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Abstract

Lithium niobate is a prolific optoelectronic material. It continues to be utilized in devices
ranging from surface acoustics wave (SAW) filters and modulators in electronics to electro-optic
modulators, g-switches and frequency conversion in optics. Domain engineering (poling) for
frequency conversion is an area of lithium niobate technology where there continues to be
innovation and the transition from laboratory research to commercial products is still ongoing.
What makes lithium niobate such an attractive material platform is its large piezoelectric, electro-
optic and nonlinear optical properties. Domain engineering of the crystal structure allows extra
degrees of freedom for the production of useful devices based on these properties. Periodically
poled lithium niobate (PPLN) has become an increasingly popular second order nonlinear
material since its realisation in the early 1990’s. Poling in optical crystals enables quasi-phase-
matching (QPM) of nonlinear optical interactions with the advantages of accessing large optical
nonlinearities and the ability to tailor the domain pattern to the target optical interaction.

This thesis explores the fabrication of (PPLN) with laser micro-machined topographical
electrode patterning. This direct write technique, used in conjunction with the now mature
electric field poling method, offers the advantages of being highly versatile, fast, and devoid of
lithographic or wet processing steps. There are three key topic areas looked at within this
dissertation; laser micro-machining of lithium niobate with nanosecond and femtosecond laser
systems, electric field poling of lithium niobate wafers patterned by laser machining and quasi-
phase-matched nonlinear optics. The focus of the laser machining studies is both fundamental
and practical in nature. Nanosecond and femtosecond ablation of lithium niobate and silicon are
compared, and clear differences in the ablation characteristics for the different laser sources and
materials are identified and discussed. Laser machining of surface structures suitable for electric
field poling are then presented, and control over the geometry of these structures via laser
parameters is demonstrated. The electric field studies deal with both modelling of the
electrostatics which arise from poling with topographical electrodes and the field dependant
domain kinetics which govern domain inversion and spreading. Frequency conversion using
PPLN devices produced using laser machined electrode structures is demonstrated. The
frequency conversion processes featured in this thesis both demonstrate the utility for rapid
prototyping and highlights a novel optical interaction which simultaneously phase-matches two
different second harmonic generation (SHG) processes. This interaction results in a cascading of
optical energy between orthogonally polarised laser beams. The implications and potential
applications of this interaction are discussed.
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Chapter 1. Introduction

“The important thing in science is not so
much to obtain new facts as to discover
new ways of thinking about them.”
-Sir William Henry Bragg
“You can't change the world singing songs,
believe me, but you can offer people an alternative

perspective, even on their own situations.”

-Billy Bragg
1.1 Lithium niobate: material and devices
1.1.1 Introduction

Lithium niobate (LiNbO3) is a prolific material in the electronics and optoelectronics industries.
The current global production of lithium niobate is substantial and it is available as a relatively
cheap and mature material with various grades, crystal cuts, stoichiometries and dopings
available to suit a range of applications. It is a piezoelectric, ferroelectric, electro-optic and
nonlinear optical material. Its most common application is as the substrate material for surface
acoustic wave (SAW) devices where its piezoelectric properties are utilized. SAW devices have
numerous applications in analogue and digital electronics and are an important circuit element in
transceivers in most cell phones and wireless devices. Lithium niobate is also important for
optical communications, as it is a key material for many types of electro-optic modulators. The
nonlinear optical properties of lithium niobate have also made it an increasingly popular material
for optical frequency conversion. The development of periodic poling of lithium niobate — and
other ferroelectric optical crystals such as lithium tantalate and potassium titanium oxide
phosphate (KTP) - has enabled innovation in visible laser sources, optical parametric oscillators,
optical signal processing devices, and is also a leading contender as a nonlinear material for laser
display technologies.

This dissertation looks at a novel technique for the electrode patterning step in the
fabrication of periodically poled lithium niobate (PPLN). This technique involves laser micro-
machined topographical electrode patterning of the crystal surface, used in conjunction with the

now mature electric field poling method. This technique offers the advantages of being highly
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versatile, fast, and devoid of lithographic or wet processing steps, though it also has limitations
which will be discussed over the course of this thesis. Frequency conversion with PPLN
fabricated using this technique has been demonstrated for type-I (d3;) and 3™ order type-0 (ds;)
second harmonic generation. In addition a novel optical interaction which simultaneously phase-
matches two different second harmonic generation (SHG) processes is demonstrated. This
interaction results in a cascading of optical energy between orthogonally polarised laser beams.
This introductory chapter is arranged in four sections. The remainder of this opening
section looks at some of the properties of lithium niobate, as well as the basic principles of some
common lithium niobate devices. Section 1.2 reviews the major milestones in the development
of periodically poled lithium niobate, as well as highlighting recent innovations in alternative
methods for controlled periodic poling. Section 1.3 outlines the motivation for the investigations
carried out over the course of this project and section 1.4 explains the arrangement of the

following chapters within this dissertation.

1.1.2 Properties of lithium niobate

There are several reference texts available on lithium niobate, for example see refs '* >, An
often cited summary of lithium niobate’s structure and properties was also published by Weis and
Gaylord in 1985, Lithium niobate is a crystal with 3m point symmetry which can be considered
as having hexagonal and rhombic unit cells. The orientation and properties of lithium niobate
can often be described with respect to a set of Cartesian (x,y,z) coordinates with the z-axis
corresponding the crystallographic c-axis of the crystal, which is also the ferroelectric and optical
axis of the crystal. In this dissertation the (x,y,z) notation will be used in reference to the crystal
orientation and properties. This subsection now reviews some of the useful properties of lithium
niobate that are exploited in a variety of optoelectronic devices.

Onptical transmission

Optical grade lithium niobate has many desirable properties that make it a good candidate for
many linear and nonlinear optical applications. It has a broad transmission window, extending
from the blue end of the visible spectrum out to the mid-infrared. The measured transmission in
the 200nm-2200nm wavelength range, taken with a Cary Spectrophotometer through a 0.5mm
wafer of congruent composition lithium niobate is shown in Figure 1.1. As shown on the right of
Figure 1.1, the UV edge in lithium niobate begins at ~350 nm. This signifies the lower limit of

wavelengths that are compatible with lithium niobate devices. It also indicates the onset of UV

.
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absorption that is sufficient for conventional laser micro-machining, which will be discussed

further in chapter 3.
1 T T T . 1
0.8} g 0.8+
s S
206 = 0.6
7 B
g 0.4 g 0.4}
[ ~
0.2+ 0.2
O L L L L O L L
0 500 1000 1500 2000 2500 250 300 350 400 450
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Figure 1.1 Left: transmission in congruent composition lithium niobate in the 200-

2200nm range. Right: UV absorption edge.

Refractive indices

Lithium niobate is a uniaxial material, i.e. the directional dependence of its refractive indices can
be described by an ellipsoid - or indicatrix — with single axial symmetry described by two
primary refractive indices, often referred to as the ordinary, n,, and extraordinary, n,, refractive

indices. Further more lithium niobate is a negative uniaxial material with n.<n,.

2 2 2
XY
S+

o n()

m:N| N

=1 (1.1)

S

The coordinates in the indicatrix refer to the projection of an incident beam’s electric field
polarisation onto the primary crystal axes. For uniaxial crystals with the indicatrix given in Eq.
(1.1), this means light propagating down the z-axis of the crystal with polarizations in the xy
plane will experience a uniform refractive index of n,, independent of polarization. When the
propagation direction moves away from the z-axis the refractive index becomes polarisation
dependant, for example light propagation along the x-axis with a polarisation in the yz plane will
experience a refractive index of n, for the component of polarisation projected onto the y-axis
and a refractive index of n, for the component of polarisation projected onto the z-axis. In optical
materials the refractive indices’ dependence on wavelength and temperature can often be
described by Sellmeier relations. Sellmeier relations for lithium niobate used throughout this
dissertation were taken from ref °, and will be given explicitly in chapter 2 where they are

important in various calculations for nonlinear optics.
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Electro-optic properties

The electro-optic effect describes changes in the optical properties of a material with the
application of an electric field. The linear electro-optic, or Pockels effect, is a change in the
refractive indices which has a linear dependence on the electric field applied across the material.
The Pokels effect is mathematically described as a deformation, (A), of the generalised indicatrix,
which for a uniaxial material can be written as,

(izmlsz {izwzjyz +(L2+A3jzz +2A,yz+2Axz+2A xy =1 (1.2)
n

o o e

The deformation values, Ajxs, for an applied electric field given as (EX,E},,EZ) are found from

the tensor expression,

EX
Ans =Tos| E, (1.3)
EZ
where r is the 6x3 linear electro-optic tensor. For lithium niobate, which belongs to the 3m
crystal symmetry group, the non-zero electro-optic coefficients are rs;, 22 ¥13, ¥33 ¥61=-122, ¥21=-

raa, ro2=rs; and ry3=r;;. Typical values of the electro-optic coefficients in lithium niobate are,

rsi 28 pm/V
72 3.4 pm/V
713 8.6 pm/V
733 30.8 pm/V

Table 1.1 Typical electro-optic coefficients for the Pockels effect in lithium niobate.

The electro-optic coefficients show dependence on both the wavelength of light and modulation
frequency of the applied electric field. Lithium niobate’s electro-optic coefficients are some of
the largest that are available in crystalline optical materials. As such it is a popular material for
electro-optic devices, some of which will be discussed in the following subsection.

Piezoelectric properties

The piezoelectric effect describes the relationship between stress, strain and the applied or
produced electric field (or charge displacement) that is exhibited in some materials. The
piezoelectric effect in crystals can be described by a pair of tensor equations for the strain and the

electric field, often referred to as the direct and inverse relations,
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D =¢E, = e, STy, +[‘9ST0:' E

Ix3 3x1

(1.4)

Sea = [SEO loe ST + et6><3E

x1 3x1
In these equations, E are the electric fields components, ST is the matrix of stress (elastic
compliance) coefficients , e is the piezoelectric tensor, ¢ is the matrix of linear dielectric
permitivities , and S is the vector describing the piezoelectric induced strain. The superscripts £y
and ST) indicate the strain and permittivity associated with ambient (zero) electric field and stress
respectively. The relationships between stress and strain properties are also often referred to as
the ‘elasticity’ of a material. Recent appraisals of lithium niobate’s piezoelectric and elastic
properties have been publish by Ogi et al®’. For crystals with 3m symmetry the non-zero
piezoelectric coefficients are, e;s, e = -€2, €1 = -e2, €22, €24 = -€;5, €37, and ez = ez..
Depending on the formulation of the piezoelectric effect, the piezoelectric coefficients can be
defined in a number of ways. If the piezoelectric charge or voltage is considered in relation to the
actual deformation (stress) of the crystal then the coefficients take on units of V/m or C/m’.
Alternatively if the charge is considered in relation to the amount of force applied to the crystal

the coefficients may take on units of C/N.

Coefficient C/m’ C/N (10™%)
ers 3.65 78
€2 2.39 19.2
ezl 0.31 1.3
€33 1.72 18.9

Table 1.2 Typical piezoelectric coefficients for lithium niobate.

Ferroelectric/pyroelectric properties

The ferroelectric and pyroelectric properties are perhaps the most important properties to be
aware of during fabrication of poled lithium niobate. Ferroelectricity and pyroelectricity are
closely related properties in materials such as lithium niobate, as they both arise from the
distribution of ions within the crystal lattice. Ferroelectricity arises from a stable arrangement of
aligned dipoles in a material, giving rise to a spontaneous internal polarisation. This internal
polarisation is susceptible to being reversed by an external electric field applied in the opposite
direction to the internal dipoles. This reversal corresponds to an inversion the crystal orientation,

with regions of a particular crystal orientation referred to as a ‘domain’. The magnitude of the
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electric field required to produce reversal is called the coercive field, E.. Ferroelectric properties
are also susceptible to temperature changes. Heating a ferroelectric causes it to become ‘less
ferroelectric’, resulting in a reduction of the spontaneous polarisation. The change in
spontaneous polarisation results in an accumulation of compensating charges on the crystal
surfaces, in turn giving rise to the pyroelectric effect. Heating also acts to reduce the coercive
field required for domain reversal. At a sufficeintly high temperature ferroelectrics become
completely depolarised and move to a ‘paraelectric’ phase. The temperature that marks this
transition is referred to as the Curie temperature, 7,.. Thermal cycling during fabrication steps of
lithium niobate devices needs to be managed carefully. Thermal shock can result in inadvertently
causing ‘defect’ domain inversions due to the simultaneous actions of coercive field reduction
and charging. In the worst case wafers can crack and even shatter due to the rapid charging,
thermal expansion and piezoelectric stress that a rapid temperature change brings about. The
ferroelectric properties of congruent composition lithium niobate and lithium tantalate are given
below, though it should be noted that these values can vary substantial with crystal composition
and from supplier to supplier. These properties will be elaborated on further in chapter 4 in the

context of electric field poling.

Parameter Lithium niobate | Lithium tantalate

Melting point ~1250 °C ~1650 °C
Curie temperature ~1140 °C ~610 °C
Coercive field ~20-24 kV/mm ~21 kV/mm
Spontaneous polarisation 72 uCl/em’ 55 pC/em’

Table 1.3 Typical values of characteristic ferroelectric properties of lithium niobate and lithium tantalate.

Nonlinear optical properties

Lithium niobate has relatively large quadratic susceptibilities. That is, the polarisation induced in
the crystal that is proportional to the product of two incident field components is substantial,
especially at optical high powers. For 3m crystals the second order nonlinear polarisation is

given by,
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(0,,0,,0.)

0
P=y%E*=2¢|-d,, d, O (1.5)
d

2EE,
Here y @ is the second order susceptibly tensor, which can be expressed in terms of the
nonlinear coefficients d,,,. Values of the second order susceptibilities for lithium niobate and
lithium tantalate are shown below, along with some other common nonlinear materials. It is seen
that the nonlinear coefficients of lithium niobate and lithium tantalate, especially the dj;

coefficients, are substantial compared to other materials.

LiNbO; LiTaO; LBO KDP KTP BBO
(pm/V) (Pm/V) (pm/V) emV) | (pmV) | (pm/V)
dr=2.7 =20 | d;=0.85 d3=0.44 | dys=1.91 | dr=22
d;=4.5 ds =1 d5=-0.67 d2=3.64 | d;5=0.03
d;=27-30 | ds=21 d55=0.04 d5=2.54 | d3;=0.04
d5=4.35 | d55=0.04

d55=16.9

Table 1.4 Nonlinear coefficients for lithium niobate and lithium tantalate along with other common nonlinear

crystals.

The following subsection now reviews some of the devices which exploit the various favourable

properties of lithium niobate.

1.1.3 Lithium niobate based devices

SAW devices

As mention in the introduction, lithium niobate SAW devices are a key component in many
electrical circuits used for signal processing applications. SAW devices utilise the piezoelectric
properties of a substrate material to convert an electrical signal into an acoustic signal which
propagates on the material surface and is then coverted then back to an electrical signal. There
are several reasons for doing this, for instance conversion to an acoustic signal creates a delay in

the signal travel time as the propagation of the acoustic wave depends on the speed of ‘sound’ on
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the substrate. The most common application is as band-pass filters in devices such as radios and

cell phones. A diagram of the basic layout of a SAW device is shown in Figure 1.2.

Output transducer

Figure 1.2 Diagram of a basic SAW device.

Electro-optic devices

The electro-optic properties of lithium niobate are used in a variety of devices to change the
polarisation of light or to modulate the amplitude or phase of light for signaling applications. A
diagram of a basic lithium niobate electro-optic device is shown in Figure 1.3. Free space
electro-optic modulation can be carried out in either z-cut or x-cut orientations in lithium niobate.
X-cut crystals are preferred in some cases as there is no birefringence at zero applied electric
field. Some bulk electro-optic modulators also consist of two or more pieces of crystal with
different cuts to manage the birefringence. Bulk electro-optic devices are often characterised by
their half-wave voltage or V;, which is the voltage which is need electro-optically change the
retardance between orthogonal field components by 7/2, for some orientation in the crystal. This
results in a polarisation rotation of 90° for a linearly polarised input. A basic electro-optic
modulator (also referred to as a Pockels cell) consists of an electro-optic crystal in tandem with
crossed linear polarisers at the input and output. This enables amplitude modulation of light in
free-space controlled by the electrical signal delivered to the Pockels cell. The electro-optic
properties of lithium niobate are also the basis of integrated optical modulators for
communications and signal processing applications. One common implementation of an

integrated electro-optic modulator is based on a Mach-Zehnder waveguide configuration. A
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diagram of a basic Mach-Zehnder electro-optic modulator is shown in Figure 1.4. Electro-optic
modulation of one arm of the Mach-Zehnder waveguide interferometer produces an amplitude
modulated output. With careful design of the waveguide and electrode geometries, reliable
modulation frequencies of 40 Gbit/s have been achieved®.

Input Electrode
polarisation _

Figure 1.3 Diagram of a basic lithium niobate electro-optic device.

Output fibre
Mach-Zehnder
waveguide — _

Figure 1.4 Diagram of a basic lithium niobate integrated electro-optic modulator

based on a Mach-Zehnder configuration.

Periodically poled lithium niobate (PPLN)

Due to its high nonlinearity, broad transparency window and readily engineered domain structure,
PPLN has become a popular nonlinear material. Periodic reversal of the crystal domain structure
produced by poling is accompanied by spatial modulation of the crystal’s nonlinear response.
Periodic poling with the correct period can be used to compensate for the group velocity walk off
between the pump and generated waves in a nonlinear interation that comes about because of

dispersion. This process is called quasi-phase-matching and was suggested in a famous paper

-9-
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from Armstrong and Bloembergen in 1962°. The following is the excerpt from this paper where
they devise that crystals of KDP with a particular thicknesses with their optical axes orientated at

180° will preserve the phase-matching in second harmonic generation;

VIII. APPLICATIONS OF THE THEORY TO
EXPERIMENTAL SITUATIONS

A, Harmonic and Subharmonic Generation

The most studied nonlinear effect is, thus far,
second-harmonic generation. The analysis of Sec. V
shows that it is possible, in principle, to convert all
incident power into the second harmonic, Since x.,.~ "
is about 10~ esu for KDP,* the interaction length I
[Eq. (5.13)] has the order of magnitude of 107 cm for
an incident amplitude p,(0)=30 kV/cm. For phase
matching over a path 5=1 cm, only about one part in

108 of the incident power is converted. It is possible
to increase the peak power considerably, and field
strengths of up to 10° V/em may be attainable. Even
then the required phase matching over the interaction
length will certainly not be achieved for all rays in the
solid angle of the beam. It will be necessary to apply
phase correction schemes after the waves have traveled
a distance d==(AE)

A phase shift of 180° in #=Akz+24,— ¢ can be
obtained in several ways. One can pass the waves
through a dispersive linear dielectric phase correcting
plate. It is more expedient from an experimental point
of view to pass the light waves into another crystal
of KDP, whose crystalline orientation is obtained by
inversion of the first crystal, cf. Fig, 10, The sign of the
third-order tensor, and therefore, of the interaction
constant, is inverted in the inverted crystal. This can
be repeated after each thickness @, An even simpler way
to obtain the same result is to reflect both light waves
after they have traversed a distance d. They each
undergo an 180° phase shift on reflection and, therefare,
Afl=2Adp,— Aghy changes by 180°, In this case, the light
waves, rather than the crystal, are inverted in space.

-10 -
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Fiz. 10, Three experimental arrangements to provide phase
correction, if the phase velocities of the fundamental and second
harmonic are not perfectly matched. (a) After a distance §
(kg — 2k )1 the erystal is replaced by its inversion image. The
nonlinear s tibility sy changes sign. The linear optical
properties remain the same. This scheme can, of course, also be
used in noncubic piezoelectric crvstals, (b) Both fundamental
and second harmonic undergo multiple total reflections in a crystal
of thickness de (Fa—2k) Y cosd, gn each reflection £, and Fa
undergo a 1807 phase shift, the product EsFy* changes sign. (c)
The traveling wave at o pumps the interferometer cavity, which
contains a nonlinear dielectric and is resonant at ws, J=mnhs/
2 (ka—28 ) 4. The backward harmonic wave does not interact
with the pump. On each forward pass it has the correct phase for
amplification.

The implementation of quasi-phase-matched nonlinear optics will be elaborated on theoretically
in Chapter 2 and experimentally in Chapter 5. This approach to optical frequency conversion in
PPLN has lead to the demonstration of many promising devices. First and foremost, it is a
convenient material for extra-cavity frequency doubling of readily available infrared solid-state
and semiconductor lasers into the visible. This approach has been especially useful for frequency
doubling of fibre lasers and semiconductor lasers such as vertical cavity surface emitting lasers
(VCSEL), where intra-cavity frequency doubling is challenging. The efficiency, flexibility and
tunability of PPLN based optical parametric oscillators and amplifiers (OPOs and OPAs) has
enabled significant innovations in spectroscopic light sources for laboratory and remote sensing
applications. There has also been promising implementations of frequency conversion devices
for carrying out some useful functions in optical communications, such as shifting and swapping
a data channel’s wavelength, optically controlled multiplexing and signal regeneration. A

conceptual diagram of optical frequency conversion is shown in Figure 1.5.
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Frequency
converted output

Figure 1.5 Conceptual diagram of optical frequency conversion in periodically poled

lithium niobate.

Another application of periodically poled crystals is for Solc-type filters. Solc filters behave as
strongly wavelength dependant wave-plates, which when implemented with cross polarised input
and output filters form a wavelength selective transmission filter. The advantage of PPLN based
Solc filters over simple in-fibre Bragg gratings is that they are electroptically and thermally
tuneable, although but they also are limited to applications where the loss of the wavelengths that
are not transmitted is not an issue. Solc filters work on the principal of spectrally dependant
polarisation rotation through a stack of birefringent wave-plates with alternating orientations.
The domain inversions in PPLN resemble such a stack, and the same advantages of domain
engineering and good electro-optic response exploited in PPLN and lithium niobate electro-optic
devices can be exploited for Solc filters.

The following section now provides an historical and technical overview of the
development of PPLN fabrication technologies, as well as some ongoing innovations in methods

of domain engineering.
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1.2 Overview of PPLN development

1.2.1 Introduction

Lithium niobate was once thought of as permanent or ‘frozen’ ferroelectric, a material with such
a large coercive field under ambient conditions that the application of an external electric field
would result in dielectric breakdown before ferroelectric domain inversion could be achieved.
With the improvements in crystal growing technologies, and increasing demand, the quality of
lithium niobate has improved and techniques for successfully poling bulk quantities of lithium
niobate for optical devices have been developed. Today high quality, single domain, lithium
niobate is grown with various compositions by many manufacturers using the Czochralski
technique. There are still technical challenges when working with lithium niobate and lithium
tantalate - high coercive fields limit the thicknesses of crystals which are practical to pole, and
photorefractive damage and green induced infrared absorption (GRIIA) limit the power handling
and lifetime attributes of devices intended for visible applications. Recent advances in crystal
growth techniques have allowed near stoichiometric lithium niobate and lithium tantalate (50%
lithium and 50% niobium or tantalate ions) crystals to be fabricated, and techniques such as
vapour transport equilibration have been demonstrated to further improve the quality and
stoichiometry of available materials. Doping lithium niobate and lithium tantalate with
magnesium oxide (MgO) has also been an important advancement in creating resilient devices
operating in the visible. Improving stoichiometry and doping crystals with MgO has had a
twofold advantage, namely lowering of the coercive field and improving resilience of the
material to photorefractive damage. Parallel to the improvement in materials is the maturing of
electric field poling techniques for fabrication of high quality periodically poled crystals. The
following subsections provide an overview of the important milestones in the literature which
have contributed to the development of periodic poling technology. This is followed by a review
of some of the recent innovative techniques for control of domain inversion during electric field

poling.

