependencies of relative strengths a1 and a2 on temperature, we could infer which of
the two decay processes is likely to be dominant at room temperature. The fast decay
process was found to be negligible at room temperature in HE1 and SA1 samples, i.e.
a1(T = 293 ◦K) � a2(T = 293 ◦K). For these glasses,τ2,RT gives a good approximation
of the nonlinearity lifetime. In Herasil silica (HE1), τ2,RT is one order of magnitude lower
than previously reported lifetime values [180]. This is not a too large discrepancy, taking
into account that extrapolation of values is very sensitive to uncertainties in Ea and A.
In SA1 glass, τ2,RT is five orders of magnitude higher than in silica, which constitutes
a dramatic enhancement of the stability. For the other glasses, values of a1 and a2 in
the annealing temperature range did not allow us to infer which process is dominant at
room temperature and, therefore, lifetime should have a value between τ1,RT and τ2,RT .
Even in the worst case, lifetime is several orders of magnitude higher in NA35 and SA
glasses than in silica. The activation energies, Ea, of the χ(2) decay, are higher in SA
and NA35 glasses than in silica (Table 5.2).

The activation energies of ionic conductivity (Eσ ) are higher, as well (Figure 5.18). We
explain the enhancement of χ(2) stability in SA and NA35 glasses with respect to silica
by the strong decrease of the alkali ion mobility. Ion mobility in glasses is determined by
several factors. According to the Anderson-Stuart model, E consists of two terms: the
bonding energy ( ∆Eb) and the elastic strain energy ( ∆Es), i.e. Eσ = ∆Eb+ ∆Es[181].
The first term arises from the direct Coulomb interaction between alkali ions (R+) and
charge-compensating (CC) sites. The second term arises from the distortion of the glass
network as R+ jumps from one site to the next. Substitution of Si by Al or B decreases
∆Eb because the negative charge is less localized on AlO−4 or BO−4 CC sites than on
non-bridging oxygen (NBO) CC sites and, therefore, Coulomb interaction with R+ is
weaker [182]. On the other hand, substitution of Si by Al or B increases ∆Es due to the
increase of the network rigidity [182]. Substitution of Si by B increases further ∆Es due
to the increase of the network packing density [182]. In sodium trisilicate (Na2O·3SiO2),
the net result is a decrease of Eσ with increasing Al or B substitution [182]. SA and NA35
glasses, on the other hand, differ from sodium trisilicate by their very low alkali content
and the presence of interstitial modifier cations (Zn+

2 , Mg+
2 , Ca+

2 , etc.). These larger
cations encroach on the conduction pathways of alkali ions, leading to an additional
increase of ∆Es. The net result is an increase of Eσ in SA and NA35 glasses with
respect to silica [178] because of (1) the presence of interstitial modifier cations, (2) the
higher rigidity of the network (Al and B substitution), (3) the higher network packing
density (B substitution only). This decrease of the alkali ion mobility is responsible for
the higher values of Ea associated with enhanced stability of χ(2). Other interesting
effects were observed in annealing experiments. Before annealing, SHG was reasonably
uniform in all the samples but, surprisingly, it became strongly non-uniform in HE1
samples after annealing [see error bars in Fig. 5.19(a)]. The existence of an hydrated
near-surface layer, which poled differently than the bulk, could be responsible for the
non-uniform decay and explain why the values of Ea1 and Ea2 for HE1 are lower than
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the value of 1 eV reported for thermal dissociation of Na+ in silica[178]. Which surface of
the poled sample (cathodic or anodic) was put on the metallic block in the oven turned
out to have a strong influence on the observed decay (Fig. 5.19(d), curves at 453 ◦K).
This effect is attributed to the existence of near-surface charges in the poled sample (i.e.
when the anodic surface is put on the metallic block, conductive paths are provided for
charge escape/injection from/to the sample, which results in faster decay).

In conclusion, order of magnitude enhancement of the stability of χ(2) was found in
alumino-silicate and alumino- boro-silicate with respect to silica and explained in terms
of drastic changes of the alkali ion mobility with glass composition.

5.6 Choice of the poling method and of the glass for fre-

quency doubling in optical fibres

In this section each poling method is reviewed and critically discussed in view of the
fabrication of a frequency doubler based on periodically poled optical fibres. To this
extent, the most important criteria considered are the reproducibility of the results and
the stability of the nonlinearity.

Even before the discovery of thermal poling, the creation of a self-organized QPM grating
in optical fibres by photoinduced SHG showed that glass based frequency doublers were
feasible. Nonetheless, even though the length of the self-organized grating can be as
long as ∼ 1 m, (but not longer, being limited by the chromatic dispersion and phase
modulation [183]), optical poling is unfortunately not suitable for applications because
of the low level of the induced nonlinearity ( χ(2) ∼ 10−3 pm/V). Therefore this method
was not pursued in this thesis as a viable solution for practical devices.

The value of nonlinear coefficient induced by UV-poling in fibres and glasses is claimed
to be much higher than that obtainable by thermal poling and it is comparable with the
nonlinear coefficient of second-order nonlinear crystals. With such figures, extremely
competitive electro-optic modulators and wavelength converters based on periodically
UV-poled fibres should have been realized. Such devices, though, have yet to come on
the market, implying that there is a general lack of knowledge of the parameters critical
for UV-poling. Besides the value of the nonlinearity, some issues are still open. The
recent discovery of cristobalites of micron size in the UV poled samples seems to imply
that poling induced losses are expected in the optical fibre. Also, it is known that the
nonlinearity induced in glass by UV poling is subject to a decay with time. From all
these results, we conclude that, at this stage, UV poling is not a reliable alternative
method of poling for the purpose of making devices.

Electron beam poling is proved to induce nonlinearities in the glass as large as the
nonlinearities induced by thermal poling. The major drawback of this method is prob-
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ably the high cost. The UV-fs poling technique presented earlier in this chapter is
still at the development stage and more experiments are required in order to assess
whether χ(2) values higher than the one produced by thermal poling are possible. A
more established technique is corona poling which can produce nonlinearity values of
approximately 1 pm/V [160]. Nonetheless these values are not stable and the nonlinear-
ity decays. Therefore, in the literature a poling method as reliable as thermal poling
and that can produce χ(2) values larger than ∼ 1 pm/V does not exist. Hence, at this
stage, thermal poling is the best poling method for the purpose of making devices.

Beside the value of the induced second-order nonlinearity, coupling loss, propagation loss
and damage threshold are the most important parameters against which the choice of
the glass or pre-treatment have to be made. From this point of view silica is an ideal host
for a device. Consequently, the choice of a different material for poling would probably
come from a trade-off between improved nonlinearity and poorer performance in terms
of loss or maximum power sustainable. Glasses with χ(3) higher than silica are promis-
ing because the induced χ(2) is proportional to the third order nonlinearity. Though,
these higher second-order nonlinearities have not materialized, yet and moreover, high
χ(3) glasses have also higher index of refraction n compared to silica, thus facing higher
coupling loss. Furthermore, according to eq. (2.37) the conversion efficiency for SHG
scales as d2/n3. Hence, what is gained in terms of improved nonlinearity has to com-
pensate for this factor, too. Silica doped with nanocrystals or metal nanoclusters can be
in principle attractive, as the χ(3) of the glass host can be enhanced hundreds of times.
Unfortunately this is often a resonant phenomenon and it is usually associated with a
resonant absorption. Exposure of silica to γ-ray, among glass pre-treatments, did not
produce enhancement of the nonlinearity in both fused and synthetic silica. We were
unable to reproduce the results by Tanaka et al. [176]. Silica pre-treatment by expo-
sure to femtosecond pulses was proved to enhance the ability of the glass to sustain the
electrostatic field induced by thermal poling. This novel technique makes it possible to
achieve structural modification in the glass with micro-scale resolution. The technique
was used for the fabrication of a χ(2) grating with a 20µm period. Further experiments
are necessary in order to prove this technology also in fibres. The loss induced by the
structural modifications of the glass might be an issue.

Although many research efforts have been made in order to find new poling methods and
better glass compositions, thermal poling of silica glass is at the moment the most reliable
technique to induce permanent second-order nonlinearity in optical fibres. The value of
the second-order nonlinearity typically induced in bulk fused silica is χ(2) = 0.7 pm/V
and in optical fibres is normally 3 − 4 times smaller. It is the subject of the following
chapters to show how the choice of the fibre design and the technology for the fabrication
of long χ(2) gratings could compensate for the relatively low value of the nonlinearity.



Chapter 6

Fibre Design

In the previous chapter, the choice of the poling methods and glass host for a poled device
was discussed. Thermal poling as the poling method and silica as the ideal medium for
a poled fibre device have been chosen. This chapter is devoted to the design of the
silica fibre. The fibre’s parameters, such as numerical aperture, dimensions, geometry
(D-shape, twin-hole, silica core and depressed cladding or even holey fibre), and the
grade of silica (high purity silica, fused silica) have to be chosen in order to maximize
the performance of the device bearing in mind the specific application. Moreover, the
fibre has to satisfy some practical issues: it has to be easy to manufacture, it should be
mechanically stable and easy to handle and has to be compatible to standard telecom
fibres. Throughout this chapter wavelength conversion as the target application will be
considered, although most of the issues are common also for other applications such as
for electro-optic modulation.

A figure of merit for a poled device, depending only on material properties, was previ-
ously introduced in order to compare the different types of glasses (eq. (2.38)). In order
to assess the fibre design, the dependence upon the guiding properties is made explicit
here through the Aovl term, that was defined in chapter 2 as 1/Iovl (eq. 2.32):

FOM =

∣∣∣dSH

eff

∣∣∣
2
L2 Pω

αn3Aovl
(6.1)

At a first glance the parameters that have to be optimized by a proper fibre design, are
identified. In the first place the nonlinearity, d

SH

eff
, is affected by the core and cladding

glass composition as on this depends the efficiency of the poling process. This aspect is
discussed in section 6.1.

The second parameter that would benefit from a proper fibre design is Aovl that is in
general smaller the higher is the numerical aperture of the fibre. Though, the choice of
the numerical aperture must be a trade-off among several aspects. The NA depends upon
the germanium concentration in the core and upon the core size and therefore influences

83
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both the poling process and the overlap between core and nonlinearity. Core size and
NA determine the cut-off wavelength which is typically set by the specific application.
Finally, the numerical aperture governs the confinement of the propagating modes and
it affects the transmission losses when an interface is placed close to the core as is the
case in twin-hole and D-shape fibres. All these issues are discussed in section 6.2.

In bulk glass, the type of glass and poling conditions determine the final value of the
induced nonlinearity. Yet, when it comes to a waveguiding structure, the overlap between
the core and the region where the nonlinearity is located, must be ensured by a proper
fibre design (section 6.3).

Finally, the specific applications will pose constraints on the pump power Pω, on the
device length and on the acceptance bandwidth.

6.1 Core/Cladding Composition

Different grades of silica can be fabricated and pulled into fibres. They typically differ
in the OH and impurities content. The glass used in standard telecom fibres is syn-
thetic silica produced by MCVD (Modified Chemical Vapor Deposition). This process
produces extremely high purity silica. This type of silica glass is highly desirable for
optical telecommunications because, owing to the low impurities content and the low OH
content, guarantees transmission losses as low as 0.2 dB/km at 1550 nm. On the other
hand such a glass is not prone to poling. Nonlinearities are typically 10 times lower in
high purity glass than in fused silica glass [7]. Fused silica glass, such as Herasil (from
Heraeus) is made by flame or electric fusion of quartz. As a result of this process the
amount of impurities is higher, around 1 ppm of sodium impurity compared to synthetic
silica like for instance the Suprasil 300 that has a sodium content of 0.05 ppm [165].
Also slightly higher is the OH content which is around 150 ppm [165]. Both the higher
amount of impurity and the higher OH content contribute to the higher poling efficiency
of fused silica glass compared to high purity silica [80, 184]. The drawback of using
fused silica glass for devices based on periodically poled fibre would be the enhanced
transmission losses, but since the poled devices are relatively short (' 0.1−1 m), such a
poorer performance is well accounted for by the approximately 10 times higher induced
nonlinearity. Silicate glasses such as Sodalime, with even higher Na content (20%), could
be used. On the other hand, although such a glass can be efficiently poled, at the same
time the induced nonlinearity is less stable and therefore not useful for a device [10].
It was found that poled fused silica is stable for more than 30 years (see section 5.5).
If this lifetime is considered too short for the specific application, other glass systems
should be considered. The choice should fall onto the alumino-silicate glasses and the
commercially available alkali-free glass, NA35, that have been presented in Section 5.5.
Such a glass systems have been shown to exhibit much longer stability than fused silica.
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Furthermore, it has already been demonstrated that a ring of boron, a major component
of the NA35 glass, surrounding the anode in a twin-hole fibre increases the stability of
the nonlinearity [127].

Another factor is the germanium content in the core. It was found by Faccio et al. that
the Na ions tend to accumulate around the core/cladding interface instead of passing
through it [185]. This detrimental effect is expected to be higher for higher concentra-
tions of germanium in the core and therefore for high NA fibres.

6.2 Numerical Aperture

From the above considerations a content of germanium as low as possible seems to be
desirable. On the other hand, the amount of germanium affects the index of refraction
of the core and ultimately the guiding properties of the waveguide. A first constraint is
given by the specific application which sets the operating wavelength of the device. For
instance, single mode operation at telecom wavelengths requires a cut-off wavelength
around 1300 nm. NA and core radius have to be chosen accordingly. Since the non-
linearity induced by thermal poling extends typically about 10µm below the surface in
contact with the positive electrode, it is reasonable to assume an electrode-core distance
of no more than 4µm (edge to edge) and a core radius (a) not bigger than 2µm. The
constraint on the NA is then given by:

NA =
λcut−off × Vf

2π × a >
1.3 (µm)× 2.405

2π × 2 (µm)
> 0.25 (6.2)

where Vf is the V number.

Finally there is a further reason in support of the use of a relatively high NA fibre: the
power density IMAX = Pω/Aovl is higher for the same pump power compared to low NA
fibre owing to the better confinement of the modes thus contributing to improve the
figure of merit defined in eq. (6.1).

6.3 Fibre Geometry

As was mentioned in the previous sections, for a maximum interaction between the dc
field recorded through poling and the optical field of the light travelling in the core, the
distance between the anode and the core has to be only of a few microns. Standard fibres
do not accomplish this requirement and special fibres have to be designed specifically
for poling. Two alternatives have been considered so far: D-shape fibres and Twin-Hole
fibres.
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Figure 6.1: Schematic of D-Shape fibre Figure 6.2: Schematic of Twin-hole fibre

6.3.1 D-shape Fibres

One can operate close to the core by making use of D-fibres. These have a half-circular
shape, where the core is placed very close to the flat surface, Fig. 6.1. The anode
electrode can then be fabricated on the flat surface using photolithography. From the
reproducibility point-of-view, D-fibres can lead to useful devices [186]. In fact, high
wavelength conversion efficiencies, larger than 20%, have been demonstrated at the ORC
using periodically poled D-fibres [12]. However, because of the photolithographic process,
periodically poled devices based on D-shape fibres are inherently limited to lengths of
about 10 cm. Also, the presence of an open-air electrode leads to breakdown limitations
when the high voltage for poling is applied. For this reason, poling has to be performed
in vacuum although it is known that poling in air is about 3 times more efficient [82].
Furthermore, from a practical point of view, splicing can be extremely problematic. The
lack of symmetry of the fibre makes it difficult to cleave straight and reproducibly. The
potentialities of this type of fibre have all been exploited in the previous works and we
do not see a way to achieve the necessary significant improvements in the conversion
efficiency in periodically poled devices. Therefore, an alternative solution has to be
found and this brings us to consider the Twin-Hole fibre design.

6.3.2 Twin-Hole Fibres

A Twin-Hole fibre is a fibre with two holes running parallel to the core (Fig. 6.2).
Such a fibre geometry allows for two electrodes to be inserted in the holes. The use of
twin-hole fibres with internal electrodes is very advantageous when it comes to applying
high voltages during poling. The electrodes are surrounded by silica glass, which is an
excellent insulator. This makes poling in vacuum no longer necessary, thus simplifying
the whole process. Poling in air is in general more reliable than poling in vacuum. It is
faster, as extreme vacuum (∼ 10−8 atm) is not necessary. It is typically more uniform
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Figure 6.3: Images of twin-hole fibres fabricated in the in-house facilities of the ORC.
(Left) ORC-1 fibre. (Right) ORC-2 fibre

across the poled area and it is more effective. The electrodes could be made by metallic
wires inserted into the holes (In this case uniformity issue might arise due to the random
position of the wire within the hole). Metal alloy electrodes have also been demonstrated
and a length of 3 m with continuous electrodes has been obtained [130]. Since the poling
is uniform along the length of the fibre and patterned comb electrodes cannot be easily
fabricated (Myren et al. (2004) recently demonstrated that periodic comb electrodes in
twin-hole fibres can be made by laser ablation of a metallic layer deposited on the inner
surface of the holes), it is necessary to resort to techniques for periodic erasure of the
nonlinearity. This topic will be discussed in the following chapter.

6.4 Fibre Fabrication

The fibres required for the fabrication of the frequency doubling fibre device were pro-
duced in the in-house facilities of the ORC1 (Fig. 6.3). According to the previous
discussion, the aim was towards a twin-hole fibre of 125µm in diameter to be compati-
ble with the standard telecom fibre (SMF28)and with 50µm holes where the electrodes
could be inserted. The edge to edge separation between holes was chosen to be 10µm
and the edge to edge separation between core and the closest hole was chosen to be
2µm. The cladding was made in Heralux WGTM , a fused silica glass nominally identi-
cal to Herasil 1TM and produced by the same manufacturer. The desired NA was 0.32.
These specifications proved to be extreme conditions for the fibre pulling. The presence
of the holes breaks the circular symmetry of the fibre and if they are not accurately
pressurized during pulling the core tends to be elliptical owing to the different speed of
the glass flows in the direction of the holes and in its perpendicular. The first fibre fab-
ricated (ORC-1) resulted with a very elliptical core (Fig. 6.3 left). This issue was almost

1The twin-hole fibres have been fabricated by Andrew Webb from the Silica Group at the Optoelec-
tronics Research Centre
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Figure 6.4: Close-up of the ORC-1 fibre. Note the ellipticity of the core due to the
non optimized pressurization of the holes during pulling. The germanium dip is also

visible in the centre of the core

ORC-2

Composition Ge-doped silica
[GeO2=16.8%]

fused silica cladding
[δn = 0.023]

Fibre diameter (µm) 125
Core Diameter

(
µm2

)
3× 3.3

Hole to Hole Separation (µm) 10± 1
Hole to Core Separation (µm) 1.7
Cut-off (µm) 1.121/1.198
NA 0.28

Table 6.1: Characteristics of the ORC-2 Twin-Hole fibre fabricated at the Optoelec-
tronics Research Centre.

completely solved in the second fibre (ORC-2, Fig. 6.3 right). Another issue is the dip
in the germanium concentration in the centre of the core which is a typical feature of
the MCVD process while working at high concentrations of germanium as in our case.
Germanium tends to diffuse out of the core during pulling owing to the higher volatility
of germanium oxides compared to silica. This phenomenon is particularly evident in the
ORC-1 fibre (Fig. 6.4).

The parameters of the ORC-2 fibre which has been used for the development of the
frequency doubler are shown in table 6.1.



Chapter 7

χ(2)-gratings for quasi-phase

matching

In this chapter the design and the technology for the fabrication of the χ(2)-gratings
in poled fibres are discussed. The twin-hole fibre geometry has been chosen, therefore,
in order to fabricate the gratings for quasi-phase matching, periodic UV erasure will
be used. In its simpler implementation, rather than fabricating a periodic electrode, a
uniformly poled fibre is exposed to a UV beam through an amplitude mask.