1.2.2 Review of the development of poling techniques

An early observation of domain inversion being produced during lithium niobate device
fabrication came from Miyazawa in 1979'°. Miyazawa found that high temperature titanium

indiffusion on the +z face of lithium niobate resulted in reversal of the domain structure. The
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purpose of the titanium indiffusion in Miyazawa’s work was for the fabrication of electro-optic
waveguide devices, so domain inversion was actually a nuisance. Accordingly Miyazawa’s
conclusion was that titanium indiffusion was best carried out on the —z face in order to avoid
domain inversion. Deliberate fabrication of a laminar domain structure was reported by Feng et
al in 1980"". Growth of small sections of periodically reversed lithium niobate via controlled
temperature fluctuations during Czochralski growth was demonstrated, along with a
demonstration of improved frequency conversion with crystals grown in this way. This sparked
interest in the fabrication of singular crystals with engineered domain structures for nonlinear
optics, and signified an improved approach to QPM which had previously been investigated

1213 The influence of electric

using crystal plates manually stacked with varying orientations
fields on the growth of periodic domain structures was investigated by Feisst and Koidl in 1985".
They reported the growth of periodic domains in chromium doped lithium niobate under the

I'® also

influence of an electric field during Czochralski growth. Magel et al'> and Jundt et a
reported the controlled formation of periodic domains during Czochralski growth, with the added
innovation of using modulated laser heating to produce the reversals in crystal structure.

Despite these early successes in the growing of periodic crystals of lithium niobate, post-
growth engineering of single domain crystals is the approach which has become popular.
Fabrication of patterned domain structures produced in single crystal lithium niobate was first
demonstrated by Lim e al in 1989'7. The same domain inversion mechanism noted by
Miyazawa was exploited by periodically patterning the deposited titanium on the +z face prior to
indiffusion. This resulted in a periodic orientation of domains near the crystal surface, suitable
for quasi-phase-matching in proton exchanged waveguides, which were included after the metal
indiffusion step. In initial investigations, Lim et a/ demonstrated green light generation by 3™
order SHG of 1064 nm, with generation of blue light via 3™ order QPM'® and infrared generation
by difference frequency generation' following soon after.

One of the first reports of external field poling through the entire crystal substrate comes
from Matsumoto et al in 1991%° who reported periodic poling of lithium tantalate. This was
achieved by patterning aluminium electrodes onto the +z face, heating to temperatures in the
vicinity of the Curie temperature and then applying a potential (~1.4V) to the electrodes as the
crystal cooled, reversing the crystal domain orientation at the electrodes. This advancement was
followed by Yamada et al in 1992*' who reported external electric field poling of lithium niobate

via patterned aluminium electrodes at room temperatures. Yamada et al avoided the onset of

- 14 -



Chapter 1. Introduction B. F. Johnston

dielectric breakdown by poling thinned substrates so that the coercive field was exceeded before
breakdown occurred. Yamada et al’s reported results of achieving a poling period of 2.8 um and
a conversion efficiency of 600%/W still stand in good stead with today’s PPLN capabilities.
Burns et al** also reported on room temperature PPLN fabrication by poling with metal
electrodes while submerged in an oil bath. The higher dielectric strength of the oil compared to
air allowed pulsed electric field poling of 250 um thick lithium niobate.

Perhaps the first implementation of liquid electrode poling with resist patterned crystals
comes from Webjorn and colleagues at the University of Southampton in 1994%. They reported
fabrication of PPLN using a 1 um thick layer of patterned photoresist as an insulating layer.
Uniform electrical contact was then achieved by a filter paper soaked in LiCl solution. In 1995
Myers and colleagues at the Ginzton laboratory at Stanford published their now highly cited

publications on the fabrication and applications of PPLN** %,

Their technique involved
lithographic patterning and then poling via immersion in a liquid electrolyte. The fabrication
method established by Myers and colleagues has evolved into the technique of choice for
fabricating PPLN. Further improvements of this technique, and the development of models to
describe the electrostatics and domain kinetics, was undertaken by Miller®. The outcome of
Miller’s work was wafer scale fabrication of PPLN periods suitable for green generation by first
order QPM-SHG (6.5um) in 500pum thick crystals. Miller and colleagues reported 42%
conversion efficiency from a 53 mm length of PPLN with 6.5 W of CW input’’. SHG at blue
wavelengths requires poling periods on the order of 3-5um. Reliably producing PPLN with these
periods is still technically challenging. A promising approach for the fabrication of shorter
periods was suggested by Batchko et al in 1999%, who reported on the spatial multiplication of
domains compared to the electrode patterning by controlled back-switching. This type of domain
engineering is performed by abruptly dropping the applied potential during the poling pulse.
This causes a back-switch of domains at the electrode edges. Using this technique Batchko et al
have demonstrated the fabrication of 4 um period PPLN over 5 cm lengths.

The field poling method has proved to be reliable for 500 pm thick wafers of which there
are now several commercial suppliers. There have been several recent endeavours to develop
methods for periodic poling thicker samples to improve the available clear aperture. Diffusion
bonding several 0.5 mm or 1 mm thick substrates of PPLN has been demonstrated by Missey et
al’’, but aligning the domains between stacks and achieving a high quality optical bond is

technically challenging. It has recently been demonstrated that electric field poling can be
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3031 and even 5 mm™ thicknesses. MgO doped and near

achieved through substrates of 3 mm
stoichiometric crystals have been target of these demonstrations as their lower coercive fields
compared to congruent composition crystals are more compatible with moving to thicker
substrates. Furthermore, poling was performed at elevated temperatures to reduce the effective
coercive field to a manageable level.

The fabrication, characterisation and implementation of PPLN based devices continues to
be a very active field of research, with an increasing emphasis on devices with commercial
potential. The citation rates for three of the most widely cited milestone publications are shown
in Figure 1.6 (data from ISI Web of Science). There has been a steady citation rate of these
papers rate since 1998, and it interesting to note that 2007 (the year prior to the submission of this
dissertation) saw the highest citation rates for Myers et a/ and Yamada et al. It is apparent that
PPLN related research is still a fertile ground for fundamental and commercial orientated

research. The follow subsection reviews some of the recent innovations for controlling domain

inversion during electric field poling.
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Figure 1.6 Citation rates of some milestone papers in the development of PPLN.
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1.2.3 Recent innovations in periodic poling

Whilst periodic poling with patterned photoresist electrodes in a liquid electrolyte cell is a proven
and mature method for PPLN fabrication, alternative methods for domain engineering has been,
and continues to be, an active research area. For example, e-beam writing of domain inversions
was reported by Ito ez al in 1991°° and has been revisited by many other authors since. In 1995
Houe and Townsend’* looked at thermally assisted field poling of lithium niobate, using a YAG
laser to locally raise the temperature and invert the crystal at the laser heated zone. This raised
the possibility of laser guided poling in a direct write fashion. Harada and Nihi*® reported
promising results of poling of MgO doped lithium niobate by a novel corona discharge method,
though poling MgO doped crystals with liquid electrodes is now also common place.

There have also been several recent investigations of alternative domain pattern
techniques for ranging from chemical processing to optically induced domain growth. Grilli et
al’® have demonstrated that patterned proton exchange layers produce a change in the
ferroelectric properties of lithium niobate sufficient to prevent domains merging. This is

illustrated in the reproduced images in Figure 1.7.

= S B

L

b'\_p

Figure 1.7 Proton exchange assisted domain engineering from the recent work of
Grilli et al’®. Left: patterning of the substrate prior to poling with aluminium
electrodes in tandem with proton exchange regions. Right: experimental sample

showing no domain inversion underneath the proton exchanged regions.

There is also a growing interest in light induced domain reversal. The basic idea is to hold the
substrate at a potential that is just shy of the bulk coercive field and then selectively reduce the
local coercive field by irradiating with a short wavelength laser. The influence of light on the

37,38 .
% et al in

coercive field during poling was initially investigated in lithium tantalate by Chao
1995, with domain patterning optical interference patterns also reported by Brown ez al*® in 1999.
This effect has recently been demonstrated for patterning of congruent and MgO doped lithium

niobate by authors such as Fujimura et al40, Muller et al* 1, Wengler et al®® , Sones et al**® ’46,
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and Dierwolf ef al’”’. A basic layout of the poling apparatus for producing light induced domain
inversion is reproduced from Muller et a/ in Figure 1.8. By introducing a phase-mask or other
interferometric modulation of the incident laser radiation, patterned domain reversal is possible

though not ideal, and investigations on improving this method are on going.

LiINDO crystal
C-axis

Liguid electrodes

Art laser beam
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Fused silica slabs
z A‘

Figure 1.8 Poling apparatus for light induced domain reversal from Muller ez al*'.

Another novel direct-write poling technique has been reported by Mohageg et al*® who
demonstrated ‘calligraphic’ writing of domains using a high voltage probe in the form of a
tungsten needle. A schematic of the setup is reproduced in Figure 1.9. While this is not a
convenient technique for large scale fabrication, it has the benefits of precise control of domain

placement and patterning.

Tungsten Pen
—— Thin layer of
Bias Saltwater
Voltage
- C |
Vg v
Conducting Substrate

Figure 1.9 Apparatus for calligraphic poling of lithium niobate for Mohageg*®.

Z4 9

The technique underpinning the work in this thesis comes from Reich ef al”". They demonstrated

that laser machined surface features can define the electric fields required for electric field poling,
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without requiring any lithographic patterning steps. A cross-section of the PPLN produced with
this technique is reproduced in Figure 1.10. The motivations for pursuing this research direction

are detailed in the following section.

Figure 1.10 Periodic poling produced by laser machined electrodes from Reich ef al”’

1.3 Motivation

This thesis further explores the potential of utilising laser machined topographical electrodes for
fabricating PPLN. The motivation for pursuing this technique is threefold — 1) the type of laser
machining to be employed is ‘direct write’ in nature which allows for easy fabrication of various
domain patterns without the requirement for lithography masks or a clean room environment. 2)
Being able to quickly laser machine arbitrary electrode patterns for electric field poling provides
an avenue for fast prototyping of domain engineered devices. 3) Since the investigations of
Reich there have been no further reports, to my knowledge, of using this technique for domain
engineering of optical crystals. A systematic study of the laser machining, electrostatics and
domain kinetics pertinent to this fabrication method will provide further insight into the potential
and limitations of this electrode patterning technique.
There are three key topic areas explored in this thesis — laser micromachining, electric
field poling and quasi-phase matched nonlinear optics.
- The laser machining study investigates the ablation characteristics of lithium niobate.
Laser processing with UV nanosecond lasers and 800 nm ultrafast (femtosecond lasers)
has been looked at, with the goal of establishing optimal parameters for fabrication of

surface features for poling.
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- The electric field poling investigations look at the electrostatics and domain kinetics
associated with poling with topographical surface electrodes, with the goal of establishing
the limitations and identifying the subtleties associated with this technique.

- The quasi-phase-matched nonlinear optics presented in this thesis investigates both
straight forward measurements of frequency conversion in laser fabricated PPLN crystals,
but also looks at a novel nonlinear process which involves domain engineering to achieve
simultaneous phase-matching of two different nonlinear processes. This simultaneous
phase-matching results in a cascaded interaction, the likes of which have been of great
interest for optical processing.

The layout of these topics within the thesis is elaborated upon in the following section.

1.4 Thesis arrangement

This dissertation has been set out in six chapters covering the three key topic areas within
the project mentioned above. Since these three topics are quite different in nature they are each
set-out within self contained chapters that deal with the background physics and literature, any
modelling that has been undertaken, the experimental equipment, procedures and the results. In
this way any future readers of this dissertation with a particular interest in one or other of these
subject areas may refer to the appropriate chapter alone. The content of the chapters is arranged
as follows;

Chapter 2 provides a review of nonlinear optics specific to quasi-phase-matching.
Various implementations of domain engineering for nonlinear optics are reviewed including
aperiodic, two dimensional and random domain patterns. The results of some numerical
simulations developed during this project to aid in explaining the effects of domain imperfections
on the nonlinear performance are included.

Chapter 3 looks at laser machining of lithium niobate from both fundamental and
fabrication perspectives. An investigation of the ablation characteristics of lithium niobate with
UV nanosecond lasers and 800 nm ultrafast lasers, along with a parallel comparative study of
silicon will be presented. The laser machining of grooves in the surface of lithium niobate
suitable for poling is also demonstrated, and the influence of laser and motion control parameters
is investigated.

Chapter 4 looks at the electric field poling of lithium niobate with laser machined

topographical electrodes. Finite element modelling of Laplace’s equation is used to give an
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indication of the electric field distributions needed to produce domain reversal. Particular
attention has been paid to the influence of the geometry of the surface features on the electric
field distribution and contrast with the background field. The domain kinetics and control of
domain reversal when using topographical electrodes are investigated, and the limitations of
domain sizes and periods are discussed.

Chapter 5 looks at the experimental nonlinear optics undertaken during this project. In
particular 3™ order type-0 (ds3) as well as type-I (d3;) quasi-phase-matched second harmonic
generation, with a variety of periods and domain patterns, is presented. A scheme to
simultaneously phase-matched type-0 and type-I interactions in a single PPLN crystal is also
proposed and demonstrated experimentally. As mention above, this interaction results in a
cascaded interaction the likes of which have been of great interest for optical processing.

Chapter 6 concludes the dissertation with a summary of the key findings and suggestions

for future implementations of laser written electrodes for electric field poling.
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Chapter 2. Quasi-phase-matched nonlinear optics.

“It is also a good rule not to put overmuch confidence
in the observational results that are put forward
until they are confirmed by theory.”

-Arthur Eddington
“Books are but waste paper unless we spend in action
the wisdom we get from thought”

-W.B. Yeats

2.1 Introduction

Nonlinear optics is an important and progressive field of research, which is integral to the
development of modern laser technology, photonics, biophotonics, optical sensing and
spectroscopy. It is of increasing interest in the field of photonics, as future all-optical
communications systems will need to make use of nonlinear optical processes to achieve a level
of functionality analogous to current electrical systems. Current optical communications systems
use the wavelength of light to define data channels in fibre based wavelength division
multiplexed (WDM) systems. Filtering of these channels is then carried out using passive
resonant devices such as fibre Bragg gratings. Routing of the data to the end users, especially in
local networks, is still predominantly carried out via electronic means. The push towards all-
optical networks, which will need to be integrated with existing long haul optical communication
systems, may utilise the wavelength and intensity of light for routing and switching as well as
multiplexing. Wavelength conversion of light may be important for routing operations, where
exchanging or sharing data streams across several wavelength dependent channels may be
necessary. Quasi-phase-matching (QPM) materials offer an extremely versatile platform for
implementing single or multiple 2" order nonlinear processes. These materials can be
engineered to accommodate specific wavelengths and processes, and offer some of the higher 2™
order nonlinearities available in mature solid-state materials. The family of ferroelectric crystals
used for QPM includes lithium niobate, lithium tantalate and potassium titanium oxide phosphate
(KTP), all of which have established waveguide technologies which allow for integration into
fibre based networks. To date there have been several demonstrations of integrated QPM devices

50,51,52,53,54

carrying out operations such as wavelength shifting , optical time division multiplexing

(TDM)>>~%, optical code division multiple access (CDMA)* ">, format conversion™ and optical
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gating60’61’62.

These applications for photonics continue to motivate experimental and
entrepreneurial activities based on QPM in materials such as PPLN.

The trend towards compact all-solid-state lasers sources, covering large regions of the
visible and IR, is also a driving force behind improvements and innovations in nonlinear optics.
There is particular interest in QPM materials for realising many of these laser sources, again due
to the efficiency and versatility that they offer. Many popular solid-state and semi-conductor
laser materials emit around 0.8-0.9um (diodes, Ti: Sapphire, and the 946 nm Nd line), 1 um
(diodes, Nd, Yb), 1.3 um (diodes, Nd), 1.5 um (diodes, Er) and 2 pm (Tm, Ho). Frequency
conversion of these commonly available laser sources via nonlinear optical elements has
diversified the application range of these laser systems. A key advantage of QPM materials is
they can be engineered for second-order frequency conversion of almost all of the currently
available laser sources operating in the near to mid IR. To illustrate, there has been wide spread
implementation of optical-parametric-oscillators (OPOs) based on QPM materials for
spectroscopy and sensing where the tunability of the nonlinear element is a convenient means for

tuning the source radiation in a well controlled manner®**%,

The development of tuneable
terahertz sources has also benefited from sources based on optical rectification, optical-
parametric-generation (OPG) and optical-parametric-amplification (OPA) in QPM

materials®®®7-%

. Highly compact and efficient solid-state visible sources have long been sought
after for display applications, and the high efficiency offered by QPM materials allows for chip
scale implementation of nonlinear optical elements, suitable for either fibre or semi-conductor
based sources. Laser based projection units and displays resulting from this technology are
expected to come to market within the next year (2008).

The goal of this chapter is to provide a theoretical and developmental overview of QPM
nonlinear optics. This chapter is comprised of four subsequent sections. Section 2.2 deals with
the basic theory of second order nonlinear optics pertinent to this dissertation, especially QPM in
lithium niobate crystals. Section 2.3 will review some of the advanced approaches in QPM
which include aperiodic, phase-reversed and two dimensional domain patterns. Section 2.4 will
look at the effects that fabrication errors in crystal domain structures can have on the performance

and tuning of QPM crystals. This will include the development of a numerical approach for

modelling such errors, complimentary to previous analytical approaches in the literature.
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2.2 Quasi-phase-matching

2.2.1 Basics of 2nd order nonlinear optics

The physical origin of 2" order nonlinear optical processes lies in the polarisation that an
incident electric field (such as light) can induce in a transparent material. For a dielectric optical

crystal this polarisation is expressed in tensor form as,
0 D e @ o 0, 3 g w, 2
PB=P"+> 4, EC+> yu EVE® + ) yxuEVEPE” +.. (2.1
where P is the polarisation induced in the i direction, P’ is the spontaneous polarisation of the

material with no external electric field, E are the incident electric field components with
. . . . . a . st g eqe
frequencies @ and polarised in the m direction, y," is the linear (1™ order) susceptibility tensor

and g, is the second-order susceptibility tensor. There are higher order terms in the

(3)

polarisation such as y,,, which contribute to processes such as Kerr nonlinearities, four-wave-

mixing and Raman scattering, but it is the ;(;z) term in non-centrosymmetric materials that we

are interested in for the 2" order nonlinear optics discussed hereafter. In order to refine the

discussion further we will consider the y,,'* tensor for optical crystals belonging to the 3m point

group, which includes lithium niobate, the material of most interest in this dissertation. For these

crystals the second order term for the polarisation becomes,

E2
p\? 0 0 0 0 d; —dg y

py| =X E B =2e, | ~dy dy 0 o ||, | @2
p. " dy, dy, dy; 0

where the x,y and z subscripts indicate the field polarisations with respect to an orthogonal set of

crystallographic axes, &, is the permittivity of free-space andd,, are the nonlinear coefficients of

the crystal ascribable to the electric field components with suitable polarisation. It can be seen
above that the second order polarisation is induced by products of the incident electric field

components. For the mixing of co-propagating plane waves this product results in,

EE, =(4¢™ +cc)( 4, ™™ 4 cc) = A A, 06 o g g g et GokD 4 (23)
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The nonlinear polarisation, P\, thus contains sum and difference frequency components of the
incident electric fields, which can be re-radiated at these sum and difference frequencies. The
particulars of arriving at the field equations which describe light waves propagating in a second
order medium are well understood and can be found in many texts on optics (Davis®’ and Boyd™
were used for reference for this dissertation). Suffice to say that by considering the electrical

displacement, D =¢,E+ P , in the context of Eq. (2.2) and assuming no free charges (lossless

and optical media with negligible permeability) the decoupling of Maxwell’s equations bring us

to the modified wave equation,

O0°E 0°

VZE = ﬂé‘ogr ?_{_ﬂ?PNL (24)

For illustrative purposes sum-frequency-generation (SFG) and second-harmonic-generation
(SHG), which are the simplest, prototypical processes, will be looked at. SFG occurs when the
incident fields are at frequencies ; and ®; so that a term in the second order polarisation is at the
sum frequency,
W, =0, + o, (2.5)

thus we have a three-wave mixing process. Considering plane waves propagating collinearly in
the z direction, with polarisations in the x,y plane, we have

E®(z,1) = %[Eli(z)ei(’”'k‘z) + cc]

Ey(z,t) = %[Ezj (2)e" ) 4 cc] (2.6)

1 i(ot—kyz
Eﬁj(z,t):E[E%(z)e( ) e

(cc — is the complex conjugate). Treating the equations from (2.6) with the wave-equation in

(2.4), using Eq (2.2) to infer the Pxp term, and using the slowly varying amplitude

.. d’E . ,
approx1mat10n,7 ~ 0, the propagation of the three waves can be derived as a set of coupled
4

equations which describe the parametric interaction of the waves at the three frequencies,
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dEa)li la)ldeff E E* ‘ —iAkz
dz 4ne P
dE . iod . ,
O] _ 2% eff *  —iAkz
5 - ane E,.E, e (2.7)
2
dEa)3k ia)3de/f E E iAkz
dz dne

In these equations the field subscripts ijk denote the polarisations for the three fields, doy s the
effective nonlinear coefficient found by considering Eq (2.2) and the propagation direction in the

material. k; 3 are the wave-numbers for the particular fields given by

o 2mn _on (2.8)
A c
and A4k is the wave-number or phase-mismatch between the waves given by
Ak =k, —k, -k, (2.9)

In general the goal is to start with input fields £; and £, and generate the third field £3. In (2.7) it

can be seen that the change in E;, E,, and Ej; as the waves propagate will be oscillatory in nature,

(e"™*) unless,

Ak=k,—k,—k =0 (2.10)
The condition in (2.10), which will be dealt with extensively in the following section, is called
the phase-matching condition, and is of vital importance to obtaiing efficient 2™ order nonlinear
processes. If the low conversion approximation is considered, i.e. when E; and E, remain
relatively unchanged so we can ignore depletion, we can look at solving for the generated field,
E; by simple integration along the interaction length. From (2.7), considering propagation over a

length L we have,

—iw,d .
E,(L) :TZE],CE” j e dz (2.11)
3 0

which is evaluated as,
—iwyd &M —1
E(Ly=—-E E, | ——
(@) 4ne " 2"[ iNk
d L |:ezAkL/2 _e—iAkL/2j|
oL/

E . E
AKL /2

T ane ¢

3

_ m)3dE E, Le ,AkL/z[sin(AkLM)}
4n,c AKL/2
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Looking at the irradiance of the generated field we have,

w.’d
I - EE, 1 o ;ffz IzZIzZLZ[sm(AkLQ)}
Z, 2Z l6n;c kL/?2
ee, @d, sm(AkL/ 2)
=0 ;’72 11,4 r } (2.12)
16n3 &8, 826‘0 AKL/?2
I - ef, »| sin(AkL/ 2)
4n3n1n250 e AkL/2
where the irradiance has been introduced for each field as
E'E
=— 2.13
Y (2.13)

with Z being the impedance of the material for the particular field given as.