The ability of UV light to erase the nonlinearity is well known in literature. This
technique has been studied in connection with photoinduced SHG in fibres [135, 136] and
more recently applied to thermally poled bulk glasses [80, 137, 138]. To our knowledge
there has been only one implementation of this technique for periodic poling of fibres[22].
A generally accepted explanation of the phenomenon is that exposure to high energy
photons leads to the release of electrons, which move through the Edc field and screen
it. Erasure of the nonlinearity has also been observed after exposure to high intensity
pulsed visible light. In such a case the release of charges would have been triggered by
multi-photon absorption [139, 140].

7.1 Physical model of UV erasure

One possible model to describe the dynamics of UV erasure was first proposed by Ouel-
lette et al.[135] for photoinduced SHG. Thermal poling leads to the creation of a space
charge separation in the glass, giving rise to a static electric field which is responsible
for the χ(2). According to the Ouellette model, the poled glass can be described as an
RC circuit where the capacitance C is charged with charge q. On one plate of the capac-
itor are electrons trapped in defect states like for instance Non-Bridging Oxygen Hole
Center (NBOHC, e.g. SiO−). On the other are positive charges from the atmosphere

89
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like for instance H+. UV light photons possess enough energy to ionize the traps and
to free the electrons which move through the electric field to restore a uniform neutral
charge distribution. The current i = dq/dt is proportional to the voltage in the capacitor
which, in turn, is proportional to the number of remaining charges q(t). In contrast to
the behaviour of an RC circuit, the current will not follow an exponential decay. In this
particular case, the charges are made mobile by the absorption of UV light. Therefore,
the light alters the resistance of the circuit. The conductivity will be proportional to
the number of ionized charges which is also proportional to the number of remaining
charges. We have, then

i =
dq

dt
=

V

R(q)
= − q

R(q)C
= −q

2

C
(7.1)

(7.2)

It follows

dq

dt
= −k q2 (7.3)

(7.4)

and hence, using (χ(2) ∝ Edc ∝ q)

d

dt
χ(2) = −k

(
χ(2)

)2
(7.5)

(7.6)

The differential equation derived above describes the decay of the SON following expo-
sure to UV light according to Ouellette’s model. It can be solved imposing the initial
condition χ(2)(t = 0) = χ

(2)
0 leading to

χ(2)(t) =
χ

(2)
0

1 + kχ
(2)
0 t

(7.7)

We performed a simple experiment to verify this model. The UV source used for this
experiment was a Pen Ray Hg lamp emitting mainly at 254 nm and 185 nm. The power
density on the sample (200µm thick Herasil 1 disk poled at 280 ◦C, 4.1 kV, for 10 min.)
was 10 mW/cm2. The decay was followed in real time by monitoring the power P 2ω

of the second-harmonic signal generated by shining the laser beam from a mode-locked
and Q-switched Nd:YAG laser (λ = 1064 nm) on the poled disk while it was exposed to
the UV light. The decay of the second order nonlinearity was then inferred according
to χ(2) ∝

√
P 2ω (Fig 7.1). Data were normalized to the initial value of χ(2) and fitted

to eq. (7.7) (solid line). Fig 7.2 shows the same data plotted in log-log scale. The slope,
equal to 1, and the linearity of the data suggest that the process closely follows the decay
curve described by eq. (7.7).
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7.2 Assessment of periodic UV erasure in bulk glasses

Before attempting QPM in fibres we performed feasibility studies on bulk glasses. The
aim was to identify the critical parameters in order to achieve high contrast, ideally 1/0
contrast, and a well defined spatial modulation.

One order of magnitude decay of the second-order nonlinearity is obtained after approx-
imately 25 minutes exposure with the Hg-lamp. This figure could still be improved by
increasing the power density of the UV light on the poled region. On the other hand,
such a lamp produces light isotropically and therefore it is difficult to obtain sharp
boundaries even if an amplitude mask is used to define the periodicity. For this reason
we investigate erasure by exposure to the λ = 244 nm radiation from an intracavity dou-
bled argon-ion laser. A silica plate (Herasil 1) 1 mm thick was poled at 280 ◦C, 4 kV, for
5 min using ’pressed in contact’ silicon electrodes. Afterwards, the sample was exposed
to the focused UV light beam from the frequency doubled Ar+-laser mentioned above.
The focused beam (spot size: 2w0 = 130 × 360µm2) was translated across the sample
at constant speed to draw a line. On this line the initially uniform SON is expected to
be erased. 12 parallel lines, separated by 500µm, were erased at different speed, hence
at different fluences (see Table 7.1) The sample was finally tested for SH generation
by focusing the beam from a Nd:YAG laser on the poled area. The SH light was then
collected with a photomultiplier and the signal visualized with an oscilloscope while the
IR beam was scanning across the poled area (see Fig. 7.2 ). For a uniformly poled
sample the SH signal would remain constant across the whole poled region. However,
for this sample, the SH signal dropped whenever the IR beam was scanning across the
lines that had previously been exposed to the UV light (Fig. 7.2). From left to right in
the picture the lines were erased with increasing fluence. The edges of the erased lines
are very sharp and, what is most important, for fluences above ∼ 10 J/cm2 the erasure
of the SON is total and optimum 1/0 contrast is achieved.

The effect of the close separation between erased regions, with a period very close to the
one to be used in periodically poled fibres, was also studied by erasing, for each value
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Power Spot size 2w0 Speed Fluence
(mW) (µm2) (µm/s) (J/cm2)

1 5 130 × 360 2500 1.54
2 5 130 × 360 1250 3.08
3 5 130 × 360 833.3 4.62
4 5 130 × 360 625 6.15
5 5 130 × 360 416.6 9.23
6 5 130 × 360 312.5 12.31
7 5 130 × 360 250 15.38
8 5 130 × 360 187.5 20.51
9 5 130 × 360 125 30.77
10 5 130 × 360 75 51.28
11 5 130 × 360 37.5 102.56
12 5 130 × 360 18.7 205.68

Table 7.1: Parameters of UV erasure experiment on poled bulk silica glass
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Figure 7.3: A uniformly poled sample ( Herasil 1 silica plate, 1 mm thick, poled at
280 ◦C, 4 kV, for 5 min) is tested for SHG after 12 lines had been exposed to 244 nm
UV radiation at increasing fluence. In this graph the SH power vs the position on the
sample, while scanning orthogonally to the exposed lines, is presented. On the left the
SH signal is initially zero and it increases when the pump beam approaches the poled
region. Sharp drops in the SH power correspond to the exposed lines. From left to
right the UV fluence is increasing. The parameters for the UV exposure are given in

table 7.1
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Low UV fluence
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Figure 7.4: A uniformly poled sample ( Herasil 1 silica plate, 1 mm thick, poled at
280 ◦C, 4 kV, for 5 min) is tested for SHG after 4 lines with 50µm spacing between
them had been exposed to 244 nm UV radiation. The SH power against the position on
the sample, while scanning orthogonally to the exposed lines, is presented. (left) low

fluence regime: 2.78 J/cm2. (right) high fluence regime: 55.56 J/cm2.

of the UV fluence, 4 lines separated by 50µm (2w0 = 18 × 360µm2). The results of
the SH-scanning are shown for both low fluence regime, 2.78 J/cm2, and high fluence
regime, 55.56 J/cm2 (Fig 7.2). Besides the 1/0 contrast obtained at large fluences, it is
very interesting to note the change of shape of the erased region with increasing fluence.
Such a feature, caused by saturation, occurs due to the complete erasure occurring
earlier for the central part of the beam compared to the tail of the Gaussian intensity
distribution. It suggests the possibility to have sharp boundaries at the edge of the
erased region, which is highly desirable for QPM in fibre.

7.3 QPM period in optical fibres

In the first part of this chapter, periodic UV erasure was assessed and its potentiality
for the fabrication of quasi-phase matching gratings was confirmed. In the following,
the attention will be focused on the methods employed to determine the value of the
χ(2)-grating period for quasi-phase matching at the desired wavelength.

For a first order QPM interaction the period, ΛQPM, is given by (eq. 2.33):

∆K =
4π
λ
n2ω

eff + 2
2π
λ
nωeff −

2π
ΛQPM

= 0 (7.8)

from which:

ΛQPM =
λ

2
(
n2ω

eff − nωeff

) . (7.9)

where λ is the wavelength of the fundamental and neff = neff (λ, NA, a) is the effective
index of the propagating modes which is a function of the wavelength, the fibre numerical
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aperture (NA) and the core radius a.

It has been shown that in a 10 cm long periodically poled fibre the wavelength acceptance
bandwidth is approximately 2 nm (eq. 2.39). This means that the period of the χ(2)

gratings have to be determined and fabricated with enough accuracy so that the QPM
wavelength is within 2 nm of the desired operating wavelength. A simple estimate can
give us the idea of how challenging this task can be. Differentiation of equation (7.9)
leads to:

δλ

λ
=
δΛQPM

ΛQPM
+
δ∆neff

∆neff
(7.10)

where ∆neff = n2ω
eff − nωeff . The left hand side of the equation represents the tolerances

that can be accepted in the QPM wavelength, that is the bandwidth of the periodically
poled fibre or the tuning range of the laser source (δλ = |λQPM − λ|). For operation at
λ = 1550 nm and for a 10 cm long device with ∼ 2 nm bandwidth, this term is about
0.2%. The right hand side in eq. (7.10) represents the contribution to the errors in λQPM

due to the errors in the period during the fabrication of the χ(2)-grating itself ( δΛQPM

ΛQPM
)

and due to the determination of the period from the fibre parameters (δ∆neff
∆neff

). For a
simple estimate we can imagine that the two contributions are equal and must be both
below 0.1%. Since ΛQPM is in the range of 50µm, the precision in the period that must
be achieved in the fabrication of the χ(2)-grating is 25 nm. Such a precision is possible
when either photolithographic methods are used to define the periodic electrode on the
flat surface of a D-shape fibre or when an amplitude mask is used for periodic UV erasure.
It is a very critical issue for any methods involving translation of the fibre relative to a
laser beam, such as for CO2 laser assisted periodic poling or for the continuous periodic
UV erasure that will be described in the next chapter. ∆neff is in the range of 0.01. It
follows that the maximum error that can be tolerated in the measurement of the effective
index is ∼ 10−5. However, the precision needed can be relaxed using a tuneable source:
e.g. diode seeded EDFA gives about 40 nm tunability around 1550 nm. In such a case
(δλ/λ = 2.5%) the precision that we need in the measurement of δ∆neff is 4 × 10−4,
which means δnωeff = δn2ω

eff = 2 × 10−4 (the error in ΛQPM is negligible). It is still
challenging, especially because of the sensitivity of neff on the fibre parameters. The
sensitivity is even higher for the high NA fibres which are used in our experiments. So
far, in the literature, a trial and error method has been employed in order to find the
proper period for the specific fibre. A number of fibre samples are periodically poled
with different periods in order to obtain at least one producing QPM at the operating
wavelength of the laser source. This method is time consuming, and has to be repeated
for each new fibre.

Here, two new and more practical methods for the determination of the desired QPM
period are presented. One is based on numerical simulation and the second one on a
direct measurement of the effective index of the fibre employing fibre Bragg gratings
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Figure 7.5: 2D and 3D refractive index profile of the ORC-2 twin-hole fibre fabricated
at the ORC and used for this work. The apparent high refractive index in the holes
is an artifact of the measurements which require the holes to be filled with an index

matching fluid in order to reduce scattering from the interfaces.

(sections 7.3.1 and 7.3.2 respectively). The latter also constitutes an experimental vali-
dation of the method based on numerical simulations.

7.3.1 Numerical simulations

For the analysis we used a commercial software: Beamprop by RSOFT. The software is
based on a finite difference propagation method used to solve the paraxial approximation
of the Helmholtz equation. It requires, as input function, the refractive index profile
at the fundamental and SH wavelength. The outline of the procedure we followed is
the following: first, the refractive index profile was measured at 670 nm using an optical
fibre analyzer. Then it is calculated at the fundamental and SH wavelengths, using
Sellmeier’s equation for Ge-doped silica. Through numerical simulations nωeff and n2ω

eff

are obtained and the period necessary for QPM in our fibres is given by eq. 7.9. The
refractive index distribution was measured at ACREO using the EXFO NR-9200/NR
optical fibre analyzer. According to the specifications this instrument has a spatial
resolution < 0.5µm and a refractive index resolution of 10−4. The operating wavelength
is 670 nm. In Fig. 7.5 the refractive index profiles of the ORC-2 fibre is given. The
refractive index profiles, known at 670 nm, have to be scaled to the fundamental and
SH wavelength. The dependence of the refractive index from the wavelength is typically
approximated by a third-order Sellmeier’s expansion:

n(λ) = 1 +
3∑

i=1

aiλ
2

λ2 − bi (7.11)

where ai and bi can be found in Table 7.2 for pure silica and Ge-doped silica.
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[GeO2] a1 a2 a3 b1 b2 b3

(mol%)

Pure silica 0.6965325 0.4083099 0.8968766 0.004368309 0.01394999 97.93399
6.3% 0.7083925 0.4203993 0.8663412 0.007290464 0.01050294 97.93428
8.7% 0.7133103 0.4250904 0.863198 0.006910297 0.01165674 97.93434
11.2% 0.7186243 0.4301997 0.8543265 0.004026394 0.01632475 97.9344
15.0% 0.724918 0.438122 0.8221368 0.007596374 0.01162396 97.93472
19.3% 0.7347008 0.4461191 0.8081698 0.005847345 0.01552717 97.93484

Table 7.2: Sellmeier’s equation coefficients for pure and GeO2 doped silica glass.
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Figure 7.6: Index of refraction against GeO2 concentration according to Sellmeier’s
equations.

A linear relationship holds between the refractive index and the GeO2 concentration in
the core. The index of refraction against the GeO2 concentration is plotted in figure 7.6
for different wavelengths according to Sellmeier’s equations. A linear fit of the data for
670 nm allows the conversion of the index profile at that wavelength into a more general
[GeO2] concentration profile (the parameters of the best fitting function are found in
table 7.3 ). Then, from the dopant concentration profile is possible to retrieve the index
profile at any desired wavelength by using the Sellmeier’s equations again. Besides the
refractive index distribution, the physical propagation problem requires the input wave
field as initial condition. In the simulation a Gaussian mode was assumed to be launched
into the fibre. The calculated mode profiles and the corresponding mode effective index
are given in Fig. 7.7. ΛQPM is determined, according to eq. (7.9), for the ORC-2 fibre,
to be 42.320µm.
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n = n0 + dn
dc

[GeO2]mol%

λ = 1550 nm n0 = 1.44415± 9.00× 10−5

dn
dc = 0.001408± 8.03× 10−6

λ = 775 nm n0 = 1.4539± 1.10× 10−4

dn
dc = 0.001424± 8.98× 10−6

λ = 670 nm n0 = 1.4561± 1.20× 10−4

dn
dc = 0.00144± 1.00× 10−5

Table 7.3: Index of refraction of Ge-doped silica at 1550 nm, 775 nm and 670 nm.
Parameters of the linear fit.

Computed Transverse Mode Profile (m=0,neff=1.451945)

Horizontal Direction (µm)
10- 0 10

V
er

tic
al

 D
ire

ct
io

n 
(µ

m
)

10-

0

10

Computed Transverse Mode Profile (m=0,neff=1.470257)

Horizontal Direction (µm)
10- 0 10

V
er

tic
al

 D
ire

ct
io

n 
(µ

m
)

10-

0

10

Figure 7.7: Mode profile of ORC-2 fibre at (left) λ = 1550 nm and (right) λ = 775 nm

7.3.2 Validation of the numerical method: experimental determination

of neff

The method for estimating the effective index, presented in the previous section, relies
on the accuracy of the measurements of the refractive index profile of the twin-hole
fibre and on the accuracy of the numerical simulations themselves. The experimental
validation of the numerical method is given in this section. The measurement of neff is
obtained after writing fibre Bragg gratings (FBG) into the fibre under investigation and
measuring the Bragg wavelength λBG. The Bragg wavelength is related to neff through,

λBG = 2neffΛ (7.12)
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Figure 7.8: (left) typical transmission spectrum of a uniform fibre Bragg-grating writ-
ten in the ORC-2 fibre. The two peaks correspond to the two orthogonal polarization
states. The slow axis is parallel to the direction joining the holes, whereas the fast axis
is perpendicular to it. (Right) Measurement of the effective index for Bragg-gratings
written with decreasing fluence, that is increasing writing speed. The effective index of

the fibre is the one obtained after extrapolation to zero fluence

where Λ is the period of the Bragg-grating which is half the period of the phase mask
used for writing the grating. Error analysis shows that

δneff

neff
=
δλBG

λBG
+
δΛ
Λ

(7.13)

from which it is possible to estimate the error expected in neff . Phase masks produc-
ers are typically giving the accuracy in the pitch period in the range of 0.01 nm. The
phase mask used for writing a FBG operating around 1550 nm in the twin-hole fibre
had a 1060.5 nm period. The measurement of λBG was carried out using an ADVAN-
TEST optical spectrum analyzer (OSA) which provides very good wavelength accuracy
< 0.05 nm. Substituting these figures into eq. (7.13) one obtains

δneff ∼ 4× 10−5 (7.14)

which is one order of magnitude better than the minimum accuracy that is needed
(see section 7.3). FBGs were written in the hydrogenated twin-hole fibre1 and a typical
transmission spectrum is given in Fig. 7.8(left). The presence of two Bragg-grating peaks
when probing with unpolarized white light gives evidence of birefringence in the fibre
which is a consequence of the slight ellipticity of the core (see Fig. 6.3 and table 6.1). The
two modes, having orthogonal polarizations corresponding to the axis of the core, have a
different refractive index (eq. 7.12). The peak at lower wavelength can be associated with
the mode having lower effective index. In the case of the ORC-2 fibre this corresponds
to light polarized in the direction perpendicular to the line joining the holes. This
axis is also called fast axis as the light travels faster owing to the lower effective index.
The mode with orthogonal polarization (slow axis) experiences a higher effective index

1The work was carried out by M. Ibsen from the Fibre Bragg Gratings Group at the ORC
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and hence is associated with the Bragg-grating peak at higher wavelength. Since in a
periodically poled fibre the efficiency is maximized when the light is polarized parallel
to the poling field, that is parallel to the line joining the holes, neff has to be evaluated
for the slow axis. The birefringence, measured as nseff − nfeff is equal to 1.41× 10−4

During the writing process a fibre placed behind a phase mask is exposed to the UV beam
from a CW frequency doubled Ar+-laser and an ideally sinusoidal index modulation is
recorded into the photosensitive core. On top of the index modulation the average
refractive index of the core is also raised during the process. The amount of it depends
on the fluence of the UV light it was subjected to. Therefore for a precise measurement of
the effective index in the unexposed fibre it was necessary to write 5 gratings at different
fluences and then extrapolate the data to zero fluence. The fluence was decreased by
increasing the speed of the UV beam scanning the phase mask. The effective index of the
slow axis for increasing writing speed is plotted in Fig. 7.8(right). After fitting the data
to an exponential decay, the neff of the unexposed fibre is found to be 1.45192±8.5×10−6

at 1539.762 nm. The error for neff obtained by the fit is underestimated as the fitting
routine does not take into account the (systematic) error introduced by the phase mask
period that can be as large as ∼ 10−5. The figure of 4 × 10−5 derived previously (see
eq. 7.14) is believed to be a more realistic estimate.