7= - L g
£.E, NEC

From (2.12) we see that the irradiance of the generated field has a quadratic dependence on the
input fields and interaction length, and a sinc’ dependence on the term AkL/2. For the generated
field to grow steadily as the fields propagate, the sinc” function needs to tend to unity, i.e. its
argument needs to tend to zero. This occurs when the phase-matching condition in (2.10) is

satisfied. In the case of second-harmonic-generation £;=E, and equations 2.8 and 2.10 simplify

to
A=k, -2k, =n,,—n,=0 (2.15)
o*d> in(AKL/2)T
T Ly sin(AkL/2) (2.16)
n’n, €,c AKL /2

Equation (2.16) is a well known equation for describing small-signal SHG, with the efficiency
being proportional to the fundamental irradiance and the square of the interaction length,

nz?—”oclwﬁ (2.17)

For efficient processes where the fundamental is being noticeably depleted the SHG process is
more precisely described by a Jacobi elliptical sn function”', which retains the sinc’ phase-
matching behaviour for low efficiencies, but becomes narrower with larger secondary lobes for

highly efficient conversion, as illustrated in Figure 2.1. The SH field grows quadratically when
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phase-matched with low efficiency, and then

appreciable, as shown in Figure 2.2.
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Figure 2.1 Phase-matching curves for SHG. Left: negligible depletion regime. Right:

Strong depletion regime.
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generation.

To demonstrate the effect of the phase-matching condition (Eq.(2.15)) when propagating through

a nonlinear material, consider the case of colline

same direction. Due to natural dispersion Eq.

ar plane-waves with all fields polarised in the

(2.15) will not generally be satisfied, as the

refractive indices for the fundamental and its second-harmonic field are usually quite different.

With a non-zero Ak the intensity of the second-h

armonic builds and decays periodically as the

fields propagate, and the maximum intensity that the second harmonic can reach is very low

compared the fundamental.

The period of this dephasing of the second-harmonic and the

fundamental is the nonlinear coherence length of the process,
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V4
[ = v (2.18)

Phase-matching seeks to compensate for, or make this coherence length as long as possible.
Figure 2.3 shows an example of the evolution of a phase-matched and non-phase-matched SHG
process. The phase-matched process grows quadratically while the non-phase-matched SHG
grows and decays with the nonlinear coherence length. Methods for achieving phase-matched

processes are reviewed in the following section.

-3
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Figure 2.3 Evolution of a phase-matched and a non-phase-matched SHG process

2.2.2 Methods of phase-matching

Birefringent phase matching.

The most common method of phase-matching is to make use of the birefringence in uniaxial and
biaxial optical crystals. The tensor nature of the coupling of the incident electric fields to the
nonlinear polarisation, along with the directional dependence of the refractive indices in these
materials can be used to satisfy equation (2.10) and (2.15). Here we will concentrate on uniaxial
crystals, and particularly on negative uniaxial crystals such as lithium niobate. In uniaxial
crystals there are two well designated refractive index components called the ordinary and
extraordinary indices (or fast and slow indices respectively for a negative uniaxial crystal such as

lithium niobate). These are shown geometrically in Figure 2.4
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_> y
/ Propagation parallel to z-axis

Propagation parallel to x-axis

Figure 2.4. Refractive indices seen by fields propagating parallel to the z and x—axes

in a negative uniaxial crystal.

The refractive index is also a function of the frequency and wavelength of the light in the material.
This can be visualised by changes in the radii of the refractive index ellipses shown in Figure 2.4.
When you overlay the set of the refractive index curves for the fundamental and second harmonic
frequencies, certain propagation angles may be found where the phase-matching condition in Eq.
(2.15) 1s satisfied, indicated by the phase matching angle 6,,, in Figure 2.5. At this propagation
direction in the crystal the differently polarised fundamental and second harmonic components

will see the same refractive indices so that the phase-matching condition is satisfied.

Figure 2.5 Phase -matching diagram for a negative uniaxial crystal. The red curves
indicate the refractive indices for the fundamental fields and the green curves indicate

the refractive indices for the second harmonic fields.
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From Eq. (2.2) it can be seen that in 3m group crystals an electric field polarised along the x or y
axes will produce a nonlinear polarisation along the z axis via the d;; nonlinear coefficient. The
incident and generated field utilize the ordinary and extraordinary refractive indices respectively,
allowing for birefringent phase-matching if Eq. (2.15) can be satisfied. The nonlinear coefficient
associated with an arbitrary birefringent process is refererd to as the effective nonlinear
coefficient, d.4; and is generally a geometric combination of the principal nonlinear coefficients
in Eq. (2.2). Concentrating on the 3m class of crystals, the value of d.; for birefringent phase
matching can be found using the relation

d, =d; sinp—d,, cos psin3g (2.19)

where ¢ and ¢ describe the propagation direction of the fields with respect to the crystal axis i.e.
@ is the declination angle from the optical axis (z-axis) and ¢ is the angle from the x-axis in the

xy plane. The birefringent phase-matching approach can have disadvantages such as Poynting
vector walk-off, where the energy flow associated with the electrical displacement in the crystal
is in a slightly different direction to the propagating fields. Restrictive angular, temperature and
wavelength acceptances may also be a problem, as well as identifying crystals suitable for the
particular wavelengths. A solution to the phase-matching problem, which avoids some of the
disadvantages inherent in bulk single crystals, is quasi-phase-matching in domain engineered
materials.

Quasi-phase-matching.

Quasi-phase-matching was suggested by Armstrong and Bloembergen in 1962°. Rather than
letting nature dictate suitable conditions in birefringent crystals, QPM requires modulation of the
crystal structure in a pattern that provides a net compensation for the phase-mismatch between
the interacting waves. In lithium niobate this involves modulation of the crystal’s ferroelectric
axis which also corresponds to inversions in the ¥ tensor. This modulation introduces extra
complexity to the coupled field equations. For example the ds; coefficient (and also the d3; and
d>, coefficients) changes its relative sign with each inversion of the crystal structure.
Mathematically we describe these inversions of the nonlinear coefficient with a Fourier series for
the appropriate pattern of the modulation. The most common implementation is to use periodic
inversions, which introduces the nonlinear coefficient as a rectangular wave Fourier series into
the coupled field equations. That is, for a periodically poled crystal the nonlinear coefficient can

be represented by a Fourier series in the form;
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d(z)=dy . g,e"" (2.20)

where the g, terms are the Fourier coefficients and the G, terms are the series of inverse lattice
vectors, or spatial frequencies, which are harmonics of the primary spatial frequency, related to
the period of inversions, A, by,

2zxm
G =—— 2.21
n= T (2.21)

This Fourier series can then be introduced into the field equations where, mathematically, the
exponents can be combined with other exponential terms including the phase-mismatch term idkz.

For the second-harmonic field equation (see Eq. (2.7)) we arrive at,

dE 2o

20 _ d iG, zE2 iAkz
dz 4n2w @ z En¢

m=—0

12(0 E2d o/ (Guth)z
= 4 a) efj Z gm
n2w

(2.22)

The key to achieving a growing level of SHG as the fields propagate is to end up with a constant
(linear) term from the series in Eq (2.22), so that the second harmonic has a steady (non-
oscillating) component in its derivative. This is now realized by satisfying the quasi-phase-
matching condition

Ak+G, = Ak, =0 (2.23)

for one of the G, ’s in the series. For rectangular-type modulation of the crystal structure we

introduce the rectangular-wave Fourier series as,

=, sin(Dzm) e

— . iG”IZ —
dy=d, Z g€ " =2d, Z
o e  7Tm

m#0

(2.24)

where D is the duty cycle (similar to grating mark-space ratio) of the inversions. From (2.21) it
can be seen that the poling period required to satisfy the quasi-phase-matching condition in (2.23)
1S,

27rm

e (2.25)

Here the sign of Ak is not important as G,, will have alternatively signed (+) spatial components

from the series in (2.24), and a frequency conversion processes with a negative Ak that would
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otherwise fall beyond the noncritical phase-matching point in birefringent media can still be
quasi-phase-matched. In the case of SHG the required period is simply derived as,

=Zi?%5 (2.26)

One important aspect of QPM is the effect of the poling duty cycle on the effective nonlinearity.
As seen in (2.24) both the order of the grating component, m, and the duty cycle, D, determine
the strength of the nonlinear coefficient compared to the materials maximum possible value of dop.

In the ideal case of a 1* order grating component and a 50% duty cycle the effective nonlinear

coefficient of the QPM is maximized, and in comparison to d.y will be,
d, = i (2.27)

Note that for a 50% duty cycle square-wave poling function, nonlinear gain exists only for odd
values of the QPM order m (refer again to Eq. (2.24)). In general the nonlinear gain sees a
sinusoidal dependence on D, which for higher order QPM m>1 results in several suitable duty-
cycles for achieving the optimal nonlinear gain for the particular QPM order. The even order
QPM orders can also be utilized by poling patterns with the appropriate duty-cycles. The
nonlinear gain dependence on duty cycle is shown for the odd and even QPM orders is shown in
Figure 2.6 and Figure 2.7 respectively. The optimum duty cycle(s) for a given order of phase-

matching can be found as,

n+1/2
D= , n:0->m-1 (2.28)
m
0.5
—m=1
— m=3| |
0.4 o _m=5
~ 03
=
Ed)
o
2 02
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/ ,l\ S / \ ~ - ,( ~ N
O0 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1

Duty Cycle (D)
Figure 2.6. Dependence of the nonlinear gain on the poling duty cycle for odd-order

QPM.
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Figure 2.7. Dependence of the nonlinear gain on the poling duty cycle for even-order
QPM.

The growth of quasi-phase-matched SHG can be found by integrating (2.22), in a similar fashion
to the genaral case shown in (2.11). Considering just the dominant term from the series for dp
term, where the QPM condition in (2.23) is satisfied, we have an approximate form for the small-
signal second harmonic irradiance that is similar to the general case,
o'dy, sin(AkQL/2) ’

I =
0 wlnye,c0 ¢ AkyL /2

(2.29)

The other terms from (2.22) do contribute to the evolution of the SH irradiance by giving an
undulating appearance to the irradiance as it grows along the interaction length. The evolution of

the SHG irradiance phase-matched with the m=1,2,3 QPM orders is shown in Figure 2.8.

1-

o
©
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o

<
N

Irradiance (arb.)

0.2

Figure 2.8. Evolution of the irradiance of QPH SHG for 1st, 2nd and 3rd order QPM.

One of the advantages of QPM in materials such as lithium niobate and tantalate is access to the
large d;; nonlinear coefficient. The d;; nonlinear coefficient cannot be accessed by birefringent

phase-matching as all fields need to be co-polarised along the z-axis of the crystal. In negative
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uniaxial crystals this is an ‘eee’ process as all fields propagate as extraordinary waves when
polarised along the z-axis. Type-I interactions on the ds; nonlinear coefficient (where the
fundamental components are polarised orthogonally to the second harmonic) can also be quasi-
phase-matched. In negative uniaxial crystals type-1 phase-matching is an ‘ooe’ interaction where
the fundamental propagates as an ordinary wave and the second harmonic as an extraordinary
wave. Although d;; < d3; in these crystals, the ‘ooe’ process, which will be looked at
experimentally in this dissertation, can be easier to quasi-phase-match under some conditions, as
the required poling period can longer (especially in the 1-1.3um region) resulting in more reliable
fabrication of suitable crystals.

Some performance considerations when phase-matching, either birefringently or by QPM
methods, are the wavelength and temperature acceptance of the interaction being implemented.
The wavelength and temperature acceptance for QPM can be determined from the sinc’(AkoL/2)
term in (2.29) and the Sellmeier relations, which relate the refractive indices to the crystal
temperature and wavelength of the incident light. Typical Sellmeier equations for congruent
composition lithium niobate’ are given below in equations (2.30) and (2.31), where the
wavelength is in um and the temperature in Kelvin (the zero point temperature for these

particular equations is 297.5K, hence the T>-88506.25 terms).
n’ =4.9048+2.1429x10°*(T* —88506.25)

872 _ 2.30
. 0.11775+2.2314x10 (ST 288506.25) 00271532 (2.30)
A% —(0.21802—-2.9671x107*(T* —88506.25))
n’ =4.5820+2.2971x107(T* —88506.25)
872 _ 2.31
0.09921+5.716x10*(7* ~88506.25) 1y 0,5 (2.31)

+
A7 —(0.21090 —4.9143x107*(T* —88506.25))

The calculated temperature and wavelength curves for type-0 and type-I QPM SHG, from a
1064 nm source laser and a temperature near 450 K, in a 5 mm long length of lithium niobate are
shown in Figure 2.9 and Figure 2.10 respectively. It is apparent that while the type-0 case has a
broader temperature acceptance bandwidth than the type-I case, its wavelength acceptance is
narrower. There are QPM grating design techniques which address issues such as wavelength

and temperature acceptances when using QPM which will be addressed in the follow section.
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Figure 2.9. Temperature acceptance curves for type-0 and type-1 QPM SHG in a

S5mm section of lithium niobate.

1 r N\
— Type-0
| Type-I
08¢ “‘ P
£
g/ 0.6 “g‘
) [
[&] | |
c | |
8 0.4} I
© | \
o “
0.2
o 7,,*,#,,,/\r,,,,f/"/\\,/"‘ ) \\,// DA —
1.0638 1.064 1.0642 1.0644 1.0646 1.0648 1.065

Wavelength (um)

Figure 2.10. Wavelength acceptance curves for type-0 and type-1 QPM SHG in a

S5mm section of lithium niobate.

2.3 Advanced structures

2.3.1 Overview.

QPM in domain engineered materials is by no means limited to a single three-wave-mixing
process per QPM grating, and is amenable to many of the tricks and traits of the Fourier toolbox
used in other grating based devices. That said, when moving to multiple or broadband QPM

gratings there will be a trade-off against the nonlinear efficiency of the crystal, as the nonlinear
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gain will be distributed amongst the interactions it has been designed to phase-match. For
broadband or multi-wavelength systems, the use of advanced QPM can be beneficial and even
necessary for the performance and functionality of the optical system. Longitudinally varying
gratings (1D), which are compatible with waveguides and are the most commonly implemented.
More exotic approaches to QPM have also been explored using fabricated and naturally occurring
2D and 3D domain structures. In this section various QPM gratings which allow for broadband,
multi-wavelength and cascaded phase-matchings will be reviewed, along with some of the recent

results in 2D and 3D QPM.

2.3.2 Multiple, sequential and fan-out QPM gratings.

The simplest way to realise tuneable or multiple QPM structures is to use sequential or spatially
varying QPM gratings. Placing several gratings in the same crystal with varying periods, either
adjacent each other or in a longitudinal sequence, is a simple way of producing multipurpose
QPM crystals. Multiple adjacent QPM gratings, typically with 0.1-0.5um steps in period and
with 5 or more gratings fabricated in a single crystal, are commercially available and are used in
tuneable OPO configurations. The selection of grating period, in conjunction with temperature
and cavity tuning, allows for continuous tuneability across range of wavelengths™. Fan-out
grating designs have also been demonstrated as useful structures for continuous spectral tuning of
the phase-matching condition”. In these structures the period is slowly ramped from one edge of
the crystal to the other, presenting a continuous transversely varying period, allowing tuning of
the phase-matching by translating the crystal through the pump beam as shown in Figure 2.11.
Longitudinally sequential gratings can be used in a similar manner for some applications where
lateral translation of the crystal is undesirable. This of course limits the available crystal length
that each grating period can occupy limiting the efficiency. Sequential gratings can however be
useful for cascaded processes such as third harmonic generation or multi-step processes such as
SHG/SFG-DFG, where different gratings can be placed sequentially to phase-match first one
then subsequent processes. An attractive alternative is to use more complicated, aperiodic
gratings which provide distributed phase-matching to several interactions. This approach can
provide increased efficiency and control over the acceptance bandwidths compared to simple

periodic gratings.
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S

Figure 2.11 Fan out grating geometry

2.3.3 Chirped and apodized gratings

A common technique to improve the bandwidth in many grating based technologies is to
implement chirped and apodized gratings. Such techniques are used in fibre Bragg gratings
(FBGs) to produce broadband resonant filters for WDM, gain flattening filters for EDFAs etc. In
the case of QPM the goal is to ensure phase-matching across the optical bandwidth a laser source

747576 allow for this and can even lead to

of interest. Chirp and apodization in QPM gratings
temporal compression and modification of the converted pulses, similar to the chromatic
dispersion compensation properties of chirped FBGs. The basic mathematical form of chirp is a
continuous or quasi-continuous change in the periodicity of the structure as some function of the
length. For a linearly chirped structure the periodicity can simply be described by
A(z)=A,/(1£rz2) (2.32)

where A is the initial period and 7 represents the rate of chirp. Because the chirped structure has
a continuous band of periods across the grating, it will have an increased phase-matching

acceptance in both the wavelength and temperature tuning regimes. Figure 2.12 shows an

exaggerated example of a grating with an increasing linear chirp across its length.
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QPM grating with linear chirp

Dornain orientation

Length (arb.) 10

Figure 2.12 QPM grating with linear chirp.
One of the issues of using a purely chirped grating becomes apparent when considering the
Fourier spectrum of such a grating. The nonlinear gain across the phase-matching bandwidth
will not be flat, especially at the edges of the acceptance band. This will be reflected in the
phase-matching performance by producing a markedly more efficient frequency conversion at the
edges of the bandwidth provided by the chirp. This is shown in Figure 2.13, along with the

spectrum of an un-chirped grating for comparison.
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Figure 2.13 Left: Power spectrum of a periodic square wave grating. Right: Power
spectrum of a linearly chirped grating. Insets show expanded view of the 1* order

grating component.
Flattening the phase-matching bandwidth of a chirped grating is performed by apodizing the
grating. Typically apodization is performed by modulating the contrast of the grating, e.g. the
refractive index contrast is modulated in apodized FBGs to produce flat-top stop-band filters. In
QPM structures it is the local duty cycle which is modulated to control the relative efficiency of

the nonlinear conversion across the phase-matching bandwidth. The local duty cycle influences
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the nonlinear gain as suggested by Eq. (2.24). For a linear chirp the major feature of the QPM
spectrum which needs to be modified is the enhanced efficiency at the band edges. To remove
these peaks the duty cycle needs to follow a function which reduces the efficiency at the
maximum and minimum periods in the chirped structure. A simple approach to this is a centered
tanh function,

D(z)=D, tanh(%j, 0<z<L/2

(2.33)

D(z) =D, tanh(@j, L/2<z<L

where a is a parameter which varies the rate of apodization across the length of the crystal. A

plot of an apodization profile and the corresponding grating with chirp is shown in Figure 2.14.

— Apodized QPM grating
Apodiaztion of duty cycle, a = . i .
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Figure 2.14 Left Apodization profile of the duty as a function of the crystal length.
Right: Chirped and apodized grating for broadband applications.

Such an apodization profile smooths the phase-matching curve, providing similar nonlinear gain
across the phase-matching bandwidth and removing the peaks at the band edges, as shown in

figure Figure 2.15.
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Figure 2.15 Power spectrum of an un-apodized (left) and apodized (right) chirped
grating.

2.3.4 Aperiodic and phase-reversed

The chirped and apodized gratings reviewed in the previous section allow for phase-matching of
broadband laser light, but for simultaneously phase-matching multiple processes, which may
have substantially different wavelengths, other approaches need to be considered. Aperiodic and
quasi-periodic domain structures, sometimes referred to as optical super-lattices, can be used to
achieve this. These are QPM gratings which contain several grating vectors (spatial frequencies)
suitable for phase-matching several processes at the same time. There are several approaches to
designing such structures which will be reviewed here, including Fibonacci sequence based
gratings, phase-reversed gratings and summed Fourier component gratings. The general goal is
to diversify the Fourier spectrum of the grating structure to provide the appropriate spatial
frequencies to allow for multiple phase-matching conditions to be satisfied.

Fibonacci series lattices

In the case of the Fibonacci series approach’’ two or more grating building blocks, which are
determined by the phase-matching conditions, are arranged according to the Fibonacci series,

S.a=8+S8,, (2.34)
Looking at the case of two phase-matched processes, say a SHG and then SFG between the
fundamental and second-harmonic to get to the third harmonic, the grating can be made up of two
building blocks, 4 and B. Each block has a positive and negative domain orientation with a
particular width of the positive and negative domain orientations for each block. Determining the
construction of these blocks is based around finding a good approximation to the relationship

l=sl.,=D"., (2.35)
where /c; and /¢, are the nonlinear coherence lengths (2.18) of the two processes, s is an odd

integer and CD=(1+\/§ )/2~1.618 is the golden ratio. The blocks 4 and B, illustrated in Figure
2.16, are then constructed on the principle that one of the domain orientations in each block is of
the characteristic length /, /,;=Iz/=I and the other orientation is a weighted distribution of this
length given as,

Ly =1(1+1)

lyy =1(1- D7) (230
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Here m is a weighting parameter which controls the relative distribution of the nonlinearity
between the coupled processes, which in this case is important for achieving optimal conversion
to the third harmonic. The construction of the Fibonacci sequence then follows (2.34), such that

So=A, S;= B, S,= AB, S3=BAB etc, so that the sequence 5yS;5,S;... — ABABBAB...

lA lB

IAI IAZ 131 132

Figure 2.16. Building blocks A and B for a Fibonacci quasi-periodic-grating.

The lattice vectors that such a grating contains are determined by,

G =21—,7T(m+CDn) (2.37)

m,n

where /' =(®/, +1,) is the average structural parameter. It is these lattice vectors which need to

correspond the phase-mismatches of the two processes involved for some m and n. Fibonacci
sequence gratings are however somewhat limited in their versatility as there is a reliance on
nature to provide suitable wavelengths and temperatures so that Eq. (2.35) can be satisfied.

As an example of a Fibonacci series grating consider third harmonic generation of
1.662 pm laser light in LiNbOs. The coherence lengths of the SHG and SFG processes at 200 °C
are approximately 10.54 um and 4.03 pm (individual poling periods of 21.084 pm and 8.053um)

respectively, which approximately corresponds to /=1,

= q)zlsﬁg. The grating blocks are thus,
l,=1,=1054um , and with #=0.3 (near optimal of THG) we have [/, =13.7um and
l,, =5.42um. A section of the grating and its frequency spectrum are shown in Figure 2.17.

Spatial frequencies corresponding to the poling periods for the individual processes appear in the
frequency spectrum, as required for phase-matching. The evolution of the three fields as they
propagate through the aperiodic QPM grating are shown in Figure 2.18. Zhu et a/ showed that

such an approach offers ~8 times the efficiency of sequential gratings for the same process’ .

-42 -



Chapter 3. Laser machining B. F. Johnston

0.3+ X211

Y:0.2714
a

o

)

al
i

o
)

o

[y

ul
T

|}
X: 8.052
Y:0.1411

0.05¢ 1
0 mu‘ Ah | AM f\WVW;

"o 50 100 150 200 0 5 10 15 20 25
Distance (um) Spatial frequency (um)

Domain orientation

o
i

Spectral power (arb.)

Figure 2.17 Domain pattern and frequency spectrum for an aperiodic optical lattice

based on the Fibonacci sequence.
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Figure 2.18. Third harmonic generation in an aperiodic optical lattice based on the

Fibonacci sequence.

Phase-reversed gratings

Phase-reversed gratings are another quasi-periodic approach for achieving multiple phase-
matching conditions in the same grating’®. For the case of two phase-matched processes with

phase-matching conditions Ak, —G, =0 and Ak, —G, =0 we construct a quasi-periodic grating

such that the grating parameters are found as,

Gl=i—ﬂpl+i—”ql, G2=/2\—7[p2+2—7[q2 (2.38)
0 ph 0
Here Aq is the primary period of the domain structure so that the unit size of the domain
inversions is Ag/2. The phase of the grating is reversed with a period Apn. The parameters p and
q are integers which indicate orders of the periodic and phase-reversal components. For 50%
duty cycle grating components these need to be odd integers for the resulting grating to provide

non-zero spatial frequency components at the required phase-mismatches. To ensure a fixed base
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domain size as the building block for the grating we need to operate the crystal at wavelengths
and temperatures that satisfy the additional constraint that

A, /12h,=m (2.39)
for some integer m so that the phase reversals happen modulo Ag/2. Solving (2.38) for the

periods that are used for fabrication we have

A, - 27(pi9, = Pr9) A= 27(P9, = Pr49) (2.40)
Gq, —Gyq, Gp,-Gp

along with the corresponding inverse vectors G, , =27 /A, ,. The phase-matching conditions

for the two target processes are then satisfied by,
Ak, -Gyp, —G,.q,=0, Ak, -G,p, -G ,,q, =0 (2.41)
A functional form of the uniform domain structure of the phase-reversed grating is,

d,(z)=d ;sign(sin(G,z)sin(G ,2)) (2.42)

The practical composition of these gratings is illustrated in Figure 2.19.

Ag

(VU VUG u vt

Aph X

Figure 2.19 Composition of a phase-reversed grating. A primary grating period, AQ ,

is modulated by a phase-reversal period, A o resulting in quasi-periodic domain

pattern as shown on the bottom of the figure.

Similar to Fibonacci gratings, with phase-reversed gratings we are again bound by nature in
finding situations where (2.39) can be realized for reasonable selections of p and g parameters.
Phase-reversed gratings are also analogous to sample gratings in FBGs and can be used in a
similar fashion. Rather than targeting a particular pair of processes by finding periods and

temperatures where Eqgs. (2.40), (2.39) and (2.41) can be used, multiple ‘channel’ devices can be
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created in an ad-hoc fashion by modulating a periodic grating with an arbitrary phase-reversal
grating. There are still two design considerations with this approach.
- Firstly, for fabrication purposes it is convenient to have the phase-reversal period be an
integer multiple of the periodic grating so a constant domain width can be used.
- Secondly, for the two initial sideband channels to have an equal nonlinear gain the phase-

reversal period should an integer multiple of A, /27 which is not arbitrarily an integer
multiple of A, . The best approximations to this is to use integers which are

approximately integer multiples of 2x (50=8x2x, 69=11x2x etc.)
A 50% duty cycle phase-reversal introduces two channels either side of the primary frequency.
Adjusting the duty-cycle of the phase-reversal grating introduces more channels into the Fourier
spectrum of the grating. As an example, consider a primary grating period of 19 um which is
suitable for SHG of 1550 nm light at 304 K in congruent PPLN. Introducing a phase-reversal
grating envelope with a period of 50x19 pm (50=8x2m) produces two similar amplitude
sidebands. The spectrum of such a phase reversed grating, 300 periods (5.7 mm) long, is shown
along with the spectrum for the pure frequency grating in Figure 2.20. Phase-reversal gratings
can also be stacked, i.e. multiple phase-reversal modulations can be applied sequentially to the
grating design, multiplying the number of sidebands. Example spectra of gratings with an

increased number of channels is shown in Figure 2.21.

1r .| = = —Single period grating
I .
"‘ —— Phase-reversed grating
_ 08 !
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‘ | I “ |
I
0 \ ) | 0
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Figure 2.20 Spectrum of a phase reversed grating with A,;,=50A¢, 300 periods long.
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Figure 2.21 Spectra of multi-channel phase-reversed gratings. Left: 3 channels
produced via duty cycle adjustment of the phase-reversal modulation. Right: 4

channels produced by stacking 2 phase-reversal modulations.

Periodically Chirping (frequency modulation)

A variation on the phase-reversed approach is to use a periodic chirping of the grating. Rather
than modulating the phase of the grating the period is modulated periodically according to,
A=A,+ecos(2rz/A,,.) (2.43)

where ¢ is the degree to which the period is chirped (a small fraction of the primary period) and

A . 1s the period of the chirping. The composition of a periodically chirped grating is illustrated

in Figure 2.22.
LT

Figure 2.22 Periodically chirped grating.

Finding the appropriate values for the primary and chirping periods to achieve phase-matching
for two interactions is the same as for the phase-reversed case (see Eq. (2.40)). As an example of
an ad-hoc approach to periodic chirping we can consider the same 19 um period grating as for the

phase-reversed case. For a periodically chirped grating the chirping period, A ., determines the

sideband spacing and the degree of chirp, &, determines the number and amplitude of the
sidebands. The primary frequency remains the dominant spectral feature in these gratings as
opposed to phase-reversed gratings whereas it is suppressed. The spectrum of a periodically

chirped grating with L =300A,, A, =20A,, and £ =0.15%A,, is shown in Figure 2.23.
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Figure 2.23 Spectrum of a periodically chirped grating with A e = 20A, and
&=0.15%A,,.
Phase and frequency modulation can be used in a similar way to diversify the grating spectrum.

The poling function for frequency modulated grating with a single modulation tone determined

by Az, can be written as,
p(z) = sign {sin[(z;r/AQ)z + Asin((27/ A fm)z]} (2.44)
The spectrum of such a grating is determined by the modulation period (spacing of sidebands)

and modulation amplitude (number and amplitudes of the sidebands).

Summed component aperiodic gratings

A more direct method of diversifying the frequency components in a QPM grating is to construct
it directly from the required lattice vectors”. This method is much more versatile as the grating
design can target arbitrary wavelengths, temperatures, and weightings of the nonlinear gain. The
problem is that the resulting design can be very difficult to fabricate as there will be a large range
of domain sizes and spacings in such aperiodic structures. The basic form of the poling function
for such gratings satisfying n different phase-matching conditions requiring the lattice vectors G,
is

d(z)=dsigny_ w, cos(G,z) (2.45)

The w parameters allow for weighting of the nonlinearity between the processes, which as
mentioned previously is important for processes such as cascaded THG. As an example consider

THG of a 1550 nm laser source in lithium niobate at 289 K. The required lattice vectors to

phase-match the SHG and SFG are G, =3.552x10°m™" and G, =1.021x10°m™" . We

construct a grating according to Eq. (2.45), and use the optimal weightings for THG®,
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Weue =1, Wy; =0.88. A section of the grating and the evolution of the irradiance are shown in

Figure 2.24.
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Figure 2.24. Left: Aperiodic grating for THG. Right: Evolution of the irradiances in
an aperiodic grating optimised for THG.
In summary, there are several approaches to designing QPM gratings suitable for phase-matching
broadband, multiple and cascaded processes. Simulated annealing®' and genetic algorithms® are
also useful techniques for designing QPM gratings with arbitrary profiles. While these advanced
grating structures may generally be difficult to fabricate, several arbitrary phase-matching
conditions can be considered simultaneously. Several authors to date have made use of these
techniques, perhaps most markedly in multi-channel c-band frequency conversion and also with
crystals capable of simultaneous red-green-blue generation for display applications™*** .

Fabrication and performance of some of these QPM structures will be discussed and

demonstrated in Chapter 5.

2.3.5 QPM with 2D domain structures

Advanced approaches to QPM are not only limited to 1D longitudinally varying domain patterns,

1%, and other groups

but can also be realised in transverse and 2D geometries. Broderick et a
since, have reported the fabrication of hexagonally poled lithium niobate, as shown in Figure
2.25, which can provide multiple phase-matching conditions at different angles through the
hexagonal lattice of domain inversions. 2D structures fabricated with more generalised lattice
vectors also show promise as a means for achieving efficient cascaded processes, such as 3" and

8788 For example the 2D poling pattern and focusing geometry for third harmonic

4™ harmonics
generation in the recent experiments from Fujioka et al*’. are shown in Figure 2.26. In certain

geometries the targeted higher order process can be generated collinearly with the pump beam
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while the intermediate processes are non-collinearly phase-matched in the 2D lattice®. Other
geometries can influence the spatial and temporal qualities of the QPM output, either in bulk
crystals or waveguides. Examples of ‘slit” and beam shaping QPM structures from Kurz’® and

Imeshev’' are shown in Figure 2.27. QPM conversion of particular modal distributions in

waveguides can also be managed by similar approaches’.

Z
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Y
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g

Figure 2.25 Hexagonally poled lithium niobate, reproduced from Broderick et al*®.

Figure 2.26 2D poling pattern and focusing geometry for third harmonic generation,

reproduced from Fujioka ef al®’.
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Figure 2.27 QPM optics. Left: From Kurz. Right: From Imeshev ef al
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Randomly arranged 2D domain patterns can provide a continuum of phase-matching conditions
for broadband light and produce some interesting beam shaping phenomena®. Materials such as
strontium barium niobate (SBN) and zinc selenide (ZnSe) can be grown with a randomly
orientated nano-domain structure. Second-harmonic generation into Bessel beams’, ultra-short
pulse measurements with counter propagating pulses’”, and broadband ‘white-light’ second-
harmonic generation with preservation of spectral content, have recently been demonstrated in
SBN. Fabricated, um scale, 2D pseudo-random domain structures have also been demonstrated
for broadband (continuum) phase-matching . The domain structure and two propagation
geometries in SBN, and an example of a 2D pseudo-random domain structure from the work of

Sheng et al’® are shown in Figure 2.28.
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Figure 2.28 Top: illustration of the random domain structure in an SBN crystal and
the propagation geometries give rise to either a planar continum of phase-matching
vectors or a conical output. Bottom: pseudo random 2D domain pattern based on
random orientations of a square unit cell as shown. The SHG from such a crytsal

phase-matches a continuum of wavelengths.

The direct-write fabrication technique under study in this dissertation is well suited to the

prototyping of some 2D QPM patterns, and examples of this will be shown in Chapter 5.
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2.4 Fabrication errors

2.4.1 The effects of errors in QPM gratings.

Domain inversion in ferroelectrics is rarely a perfect process, and a perfect domain pattern with
ideal periodicity and duty cycle can be difficult to achieve. Fabrication errors in QPM gratings
result in nonlinear efficiency penalties and can also change the spectral content of the gratings.
The nonlinear performance and tuning behaviour of a QPM crystal can be a good diagnostic as to
the type of fabrication errors which are present. In this section the QPM behaviour of crystals
with stochastic grating errors will be looked at numerically using Fourier analysis. There are
three major geometric errors which arise when considering one-dimensional periodic structures;
fluctuations in the local periodicity of the grating, fluctuations in the duty cycle of the inverted
domains and missing periods or inversions.

Periodicity fluctuations

Periodicity fluctuations can occur when a domain forms asymmetrically around the electrode
structure. There may also be resolution and roundup errors during fabrication of the electrode
pattern which contribute a more systematic error. Periodicity fluctuations are of particular
concern when using direct write methods such as described in this dissertation. These errors are
brought about by drift in the position of translation stages when writing each electrode period, or
round-up errors when working near the resolution of the positioning system. Fluctuations in the
grating period generally act to broaden and deform the phase-matching tuning curves, and in
doing so reduce the available nonlinear gain to a narrowband process. These fluctuations can
cause strong perturbations in the tuning and performance of higher order QPM as it is the higher
spectral frequencies of the grating which are perturbed most by small fluctuations in periodicity.

Duty Cycle Fluctuations

Duty cycle fluctuations can originate from defects in the crystal, adhesion of electrode materials
and variations in electrode width, the field distribution inside the poling cell and cleanliness of
the substrate. Duty cycle fluctuations chiefly affect the efficiency of the process, but for higher
order processes where there are several optimum duty cycles, even moderate duty cycle
fluctuations can cause deformation of the phase matching curves and act to broaden it as well as

reducing the efficiency.
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Missing inversions

Missing inversions are often caused by adhesion issues of electrode materials during or after
lithography, crystal defects, or debris on the crystal surface which produces shielding during
poling. Missing inversions in otherwise ideal odd order periodic gratings simply correspond to a
reduction in the effective length of the crystal, but for aperiodic or even order gratings the results

can be more detrimental.

24.1 Numerical modelling of errors in 1D QPM gratings.

Background

The influence of errors in QPM gratings has been looked at by Fejer ef al in the highly cited

article “Quasi-phase-matching: tuning and tolerances”’

(1992). In this section the goal is to
offer some additional empirical insight into errors in domain structures and the effect they have
on nonlinear performance and tuning behaviour. The approach will be numerical in nature and
will address the three primary fabrication errors discussed above. Such errors were analysed by
Fejer et al by considering the accumulated errors in domain boundary positions and phase-
mismatches. This approach defines the error in the K" boundary position (with the z coordinate

as the position) as 8z, =z, —z, ,,, and the deviation from the expected phase-mismatch at this

point as oAk = Ak, , — Ak, . The exact integral in equation (2.11) is now modified to include

actual

these accumulated errors within a phase term ¢, ,

12F
E gl S5y e_’¢k +1 2.46
20

where /" represents the constant terms and g; is the initial domain orientation. The summation
term contains the contributions from the imperfections in the domain structure, where the phase
error from the £ domain is contained in the term,

@, = Ak Ak,dealzk,ideal ~ Ak

actual actual

0z, +ONkzZ, 40 (2.47)
Here Ak,,, and z, is the actual phase-mismatch and position at the & domain boundary and

Ak

idea

, and z, .., are the design (ideal) phase-mismatch and domain position at the K" boundary.

Ideally all the terms in equation (2.47) will be zero, in which case the sum in (2.46) is simply

N+I1=N with N being the number of domains, which in an ideal structure with length L
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corresponds to an integer number of coherence lengths in the crystal such that

N=L/ml, = LAk/mm and (2.46) becomes

) Zdeff
E2a),ideal =il'g, L (2.48)
mmr

which is consistent with the ideal case in Eq. (2.27). An integral approach to the problem can be
arrived at by treating the term in Eq. (2.47) as a continuous function so that the departure from

the ideal case can be expressed as

L
by _1 [z (2.49)
E L

2w,ideal
In reality ¢(z) is rarely a completely know equation, except when considering cases such as
unintentional but well defined chirp, stitching error or positional round-up error. In order to gain
insight into the stochastic nature of domain errors and to compare such results to those found in
practice, a numerical approach has been developed, which is somewhat analogous to dealing with
Eq. (2.49) in a discrete fashion.

Numerical modelling of stochastic domain errors

The field equation for the quasi-phase-matched second harmonic in the low conversion regime

can be written as ((2.22), (2.24))

L & 2sin(D(z)zm) .
E,, = —Ilrdqun(z) _Z — o/ (MK 22mI A ()

0

(2.50)

m#0
Here we have written the Fourier series for the domain pattern to include the common
fluctuations that can occur during fabrication, g, (z) missing inversions, D(z) duty-cycle, and
A(z) periodicity. For Fourier analysis it is mainly the poling function p(z, 7) which encapsulates

the geometric structure of the poled medium which is of interest.

& 2sin(D(z)wm) o0 ias
p(2)=g,(2) ), ( ) jamincy 2.51)
m=—oo Tm
m#0
This complete equation, (2.50), can be integrated numerically using Runge-Kutta or similar
techniques, made easy in software such as Matlab or Maple. Insight into the phase-matching
behaviour and efficiency penalties that such errors cause can also be obtained by looking at the

numerical fast Fourier transform (FFT) of the poling function, (2.51). The power spectrum of the

poling function gives a good approximation of the QPM tuning behaviour and relative efficiency.
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The FFT for a square-wave grating of 100 periods is shown in Figure 2.29 along with the power
spectrum in Figure 2.30. The FFT and power spectrum have been normalised to the magnitude

of the first order peak, and the spatial frequency has been plotted in units of G/G, where
G,=2n/A. For a square wave grating this results in spectral peaks at the odd harmonics,
G/G,=13,5... as expected from the square Fourier series. The neighbourhood of the dominant

spatial frequencies in the power spectrum resemble the sinc’ function commonly associated with
phase-matching tuning behaviour. The relationship between the FFT of the spatial modulation in
the nonlinear medium and the actual QPM tuning curves is. This holds as long as 4k changes in
an approximately linear fashion with temperature and wavelength, which is usually the case
within the acceptance bandwidths of most phase-matched processes. The bandwidth of the
frequency peaks in the FFT reflects the length of the crystal considered, i.e. the number of
periods computed. Stochastic or systematic errors in the QPM grating can be assembled into the
poling function p(z), prior to integration or FFT calculation. In order to look at stochastic errors
in the numerical modelling, a degree of randomness is introduced into the parameter under
investigation using a random number generator from the software. The approaches for describing

each type of error in the poling function and the results from Fourier analysis are presented below.
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Figure 2.29 Fast Fourier transform of a square-wave function. Note only odd order

harmonics are non-zero for a 50% duty cycle (square) waveform.
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Figure 2.30 Power spectrum of a square-wave function. The region around the 1*
order peak has been magnified on the right to show the characteristic sinc’ form that

is indicative of the QPM tuning behaviour.

The effect of periodicity

A practical example of local periodicity error is shown in Figure 2.31 where a domain has formed
asymmetrically about a topographical electrode. Errors in lithography or crystal defects can also

produce local periodicity error in QPM crystals.

Figure 2.31 Domain formation occurring asymmetrically around electrode structures
can result in local periodicity errors. An example of a domain forming

asymmetrically around a topographical groove is shown.

Stochastic fluctuations around the design period A can be introduced into the poling function,

(2.51), as
Az)=A,+2Aq (% — rand(z)j (2.52)

where the parameter g gives the maximum spread around the design period (typically much less
than 1-2% for reasonable crystals) and rand is a changing random number from a distribution

between 0-1. To see the effects of these perturbations the numerical resolution of the poling
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function should be <gA,, with the local periodicity A (z) being updated either continuously so

that the periodicity error becomes a like a round up error or periodically, i.e. modulo Ay, so as to
move the local position of each inversion but to produce the same total length as for the ideal
crystal. A (z) can also include other regular profiles, such as chirp, which may be influencing the
periodicity of the grating. The neighbourhood of the 1** order spatial frequency for some sample
gratings with various degrees of stochastic periodicity error, are shown in Figure 2.32. The shape
of the spectrum becomes perturbed from the ideal sinc” and the peak magnitude or “efficiency’ of
the spectrum is reduced as the degree of error is increased. The efficiency penalty in relation to
the extent of the periodicity errors is in illustrated in Figure 2.33. Here 10 sample gratings with

stochastic periodicity errors have been analysed for each of value of the maximum deviation (g).

0.12f

q=0.4
——0q=05

o
=

. —

>

g

o

o
T

Spectral Power (norm.)
Spectral Power (norm.)
o
o
(=]

o o
o o
N »
>
/
)
—
—
T
/ sl

Spatial Frequency (G/GO) - Spatial Frequency (G/GO)

Figure 2.32. Spatial frequency curves in the neighbourhood of the 1* order spatial
component of a square wave grating, with stochastic local periodicity errors. These
curves approximate the phase-matching curves of 1* order QPM with such gratings.
The left graph shows the curves from extremely poor gratings which have departed

from the expected sinc’ form.
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Figure 2.33 Peak of the 1* order spatial frequency component in relation to the
grating quality in terms of periodicity errors. A sample of 10 gratings per ¢ value is

shown.
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Duty Cycle

Duty cycle fluctuations can be significant, even in QPM crystals provided by commercial sellers
as seen in the left of Figure 2.34. If the crystal is otherwise periodic the tuning behaviour (shape)
of the 1% order phase-matching remains unperturbed but a significant loss of efficiency may be
present. Large discrepancies in the apparent nonlinear efficiency of a crystal compared with that

expected can reveal that the duty cycle fluctuations are significantly affecting the nonlinear

performance.
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Figure 2.34. Left:~7pm period PPSLT (stoichiometric lithium tantalate) from a
commercial seller, showing quite large variations in the domain duty cycle. Right:
~7nm period PPLN research sample from a leading university research group in the

field, showing excellent domain uniformity.

Stochastic duty cycle fluctuations can be introduced in a similar fashion to the periodicity as,
D(z)=D,+2Dq (% - rand(z)) (2.53)

Here ¢ determines the maximum deviation from the design duty cycle. As each domain inversion
only needs one particular value of duty cycle to describe its width, duty cycle fluctuations are
also updated modulo Ay. D(z) can also include regular profiles in domain sizes such as chirped
or apodised duty cycle. Pure duty cycle errors primarily produce efficiency penalties for 1% order
QPM gratings. The shape of the 1*' order QPM tuning curves remains relatively unperturbed as
the primary periodic content of the grating is not changed by changing the duty cycle. Figure
2.35 shows the spectral curves and grating strengths of some sample 1% order gratings with
stochastic duty cycle errors. The trend of the efficiency penalty, in relation to the allowed

deviation, corresponds well with the idea of an ‘average’ duty cycle affecting the efficiency of

the grating, 7 oc sin® (7D

ave

), as suggested by (2.24). When the duty cycle is allowed to fluctuate
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by 25% (a worst case average duty cycle of 25% or 75%, which are equivalent for the 1*" order

case) we see the grating strength has fallen by approximately 50%.

17 —~ 1t
—q=0 g )
——q=0.1 8 |
- 0.8 —— =02 208} .
‘g —qg=0.3 g i
£ =0.4 o .
= 0.6 q 2 o6l
¢ =05 E ;
& 2
T 04y < 04} vt
I3 o H
& 8 Py
2 .
0.2 202} oo
§ IR
0 £ - . O]
0 L L L L Il
0.95 . 1.05 0 0.1 0.2 03 04 05
Spatial Frequency (G/Go) g (maximum allowed duty cycle deviation from 50%)

Figure 2.35. Spectral curves and grating strengths for random duty cycle errors in
gratings for 1* order QPM. In this case the quality factor sets the allowed deviation

from the ideal duty cycle of 50%

Missing Inversions

Missing periods are introduced by flipping the parameter g, in (2.51) from 1 to -1 for particular
inversion locations, resulting in no actual inversion at all. The frequency at which this occurs
gives an indication of the fabrication quality and can be controlled using random number
generation and Boolean logic to control the probability of having missing domains. The missing
domain function is also updated modulo Ay to flip only what would otherwise be the inverted
section. Missing periods in an otherwise ideal 1% order grating simply results in a reduction in
the effective length of the crystal. Since we are working with a second order process the
efficiency of the process has a quadratic dependence on the interaction length. As such the effect
of missing domains is quadratic on the grating strength, as shown on the right of Figure 2.36. An

example of a poled sample which has some regions of missing domains is shown in Figure 2.37.
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Figure 2.36 Spectral curves and grating strengths for random missing inversions
errors in gratings for 1* order QPM. Here the quality factor indicates the probability
of the domain inversion missing. This results in the loss of effective length of the

crystal, upon which the efficiency has a quadratic dependence.