The comparison between the evaluation of neff through numerical simulation and the
experimental value reported above is remarkable (Fig. 7.9(left)). From numerical simu-
lations neff at 1540 nm is expected to be 1.45237. The discrepancy with the experimental
value is only 4.5 × 10−4, well within the error estimated for the numerical simulation
method. Therefore, experimental measurements validated the method based on numeri-
cal simulations. Although the latter gives less accuracy than the FBG method, numerical
predictions are sufficiently accurate to allow the determination of the QPM grating pe-
riod for operation at the desired wavelength in, at most, few attempts. Moreover they
are not time consuming and, once implemented, they can be used for designing purposes
as shown in the next section.

The final comment is regarding the determination of the QPM grating period by the
FBG method. Error analysis, reported earlier in this chapter has shown that this method
is 10 times more accurate than the method based on numerical simulations. On one hand
it is obvious to use the FBG method for the evaluation of ΛQPM in the fibre chosen for
the frequency doubler device. On the other hand, this requires a measurement of n2ω

eff .
Such information could be obtained either by repeating the same procedure described
for nωeff but using a suitable phase mask, or more elegantly it could be retrieved from the
reflection spectrum at the second-harmonic wavelength for strong FBG, i.e. written with
high fluence. In the frequency domain the reflection spectrum is the Fourier transform
of the grating index modulation. Ideal FBGs, with sinusoidal modulation of the index
of refraction, reflect the light at the frequency corresponding to the first-order Fourier
component, which is ω in our case. The optical power in the second-order Fourier
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Figure 7.9: (Left) Simulations of the effective index against wavelength of the LP01

mode in the ORC-2 fibre. The red diamond point is the effective index evaluated
from the FBG method. (Right) The QPM period against wavelength of the pump is

calculated according to eq. (7.9)

component is zero and so no reflected light is expected at 2ω. On the other hand, when
the grating is strong enough, the index modulation deviates from the ideal sinusoidal
modulation, thus making it possible to have light reflected at 2ω.

We have looked for evidence of the second-order grating, but, as it is less efficient than
the first-order and as the white light source was not bright enough around 2ω, we
were unable to detect it. This issue could be solved, for instance, by using a tuneable
Ti:sapphire laser, provided that the fundamental mode is launched into the fibre.

7.4 QPM grating period for the ORC-2 fibre

The effective index is calculated for the fundamental mode LP01 in the ORC-2 fibre at
the wavelength of operation of a Nd-doped fibre laser (980 nm),a Yb-doped fibre laser
(1060 nm) and of a tunable Er-doped fibre laser (1525−1565 nm) and at the wavelength
of their second-harmonic (Fig. 7.9(left)). The period required for the χ(2)-grating is
evaluated according to eq. (7.9) (Fig. 7.9(right)). A close-up view, centered on the
C-telecom band, is shown in Fig. 7.10. The red line corresponds to the numerical
simulations for the ORC-2 fibre and the two diamonds points refer to the measured
experimental data from the periodically poled fibre devices fabricated during the work
reported in this thesis and presented in chapter 8. Note the very good agreement between
experimental data and numerical predictions.

Once in a periodically poled fibre, λQPM is associated with the corresponding grating
period Λ, numerical simulations are no longer necessary for the fabrication of new devices
aimed at frequency doubling of sources operating at wavelengths equal to λQPM + dλ.
Provided that a linear dependence holds between λQPM and Λ, (Fig. 7.10(left)), the new
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Figure 7.10: (Left) The QPM period is calculated for 10% increase and decrease of
the core radius. The diamond symbols refer to experimental data. (Right) ∆neff is

calculated for different core radii at the wavelength of 1565 nm.

grating period is Λ + dΛ where dΛ is given by:

dΛ =
∂Λ
∂λ

dλ (7.15)

7.5 Sensitivity of λQPM to fibre parameters

Variation on the core radius a modifies the effective index and consequently shifts the
wavelength where quasi-phase matching occurs. To compensate for this effect and main-
tain QPM at the desired wavelength, the period of χ(2)-gratings have to be increased
or decreased accordingly (Fig. 7.10(left)). The amount dΛ is obtained by differentiating
the equation:

Λ =
λ

2∆neff (λ, a)
(7.16)

which is the usual expression giving the QPM condition where the dependence of ∆neff =
n2ω

eff − nωeff on the core radius a is made explicit. After differentiation one has:

dΛ = −λ
2

1
∆n2

eff

(
∂

∂a
∆neff

)
da, (7.17)

where ∂
∂a∆neff = −0.0071± 2.6× 10−4 is obtained from a linear fit of the data shown in

Fig. 7.10(right). The increment of the core radius da is expressed in normalized units.
At the wavelength of 1565 nm, ∆neff is computed to be 0.018313. Upon substitution of
those values into eq. (7.17) one obtains that, in order to compensate for a 1% variation
in the fibre size, the period for QPM must be adjusted by 165 nm. This figure highlights
once more the sensitivity of the QPM conditions to the fibre parameters. In practice,
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since fibre diameters in commercial fibres are given with a 1% tolerance, it means that
periodically poled silica fibres fabricated in different sections of the same fibre are likely
to require a slightly different period in order to operate at the same wavelength. A
more important consequence is related to the fabrication of long devices. As fibre non-
uniformities can cause a shift of the operation wavelength of a periodically poled fibre,
the pump might lose its quasi-phase matching condition while travelling along a device.
For a variation of 1% in the core size along the length of the device the λQPM is shifted
by an amount equal to dλ = dΛ

13.3 = 12.4 nm. This quantity is enough to shift the signal
outside the acceptance bandwidth of a 3 cm long periodically poled device, which is
5.7 nm according to eq. (2.39).



Chapter 8

All-fibre frequency conversion in

long periodically poled silica

fibres

8.1 Poling

For poling, gold plated tungsten wires having 25µm diameters were inserted in the two
holes. The poled area, defined by the region where the electrodes overlapped, was, in
most of the cases, 13 cm long (Fig. 8.1). The fibres were placed on top of a hot plate
and poling was carried out in air by heating the fibres to 250 ◦C with 4 kV applied
(Fig. 8.2). Cooling down to room temperature occurred in a few seconds as the heater
was removed from under the fibre. After poling, the wires were extracted from the
samples and the devices spliced to standard telecom fibre (SMF-28). Typical splice
losses were in the range of 3 dB, for the ORC-2 fibre. The losses can be reduced by

F = 25 mm

Device length = 22 cm

Figure 8.1: Gold-plated tungsten wire electrodes in a twin-hole fibre. The diameter
of the wires is 25µm
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HV =  3kV

L = 22 cm

T= 280
o
C

Figure 8.2: Schematic of the procedure for thermal poling of twin-hole fibres

improving the circularity of the core and of the fibre itself during fabrication and by
using buffer fibres to compensate for the NA mismatch. The process of splicing was not
optimized. The first batch of devices was aimed at the identification of the χ(2)-grating
period for QPM in the wavelength tunability range of the fibre laser source used for
characterization, i.e 1525− 1565 nm. Therefore, they were poled in identical conditions
and different periods were written by periodic UV erasure. The second batch of devices
was aimed at periodic poling in long, up to 33 cm, devices. The third batch was aimed at
optimizing the poling time for the highest nonlinearity. The fourth batch was aimed at
the fabrication of periodically poled silica fibres for frequency doubling a more powerful
laser source delivering up to 400 W peak power at 1537 nm. The poling conditions for
all the samples that have been fabricated are summarized in table 8.1.

Reliable poling of the fibres proved to be a delicate task. The 4 kV applied proved to
be close to the limit for the electrical breakdown in the fibre at 250◦C. Poling at higher
temperatures or higher voltage resulted, most of the times, in electrical breakdown
as soon as the voltage was applied. The critical point is the edge of the overlapping
between the two electrodes, owing to the higher intensity of the electric field. Reliable
poling was obtained only when the overlapping region between the electrodes was made
larger than the hot plate (L = 13 cm) so that the temperature at the edges was lower
and the breakdown strength larger. Attempting of poling shorter devices has resulted,
almost inevitably in breakdown or poor performances of the periodically poled fibres
(see table 8.1 for the PPSF in batch ]3).

8.2 Continuous Periodic UV Erasure

The χ(2)-gratings for quasi-phase matching were fabricated by local erasure of the non-
linearity through exposure to UV light. This technique, referred to as periodic UV
erasure, was described in the previous chapter. For the first time, using the continuous
Bragg grating writing system available at the ORC, no amplitude mask was used. In-
stead the periodic nonlinearity was created step by step, by focusing, on the core of the
poled fibre, the 5 mW output from a frequency doubled Ar+-laser (λ = 244 nm, spot
size 2w0 = 15µm×350µm) and translating the fibre relative to the focused spot with
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Device T Voltage time L Comments
(�C) (kV) (min) (cm)

Batch ]1

d1-01 250 4 10 13
d1-02 250 4 10 13 Breakdown
d1-03 250 4 10 13
d1-04 250 4 10 13
d1-05 250 4 10 13
d1-06 250 4 10 13
d1-07 250 4 10 13
d1-08 250 4 10 13
d1-09 250 4 10 13
d1-10 250 4 10 13

Batch ]2

d2-01 250 4 10 28*
d2-02 250 4 10 29*
d2-03 250 4 10 30* Fibre broken
d2-04 250 4 10 33*
d2-05 250 4 10 20* Tungsten wires

Batch ]3

d3-01 250 4.1 5 5
d3-02 250 4.1 10 8 Breakdown
d3-03 250 4.1 30 8
d3-04 250 4.1 60 8 Breakdown
d3-05 250 4.1 5 7.5
d3-06 250 4.1 5 8 Breakdown
d3-07 250 4.1 60 8 Temperature gradient along the fibre
d3-08 250 4.1 16 6 Temperature gradient along the fibre
d3-09 250 4.1 60 13
d3-10 250 4.1 30 13
d3-11 250 4.1 15 13
d3-12 250 4.1 15 13

Batch ]4

d4-01 250 4.1 60 13
d4-02 250 4.1 60 13
d4-03 250 4.1 60 13
d4-04 250 4.1 60 13
d4-05 250 4.1 60 13

Table 8.1: Thermal poling parameters. ∗: as the fibre was longer than the hot plate,
three sections were poled consecutively
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Figure 8.3: Set-up for the continuous periodic UV erasure

a stage. The UV light was flashed intermittently in synchronization with the move-
ment (Fig. 8.3). QPM gratings were written in the uniformly poled fibres, aiming for
frequency conversion between LPω01 →LP2ω

01 fundamental modes. The UV laser fluence
experienced by the fibre core was 7.14 J/cm2. The duty-cycle of the intermittent UV
beam was chosen to be 20% in order to compensate for the erasure due to the tails
of the Gaussian intensity distribution of the focused laser spot and to have about 50%
duty-cycle on the actual nonlinear profile.