Figure 2.37 Example of PPLN with good periodicity but with some duty cycle errors

and missing inversions in some regions.

Stochastic domain errors in higher order spatial frequencies

For some applications it can be appealing to move to higher order QPM, where longer and more
easily fabricated periods can be used (especially for visible applications). QPM gratings utilising
higher order components for phase-matching still rely on the grating reversals to occur regularly
with respect to the nonlinear coherence length of the process being phase-matched. Practically
this means the relative tolerances on domain errors become more stringent as the QPM order
increases. That is, while the primary frequency component of a grating may not be severely
affected by small errors, the perturbations in the grating will predominantly influence the higher
order spatial frequencies. Thus the phase-matching curves for the higher order QPM can become
deformed from the ideal sinc’ form easily, as well as suffering from efficiency penalties as has
been explored for 1¥ order QPM. Periodicity errors are the major culprit when it comes to
producing asymmetric tuning curves in the higher QPM orders, whereas a pure duty cycle error
may retain some symmetry in its tuning behaviour but may be catastrophic to the efficiency of

the process. Figure 2.38 and Figure 2.39 show sample gratings and spectra for gratings for mild
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periodicity errors and duty cycle errors respectively. The spectral power for each order has been

normalized to the peak value for that order in a perfect grating.
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Figure 2.38 Spectra of the 1%, 3", 5™ and 7™ order peaks of a grating with a stochastic
periodicity of up to 5% deviation from the design period. Normalized to a perfect

grating, note the changing vertical scales.

For the 5% periodicity error introduced in the sample grating spectra in Figure 2.38 we see only a
few percent penalty in the magnitude of the 1* order spatial frequency, but >90% penalty in the
7™ order component. The distortion in the shape of the higher order curves is also more apparent.
We see a similar case for a sample grating with 5% duty-cycle fluctuations, with the 5™ and 7"
orders experiencing a penalty of ~70% and ~96% respectively. This approach to predicting the
effect of fabrication errors can also be used diagnostically. Fourier analysis of microscope
images or profilometry data of the domain patterns in periodically poled crystals will give a good

indication of the performance and tuning behaviour which can be expected.
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Figure 2.39 Spectra of the 1%, 3", 5™ and 7™ order peaks of a grating with a stochastic
duty cycle error of up to 5% deviation from the ideal duty cycle of 50%.

External factors

Irregular tuning behaviour and performance factors which cannot be attributed solely to the
domain pattern can arise in certain situations. Often the common observation of distorted tuning
curves can be attributed to a phase-mismatch which is not constant through the length of crystal.
This can be due to a variety of reasons ranging from inhomogeneous temperatures, to material
inconsistencies and photorefractive profiles in the medium. A linear, polynomial or exponential
phase-mismatch (Ak) over the length of the crystal gives rise to distinct modifications in the
measured tuning curves. A functional form for a polynomial distribution of Ak across the length

of the crystal with a maximum deviation dAk from the intended mismatch of Ak, can be given as,

Ak(x) = Ak, | 1+ 2 %(x —L/2)" | (centred) (2.54)
L) Ak,
Ak(x) = Ak, (1 i%% J (increasing/decreasing) (2.55)
0
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Such a distribution of Ak causes an asymmetry to appear in the measured tuning curves, namely
the secondary peaks of SHG irradiance appear towards one side of the phase-matching peak and
also have an increase relative efficiency. Examples of a phase-mismatch with a centered
quadratic profiles across a 5 mm section of crystal are shown in Figure 2.40. A deviation of 500
m" (wave-numbers) from the expected phase-mismatch of 9.6266x10° m™ (the mismatch
corresponding to type-0 SHG at 1064 nm in PPLN) has been used for quadratic profiles with
positive and negative deviations from the expected phase-mismatch. The temperature detuning
curves can in practice be used to indicate the type of phase-mismatch profile in the crystal. For
the centred quadratic profiles in Figure 2.40 the side-lobes in the detuning curves appear to the
higher side of the temperature detuning curves for a negative deviation in the phase-mismatch
profile and to the lower side for a positive deviation. The difference between a centred phase-
mismatch profile and an increasing/decreasing profile is also apparent. For these profiles the
detuning curves remain more symmetric but shift slightly to higher or lower temperature
detuning. An example of this is shown in Figure 2.41. In summary there are a variety of
fabrication errors, material and environmental factors which can reduce the efficiency and alter
the tuning behaviour of quasi-phase-matched interactions. By knowing what to look for in the
detuning behaviour of these processes some of the most likely causes of nonlinear performance

loss can be diagnosed.
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Figure 2.40 An example of a centred quadratic phase-mismatch profile and
corresponding detuning curves for 500m™ deviation through a 5Smm length of crystal.
Top plots: negative deviation from the expected phase-mismatch, bottom plots:

positive deviation from the expected phase-mismatch.
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Figure 2.41 An example increase/decreasing quadratic phase-match profiles and

detuning curves.
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2.5 Summary of Chapter 2

In this chapter the background theory of nonlinear optics which applies to phase-matching and
quasi-phase-matching in uniaxial ferroelectric materials such as lithium niobate has been
introduced and reviewed. The spatial and Fourier characteristics of QPM in domain engineered
materials has been explored by reviewing advanced grating designs which allow for multiple and
broadband phase-matchings as well as 2D and non-collinear phase-matching geometries. In a
similar fashion, some of the issues which arise due to imperfect fabrication of domain engineered
materials have been reviewed and numerical simulations of the effects of stochastic and
systematic errors in the domain structure on the phase-matching behaviour have been carried out
by numerical Fourier analysis as well numerical integration of the coupled-wave equations for a
‘real’ system. Finally a brief overview of the inclusion of waveguides to the nonlinear medium is
presented with a view to the practical implementation and characterization of such structures.
Experimental results pertaining to elements of the topics presented here will be presented in
chapter 5 of this dissertation. The domain quality and fabrication issues will be discussed further
in chapter 4, where electric field poling to produce QPM gratings is presented. The following

chapter now turns to the laser materials processing elements of this project.

- 64 -



Chapter 3. Laser machining B. F. Johnston

Chapter 3. Laser machining

“For a successful technology, reality must take precedence

over public relations, for nature cannot be fooled.”
-Richard Feynman

“I don't pretend we have all the answers.

But the questions are certainly worth thinking about.”

-Arthur C. Clarke

3.1 Introduction

Materials processing is one of the major applications of modern laser technology. While lasers
have revolutionised cutting and welding in the steel and automotive industries, they remain key
research tools in the areas of micro and nano-technology due to their ability to modify and
machine materials on scales where mechanical methods become unfeasible. Photonics is one
such area of technology where there is a growing interest in micro and nano-scale material
processing to make devices for the control of light. Photonic band-gap materials, waveguides
and gratings have all been fabricated using laser processing methods, whether through ablative
laser machining or non-destructive material modification. In this project laser machining is of
interest for the fabrication of topographical structures in the surface of lithium niobate. These
structures can then be used for electric field poling of ferroelectric domain patterns, the results of
which will be presented in Chapter 4. This chapter looks at laser machining with pulsed UV (266
nm) nanosecond lasers and near IR (800 nm) femtosecond lasers. The ablation properties of
lithium niobate and have been investigated with the goal to establishing optimal parameters for
producing well defined topographical features of the desired geometry with minimal damage or
modification to the nearby crystal structure. A parallel and comparative investigation of the
ablation characteristics of silicon has also been carried out. Laser processing of silicon has been
looked at extensively in the literature, so it is a good material with which to compare the present
experimental results with. It is also a markedly different material compared to lithium niobate in
terms of its thermal and electrical conductivity and optical absorption. This has facilitated a
fundamental study comparing the dominant ablation mechanisms for different classes of
materials, in particular semi-conductors and dielectrics.

Section 3.2 looks at the theoretical concerns of laser machining, and contrasts the

nanosecond and femtosecond ablation regimes. The results of fundamental ablation studies will
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be presented in section 3.3. Ablation thresholds for the laser sources used during these
experiments will be estimated from the theory and compared to what is found experimentally.
Section 3.4 will look at experimental material removal rates and geometry of the produced

features when machining grooves into the surface of lithium niobate.
3.2 Laser ablation theory

3.21 Overview

There are many fields of applied physics which deal with interactions between light and matter,
and laser induced material removal, generally referred to as ablation, is one of the most diverse.
One of the difficulties in this area of research is that there have been many models and
experimental studies describing different material removal regimes and each model and
experimental investigation needs to be taken into context. Key aspects of any laser ablation
model that are of interest from a practical viewpoint include the material removal rate in terms of
pulse numbers and pulse energies, threshold fluence - i.e. the minimum amount of deposited
optical energy required for material removal, the dominant ablation mechanism, be it thermal,
chemical or ionising in nature, and ultimately size and quality of the features produced. The
dominant ablation mechanism at work can also have a strong dependence on the laser wavelength,
pulse energy, pulse duration, peak power and pulse repetition rate. In this section an overview of
the theory relevant to the laser machining in this project will be presented. One of the key areas
of interest is the difference between the nanosecond and femtosecond pulse regimes, both for
fundamental and fabrication quality reasons. For instance, nanosecond UV lasers have
wavelengths shorter than the UV absorption cut off of lithium niobate and are also readily
absorbed by silicon. For both materials the laser energy is strongly absorbed with a thin layer of
material at the surface. The duration of the pulses are long enough to produce a significant
temperature rise and thermal loading of the laser affected volume, resulting in melting,
vaporization and plasma formation. On the other hand, Ti:Sapphire femtosecond lasers produce
wavelengths in the 750-850 nm range which are within the optical transmission window of
lithium niobate, but still absorbed in silicon. Absorption of 800 nm light in lithium niobate, and
other transparent materials, is predominantly a nonlinear process with defects and free carriers
playing a role in some cases. Efficient nonlinear absorption is facilitated by the high peak

irradiances typical of ultrafast laser pulses from commercial systems. Pulse durations on the
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order of picoseconds and below can also lead to ablation mechanisms which are distinct from the
photo-thermal and photo-chemical processes commonly attributed to nanosecond, and longer,
pulsed laser ablation. This is due to the pulse durations being shorter than the timescales of
typical thermal processes with the target materials. Consequently sub-picosecond laser ablation
is often suggested to be athermal in nature, though this is not necessarily the full picture for all
materials. The initial photon-electron interaction can thermally couple energy to the material
lattice in the post pulse time frame, resulting in a temperature rise sufficient for melting and
vaporisation. This especially the case in conductive materials where there is a significant free
carrier density to absorb, diffuse and collisionally transfer energy. Ultrafast ablation of
conductive materials is often described by the two temperature model, which treats the electron
ensemble and the atomic lattice as two distinct but coupled systems. For dielectric materials with
low thermal conductivity, multi-photon absorption and ionization followed by avalanche
ionization has been suggested as the dominant mechanism for ablation. High quality laser
processing attributed to ultrafast and athermal ablation mechanisms has been widely reported for
many organics, dielectrics and semi-conductor materials. In practice these ablation mechanisms
can also be accompanied by acoustic and mechanical processes. Stresses and fractures,
detrimental to the quality of produced features, can be produced in and surrounding the ablated
features, especially at high incident pulse energies well above threshold. Sensible selection of
laser parameters aided by empirical and visual inspection of the ablated features is required for
optimal results.

A comprehensive reference text on laser-materials interactions is Laser Processing and
Chemistry 3" edition (Bauerle, 2000)*®. Definitions, symbols and units of parameters frequently
referred to in this section are shown below in Table 3.1. The following sub-sections will deal
with some aspects of the physics of ablation that are important to the experimental results
presented in subsequent sections. In particular section 3.2.2 will look at UV nanosecond ablation
and section 3.2.3 will look at near IR femtosecond ablation. Section 3.2.4 will deal with
Gaussian beam profiles, which are common to most solid state laser systems, and the

implications when analysing ablated features produced with Gaussian beams.
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diameter

Gaussian distribution, in particular
Gaussian beam profiles.

Parameter Symbol | Definition Units Common (SI)

Irradiance 1 Optical power per unit area Wiem” (W/m®)

Fluence @ Optical energy per unit area Jiem®  (J/m’)

Ablation threshold 4 The minimum irradiance/fluence required | W/em?, Jiem®, (W,J/m’)

7T to induce material removal from a target

Pulse duration T Laser pulse duration s

Linear absorption a Attenuation rate of laser power/energy in | em™ (m™)

coefficient relation to distance of propagation is a
linearly absorbing medium, as in the
Beer-Lambert law, I(z)=1e™

Optical penetration Ly The distance over which the irradiance is | ¢cm, nm (m)

length reduced to 1/e in a linearly absorbing
media, i.e. L,=a"

Optical skin depth IR The generalised distance over which the cm, nm (m)
irradiance is reduced to 1/e in an
absorbing media. This can be the
classical skin depth for conductors or
more generally found from the Drude
model of the dielectric function, /= _c

we"
where ¢" is the imaginary (lossy)
component of the dielectric function.

Specific heat (08 Energy required to raise a unit mass of J/igK  (J/kgK)
material through by a unit degree of
temperature.

Mass density p The mass of a unit volume of material glem’  (kg/m’)

Thermal conductivity K The rate of energy transfer (power) per W/emK (W/mK)
unit length of material per unit of
temperature

Heat diffusivity D The heat diffusivity given by ,_ & cm’/s  (m’/s)

P,

Heat of enthalpy AH,, Energy absorbed during a change in J/g, Jimol, Jiem’, (J/kg,
physical state (melting, vaporisation or J/atom)
sublimination)

Thermal penetration Linermal The characteristic length of a laser cm, nm (m)

length induced thermal process found as
Dierma = 2\/5

Gaussian beam waist ) The 1/¢” diameter of a symmetric cm, um (m)

Table 3.1. Definitions and units of common parameters associated with laser processing.

3.2.2

For nanosecond processing of absorbing materials, thermal excitation is most often considered to
be the initiator of material removal. In the simplest case the incident laser energy heats, melts
and vaporises material from the surface of the target.
processes that can take place during ablation and the pulse energy, pulse duration and pulse

repetition frequency can affect the type of ablation which proceeds during and after the pulse.

UV nanosecond laser machining

There are

in practice several other
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Ren et al’’, with their recent investigations of UV nanosecond ablation of silicon, have suggested
that there are three distinct ablation regimes which can be identified; evaporation, plasma
interactions and explosive boiling or ‘phase-explosion’. Initially material removal is via thermal
evaporation of atoms from the surface which creates a vapour plume near the surface, some of
which will be in the beam path of the laser. In the low energy regime the density and temperature
of the vapour plume being removed is fairly low and does not significantly interact with the laser
beam. This thermal evaporation produced by ‘gentle’ laser heating from nanosecond and longer
duration pulses can often be understood by considering the 1D heat equation. For the 1D heat
equation the area of the laser treated volume is considered to be relatively large with respect to
the depth of the affected material, so that the problem is considered primarily in a direction
perpendicular with respect to the substrate (z-direction). Under these circumstances we can
approximately assume thermal homogeneity in the xy plane so the problem can be treated as a 1D

heat flow),
pC, (T)%—f—V[K(T)VTHpCP (T)yv,AE = Q(z,t) (3.1)

Here p is the mass density, C, is the specific heat, x is the thermal conductivity and vy is the
velocity of the substrate with respect to the heat source. Q(z,#) is the laser source term which is
commonly given as,

0(z,0)=(1-R)1, (1) f(2) (3.2)
where R is the reflectivity, /(?) is the temporal function describing the laser pulse in air/vacuum
and f{z) describes the absorption of the laser energy in the material. In the linear absorption
regime the energy absorption simply follows Beer’s law,

f(@)=ae™ (3.3)

where a is the absorption coefficient. The corresponding //e optical penetration depth or ‘skin’

depth of the absorbing target is related at the absorption coefficient as /[, =a'. The absorbed

energy per unit volume is simply al. The absorption coefficient is in general temperature and
physical state dependent, so using the absorption coefficient for the ambient bulk material can be
a crude approximation.

In some cases, especially in metals, it is instructive to express the absorption in terms of

the EM skin depth,
I =c/(2row)"” (3.4)
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where o is the frequency dependent AC conductivity. We can more generally consider
parameters such as absorption and skin depth from the Drude formula, which has been invoked to
aid in the description of laser interactions in both conductors and dielectrics where absorption of
laser energy by existing or generated free carriers is taking place. The Drude formula describes

the dielectric function of a material as,

2
a)pe +i a)cull

2 2 2 2
w + a)cull a)(a) + a)coll )

2
®
e=¢g'+ig"=1- ©

(3.5)

Here ¢’ refers to the real part of the dielectric function which relates to the refractive index of the
material at the optical frequency w, and ¢” is the decaying or ‘lossy’ part of the dielectric
function which describes the absorption of the light by the free carriers in the material. ), is the
electron plasma frequency related to the electron charge (g.), mass (m.) and density (N,),

o, = (47rq62Ne /me)”2 (3.6)
and @,y 1s the collision frequency of electrons with the atoms/lattice. The skin depth is related
to the ‘lossy’ part of the dielectric function as,

c

[ =

N

- (3.7

ONE
For the UV regime where the photon energy is in excess of the absorption bandgap of dielectrics
(a is large), the skin depth of metals is very short (large ® in (3.4) or (3.5) produces a short skin
depth), the skin depth may be well estimated as a delta function at the surface. This
approximation is often made when considering thermal diffusion from the surface layer into the
surrounding material. When a phase change occurs due to joule heating the enthalpies will also

') the evolution

need to be considered. With some assumptions (see for example Gamaly et a
of the temperature at the surface and into the material can be found explicitly. For a system
where the absorption of the laser energy occurs in a thin layer and the laser pulses are
approximated as a step like function with a pulse duration of #,, the 1D heat equation, ignoring
convection or evaporation, has an exact solution during the pulse of the form,

1 [D% 1 :
T(z,t)=— —J-“—(Tl)/ze‘z @D g (3.8)
Kk\Nmy(t—1)

where z is the Cartesian coordinate pointing into (perpendicular) the surface of the material, with
z=0 at the surface, and /, is the absorbed laser irradiance. At the surface, z=0, the integral in (3.8)

can be evaluated as,
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T(z= Ot)——faj(r NE dr = %\/gla[—z(;_r)m];p

T(z=0,t)= - \/gla [—2(rp -+ 2zp”2] (3.9)
1 Dt 1/2
T(z=0,t,)= - a( p)

Jro x

The average temperature through the volume of material is related to the surface temperature as,

(Ty=—— (Dt g j T(z,t,)dz == 2“2 T(0,,)
’ ()" (3.10)
21 t
<T>= Bl W
T K

In the case of optimal evaporation - which is the lower limit on the thermal ablation threshold -
all the energy used in raising the temperature of the laser affected region is assumed to be
transferred into the latent energy for fusion or atomisation (melting, vaporization or
sublimination). Considering the specific heat and density of the material, the condition for
optimal evaporation resulting from the deposition of energy AE and a corresponding temperature
rise <T > is,

AE=(T)C,p=AHp (3.11)

From (3.11) and (3.10) we can infer the ideal (minimum) intensity or fluence required for

ablation as,
D Ia (Dt )1/2

AE= |=~2C p=AHp
T K

'.I;nin: %( )1/2Cp \/7AH,D( ]

or alternatively for the minimum fluence as,

min min T 172
g =1 :\/;AHp(Dtp) (3.13)

For a surface temperature rise sufficient for evaporation (3.12) and (3.13) will be reduced by a

(3.12)

factor of 1/~+/2 as shown in Eq. (3.10), which is consistent with the 1D treatment of the heat

equation found in Bauerle’®. One of the features of this equation is the t;/ ? relation between the

-71 -



Chapter 3. Laser machining B. F. Johnston

pulse duration and the threshold fluence. This trend has been observed experimentally by several
authors for pulses in the 50 ps-10 ns regime in both metals and dielectric materials. The
application of the 1D heat equation to predicting the ablation thresholds is however limited to a
range of time scales and energies. In the longer pulse regime volumetric heat conduction (3D)

becomes important, and the ablation threshold tends to depart from the 1D case and take on a

trend of ¢ for '2<n<I, approaching n=1 for long pulses (t,>1 us). This was demonstrated by

Piglmayer et al’” in polymide (Figure 3.1).
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Figure 3.1. Ablation thresholds in polymide in relation to pulse duration (From
101

Piglmayer ).
Once a temperature rise sufficient to produce evaporation from the surface is reached any
additional laser energy from the pulse begins to go into the latent heat of evaporation, i.e. the

excess laser energy goes into the term AE = pH v, in Eq. (3.1) to accelerate the phase transition.

When the energy going to convection and evaporation comes into equilibrium with the laser
energy the temperature will saturate at the stationary temperature 7 and the conditions for
stationary evaporation will be reached. For low powers near threshold, equilibrium vaporization
(Anisimov'%%) has been demonstrated to yield good correlation with experiments. The result is
that the surface receding velocity can be given as,

(1-R)I
p(H,, +22k,T,(z=0)/ M)

v.(z=0)= (3.14)

where H, ; is the latent heat of vaporization or subliminination, &z is the Boltzmann constant, M is

the atomic mass, and T (z = 0) is the stationary surface temperature found from a more generic

solution of (3.1). For these conditions the thickness of the layer evaporated from the surface can
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be found as the integral of the surface receding velocity over the pulse duration, with a correction,

9, for and re-condensation of species or loss of energy via convection,

d= j (1-3)v.dt (3.15)

Lstart

Ablation driven primarily by thermal evaporation is therefore expected to scale with both the
incident irradiance and the pulse duration. However, increasing the pulse energy increases the
density and temperature of the vapour plume and ions released from the surface or generated in
the plume can begin to interact strongly with the incident laser beam. This causes a plasma to be
produced in the vapour plume shortly after the pulse commences. The rest of the pulse energy
then interacts with the plasma. This results in shielding of the substrate from the laser source,
and saturation of the ablation rate may be observed, i.e. the ablation rate becomes independent of
the pulse energy or duration over a range of parameters. This is referred to as ‘plasma shielding’

and has been identified in several experimental investigations. An example from the work of

Ren” is reproduced in Figure 3.2.
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Figure 3.2 Observation of plasma shielding affecting the ablation rate in silicon (from
Ren et al’). The dashed line shows the expected ablation rate if evaporative ablation

were continuously scaling with irradiance.