In the first batch of periodically poled fibres, all poled in the same conditions, a set of
gratings with periods ranging from 41.650µm to 43.150µm was written (see Table 8.2).
The range of periods was chosen according to the numerical simulations method de-
scribed in the previous chapter for the measurement of nωeff and n2ω

eff . After the char-
acterization, which will be presented in the next section, the samples d1-01 and d1-06
were successfully exhibiting QPM in the range of tunability of our source and precisely
at λQPM = 1557 nm. As they were written with the χ(2)-grating period of 42.400µm,
the same period was chosen for all the devices fabricated afterwards. Only in batch ]4
the grating period was modified in order to shift the wavelength of operation towards
λ = 1537 nm. Long periodically poled devices, up to 25 cm, were fabricated out of
uniformly poled fibres of the second batch.

The step by step method we adopted for the χ(2)-grating fabrication possesses some key
advantages over the use of periodic comb electrodes or an amplitude mask for UV erasure.
First of all it ensures scalability to much longer length. Up to 1 m long periodically poled
fibres are expected to be feasible, limited only by the uniformity of the fibre along its
length. It was described in the previous chapter that even variations in the effective index
as small as 1% along the fibre might severely limit the conversion efficiency because they
introduce phase errors among the interacting SH waves generated in different regions
along the fibre thus preventing their constructive interference. On the other hand the
flexibility offered by a direct writing technique enables, in principle, to locally adapt
the period of QPM grating to compensate for fibre non-uniformities. Furthermore, by
dosing the fluence of the UV beam, it is possible to tailor the amount of nonlinearity
to be erased enabling apodization of the QPM grating for complex wavelength tuning
curves.
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Device ΛQPM Duty-cycle PUV Spot size Speed Fluence L

(µm) (%) (mW)
(
µm2

)
(µm/s)

(
J/cm2

)
(cm)

Batch ]1

d1-01 42.400 20% 5 15 × 350 200 7.14 8
d1-02
d1-03 41.650 20% 5 15 × 350 200 7.14 10
d1-04 41.900 20% 5 15 × 350 200 7.14 10
d1-05 42.150 20% 5 15 × 350 200 7.14 10
d1-06 42.400 20% 5 15 × 350 200 7.14 10
d1-07 42.650 20% 5 15 × 350 200 7.14 10
d1-08 42.900 20% 5 15 × 350 200 7.14 10
d1-09 42.650 20% 5 15 × 350 200 7.14 3
d1-10 43.150 20% 5 15 × 350 200 7.14 10

Batch ]2

d2-01*
d2-02 42.400 20% 6 15 × 350 200 8.57 24
d2-03 42.400 20% 6 15 × 350 200 8.57 17
d2-04 42.400 20% 6 15 × 350 200 8.57 25
d2-05* 42.400 20% 6 15 × 350 200 8.57 24

Batch ]3

d3-01 42.400 20% 5 15 × 350 200 7.14 5
d3-02
d3-03 42.400 20% 5 15 × 350 200 7.14 8
d3-04
d3-05 42.400 20% 5 15 × 350 200 7.14 7.5
d3-06
d3-07 42.400 20% 6 15 × 350 200 7.14 8
d3-08
d3-09 42.400 20% 6 15 × 350 200 7.14 6
d3-10 42.400 20% 6 15 × 350 200 7.14 11.5
d3-11 42.400 20% 6 15 × 350 200 7.14 10
d3-12 42.400 20% 6 15 × 350 200 7.14 12

Batch ]4

d4-01 42.150 20% 6 15 × 350 200 8.57 13
d4-02 42.150 20% 6 15 × 350 200 8.57 13

Table 8.2: χ(2)-grating periods and parameters used for periodic UV erasure. Han-
dling resulted sometimes in breaking the PPSF. These fibres are marked with ∗.
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Figure 8.4: Schematic of the diode seeded tunable fibre laser and of the all-fibre
frequency doubling system based on periodically poled silica fibre (PPSF): TLS-
tunable laser seed, EDFA-Erbium doped fibre amplifier, AOM-acousto-optic modulator,
EYDFA-Erbium Ytterbium doped fibre amplifier, PC-polarization controller, SM stan-
dard telecom single mode optical fibre. The grating for quasi phase matching (QPM)
in the PPSF was 11.5 cm long and was fabricated by continuous writing periodic UV

erasure (PUV).

8.3 Frequency Doubled Fibre Laser

A tunable (1535 nm-1562 nm), narrow linewidth (< 15 pm) single polarization fibre laser,
with 10 ns pulses operating at 100 kHz (developed by C. Codemard from the High Power
Fibre Laser group at ORC), was frequency doubled with a periodically poled device
directly spliced to the output of the laser. The schematic of this all-fibre frequency
doubling of a fibre laser is shown in the figure 8.4. A tunable continuous wave diode
laser (TUNICS) was directly modulated through an external pulse generator to pro-
duce nanosecond pulses at the repetition rate of 100 kHz. The pulses were then seeded
into a chain of erbium optical amplifiers (EDFA). The last stage was constituted by an
erbium/ytterbium optical amplifier (EYDFA - GTWave amplifier-Southampton Photon-
ics). An acousto-optic modulator before each of the last two amplifiers prevented am-
plification of the ASE (amplified stimulated emission) spectrum. The laser delivered a
maximum peak power of ∼ 200 W within the acceptance bandwidth (∆λFWHM ∼ 1.5 nm)
of the periodically poled device. Further growth of the peak power is prevented by four-
wave mixing in the last stage amplifier that spread the power to a broader range of
wavelength outside the bandwidth of the poled devices.
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8.4 Device Characterization

8.4.1 Uniformity

The devices are first characterized by examining the SH wavelength dependence. The set
of graphs below refers to d1-06. Fig. 8.5(a) shows the wavelength tuning curve obtained
for d1-06 as fabricated. The acceptance bandwidth, measured at FWHM, is 1.6 nm for
a device length of 10.0 cm. The agreement with theoretical predictions (red curve) is
remarkable and does show that the whole length of the device is used in the frequency
conversion process. In order to highlight possible issues with uniformity during the pro-
cess of writing the χ(2)-grating, the PPSF was cut-back to shorter lengths and the QPM
curves measured for each piece. Figures 8.5(b)- (8.5(e) were obtained when the fibre was
cut-back to length L = 8 cm, L = 5 cm,L = 3 cm and L = 2 cm, respectively. For each
sample the bandwidth scales with its length according to predictions. This proves that
the coherence between the SH wavelets and driving polarization is maintained along
the length of the periodically poled fibres and ultimately confirms the good quality of
the χ(2)-grating fabricated by our continuous writing method. The wavelength tuning
curves for d1-01 and d3-10 are presented in the next section in Fig. 8.6 and Fig. 8.7, re-
spectively. Note that for those devices an even better quality of the grating was achieved
(See the side-lobes of the sinc2 profile).

8.4.2 Efficiency

The frequency-doubler devices with the highest conversion efficiency are d1-01 and d3-
10. In d3-10, 3.6 mW of red light in the fundamental mode was produced, by frequency
doubling from 1554 nm to 777 nm. The maximum average pump power inside the PPSF
was 148 mW corresponding to 108 W peak power. It follows that a maximum internal
conversion efficiency of 2.4% was obtained. The quadratic dependence of the SH power
against the pump power and the corresponding linear relationship between the conver-
sion efficiency and the pump power, for d1-01 and d3-10, are shown in figure 8.6(left)
and figure 8.7(left) respectively. The wavelength tuning curves are also presented.

Given the linear relationship holding between the pump peak power and conversion
efficiency, we expect in d3-10 ∼ 50% efficiency for frequency doubling of laser sources
delivering 2 kW of peak power.

8.5 Open Issues

Periodically poled silica fibres d1-01 and d1-06, among the devices in batch ]1, have
shown a wavelength of operation within the tuneable range of the laser source. The
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Figure 8.5: Cut-back measurements of the wavelength tuning profiles for d16 device.
The red solid lines are the theoretical curves. No free parameter has been used to fit the
experimental data. From left to right, top to bottom, L = 10 cm, L = 8 cm, L = 5 cm,

L = 3 cm, L = 2 cm.
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Figure 8.6: d1-01: Left. (blue circles) Quadratic dependence of the SH average power
(right axis) versus the pump average power and (dotted line) fit to the experimental
data. (green diamonds) correspondent average conversion efficiency (left axis) versus
pump average power. (dotted line) linear fit to the experimental data. The wavelength
of the fundamental is 1557 nm. Right: wavelength tuning profile of d1-01 (L = 8 cm)
(circles) experimental data and (solid line) theoretical predictions. The acceptance

bandwidth of the device is 2 nm at FWHM.
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Figure 8.7: d3-10: Left. (blue circles) Quadratic dependence of the SH average power
(right axis) versus the pump average power and (dotted line) fit to the experimental
data. (green diamonds) correspondent average conversion efficiency (left axis) versus
pump average power. (dotted line) linear fit to the experimental data. The wavelength
of the fundamental is 1554 nm. Right: wavelength tuning profile of d3-10 (L = 11.5 cm)
(circles) experimental data and (solid line) theoretical predictions. The acceptance

bandwidth of the device is 1.4 nm at FWHM.

range of χ(2)-gratings periods for the devices in batch ]1 was chosen in such a way that
only one device would have been operating between 1535 nm and 1565 nm. The grating
period of 42.400 nm was written in both d1-01 and d1-06 as it was the most likely to
satisfy QPM in the tuning range of the laser according to simulations (Chapter 7).
The experimental results were in good agreement with the simulations. The fact that
both d1-01 and d1-06 exhibit a QPM wavelength centered at 1557 nm, and with similar
conversion efficiency, highlights the quality and reproducibility of the continuous periodic
UV erasure technology. Also the length of fibre used to fabricate devices in batch ]1 is
considerably uniform and consistent to enable comparison between two different devices.
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Figure 8.8: Period of the χ(2)-grating versus QPM for the devices in batch ]1.

Although fabricated with the same period as d1-01 and d1-06, none of the long devices,
made in batch ]2, was working within the tuneable range of the laser source so that
it was impossible to test their conversion efficiency. In batch ]3, as it was discussed
earlier, only devices from d3-09 to d3-12 have been poled in a reliable way. Device
d3-10 is operating at 1554 nm, therefore not far from the devices previously fabricated
in batch ]1. On the other hand d3-09 exhibits phase matching at ∼ 1570 nm and the
remaining devices do not show any QPM SHG at all in the tuning range of our laser
source. Finally all the periodically poled fibres fabricated in batch ]4 are not operating
within the tunability range of the laser source. From the second batch, the device-to-
device reproducibility has been a major issue which has prevented the final optimization
of the fibre based frequency doubler. The fibre non-uniformities and consequently the
determination of the QPM period to be used for the particular sample of fibre, among the
various processes involved in the fabrication of the actual device, poling and periodic UV
erasure, were identified as the critical steps. Very recently we introduced a new method
for testing the devices which enabled us to come to this conclusion. By pumping the
fibre laser source where the gain is higher and using low repetition rates (< 10 kHz), the
spectrum of the laser pulse broadens widely due to non-linear effects induced by the high
peak power. In such a broad spectrum a single wavelength will be phase-matched by the
QPM grating in a periodically poled fibre. In these conditions a simple measurement of
the spectrum at the output of a device would reveal the presence of the SH peak and the
operation wavelength of the frequency doubler is twice the measured wavelength of the
SH. Hence, it is possible to infer QPM even if the QPM condition occurs well outside
the tunability range of the laser source. The devices in batch ]1, being fabricated with
different periods, are particularly suitable for the assessment of this method. The linear
relationship holding between the QPM period and λQPM for device d1-01, d1-03, d1-05,
d1-06, and d1-07 is outstanding, indicating the reliability of the continuous periodic UV
erasure method (Fig. 8.8). On the other hand d1-08 is far from expected. We attribute
this to the fact that we entered in a section of the fibre that was much less uniform than
the beginning.
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Conclusions

Thermal poling is a reliable technique to induce a second-order nonlinearity in bulk
glasses and optical fibres that can be exploited for frequency conversion [7]. Indeed,
frequency doubling of lasers was demonstrated in the past and a maximum conversion
efficiency of 5× 10−3%/W in a 75 mm long periodically poled silica fibre, was obtained.
This value is just about what is necessary for practical applications. The limitations
are the relatively low value of the induced nonlinearity and the length of the poled fibre
device which is limited by the photolithographic process to less than 10 cm.

The objective of this thesis was to increase the practicabilities of periodically poled fibres
for wavelength conversion. In particular we have been targeting truly all-fibre frequency
doubling of a fibre laser.

Two paths have been followed in order to meet the target: On one side fundamental
research about poling techniques, glasses and characterization methods has been carried
out in order to investigate possibilities for enhancing the second-order nonlinearity in-
duced by poling. On the other side, we have been looking for an alternative technology
for the fabrication of the χ(2)-gratings compatible with the fabrication of up to 1 m long
devices. This led to the development of the continuous periodic UV erasure technique
and to the demonstration of a truly all-fibre frequency doubling of a fibre laser.

9.1 Fundamental studies about poling

First demonstration of UV-fs poling technique

A new poling method has been discovered during this thesis work [28]: The UV-
femtosecond poling, where two-photon absorption of femtosecond UV pulses in the
presence of an applied electric field creates a permanent space-charge in silica glass.
This work followed earlier works on UV-poling using ArF excimer laser [108] whereby
the UV pulses were thought to break bonds in the germanosilcate matrix that could be

113
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oriented by an applied electric field. Very high nonlinearity was reported, ' 7 pm/V,
although independent groups have never succeeded in reproducing them.

In contrast to the traditional UV poling technique our method is not restricted to
germano-silicate glasses, rather, it has been demonstrated in pure silica glass. The
maximum value of the induced second-order nonlinearity was about 0.02 pm/V with the
nonlinearity extending over the whole sample thickness. The value of the nonlinearity is
in remarkable agreement with a rectification model [5, 7], χ(2) = 3χ(3)Edc with Edc, be-
ing the applied electric field, equal to 200 kV/cm. The value of the induced nonlinearity
was limited by the maximum field that could be applied before electrical breakdown in
air took place. We therefore predict that a second-order nonlinearity exceeding 1 pm/V
can be obtained if the experiment is performed in a twin-hole fibre, where the applied
field can be much higher being only limited by the dielectric strength of silica at room
temperature (2 × 109 V/m [30, 31]). This work has been carried out in collaboration
with Prof. D. Nikogosyan from University College Cork and future works aiming at
increasing the value of the induced χ(2) in twin-hole fibres have already been scheduled.

Enhancement of χ(2) in thermally poled silica by pre-exposing the glass to

IR-fs irradiation

Exposure of synthetic silica to UV light pulses from a KrF excimer laser with subsequent
creation of point defects, in particular non bridging oxygen hole centres (NBOHC), was
known to induce, in a glass that could not otherwise be efficiently poled, second-order
nonlinearities as high as ' 1 pm/V [32]. Following the same concept we studied the
effect of irradiation by a focused IR femtosecond laser on fused silica samples. It is
known that femtosecond irradiation, by a multiphoton absorption process, breaks the
Si-O covalent bonds. Defects, such as oxygen deficiency centers, E’ centers and NBOHC,
are created inside the silica matrix [33]. Silica pre-treatment by exposure to femtosecond
pulses was proved in this thesis work to enhance the ability of the glass to freeze the
electrostatic field induced by thermal poling, leading to higher nonlinearity [34]. This
novel technique which makes it possible to achieve structural modification in the glass
with micro-scale resolution may find applications for the fabrication of χ(2)-gratings.
Though, a systematic study on the effect on the poling process due to different power
levels of the femtosecond laser used for pre-treatment are necessary. There is likely
to be a trade-off between damage caused by the high intensity irradiation, which are
undesirable, and enhancement of the second-order nonlinearity.

Enhanced stability second-order nonlinearity in thermally poled glasses

Charge recombination within the bulk and near the surface is responsible for the decay
of χ(2) which is observed when the poled glass is heated above room temperature. Since
charge recombination processes are dependent on the type of mobile ionic species and
the glass matrix, the decay behaviour is expected to vary with glass composition. To
which extent χ(2) is stable in poled glass is not only a fundamental aspect of glass poling
physics but it should be taken into account in the design of devices. In this thesis we re-
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ported isothermal annealing measurements for the determination of the stability in poled
glasses. Fused silica glass was found to be stable for over 30 years. A dramatic enhance-
ment of the stability of χ(2) was found in poled alkali free NA35 glass, a commercial glass
produced by Nippon Sheet Glass [37]. These findings can be straightforwardly applied
for enhancing the stability of periodically poled fibre devices. Although the stability of
devices needs to be addressed independently it has been demonstrated by Xu et al. that
a ring of boron surrounding the anode in a twin-hole fibre increases the stability of the
nonlinearity [127]. Incidentally, boron is also one of the major components forming the
NA35 glass, we have used.

Stack Maker’s Fringe technique: a novel method for accurate determination

of χ(2) in poled glasses

In this thesis work a novel, all-optical, non destructive characterization technique which
enables accurate determination of the χ(2) in poled glasses was developed [38]. The
technique is based on the interference between SH light beams which are generated by
two identically poled glasses pressed together in a stack. Thicknesses, as small as 4µm
can be measured with a resolution better than 1µm.

9.2 Long periodically poled silica fibre for all-fibre fre-

quency doubling of fibre laser

Continuous Periodic UV erasure: A novel technology enabling fabrication of

long (> 10 cm) periodically poled silica fibres

The continuous periodic UV erasure is a major advance in the χ(2)-grating fabrication
that has been demonstrated in this thesis for the first time. Previous technologies
required the use of D-shape fibres so that on their flat surface, a periodic comb electrode
could be patterned by photolithography [12]. The photolithographic process, though,
limits the maximum length of the devices to about 10 cm. Periodic UV erasure, whereby
exposure to UV light through an amplitude mask erases a uniform nonlinearity in the
region under the open windows to create a χ(2)-grating for quasi-phase matching has
also been demonstrated before [22]. In the continuous periodic UV erasure the QPM
grating is created step by step by scanning a focused UV light beam along the core of
the uniformly poled fibre on the regions that is necessary to erase. This technique not
only is independent from any photolithographic process which prevented fabrication of
long periodically poled fibres, but it also does not need amplitude masks which adds to
the simplicity and flexibility of the method suggested by us. The continuous periodic
UV erasure was used to demonstrate the fabrication of up to 25 cm long periodically
poled fibres, limited only by the travel range of the translation stage. Efficient frequency
conversion was demonstrated for a 11.5 cm long periodically poled fibre. In longer devices
we were unable to meet the condition for quasi-pase matching. There were indications
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of modifications of the core size along the length of the fibre. The step by step method
for UV erasure could be associated in the near future with in-situ measurements of the
conversion efficiency so that fibre non-uniformities might be compensated on-line by an
appropriate variation of the grating period.