The recoil shock from the expansion of the vapour plume and plasma can also result in
displacement of molten material at the surface. Recent studies by Fishburn et al’”’ involving
pulsed ablation of aluminium have demonstrated that in some ablation regimes displaced melt
can actually account for the majority of crater volume. An example of stylus profilometry data
indicating the volume of displaced melt compared to the volume of the ablation crater is shown in
Figure 3.3. A marked increase in the crater volume which is not accounted for by the melt

displacement volume, can be seen at a fluence of 8 J/cm”. This indicates the onset of the most
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violent and effective ablation regime observed for nanosecond pulses referred to as phase-
explosion or explosive boiling. While this ablation regime has been observed in several materials,
there are still several different, but compelling, suggestions as to how it comes about. One of the
intriguing characteristics of phase-explosion is that the explosive ejection of material usually
occurs at a significant time after the laser pulse has interacted with the material. Experimental
techniques such as fast-imaging (strobe imaging and laser shadowgraphy for example) and time
resolved plume studies have provided empirical insights into the ablation time-line. An example
of images captured by strobe light imaging from the work of Fishburn in aluminium is shown in
Figure 3.4. The laser pulse duration in these experiments was 32 ns and the explosive materials
ejection can be seen to be delayed until around 500 ns, with a relatively stationary plume of

material above the crater persisting up to 20 us after the pulse.
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Figure 3.3 Top: Stylus profilometry of ablation craters in aluminum. Bottom:
Comparison of crater volume and melt displacement showing that melt displacement
is the dominant material removal mechanism at moderate fluences. The increase in
removed volume at fluences in excess of 8 J/cm” (circled) is indicative of the onset of

phase-explosion. (From Fishburn et al'™)
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2200 ps

Figure 3.4 Laser strobe images capturing the plasma plume. Left: the plume can be
seen to persist pus's after the pulse. Right: Explosive ejection of material occurs at

~500 ns after the pulse. (From Fishburn et al'™)

Ren et al have conducted analogous experiments based on plume transmission for silicon
ablation with 355 nm, 5 ns pulses'””. These experiments looked at the time dependent
transmission of a HeNe beam directed across the surface of a silicon target. The estimated
ablation rate in relation to the laser irradiance along with the plume transmission signals are
reproduced in Figure 3.5. The silicon ablation rate shows three distinct trends; material removal
attributed to evaporation up to irradiances of 10 GW/cm?, saturation of the ablation rate attributed
to plasma shielding between 10 and 20 GW/cm?, the onset of further material removal, attributed
to explosive ejection, beyond 20 GW/cm®. The accompanying plume transmission signals show
a delayed onset of the plume opacity, of the order of ps, in the higher irradiance ablation regime.
This delayed dip in the transmission of the plume is attributed to explosive ejection occurring a
significant time after the pulse. Earlier studies by Yoo et al'® with 266 nm, 3 ns pulses also

showed an abrupt change in the ablation rate at irradiances of ~20 GW/cm®.
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Figure 3.5 Ablation rates (left) and plume transmission dynamics (right) for ablation

of silicon with 5ns pulses. (Ren et al 2006'").
A common suggestion for the physical process which gives rise to explosive ejection is the
formation of a super-critical (metastable) liquid by intense laser heating. Such a metastable
liquid state can persist within the laser affected volume for some time after the pulse before a
rapid and explosive phase-change occurs. Ren et al”’ have also suggested that once sufficient
laser pulse irradiances have been reached the plasma plays a role in storing and coupling energy
to the substrate in the post pulse time frame, contributing to the delayed onset of phase-explosion.
The onset of the rapid-phase change in a metastable liquid begins with nucleation vapour-phase
pockets in the superheated liquid. The formation and coalescence of the vapour-phase pockets
into rapidly expanding bubbles may occur over time scales longer than the laser pulse, which also
explains the observation of delayed ejection of material in this ablation regime. A compelling
overview of the theoretical basis for the formation of a metatable liquid and phase-explosion in

106
[

laser heated silicon is can be found in the work of Yoo ef a/"™". In summary, nanosecond ablation

can have various dominant mechanisms depending on pulse energy and duration. Experimental

. 10 105 108
endeavours such as those of Fishburn'®’, Ren'®, Porneala

and others previously, have helped
to identify the onset of these mechanisms and their contribution to material removal. Figure 3.6
shows the results of Fishburn’s analysis using profilometry, recoil-momentum and laser
shadowgraphy to de-convolve contributions from various ablation mechanisms. Good agreement
between the measured crater volume and the sum of the volume removal attributed to the

mechanisms shown was demonstrated.
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Figure 3.6. Measured ablation mechanisms which contribute to material removal at

various fluences for nanosecond ablation of aluminium (from Fishburn et al'” ).
In regards to the material of specific interest in this dissertation, lithium niobate, nanosecond
ablation studies have generally been carried out in an application specific manner. There is a fair
body of work dealing with the ablation conditions suitable for pulse laser deposition of lithium
niobate films. These studies pay attention to the chemistry of the liberated species, the
environment and ablation conditions which optimize the fabrication of good quality

109.H0.LH213 = There are also studies which look at optimizing the ablation conditions to

films
produce clean features for optoelectronic applications. Trimming and phase-correction of lithium
niobate electro-optic modulators either by ablating the waveguide surface and surrounds or the

|114115:116 4 one such application. Surface gratings''” and alignment slots for

electrode materia
optical fibres''® have also been demonstrated. Most laser processing of lithium niobate in the
nanosecond regime has been carried out with wavelengths near or below the UV absorption cut-

off of the material (340-360 nm). These sources include nitrogen lasers (337 nm)'"”’, KrF

120,121 122

excimer lasers (248 nm) , ArF excimer lasers, fluorine lasers (157 nm) ~ and frequency
tripled (355 nm)'* and quadrupled (266 nm) Nd lasers. A US patent specific to laser processing
lithium niobate with 355 nm lasers is held by McCaughan and Staus'?*. Hybrid processes
involving laser exposure and chemical etching'*>'* have also been demonstrated with the above

sources as well as CW UV lasers such as frequency doubled argon-ion lasers and XeCl excimer
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lasers (308 nm). The nanosecond machining in this dissertation will be carried out with a
frequency quadrupled Nd:YAG (266 nm) system as detailed below in section 3.3.1.

The other system used during this project was an Ti:Sapphire 800 nm femtosecond
system. With ultrashort pulses from such laser systems the ablation mechanisms begin to be
driven by photon-electron and multiphoton processes rather than bulk thermal processes. This
distinction has been demonstrated by Stuart et al’*” (Figure 3.7) as a departure from the "
dependence on the ablation threshold as pulse durations become shorter that ~10 ps. The

ultrafast regime will be looked at further in the following section.
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Figure 3.7. Ablation thresholds in relation to pulse durations from (Taken from Stuart et al.'*®)

3.2.3 Ultra-fast laser machining

The development of short pulsed laser systems with pulse durations on the sub-picosecond time
scale has brought about new areas of research and new opportunities for laser materials
processing. Pulse durations of this scale are generally much shorter than the times scales of most
thermal processes which occur in materials. This results in highly localised material interactions.
The typical laser systems used for ultrafast material processing also have high peak irradiances

> In transparent

compared to their nanosecond counterparts, typically in excess of 10'* W/cm
materials these intensities promote nonlinear processes such as multiphoton absorption, optical
breakdown, ionization, and subsequent avalanche ionisation. Models of these phenomena in
dielectrics have been developed in the literature by authors such as Perry, Stuart et a/'?"'?%13%13!

at Laurence Livermore and also by Gamaly et al'*>'**. The experimental foundations of ultrafast
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ablation of metals are often attributed to Preuss e al’*’. Several authors such as Anisimov et
al?>P17 Stoain et al*®"* and Quere et al"**'* have since looked at a variety of theoretical
and experimental aspects of ultrafast ablation. Earlier experimental investigations by authors
such as Nolte er al'*'* showed that some of the experimental characteristics of ultrafast
ablation of metals can be understood by some straight forward physical models such as the two-
temperature model (Anisimov ef al 144,

One of the laser-material interactions common to all these models is inverse
Bremsstrahlung scattering which is the result of charged species oscillating in the laser field and
accumulating large kinetic energies. In metals there is an ensemble of free electrons present in
the target so that inverse Bremsstrahlung scattering can proceed at the onset of the pulse.
However for dielectrics the electrons must first be freed from the host lattice. Suggested
mechanisms for producing these free electrons include multiphoton absorption, which can
resonantly or non-resonantly promote electrons to the conduction band and tunnelling ionisation
caused by the large electric field distorting the electronic band structure of the material. Gamaly
et al” suggest that a more generic optical breakdown process, which does not require the
consideration of optical transitions, can take place. The large electric fields produced in the
material by incident ultrafast pulses can cause the energy of the bound electrons oscillating in the
laser field (electron quiver energy) to exceed ionization potential of the dielectric and escape
from there parent molecules.

Freed electrons can then undergo inverse Bremsstrahlung scattering and obtain energies
which allow them to ionize neighbouring atoms via impact ionisation, and the subsequent
cascading of this process is referred to as avalanche ionisation. The suggested material removal
mechanisms after the formation of this highly ionized volume of material are the expansion of
critical density plasmas in the post pulse time frame, and the escaping of electrons which have
exceeded the Fermi energy from the surface, which in turn pulls the ions from the surface via
coulomb repulsion. An overview of the physics involved in some of these popular models is
given below.

Multiphoton and avalanche ionization

For transparent dielectric materials Stuart, Perry et al'>>"' treat the electron subsystem of a
material being irradiated with photons below the bandgap energy with the Fokker-Planck
equation. Here the number density of electrons in the energy band ¢ — &+deg evolves

according to,
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ON,(&,t)

+£{Wﬂ@ﬁ—0gﬂ@ﬁ)
ot o€ oe¢

=S(¢&,1) (3.16)
where V accounts for the joule heating of electrons and losses due to collisions and D is the

energy diffusion out of the energy band ¢ - & +de. The source term S(¢,¢) is often divided
into two parts, the photon ionization and the subsequent impact ionizations.

S(e,t)=S8(e,t)p +S(&,1) 0 (3.17)
For straight forward multiphoton ionization the photo-ionization source term can be express in
terms of the photon flux /, (proportional to irradiance) and the probability cross-section of

multiphoton ionization events for m-photon ionization o, ,

1

SPI = O-m (%j (3 1 8)

The impact ionization term is commonly described by the Keldysh impact treatment and the flux
doubling assumption. In the limiting case an electron which has acquired kinetic energy equal to
the ionisation potential of the material can collisionaly ionise a nearby atom producing two
electrons with zero kinetic energy. In practice the evolution of the free-electron density due to
photo and impact ionisation can be well approximated by the rate equation,

dN,
dt

=a,, N@)I(t)+P(I) (3.19)

where P is the photo-ionization term and a;,,,NI is the impact/avalanche ionization term, which
intuitively depends on the quantity of free electrons available at any particular time, N(z), and the
laser field accelerating them /(#). An important end point in the production of electrons is when

the electron density reaches a critical value of N.. This critical density is when the electron

plasma frequency reaches the laser frequency, i.e. from Eq. 3.17) @,, = (47¢,°N, /m,)"* - @,,,,

as N, — N.. Perry et al suggest and experimentally demonstrate that once a critical density
plasma is produced the majority of the incident light will be reflected from the surface'®'. The
strong reflectivity of the material surface when an electron plasma has been produced has also
been observed in the pump-probe microscope imaging experiments of Sokolowski-Tinten et al'*’.
An example of this is shown for near-threshold ablation of silicon in Figure 3.8. The bright
region observed at 1 ps after the 120 fs pulse is due to strong reflection of probe radiation from

the target.
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Figure 3.8 Pump-probe microscope imaging of femtosecond ablation of silicon
(Sokolowski-Tinten"’, 1998).

Stuart et al imply that the threshold for laser damage corresponds with the generation of a critical
density plasma, and consider the photo and impact ionisation as separable and sequential

phenomena'®’.

The generation of electrons due to photo-ionisation is assumed to peak and be
almost complete by the peak of the pulse. For m-photon ionisation and a temporal pulse profile
described by /(2) the electron population due to photo-ionisation can be estimated as,

ny = T N_P(I)dt = NST o, (%)m dt (3.20)

where N; is the atomic density of the material. The increase in the electron population due to
impact ionization is then approximated from this value, but is only considered to be significant in

the latter half of the pulse.
n, =n,exp { | aimpl(t)dt} (3.21)
0

As the pulse duration becomes shorter the generation of electrons becomes dominated by photo-
ionisation which occurs relatively early in the pulse interaction. The photo-ionisation limit is the
upper limit on the threshold for achieving a critical density plasma, i.e. when avalanche ionisation
does not contribute to the electron density. For a Gaussian pulse with a FWHM of 7, evaluation
of (3.20) suggests that generation of a critical density plasma via m-photon ionisation requires,

I m e 1/2 -
n,=No, |- (—j — (3.22)
ha In2) 4
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1/2
. I . .
Suggesting that the threshold fluence, @, .., :%T(%] , for ablation via pure photo-
n
1onisation is,
o ju (m/2-1/2)/m n Um
— (m=1)/m cr
¢th,ph0m - 2(,,1,2)/,,, T (lnzj (Ngo_mj (323)

When avalanche ionisation is contributing to the electron population the critical density may not
be produced solely by photo-ionisation, instead the population produced in Eq. (3.22) acts as the

seed electrons for the avalanche term in Eq. (3.21). For the Gaussian pulse this is evaluated as,

a. 1 T 1/2
n,, = n,exp {%(éj } (3.24)
Resulting in a threshold fluence given by,
2 n
¢th,photo+av = ln [iJ (325)
aimp nO

Note that ny is the electron population produced by photo-ionization.

Electron quiver ionization
13
/

Gamaly et al'*’ have pointed out that the peak irradiances of a focused ultrafast pulse can exceed
10'* W/em” at which point the electron quiver energy exceeds the ionising potential of most
materials. The limiting ablation thresholds for this approach can be given in terms of material

parameters for both metals and dielectrics as,

et 3 [ n,
¢thretsl :Itp :Z(gb +¢) a (326)
ielectric 3 lsne
G =1t ==(&,+J,) (3.27)
4 a

where ¢, 1s the binding energy of ions to the lattice, ¢ is the work functions for metals, J; is the

ionization energy of dielectrics, and #, is the electron density, which for singly ionized ions is
equal to the atom density. One of the characteristics of this approach is that the ablation
threshold scales with the skin-depth, which is inversely proportional to wavelength, and is chiefly
independent of the pulse duration. While Gamaly et al’s model is in agreement with the

experimentally thresholds for gold found by Momma et al’*

, the pulse duration dependence for
fused silica found by Stuart, Perry et a/ cannot be reproduced well by Gamaly’s proposition.

This is because the pulse duration dependence of the ionisation processes in dielectrics, which are
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considered in Stuart et al’s model, are not immediately apparent when using fixed material
constants in Egs. (3.26) and (3.27).

Dominant ablation mechanisms

For ablation with fluences well above threshold there is still some debate about what the
dominant material removal mechanisms are. Various efforts using techniques such as time of

138139 and pump-probe imaging and interferometry'*®'*! have sought to

flight mass spectroscopy
identify the dominant ablation mechanisms. For example in ref '*' it was concluded from
interferometry that multiphoton-ionization dominates plasma formation in dielectrics at high peak
powers (10'* W/ecm?) with no evidence of avalanche ionisation when the pulse duration is less
than 100 fs. The dominant material removal mechanism which proceeds after the pulse
interaction in dielectrics has been suggested to be the pulling apart of the ionised material left at
the surface after the electrons have been stripped from their parent atoms. This process has been
termed ‘coulomb explosion’. In some materials this is not the whole story and despite the
‘athermal’ and ‘cold’ and ‘clean’ ablation characteristics often attributed to ultrafast pulses, there
is strong evidence to suggest thermal vaporization and melting is be produced in some materials.

1"** demonstrated that there is a clear difference between the surface

The results of Stoain ef a
states of a dielectric and a conductive material under ultrafast pulse irradiation. This was
confirmed by characterising the ion emission from the target in their pump-probe measurements.
The suggested reason for this difference is quenching of the surface charge and also the formation
of molten layers in conductive materials. The ultrafast formation of a molten layer in silicon was
previously suggested by the imaging techniques used by Sokolowski-Tinten et a/'*’ (Figure 3.8),
and the fast onset of molten states in ultrafast laser heated semi-conductors has been explained by
Stampfli and Bennemann'*®. One must thus be aware that the assumption of ‘cold” ablation when
using ultrafast pulses is not necessarily valid, especially in conductive materials. The onset of
ablation regimes with thermal characteristics as opposed to coulomb explosion has also been
observed in dielectrics under high power and multiple pulse ultrafast ablation'*®. Lee et al'*’
have also found that a thermal ablation regime at higher fluences may also exist for UV

femtosecond processing of some polymer materials.

Ablation rate scaling and the two temperature model

While many physical models have been developed to explain the ablation thresholds and material
removal mechanisms associated with ultrafast laser processing, ablation rate scaling can often be

characterised by simple consideration of the optical, electron heat and bulk thermal penetration of
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the target. If the ablation is ‘cold’ - relatively free from any diffusion processes - the extent of
optical absorption in the target will define the ablated volume. If the initial absorption of the
material does not change markedly as the pulse energy is increased the depth of the ablation
crater as the pulse energy is increased will scale in a similar fashion to the way the optical energy
scales with Beer-Lambert type absorption,

d=11In (L] (3.28)

¢th res,optical
The length scale /, may be related to the linear or nonlinear absorption of the material, the skin

depth in conductors, or a characteristic length associated with the electron heat penetration of the
target. In materials where diffusion of the electron and lattice temperatures takes place, a single
ablation rate scaling may not describe the ablation scaling across a large range of fluences. The
two-temperature approach was previously used by authors such as Nolte/Chickov et al'* to
account for the different observed ablation rates and morphologies observed at different pulse
energies. The two temperature model treats the lattice and the electron subsystem as two distinct

but coupled energy systems, whose temperatures are governed by the heat equations (1D),

C, 57;6 =V.(x,VT,)-T(T,-T))+0 (3.29)
o7,
C,§=V.(K,VT,)+F(T€—Tl)zF(Te—T,) (3.30)

Here C,; are the volumetric heat capacities, «,; are the thermal conductivities of the electron and
lattice subsystems and I" is coupling between them. Despite the considered pulse duration being
of a much shorter duration than the typical thermal relaxation processes which occur in materials
(and thus the thermal diffusion in the lattice is often ignored), the two temperature approach
suggests that for conductive materials electron heating by the laser pulse can significantly
coupled to the lattice in the post pulse time frame. This results in significant thermal evaporation
when the lattice energy exceeds the energy of vaporization,
CT = pH, (3.31)

Nolte et al suggested a second logarithmic scaling to describe this thermal ablation regime. l.e.
the thermal penetration of the target that results in ablation is assumed to decay exponentially into
the target in an analogous fashion to the exponential decay of the optical field. The ablation rates

for conductive materials have thus been well described by a pair of logarithmic equations, one for
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the optical penetration and ionization regime at low fluences, and one for electron heating and

thermal diffusion at higher fluences.

d=1 | —2 | 4< (3.32)
a thres ,thermal

thres optical

d= lthermal In [L} ’ ¢ > ¢thres,thermal (333)
¢thres,thermal

An example of experimental data which shows such trends is illustrated in the results of Nolte et

al in Figure 3.9.
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Figure 3.9. Ultrafast ablation rates for copper (150 fs pulses) from Nolte et al’**. Two
ablation regimes are apparent, and coincide well with optical penetration at low
fluence and thermal penetration at higher fluences.

The characteristic length scale for the thermal ablation regime has been linked to the electron heat

penetration length scale'*,

[

et = A (M, /3m,)"? (3.34)

where a,, is the average atomic spacing, M, is the mass of the ions and m, is the mass of the
electrons. Bulk thermal transport also has a length scale which depends on the duration of the
heat source, 1, in this case the laser pulse duration. This length scale is given as,

l, =2IDr=2|%1¢ (3.35)
pe,
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Christensen er al'*’ have alternatively suggested, and found experimental evidence, that the
thermal penetration occurs in a more linear fashion at higher fluences, with the energy deposited

going into regular evaporation of the material so that the ablation depth scales as,

_ |2 ¢
d_\/;pHv (3.36)

Previous studies of ultrafast ablation of lithium niobate

The body of literature associated with ultrafast laser processing of lithium niobate is relatively

150 151
[ [

sparse compared to silicon and fused silica. Deshpande ef al ”" and Chen et a/"”" have carried out
some fundamental studies based on lithium niobate ablation with 300 fs and 80 fs respectively
from 800 nm Ti:Sapphire sources. Lithium niobate was also a material of interest in the dual
pulse time-resolved investigations of Pruess et al"** using 500 fs UV pulses. The suggested
ablation thresholds for single shot ablation from Deshpande and Chen were 2.5 J/cm?, 2.82 J/cm®
respectively and as low as 0.05 J/cm® in the case of 248 nm 500 fs pulses from Pruess. Both
Deshpende and Chen found that incubation via multi-pulse ablations lowers the ablation

threshold in lithium niobate, a phenomenon which has be found for many materials'>.

Fabrication of structures in lithium niobate suitable for polaritonic optics'*

and periodically
poling® have been demonstrated using ultrafast laser processing. There is also a growing interest

in destructive and non-destructive laser induced internal modifications in lithium niobate for

155,156,157,158 159

waveguides _ photonic crystals'™ and data storage'®. During the course of this project
several previously reported structural and photo-refractive modifications where observed during
ultrafast laser interactions with lithium niobate. The key areas of investigation in this project
were the surface ablation characteristics and parameter optimisation for producing clean, well

defined surface grooves for periodic poling.

3.2.4 Consideration of Gaussian beam profiles

Many laser systems have Gaussian irradiance profiles. This needs to be taken into account when
considering the power distribution on target and the resulting profiles of the ablated features. The
functional form of the irradiance profile for a symmetric Gaussian profile with peak irradiance /j
1S,

2

I(I") = Ioe[ Wg J or 1(7") =Ioe[ w?w,lm

411n2r2J

(3.37)
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where wy is the 1/¢” radius (Gaussian half waist), or alternatively w, , is the FWHM half width,

fwhm
of the intensity profile on target. The Gaussian profile needs to be considered when a
measurement of average power or pulse energy is converted to the irradiance or energy
distribution on target. From the integration of a Gaussian profile of irradiance or fluence we find

that the peak irradiance/fluence, 1o/ ¢p for a Gaussian half waist of wy, is related to the total

eak >

measured power/energy,

I

total

2 * 2
'[ j Ie™ /”brdrd¢:27zl{ ;VO e /} :W;”IO (3.38)
0

#[0,272] r[0,00]
The peak laser fluence ¢, (J/em?®) or peak laser irradiance Lyeak (W/cm?) can thus be related to

the measured pulse energy E, or power /,; (respectively) as

2E 21
Brear =—5 OF 1, =—"%" (3.39)

2
W, W,

Due the Gaussian distribution of energy across the beam, not all of the irradiated area will be
above the ablation threshold. This is illustrated in Figure 3.10. The corresponding diameter of
the ablation features depends on the incident fluence as related to the threshold fluence and the

beam waist wy,

D’ =2w; 1n@ (3.40)

thres

[

¢rhl'es

Wp

r

Figure 3.10 Gaussian irradiance profile, producing features of diameter D depending

on the irradiance distribution which is above threshold
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Eq (3.40) has been used by several authors as an empirical method for determining the beam
waist from the slope of Eq (3.40) and the ablation threshold from the power where the

extrapolated crater diameter goes to zero.
3.3 Experimental equipment and measurements

3.3.1 Laser systems

The two laser systems used in this investigation were a Light Wave Electronics Q201-HD (now
owned by JDSU) and a SpectraPhysics Hurricane. A summary of the laser properties for these
two systems is given inTable 3.2. The Q201-HD was external frequency doubled to 266 nm in
by a single pass in a BBO crystal. This provided ~300uJ pulses for the UV nanosecond ablation

studies presented below. A more detailed overview of the laser machining systems is provided in

appendix A2.
LWE Q201-HD SpectraPhysics Hurricane
Description Diode pumped, Regeneratively amplified
frequency doubled Q- Ti:Sapphire femtosecond
switched Nd:YAG laser system.
Wavelength 532 nm 800 nm
Pulse duration 20 ns 100 fs
Repetition rate 100 Hz-20 kHz 1 Hz-1 kHz
Maximum pulse energy 3m] 1 mJ
Table 3.2 Laser parameters of the two systems used for ablation studies and
machining during this project.
3.3.2 Characterisation

The characterisation of laser ablation of lithium niobate and silicon targets was carried out using
differential interference contrast (DIC) microscopy with an Olympus BX-61 for qualitative
inspection, and surface optical profilometry (SOP) with a modified optical profilometer from
Veeco was to measure the geometry of ablated features. A more detailed overview of these
characterisation systems is also provided in appendix A2. Figure 3.11 and Figure 3.12 show

typical images and data collected from the Olympus BX-61 and Veeco SOP systems respectively.
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Figure 3.11 DIC microscope image of a single pulse ablation crater on silicon.
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Figure 3.12 Surface optical profilometry data of the ablation crater shown above in

Figure 3.11
3.4 Single shot ablation experiments
3.4.1 Experimental overview

Single shot ablation studies on silicon and lithium niobate targets was carried out by translating
the targets through a focused laser beam at a feed rate sufficient to separate the individual pulses.
The pulse energy was approximated by dividing the measured average power by the pulse
repetition rate. The power incident on the target was adjusted using ND filters in the case of the
LWE system and by rotating the waveplate/polariser pair in the case of the Hurricane.
Microscope images of the ablation craters at various powers were taken, and the craters were then
measured using optical profilometry. Ablation thresholds and ablation rate scaling were
determined from the optical profilometry measurements as detailed below. Laser machining of
scribes into the surface of lithium niobate is dealt with in the following section (3.5). The
thermal properties of silicon and lithium, used in various calculations in this section, are given

below in Table 3.3.
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3.4.2

Parameter Silicon Lithium niobate
Density, p 2.33 g/em’ 4.64 g/em’
Specific heat, C 0.71 J/gK 0.633 J/gK
Thermal conductivity, x 1.49 W/cmK 0.042 W/cmK
Thermal diffusivity, D 0.808 cm’/s 0.014 cm’/s
Melting point, 75, 1412 °C 1240 °C

Enthalpy of atomization: 4H,
Enthalpy of fusion: 4H,,

439.3 kJ/mole (15.7 kl/g)
46.44 kJ/mole (1.65 kl/g)

Table 3.3 Values of some thermal properties of silicon and lithium niobate.

Silicon ablation with the nanosecond DPSS system

Ablation studies with the LWE. DPSS nanosecond laser system was carried out with the

following parameters;

The spots size on target was ~5 pm. Microscope images of single shot ablation craters on silicon

with fluences ranging from 5-100 J/cm? are shown in Figure 3.13. The threshold pulse energy for

3 mm beam diameter

1.5 kHz pulse repetition rate

Feed rate of 2000mm/min (sufficient for pulse separation)

5x objective lens (OFR LMU 5x - 0.13 NA)

ablation of silicon with 20 ns 266 nm pulses was found to be ~0.8 uJ. An image of a crater

produced with 0.8 pJ pulse is shown on the left of Figure 3.14. From optical profilometry data
the square of the crater diameter in relation to the pulse logarithm of the incident pulse energy
was plotted for pulse energies near threshold, as shown in Figure 3.15. The linear relationship

between these two parameters can be related to Eq. (3.40) to determine the Gaussian half-waist of

the incident beam and thus the threshold ablation threshold. I.e. p? = 2w§ In

¢peak

thres
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50.0 pm

Figure 3.13 Single ablation shots in silicon with 266nm ~20ns pulses. Fluences from
5-100 J/cm’

Figure 3.14 Left: Ablation crater in silicon near the ablation threshold (266nm 20ns
pulses.) Right: crater produced with 7 J/cm?.
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Figure 3.15 Evolution of crater diameter in relation to logarithm of the incident pulse energy.
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From the linear fit in Figure 3.15, the Gaussian half-waist was determined as wy=2.45 um and the
corresponding ablation threshold was 1.15 J/em®. The predicted ablation threshold for a 20 ns
pulse from the approximate solution to the 1D heat -equation,( Eq (3.13)),

o = I;"i“tp = \/%AH p(Dtp )1/2) with the physical parameters for silicon, is 0.61 J/cm®. Taking

a

into account a silicon reflectivity of 50-60% in the UV, the predicted and experimental values of
the ablation threshold fluence are in reasonable agreement. The ablation rate scaling for single
shot ablation craters was investigated in the fluence range of 2-100 J/cm? the results of which are
shown in Figure 3.16 with the fluence plotted on a logarithmic scale. Craters depths of almost 5
um could be produced with single laser pulses at 100 J/cm® fluences. A logarithmic trend in the
ablation rate scaling can be seen for fluences beyond 10 J/cm®. As shown in Figure 3.13 there is
significant splatter of material around the crater edges above fluences of 10 J/cm?, suggesting that
phase-explosion is taking place in this ablation regime. The observed length scale in this ablation
regime, 1168 nm, is thus most likely associated with the extent of the superheating in the silicon
which produces phase explosion. The thermal length scale for silicon with a 20 ns heat source

and ambient thermal parameters is,

Lyormas =27 DT = 2\/cKp T = 2\/0 812 2 20x10~ =~ 2500nm (3.41)
, . .

which is a approximately a factor of two larger than the length scale found from the experimental
data. The discrepancy is most likely due to significant differences in the thermal properties of
ambient and superheated silicon. At fluences below 10 J/cm® there was significantly less splatter
around the ablation craters, as shown on the right of Figure 3.14. Whilst only a few data points
were recorded at these lower fluences, a different ablation regime is still apparent from the
ablation rate scaling. The apparent saturation of the ablation rate in the 5-10 J/cm® is somewhat
consistent with the trend found in the investigations of Ren et al”’ who suggest that plasma

shielding prior to the onset of phase-explosion..
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Figure 3.16 Ablation rate scaling for silicon (266 nm, 20 ns pulses.)

3.4.3 Lithium niobate ablation with the nanosecond DPSS system

Ablation studies of lithium niobate with the LWE laser system were carried out with the same
parameters as used for the silicon targets described above. Microscope images of single shot
ablation craters on lithium niobate with fluences of 5, 25 and 50 J/cm2 are shown in Figure 3.17.

The experimental ablation rate scaling for lithium niobate is shown in Figure 3.18.

Figure 3.17 Single shot ablation craters on lithium niobate with 10, 25 and 50 J/cm (left to right).
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Figure 3.18 Ablation rate scaling for lithium niobate (266 nm, 20 ns pulses.)

The experimental ablation threshold for this regime was found by extrapolation to be 1.9 J/em?®.
This ablation threshold is towards the higher end of ablation thresholds previously reported in the
literature for UV nanosecond lasers. A table of ablation thresholds from other similar studies is
shown for comparison in Table 3.4. Based on common values of the ambient thermal properties
of lithium niobate, D=0.014 cm*/s, x=0.042 W/cmK and a melting point of 1240°C, Eq (3.9)

suggests a lower limit on the deposited energy required to begin melting the lithium niobate

Jr(t

1/2
surface of, g=——| £ | T x~0.05J/cm’,
2 \D
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Author Pulse duration, wavelength Threshold fluence
Eyett161 11 ns, 308 nm (XeCl excimer) 0.9 J/em®
Chong162 20 ns, 248 nm (KrF excimer) 1 J/em®
Tomov'® 25 ns, 248 nm (Krf excimer) 2.5 J/em’
Sones™ 20 ns, 248 nm (KrF excimer) 0.5 J/em®
Chaos'® 12 ns, 193 nm (ArF excimer) 0.4 J/em”
Rodenas'” 12 ns, 355 nm (tripled Nd:YAG 0.85 J/em”
This dissertation | 20 ns, 266 nm (quadrupled Nd:YAG) 1.9 J/em®

Table 3.4 Reported threshold fluences for UV nanosecond ablation of lithium niobate.

For lithium niobate a single logarithmic ablation scaling with a characteristic length scale of
542 nm was found. For a length scale which is hypothetically governed by the optical absorption
of the target, the absorption coefficient is a=~1.8x10°cm™. This large value is quite feasible as
266 nm is well below the UV absorption edge of lithium niobate. The early measurements of
Redfield and Burke'®® suggest an absorption coefficient approaching 10%cm™ for 4.4eV photons
at 300K. 266 nm light has a photon energy of 4.66eV so an even larger absorption coefficient is
to be expected. Alternatively the predicted thermal length scale (as in Eq. (3.35)) associated with
a 20 ns heat source in lithium niobate (D=0.014 cm?/s) is ~345 nm, significantly shorter than that
found in these experiment. It is thus most probable that the ablation scaling for lithium niobate,
within the range parameters investigated during these experiments, is chiefly governed by the

extent of the optical absorption.

3.4.4 Silicon processed with the femtosecond Hurricane system

For the single shot investigations with the Hurricane system, the beam was apertured to produce a
a circular beam profile. The aperture was placed in the beam in approximately 1.5 m from the
focusing objective with its diameter adjusted so that a Gaussian beam profile without significant
diffraction rings was seen on a beam profiling camera at the objective holder. The profile of the
beam at the objective is shown in Figure 3.19. Due to the diffraction from the aperture the beam
is not a perfect Gaussian and the first order diffraction rings could be seen in the ablated features
at high fluences. However the central part of the beam still maintained a Gaussian intensity
distribution, as shown by the fitting in Figure 3.20 and contained ~90% of the total power, so that

using Eq. (3.39) still gives a good approximation of the peak fluence/irradiance on target.
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Figure 3.19. Spiricon image of the Hurricane beam at the objective lens holder after

the beam has been irised near the laser output, 1.5 m from the objective holder.

For single shot experiments the repetition rate of the Hurricane output was reduced to 250 Hz
from its default repetition rate of 1 kHz. The average power on target was adjusted between
0.ImW and 2.5mW, corresponding to pulse energies of 0.4-10uJ for the 250Hz pulse train.

Microscope images of single ablation shots at various fluences are shown below in Figure 3.21.

250 : : ‘ |
| —— Spiricon data
200 '\ | — ~Gaussian fit
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Figure 3.20 Gaussian fit to the apertured beam profile from the Hurricane laser

system.

-96 -



Chapter 3. Laser machining B. F. Johnston

0.9 J/em? 1.8J/cm?> 5.7J/cm? 9 J/em? 15 J/cm?
F y 'J : ' \ f“ﬁ"
’ # ) ) @; y
r (4 ) r) : J ; e :
.G ?'f" y

¥ A"’ 4,.,.
Figure 3.21 Single shot ablation craters in silicon at fluences of 1-25J/cm*

Optical profilometry of the ablation craters was carried out to determine their depths and
diameters. Increasing the pulse energy at low fluences, 0.9-5.7 J/cm?, resulted in an increase in
the crater diameter as indicated by the images in Figure 3.21. The square of the measured crater
diameter was plotted against the logarithm of the estimated pulse energy, as suggest by Eq.(3.40).
This is shown for four pulse energies near threshold in Figure 3.22. From the experimental data
in Figure 3.22 a Gaussian half waist of wy=4.6 um and a threshold pulse energy of 0.214 pJ was
determined. This corresponds to an experimental threshold fluence for silicon of 0.64 J/cm?.
This value does not take into account the reflection from the silicon surface, and is based purely
on topographical modification. Bonse et al'®® have previously identified that different thresholds
may exit for different degrees of modification of the silicon surface, with the experimental
threshold for visibly modifying the material being about 0.21 J/em® and the threshold for
‘annealing’ or displacing silicon being about 0.55 J/cm®. Ablation thresholds from other authors
point towards a lower limit on the ablation threshold of ~0.1-0.2 J/cm® for ~100 fs 800 nm pulses,
though some of these experiments are based on multi-shot ablation where incubation aids in
reducing the threshold, and others experiment identify the threshold fluence for atom and ion
ejection from the target which occurs at lower fluences than for any appreciable topographic
change. The result in this investigation is not dissimilar to that presented recently by Bonse et
al'”, who found that surface modification (onset of melting) was apparent at fluences below
0.4 J/em®, but volume displacement and was not appreciable until fluences in excess of
0.64 J/em® were applied. Recent results from Lee er al'® also suggest a single shot ablation

threshold of 0.63 J/cm®, and are in general very similar to the overall results found during these
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studies. A sample collation of experimental ablation thresholds for ultrafast ablation of silicon

from the literature is shown in Table 3.5.
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~ Linearfit: D2:42.39><In(Ep)+651

a1
o

N
o

Squared crater diameter (pmz)
N w
o o

10+

0 | |
-15.5 -15 -14.5 -14
Logarithim of pulse energy (In(Ep))

Figure 3.22. Increase in the square of the measured crater diameter in relation to the

logarithm of the incident pulse energy as the pulse energy in increased above

threshold.
Author Pulse duration, wavelength Threshold fluence
Bonse' %%’ 130 fs, 800 nm 0.27 J/em® (0.55 J/cm” annealed region)
Borowiec'® 130 fs, 790 nm 0.142 J/em® (~25n] with wg=3.35um)
Jeschke'”” 25 1s, 790 nm 0.17 J/em®
400 fs, 790 nm 0.28 J/em®
Cavalleri'”! 100 fs, 620 nm 0.3 J/cm®
Lee'®® 150 fs, 775 nm 0.63 J/em®
Hwang'”* 83 fs, 800 nm 0.438 J/cm®
This dissertation 1001s, 800nm 0.64 J/cm®

Table 3.5 Experimental ablation thresholds for silicon with ultrafast pulses.

The ablation rate scaling for silicon was investigated by using optical profilometry measurements
to determine the ablation crater depth in relation to the incident fluence. The results are shown in

Figure 3.23. As in many previous investigations, the fluence has been plotted on a logarithmic
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scale, as the ablation rate is initially expected to scale with the optical absorption as in Eq. (3.28).
In these investigations the experimental results suggested two logarithmic ablation trends, one
applicable below 5J/cm” and a second ablation regime above 5J/cm®. A similar double
logarithmic ablation rate scale for silicon has also observed by Crawford et al'”, Lee et al'® and

Barsch et al'”

(though the actual results of Barsch are vastly different to other authors). The
logarithmic fits, as described in Eqs (3.32) and (3.33), have two parameters which provide insight
into the ablation process, the threshold fluence where the extrapolated crater depth goes to zero,

and a characteristic penetration length which indicates the ablation rate scaling with fluence.
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Figure 3.23 Measured crater depths in silicon in relation to the incident fluence for

100fs pulses.

As shown in Figure 3.23, the thresholds determined by the fittings to the experimental crater
depth data, for the low and high fluence ablation regimes, were 0.64 J/cm® and 3.87 J/cm®
respectively. The corresponding characteristic penetration lengths for the two regimes are 95 nm
and 494 nm. The value of the ablation threshold arrived at by crater diameter and crater depth
analysis is in agreement, suggesting that 0.64 J/cm®is an accurate assessment of the single pulse
ablation threshold for appreciable topographic modification of silicon with these laser parameters.
The characteristic penetration length scale of 95 nm for the lower fluences is of the order of the
optical skin depth of silicon at 800 nm, but is also in fair agreement with the electron heat

penetration length as suggested by Nolte et al for metals (Eq. (3.34). For silicon this is evaluated

as [ =a,(M,/3m,)"* =~ 70nm for a lattice constant of a,~5.431 A and ion mass of 28 amu.

thermal

Explanation of the double logarithmic trend in the ablation rate scaling of silicon lends itself well
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to the two temperature model description as used by Nolte et al'* to describe ultrafast ablation
from metals. This is qualitatively explained by attributing the initial ablation regime to an
ionization type ablation process (or at least an ablation regime defined by the optical absorption
volume) and the onset of the higher fluence ablation regime when sufficient energy transferred is
being transferred to the lattice to allow diffusion and melting beyond the laser heated volume.
Evidence of a transition from an ionizing to a thermal ablation regime at higher powers is also
apparent in the morphologies of the craters as shown in Figure 3.24. The smooth craters at low
irradiance are suggestive of with ablation in an athermal/ionizing regime who’s geometry closely
resembles the optically affected volume, whereas craters produced with higher irradiance pulse
appear to have been molten at some point during the ablative process and also have a marked
increase of ejected particulates on the surrounding surface. The two extremes are illustrated in
Figure 3.24.
The 494 nm characteristic penetration length for the higher fluence regime is most likely

diffusive in origin but is much larger than the thermal length scale for a 100 fs pulse in silicon,

I, =2Dr=2|%¢= 2\/1+5100x 10" ~5.70nm (3.42)
c,p 0.8x2.32

The observed length scale is likely an indication of the diffusion length of free carriers within the
material which are energetic enough to collisionally heat the material lattice beyond its melting
point. Lee et al’® and Hwang et al'’? have both arrived at experimental penetration lengths of
~322 nm for the high fluence regime, however in both these investigations the fluence range was
extended out to 1000 J/cm® where there was large variations in the measured ablation depths
which affected the fitting. This is shown in the reproduced plots in Figure 3.25. If data from Lee
and Hwang (especially Lee) is considered in the same fluence range as in this investigation,
<30 J/em?, it is clear that the penetration length scale has been underestimated. The data from
Lee’s, Hwang’s and the results present here all concur that an ablation depth of 1um is produced

by an incident fluence of ~20 J/cm®.
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Figure 3.24 Ablation craters in silicon at 0.9 J/cm’ and 24 J/cm’.
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Figure 3.25 Left: Ablation rate scaling in silicon reproduced from Hwang et al'”°.

Right: reproduced from Lee et al'®.

Another interesting and frequently observed feature which occurs when laser processing
materials such as silicon is periodic ripples on the laser treated surface. An observation from this
study was that the periodic ripples were observed at locations on the target which had been
treated by only two pulses. The most apparent example of these ripples observed in these
experiments is shown Figure 3.26. The ripples appear in regions which have been illuminated by
the overlap of the diffracted light (from the aperture in the beam) from two subsequent pulses.
The interpulse time of 4 ms in these experiments suggests that the mechanism that generates
these features is quite long lived and that it is unlikely that plasma and optical interference from
subsequent pulses play any role in their formation. The period of these ripples is ~760 nm
approximately corresponding to the wavelength of the laser. A compelling explanation of the

ripples observed in this investigation is the surface scattering and interference model proposed by
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' in 1982. The hypothesis behind model of Guosheng et al is that surface

Guosheng et a
disturbances, in the form of either roughening, temperature or charge distributions, are initiated
by the first pulse. These disturbances scatter some of the light from the subsequent pulses along
the material surface, creating an interference pattern with the incident light. This interference
tends to have a dominant spatial frequency component given by,
A=21/(1%£sind) (3.43)

where 6 is the angle of incidence of the beam. The modulated irradiance on target gives rise to
the periodic ablation ripples. This mechanism can be tested by confirming that the period of the
ripples changes with the angle of beam incidence. It is perhaps surprising to see such obvious

ripples appear after only two pulses, but further investigation into these structures is not within

the current scope of this dissertation.

Figure 3.26 Surface ripples observed on regions of the silicon surface which have been

irradiated by two pulses

3.45 Lithium niobate and lithium tantalate processed with the

femtosecond Hurricane system.

Single shot processing of z-cut lithium niobate and lithium tantalate targets was carried out in a
similar fashion to the silicon experiments described above, using the same laser and motion
control settings. Single shot ablation craters for lithium niobate at various fluences are shown
below in Figure 3.27. Optical profilometry was carried out to determined the crater depths and

diameters, the results of which are shown in Figure 3.28 and Figure 3.29.
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Figure 3.27 Single shot ablation in lithium niobate with fluences ranging from
4-30 J/em®

The evolution of the crater diameters for incident pulse energies near threshold are shown in
Figure 3.28. From this data the experimental ablation thresholds for lithium niobate and lithium
tantalate were found to be 1.46 J/cm® and 1.80 J/cm® respectively. Experimental ablation

thresholds from previous investigations are shown for comparison in Table 3.6
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Figure 3.28 Square of the crater diameter in relation to the incident pulse energy for

lithium niobate and lithium tantalate.
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Figure 3.29 Measured crater depths in lithium niobate in relation to the incident

irradiance of 85fs pulses from the Hurricane system.

The damage threshold for lithium niobate found in this investigation is markedly lower than that
found by Deshpande'® or Chen"'. However the good agreement with the results of Zhang'’® for
lithium tantalate suggest that the value determined in this investigation is valid. Lithium tantalate
generally exhibits a higher optical damage threshold to that of lithium niobate, and as such is
often used in preference to lithium niobate when poled materials are to be used for high power
applications. With this reasoning, an ablation threshold of less than 1.8 J/cm?® for lithium niobate

is to be expected.

Author Pulse duration/wavelength Material Threshold fluence
Zhang et al'’ 80 fs, 800 nm LiTaO; 1.84 J/em®
Deshpande et al”"’ 300 fs, 800 nm LiNbO; 2.5 J/em®
(1 J/em” multiple shots)
Chen et al”’ 80 fs, 800 nm LiNbO; 2.8 J/em’
(0.52 J/cm® multiple shots)
Yuetal'”’ 50 fs, 800nm LiNbO; 2 Jjem’®
(0.8 J/em® multiple shots)
This dissertation 100 fs, 800 nm LiNbO; 1.46 J/em®
LiTaO; 1.80 J/em®

Table 3.6 Experimental ablation thresholds for lithium niobate and lithium tantalate from the literature.