First demonstration of truly all-fibre frequency doubling of fibre laser

All-fibre frequency doubling of a fibre-laser has been demonstrated in this work for the
first time. Milliwatts of red light in the fundamental mode were obtained by frequency
doubling in quasi-phase matched periodically poled twin-hole silica fibre which was di-
rectly spliced to the fibre output of the pump laser. It is also the first demonstration of
QPM in a twin-hole fibre, which was made possible by the use of an erasure technique
for the χ(2)-grating fabrication. An average conversion efficiency of 2.4% was achieved
in a 11.5 cm long device with pump peak power of only 108 W. The corresponding con-
version efficiency, normalized for the pump power, is η = 2.2 × 10−2 %/W and is the
highest ever reported for poled fibres.

9.3 Future work

Frequency doublers

One of the most concrete applications of a silica optical fibre that possesses second-order
nonlinearities is frequency doubling of high power fibre laser sources. The laser market
is pushing towards the development of sources that can offer, compactness, ruggedness,
low maintenance, high wall-plug efficiency and low cost manufacture. Desirable options
are also a good beam quality (M2 ' 1) and the possibility of pulsed operation. The need
for such a source has been emphasized, in recent years, by the rapid development of fibre
lasers doped with rare-earths such as erbium, ytterbium or neodymium which can now
be considered as a serious alternative to diode pumped solid state lasers (DPSSL) [17].
The impressive wall-plug efficiency (20%) allow them to be compact (approximately
20×20×10 cm3). Ruggedness and stability are ensured by the absence of bulk elements
and cooling requirements are limited. Nd-doped fibre lasers are available today in the
range of 890 − 940 nm [187] whereas Yb-doped lasers cover the range of wavelength
between 975 − 1150 nm [188] and the window between 1525 − 1565 nm is covered by
Er-doped or Er/Yb-codoped fibre lasers [189]. Nowadays there is a growing interest
in frequency doubling these sources to expand the range of available wavelengths into
the visible [18]. The applications that would most benefit from it are e.g. in color
display, life science, reprographic applications and optical data storage. The level of
integrability that can be obtained through direct splicing with the fundamental source,
makes periodically poled fibres ideal for frequency doubling of a fibre laser. It has
been shown that the figure of merit for a frequency doubler based on periodically poled
silica fibre is advantageous because of its low dispersion( large bandwidth for a given
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interaction length), high optical damage threshold, not least because of the fact that
the generated frequency doubled mode is a fundamental mode for the fibre i.e. with
diffraction limited properties (M2 = 1). Therefore, periodically poled fibres are expected
to have an impact if used to frequency double high peak power, short pulsed, mode-
locked, or Q-switched fibre lasers for applications requiring a high beam quality, in the
green spectral range by doubling of Yb-doped fibre laser, or in the 700−800 nm spectral
range by doubling of tunable Er/Yb codoped fibre lasers or even at 488 nm, which is one
of the emission lines of the Ar-ion laser, by frequency doubling of Nd-doped fibre lasers.

Tens of milliwatts average power are required to be competitive with already existing
laser diode sources in the visible. Overall, diode lasers are not suitable for applications
where medium powers, single mode and good beam quality are required simultaneously
in particular in the green spectral region [17]. Furthermore, another limitation of pulsed
diode lasers is their inability to operate with high peak powers (> 20 − 40 W). When
this is necessary or whenever single mode operation, good beam quality and CW powers
above tens of mW are required, frequency doubling of diode pumped solid state lasers
in nonlinear crystals is typically chosen. For even higher power levels, hundreds of
milliwatts up to some Watts, traditional cavities with intracavity frequency doubling
crystals are utilized. These lasers are pumped by diode bars or flashlamps, they offer
very good optical beam quality, but the cavity contains bulk elements and so ruggedness,
compactness and long term stability are compromised.

An example of a practical application that could be achieved with the periodically poled
fibre performances demonstrated in this thesis is for example the frequency doubling
of the Fianium1060, a passively mode-locked Yb-doped fibre laser, operating at λ =
1060 nm produced by Fianium New Optics. According to the datasheet provided by
the manufacturer the laser delivers up to 10 W and it can be operated in picosecond
(6 ps) or femtosecond (> 200 fs) pulse regimes at a repetition rate of 100 MHz. The
peak power is 16 kW for the picosecond regime and > 500 kW in the femtosecond one.
The bandwidth is 12 nm for fs pulses and it is not specified for picosecond pulses. The
expected performance of a frequency doubler based on a periodically poled silica fibre
(PPSF) is shown in Fig. 9.1 where it is assumed that the pump laser is operating with
6 ps pulses, and a 11.5 cm long PPSF having nonlinear susceptibility χ(2) = 0.06 pm/V
and overlapping area between the pump and SH modes of 17.45µm2. Although pump
depletion is not considered, it is shown that average power levels at 520 nm exceeding
hundreds of milliwatts should be easily achieved even in a relatively short periodically
poled fibre (< 4 cm). This figure can be even further improved as there is room for at
least a three fold improvement in the nonlinearity, meaning a 9 times increase in the
conversion efficiency.

Other possible applications that can be envisaged are:

1. Single transversal mode seeding of optical amplifiers (e.g. chirped pulse amplifica-
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Figure 9.1: Estimates for the conversion efficiency against the length of the periodi-
cally poled fibre for frequency doubling of a passively mode-locked fibre laser produced
by Fianium. According to the datasheet from the manufacturer, the Fianium1060 fibre
laser operates at λ = 1060 nm and it delivers up to 10 W with 6 ps pulses at a repeti-
tion rate of 100 MHz. The peak power is 16 kW. The estimates have been carried out
assuming the values of the nonlinear coefficient d = 0.03 pm/V and overlapping Area

AOVL = 17.45µm2 obtained in the work presented in this thesis.

tion systems).

2. Single transversal mode pumping of Nd-doped fibre lasers.

3. Replacement of the Ti:sapphire laser by a system of smaller size, improved sta-
bility and lower cost, provided the frequency doubling source at 750 nm is also
tuneable (e.g. by stretching/compressing the fibre). Indeed broadband tunability
over 25 nm range of the periodically poled fibres has been demonstrated in our
group. [144].

Quantum Cryptography The security of data and transactions relies upon encryption
schemes which are not proven to be secure, but they are rather based on the assump-
tion that the mathematical operations required to break the code are computationally
highly inefficient. Therefore advances in mathematics, with the development of more
efficient algorithms, would render these schemes insecure. Based on advances in the
fundamentals of quantum mechanics, quantum cryptography (QC) has been introduced
as a methodology for secure communication [190]. The field of QC is the one that
would probably most benefit from the monolithic integration of a second-order nonlin-
ear medium directly to the optical network without additional loss because amplifiers
cannot be used. Up to date, practical implementation of QC relied on the preparation
of pseudo-single photons state either by attenuation of standard semiconductor lasers or
by producing photon-pairs by spontaneous parametric down-conversion in second-order
nonlinear crystals. The latter implementation possesses some key advantages over the
former, but the difficulty of always collecting both photons of a pair somewhat reduces
this advantages. Production of photon-pairs in poled fibres has also been demonstrated.
Optical quantum cryptography is based on the use of single photon states. Since quan-
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tum mechanics tells us that it is impossible to read a quantum state without changing it
and that is impossible to clone an unknown quantum state, the security of the commu-
nication is guaranteed. Attempts by an eavesdropper to read the quantum key, being
distributed, affect the state of the photons in a readily detectable manner so that both
the sender and the receiver are alerted. Unfortunately single-photon states are difficult
to realize experimentally and practical implementations rely on highly attenuated laser
pulses or entangled photon-pairs in which both the photons and the photon-pairs num-
ber distribution obey Poisson statistics. Hence, both suffer from a small possibility of
generating more than one-photon or photon-pair at the same time and an eavesdropper
can take advantage of these multiple photons pulses to extract information (so called
beam-splitter attack). In practice, the probability that a non-empty pulse contains more
than one photon can be made arbitrarily small by reducing the mean photon number
µ. Ideally one would like really low photon numbers, µ < 0.01, but the problem arises
because of dark-pulses in the detector (i.e. a click without a photon arriving), which
degrade the signal to noise ratio (detected photons over dark-counts ratio). The effect of
dark-counts becomes more and more severe for extremely small mean photon-numbers,
and consequently a high probability of an empty pulse and when QC is implemented at
telecom wavelengths ( λ ' 1550 nm) since photon detectors at these wavelengths, based
on Indium Gallium Arsenide (InGaAs), are noisy and still at a development stage. Typ-
ical values used in experiments are µ = 0.1 meaning that 5% of the non-empty pulses
contain more than one photon and a typical figure is a bit-rate of 3 Kb/s over 10 km. The
problem of empty pulses and high dark-count probability can be circumvented by using
photon-pairs as one photon of the pair can be used as a trigger to reveal the presence of
the other. Because the second detector is open only when the first has received a photon,
virtually it is µ = 1. The difficulty of always collecting both photons of a pair greatly
reduces this advantage. The photon-pairs are generated by spontaneous parametric
down-conversion in a second-order nonlinear material such as typically LBO, having
a wider bandwidth, or periodically poled lithium niobate. In this process one photon
spontaneously splits into two daughter photons -traditionally called signal and idler-
conserving total energy and momentum. Photon-pairs offer a further major advantage
if they are not merely used as a pseudo-single-photon source, but if their entanglement
is exploited. Entanglement leads to quantum correlation that can be used for key gen-
eration. In this case, if two photon-pairs are emitted within the same time window, but
their measurement basis is chosen independently, they produce completely uncorrelated
results. Hence, the eavesdropper cannot take advantage of such multi-photon pulses and
the so called beam-splitter attack can be avoided. Highly attenuated lasers have been
used in the vast majority of experiments because of their practicality but it is evident
that an all-fibre source of entangled photons would be highly desirable. It is highlighted
by the number of recent publications dealing with how to improve the coupling efficiency
in parametric down conversion experiments in nonlinear crystals [191, 192, 193, 194].
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