The ablation rate scaling results, determined measuring the crater depth for various incident

fluences are shown in above in Figure 3.29. In contrast to silicon, the lithium niobate and lithium
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tantalate ablation rate scaling tends to follow a single logarithmic ablation trend over the fluence
range investigated. The characteristic lengths for the logarithmic fits to the ablation data are
227 nm for lithium niobate and 187 nm for lithium tantalate. These results suggest that while the
damage threshold of lithium tantalate is higher than lithium niobate, as found under many other
optical conditions, the absorption mechanisms in lithium tantalate are more efficient than in
lithium niobate, resulting in a shorter length scale. There is some evidence in the experimental
results, especially for lithium tantalate, that the ablation rate tends to reduce as the fluence is
increased beyond 20 J/cm®. This may indicate the onset of shielding and reflection in the later
stages of high energy pulses due to strong ionisation in the early stages of the pulse, or increased
absorption in the target due to the nonlinear nature of multi-photon absorption becoming
significant. Some investigations in picosecond ablation of dielectrics, such as those of Hermann
et al'”® have found that a ‘strong’ ablation regime may be found at even higher fluences
>50J/cm’, but this regime was not investigated here as damage to the focusing objective lenses
becomes an issue with ultrashort pulses. The absence of a second ablation regime with an
increased ablation rate in the measured fluence range, is not surprising in light of the thermal and
conductive properties of lithium niobate and lithium tantalate. The characteristic thermal
diffusion length for lithium niobate with a 100 fs pulse is evaluated as,

I, =2Dr=2|" 7= 2\/ﬂ100x 107 =0.76nm (3.44)
c,p 0.64x4.46

Due to the low thermal and electrical conductivity of lithium niobate and lithium tantalate
compared to the experimentally determined optical penetration length (227nm and 187nm
respectively), diffusion of the energy beyond the laser heated volume is perhaps not expected to
play a major role in the ablation rate scaling. We do however see a change in the crater
morphology and an increase in the debris field around the ablation craters at higher fluences. The
onset of a significant debris field occurs within a relatively well defined fluence range between
10-14 J/em?, as illustrated in Figure 3.30. The appearance of redeposited particles on the target
within may be due to incomplete ionisation within the ablated volume leaving solid crystallites
within the ablation plume which are heavy enough to fall back onto the substrate.
Alternatively,the particles may be due to thermalisation and condensation within the ablation
plume. The presence of thermal processes within the ablated volume is also evidenced by Figure

3.31. Not only is there a obvious debris field around the ablation craters, there is also tendril like
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debris ‘splattered’ outwards from the crater edges. The tendrils like features are most likely due

to the expansion of an ablation plume with some amount of molten material.

Figure 3.31 Single shot ablation craters on lithium niobate with an incident fluence of
30 J/em’.

The conclusions which may be made from these images are that despite thermal processes not
significantly contributing to the ablation rate in these crystals, there is strong evidence to suggest
that molten material is produced within the ablation plume, and that ultrafast ablation of lithium

niobate is not an entirely athermal process, especially at fluences well above threshold.

3.4.6 Summary of findings

The ablation studies presented here have experimentally assessed the single shot ablation
thresholds and ablation rates for silicon and lithium niobate for two different laser types; a UV
nanosecond laser and a 800 nm ultrafast laser. The ablation thresholds found in this study are

comparable with those presented previously in the literature. The ablation rate scaling for both
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laser sources in all materials tended to have a logarithmic dependence on the incident fluence, i.e.

the depth of the ablation craters depend on the incident fluence according to the ‘relation

d=1,Ln(#/d,.). The measured ablation thresholds and ablation rate length scales are

summarised in Table 3.7. A key result of this study was identifying a double logarithmic trend in
the ultrafast ablation rate of silicon which was not present in lithium niobate or lithium tantalate
over the same range of fluences. This observation points to a clear difference between the
ultrafast ablation mechanisms at different fluences for semi-conductor materials and dielectrics.
The relatively high thermal conductivity and electron mobility in semi-conductors leads to an
ablation regime at high fluences which has diffusive and thermal characteristics, i.e. the ablation
scaling length becomes larger than the optical penetration and there is a distinct change in the
crater morphology. In dielectrics where diffusion processes are not a dominant factor in
determining the extent of the ablation, a single length scale describes the ablation rate. Despite
this, there is still evidence from the crater morphologies of lithium niobate that the material

removed from the target can be heated to a molten state during ultrafast ablation.

Material Laser source Threshold fluence ¢, | Ablation scaling length /_,
Lithium niobate | 266 nm , 20 ns pulses 1.9 J/em® 542 nm
800 nm, 100 fs pulses 1.46 J/cm® 227 nm
Lithium tantalate | 800 nm, 100 fs pulses 1.8 J/em® 187 nm
Silicon 266 nm , 20 ns pulses 1.15 J/em® 1168 nm (¢ >10 J/cm®)
800 nm, 100 fs pulses 0.64 J/cm® 95 nm ($<5 J/em?)
494nm ($>5 J/em®

Table 3.7 Summary of experimental ablation thresholds and ablation scaling lengths

3.5 Laser machining of topographical structures for poling

3.5.1 Depth scaling with passes and feed rate

Pulsed laser machining of surface structures by direct writing (translating the sample with respect
to a single stationary focused spot or vice versa) requires the laying down of many overlapping
pulses from the source laser. The depth of such laser cut features is in practice controlled by the
pulse energy, the number of passes made over the same area and the feed rate of the sample with

respect to the laser beam. The effect of the laser pulse energy on single shot ablation has been
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discussed in detail in the previous section. Ideally the ablation depth will be consistent from
pulse to pulse and the depth of features with scale linearly with the number of passes. In reality
there may be deviations from these trends as the morphology and chemistry of the laser treated
surface changes and the evolving geometry of the machined affects the way the laser light
interacts with the target. Changing the velocity of the sample with respect to the pulsed laser
beam changes the pulse overlap and the spatial pulse rate on the surface. The shots per linear
distance (and thus the deposited laser energy) intuitively scales inversely with the stage velocity;

Shots | mm = shots /s (3.45)

mm/ s

Plotted in the Aerotech control systems’ native velocity units of mm/min , the shots/mm being

deposited on a surface from a 1kHz pulse train is plotted in relation to the feed rate in Figure 3.32.
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Figure 3.32 Laser shot rate per mm as a function of feedrate in mm/min
For features being machined with a pulse-to-pulse ablation rate which is consistent, the depth of
features being machined can be expected to have a feed rate dependence similar to the hyperbolic
trend shown in Figure 3.32.
The fabrication of grooves in lithium niobate using the LWE nanosecond and Hurricane
femtosecond laser systems were investigated to establish some empirical relations between the

laser parameters and the geometry of the features which were to be used for periodic poling.

3.5.2 UV nano-second laser machining

The machining of topographical electrodes into the lithium niobate surface for periodic poling
was performed by ablating grooves in the +z face of the crystal, parallel to the y-axis of the
crystal. The effect of the translation parameters on the produced features was investigated for the

266 nm quadrupled YAG system using laser parameters where the laser system maintained the
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most stable output powers. This was at a repetition rate of 1.75 kHz with 200 mW average power
(~115 wJ pulses) of 266 nm light. A 5x objective produced grooves with an opening width of
~15um. Feed rates of 50, 100, 250, and 200 mm/min were used to machine grooves with 1-5
passes. Figure 3.33 shows a cross-sectional view of grooves machined at 50 mm/min with 1-5
passes shown from left to right. Figure 3.34 shows a similar set of grooves machined with a feed
rate of 200 mm/min. The groove depth was measured from the calibrated microscope images and
plotted as a function of feed rate and number of passes. It should be noted that laser machining
was also used to dice lithium niobate wafers during this project. Using the high power visible
output of the Q-201HD laser, reliable laser cleaving could be achieved. This is elaborated upon
in appendix A3.

Figure 3.34 Cross-section of UV machined V-grooves 100mm/min translation speed.

- 109 -



Chapter 3. Laser machining B. F. Johnston

100
80! e 50mm/min
. 100mm/min
\Eg 0 150mm/min
= 60} A 200mm/min
53 Linear fit (~16um/pass)
E 40! Linear fit (~9um/pass)
S Linear fit (~5.6pm/pass)
n Linear fit (~5um/pass)
20¢
O |
0 6

Number of passes

Figure 3.35 Depth of grooves in relation to the number of passes for 50-200mm/min

feed rates

Figure 3.35 shows the measured depth of the grooves plotted in relation to the number of passes.
A linear increase in depth as the number of passes is increased from 1-5 was observed across the
four feed rates. The ablation depth per pass ranged from 16um/pass for 50 mm/min feed rates to
~6um/pass for 200 mm/min. It is instructive to re-plot the data as depths in relation to feed rate
so comparisons to Eq (3.45) and Figure 3.32 can be made. This is shown in Figure 3.36. An
empirical relationship between the depths, number of passes and feed rate can be written as,
d =nFRP(g)V" (3.46)

where n is the number of passes, FRP(¢) is the feed rate scaling parameter (informal units of
um.mm/min) which depends on the incident fluence ¢, and v is the feed rate. Ideally FRP(¢)
will be constant for a particular pulse energy and y =—1 for a consistent ablation rate per pulse.
In practice there are deviations from this trend as the ablation conditions at the surface change.
The conditions which undergo the least amount of surface processing are single pass scribes, and
the fitting parameter was chosen according to experimental data for these grooves with y =—1.
Plotted in Figure 3.36 are the depths of the scribes in relation feed rate along with the fittings of
Eq (3.46) with variable values of y. The value of y which corresponds to the best fit of Eq
(3.46) progressively departs from its ideal value of ¥ =—1as the number of passes increases.

This indicates that the ablation becomes less efficient as the laser dosage on target and the depth
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of the groove increases. The recorded data can still be used as a predictive indication as to the

depth of features being produced with a particular set of laser parameters.
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Figure 3.36 Depth of grooves in relation to feedrate with fitting based on Eq (3.46) for the single pass scribe
depths. FRP=1100 pm.mm/min.

3.5.3 800nm ultrafast laser machining

Laser machining of lithium niobate with the femto-second Hurricane system was carried out in a
similar fashion to the 266 nm Nd:YAG machining, with a few changes in the setup. A 10x
objective lens was used to focus the pulses, and due to the lower pulse repetition rate and smaller
spot size of the Hurricane system compared to the YAG system, feed rates of 25, 50, 75 and
100mm/min were used so that reasonable pulse overlap was maintained. Three incident pulse
fluences of 3.14, 6.2 and 9.5 J/cm® were investigated for grooves fabricated with 1-5 passes.
Figure 3.37 and Figure 3.38 show the cross-sections of grooves machined with 3.14 J/cm® pulses

at 25mm/min and 100mm/min feed rates respectively.

Figure 3.37 Laser features machined in lithium niobate with 1-5 passes, 1pJ pulses at

1kHz, with a 25mm/min feedrate.

- 111 -



Chapter 3. Laser machining B. F. Johnston

Figure 3.38 Laser features machined in lithium niobate with 1-5 passes, 1pJ pulses at

1kHz, with a 100mm/min feedrate.

The plots of groove depths in relation to the number of passes are shown in Figure 3.39. There
was generally a linear relationship between the number of passes and the depths of the grooves,
however a saturation of the groove depth at ~20 um was seen for the higher number of passes at
9.5 J/em®. This saturation in the scribe depth is when the depth to spot-size aspect ratio of the
grooves begins to exceed 2:1. At large aspect ratios a significant amount of the incident radiation
is scattered off the roughened side walls, inhibiting the ablation efficiency. However, a decrease
in the expected ablation efficiency was also observed for the lower incident fluence of 3.14J/cm®
where the deepest groove was measured as ~12 um for 5 passes at 25 mm/min. This points to a
decrease in the ablation efficiency which depends on the amount of laser treatment the surface
has received. The most likely cause of this is an increasing surface roughness as the laser dosage
is increasing, scattering the incident laser light and reducing the ablation efficiency. The plots of

groove depths in relation to feed rate are shown in Figure 3.40. The fittings for the scribe depths
shown on the plots have the form d = nFRP(¢)v"'. The value for feed-rate scaling parameter for

the three pulse fluences from the fittings shown above was FRP=180 for 9.5 J/cm?, FRP=150 for
6.2 J/em® and FRP=90 for 3.14 J/cm®>. The FRP in relation to the incident pulse fluence is
plotted in Figure 3.41. A good logarithmic relationship between the three values of FRP and the
incident fluences from the experimental findings can be seen. From this logarithmic relationship
the threshold for laser machining (where the FRP goes to zero) is predicted to be 1.16 J/cm?
which is in fair agreement with the single shot ablation threshold of 1.46 J/cm®, especially since
multi-pulse ablation is expected to exhibit lower thresholds due to incubation. The predictive
capability of the fittings in Figure 3.40 can be seen to become poor for higher number of passes

at low feed-rates where the laser dosage is relatively high.
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Figure 3.39 Scribe depths plotted in relation to the number of passes for feedrates of 25-100mm/min. Plots for

fluences of 3.14, 6.2 and 9.5 J/cm” are shown.
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Figure 3.40 Scribe depths plotted in relation to feedrate for 1-5 passes. Plots for fluences of 3.14, 6.2 and 9.5

J/em? are shown.
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The empirical data in Figure 3.40 can still be used as a predictive guide for laser machining
lithium niobate with the Hurricane laser system. As will be explored in the next chapter, the
geometry of grooves in the surface of lithium niobate, most importantly the depth and aspect ratio,

play an important role in the formation of domains when poling.
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Figure 3.41 Feed rate parameter (FRP) plotted in relation to the incident pulse fluence.

3.54 Summary of findings

Machining of grooves in lithium niobate using a UV nanosecond laser system and a 800 nm
ultrafast laser system has been experimentally assessed. Control of the depth of laser machined
grooves has been demonstrated utilising the laser power, number of passes, and machine feed rate

as the control parameters. An empirical relation that relates the depth of laser machined grooves
to these parameters is d = nFRP(¢)v" where n is the number of passes, FRP is the fluence

dependant fitting parameter which gives an indication of the ablation rate, v is the feed rate and y
indicates the effect the feed rate, with the ideal case of y=-1 for a consistent pulse to pulse
ablation depth. Some experimental values of the FRP fitting parameter are summarised in Table
3.8. There was no obvious difference between the quality of grooves machined with the
nanosecond UV laser and the 800 nm ultrafast laser, although the superior beam quality and
controllability of the ultrafast system makes it the laser system of choice for machining of fine
features. Choosing suitable laser machining parameters to optimise the speed of machining and
the quality of features is still an important consideration. Using excessive fluences can degrade
the feature quality, especially in the case of the ultrafast laser system. Figure 3.42 shows two

20pm gratings machined in lithium niobate with fluences of 6.5 J/em® and 12 J/em®. The higher
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fluence results in a major degradation of the feature quality with severe chipping of the groove

edges and a large amount of debris.

Laser Fluence FRP
LWE, /=266 nm, £,=20 ns, ~150 J/cm® 1100 pm.mm/min.
rep. rate=1.75kHz
Hurricane, /=800 nm, #,=100 fs, 3.14 J/em® 90 pm.mm/min.
rep. rate=1 kHz 6.5 J/em® 150 pm.mm/min.
9.5 J/em® 180 pm.mm/min.

Table 3.8 Summary of experimental fitting parameters for laser machining grooves in lithium niobate.

Figure 3.42 20pm period gratings machined with the 800nm ultrafast system at different incident fluences.

Top: 6.5 J/cm, bottom: 12 J/cm’

-116 -



Chapter 4. Electric field poling B. F. Johnston

Chapter 4. Electric field poling of laser patterned lithium

niobate

“The most exciting phrase to hear in science,
is not 'Eureka!’ but 'That's funny..."
- Isaac Asimov
“Research is what I'm doing
when I don't know what I'm doing.”

-Wernher von Braun

4.1 Introduction

Domain engineering in ferroelectrics is an important technology in the fields of nonlinear optics
and data storage. Ferroelectrics materials have various applications in electronics as miniaturised,
asymmetric or reversible capacitors, the likes of which are key elements in non-volatile
ferroelectric memory. As pointed out in Chapter 1, ferroelectrics crystals also have other useful
properties such as good piezoelectric and electro-optic responses. There are several ferroelectric
materials within the crystal families of titanates, tantalates and niobates which also have very
good optical properties which can be further exploited by domain engineering the material. The
domain engineering of particular interest in this dissertation is external field poling of lithium
niobate crystals for quasi-phase-matching of nonlinear optical interactions. A review the
development of such poling techniques for lithium niobate and lithium tantalate was made in
Chapter 1. The mature and commercially viable technique for poling lithium niobate uses
lithographically patterned planar conductive/insulating surface electrodes to define the regions of
the design domain reversal pattern. The poling is then performed in a liquid electrolyte to ensure
uniform electrical contact with the crystal surfaces and reduce the probability of dielectric
breakdown and arcing due to the high poling fields. There have been many investigations into
alternative domain patterning techniques for use with external field poling. These include
thermal domain reversal®, light induced domain reversal** chemical modification methods such
as patterned proton exchange®®. In 1998 Reich et al*’ demonstrated that topographical electrode
geometries, such as those produced by laser machining, are a promising alternative for poling of
ferroelectrics. The local reduction in the wafer thickness in the neighbourhood of laser machined

features, as well as the inhomogeneous electric field introduced by the surface geometry, results
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in suitable electric fields for selective domain inversion. The electric field distributions produced
by topographical electrodes can be quite distinct from the planar surface electrodes. Planar
electrode patterning with conductive and/or insulating materials selectively exposes or shields the
crystal surface from the applied external field. The electric field distributions produced by
topographical surfaces are purely a result of the geometry of the submerged surfaces in the liquid
electrolyte during poling. Topographically patterning the surface with laser machining alleviates
the requirement for the deposition of insulating and/or conducting layers and the lithographic
patterning that accompanies this technique. As a result topographical electrodes are a promising
alternative for fast prototyping or fabrication of small quantities of domain engineered crystals.
The goal of this chapter is too explore the potential and limitations of topographical electrode
patterning for field poling lithium niobate.

The arrangement of this chapter is as follows; section 4.2 reviews some of the basic
characteristics of crystalline ferroelectrics and the conditions which give rise to stochastic and
controlled ferroelectric domain reversal. Section 4.3 looks at the electrostatics of various
electrode patterning techniques for electric field poling. Numerical simulations of Laplace’s
equation by the finite element method (FEM) have been used to gain insight into the influence
that factors such as material properties and geometry have on the potential and electric field
distributions in the crystal when field poling. The results presented here are complimentary to
the quasi-analytical model developed by Miller'”’ during his doctoral work, with the advantage of
being able to analyse arbitrary geometries and layers by utilising the FEM. Section 4.4 deals
with the field poling experiments carried out during this project. The domain kinetics of
topographical electrodes have been investigated, along with an appraisal of the domain quality
and resolution of patterning that is feasible using this poling method. A summary of the findings

presented in this chapter is given in Section 4.5
4.2 Ferroelectric domain reversal

42.1 Ferroelectric and pyroelectric properties

Just as ferromagnetic materials exhibit spontaneous magnetic poles due to prevailing alignment
of magnetic domains, ferroelectric materials exhibit spontaneous electrical polarisation due to
permanent internal dipoles aligned in crystal ‘domains’. These dipoles arise from a regular

distribution of ions with different valences, through the material. When these dipoles are all co-
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aligned, for example within crystals such lithium niobate and lithium tantalate, a permanent and
directional polarisation in the crystal ferroelectric and pyroelectric orientation of the crystal. In
lithium niobate and tantalate the spontaneous polarisation is parallel to the z (or c¢) axis. The
ferroelectric phase in lithium niobate and tantalate is very stable under ordinary conditions,
however the crystal structure moves towards the paraelectric phase (no net dipoles) as the crystal
is heated. The Curie temperature, where the transition to the paraelectric phase is complete, is
~1150°C in lithium niobate and ~1220°C in lithium tantalate, but varies with stoichiometry and
doping. The arrangement of lithium and niobium ions within the lithium niobate crystal matrix is
illustrated in

Figure 4.1.

pr—
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D

Ferroelectric phase Paraelectric phase

O - Oxygen

- Niobium 5+

@ - Lithium I+

Figure 4.1 Arrangement of lithium and niobium ions which gives rise to the

ferroelectric properties of lithium niobate.

As discussed in chapter 1, the move towards the paraelectric phase with heating changes the
magnitude of the spontaneous polarisation in the crystal and results in charging of the crystal
surfaces. This makes lithium niobate a strongly pyroelectric material. The pyroelectric effect is a
convenient method for determining the orientation of the lithium niobate z-axis. Upon heating,
the +z face of the crystal becomes negatively charged as it accumulates electrons in response to
the relaxation of the spontaneous polarisation. The pyroelectric properties of lithium niobate can
also be a problem. Charging of the crystal surface can result in defects that interfere with electric

field poling. Lithium niobate is also a piezoelectric material, and the charging due to pyroelectric
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effect results in straining of the crystal structure. Rapid thermal cycling can even be catastrophic
and cause wafers to crack and even shatter. The spontaneous polarisation in ferroelectrics
crystals is not only temperature dependent but can also be influenced by external electric fields,

which is the key attribute exploited in electric field poling.

4.2.2 Electric field poling

The application of an external electric field to a ferroelectric can result in reversal of the
spontaneous polarisation as it aligns with the external field. This reversal requires the applied
potential to exceed the ‘coercive field’, E., of the material. This reversible behaviour of the
spontaneous polarisation can be illustrated as an electric field/spontaneous polarisation hysteresis

as shown in Figure 4.2.

Sportaneous
polarization

+E

-P

Figure 4.2 Hysteresis curve of a ferroelectric’s response to an external field. The
applied potential where the changing of the spontaneous polarization occurs is the

coercive field, E,.

The reversal of the spontaneous polarisation by application of an external electric field is termed
poling. One of the challenges when poling crystalline ferroelectric materials such as lithium
niobate is that the coercive fields are generally quite large (~1-25kV/mm). Electrical breakdown
between closely spaced electrodes, and dielectric breakdown of the materials, are problems at
these potentials. Poling with uniform contact through a liquid electrolyte, a technique pioneered
by authors such as Webjorn et al”® and Myers et al**, has enabled reliable poling of large areas,
(3’ (72 mm) wafers are common), with thicknesses of up to 3 mm for some materials. In order to
produce the desired domain pattern, electrode patterning of the crystal surface is required to
produce the isotopic electric field for selective domain inversion. Electrode patterning techniques

are discussed further in section 4.3. The poling cell is placed in a circuit with a programmable,
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pulsed high voltage supply and circuit monitors. An example of electrode patterning and typical

electrical circuit for field poling is reproduced from Myers ez al** in Figure 4.3.

Liquid Electrolyte
Insulator (Photoresist) Vy Rg Va
Bl Conductor (Metal)

LINBC
Sample

Voltage
Manitor

Rym

Hv
Supply

Current
Monitor

Figure 4.3 Electrode patterning (left) and typical circuit configuration (right) for
electric field poling of materials such as lithium niobate. (Reproduced from Myers et
al)
Poling is accompanied by a charge exchange through the ferroelectric which manifests as

measurable current flow through the material. The observed poling current and charge exchange,

0, is related to the reversed area, 4, and the spontaneous polarization, P as,

Q=1dt=24P, (4.1)

For lithium niobate the value of the spontaneous polarization is in the range 70-80uC/cm” range
(72 uC/em® is a common value given for congruent composition lithium niobate). In many
poling arrangements the amount of charge exchange can be used to monitor the extent of poling.

"% have also use in-situ visualisation of domain formation

Recently authors such as Grilli et a
within the poling cell to asses poling performance.

Domain inversion in crystals such as lithium niobate and lithium tantalate will generally
follow the crystallographic structure. In lithium niobate the domains form with hexagonal
symmetry. The linear alignment (flat edge) of the hexagonal domain shape in lithium niobate is
parallel to the y-axis of the crystal. An example of domains viewed on the —z face of lithium
niobate which has been patterned on the +z face, is shown in Figure 4.4. When poling to produce
QPM gratings with straight domains, alignment of the electrode pattern to the y-axis of the
crystal is important. More exotic domain shapes and patterning have been demonstrated by

authors such as Shur ef al'®""'"** and Kasimov et al'®*'* by careful control of electrode patterning

and also direct e-beam writing of domains. Lithium tantalate shows a slightly different domain
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symmetry typified by a triangular shape. An example of domains viewed from the z face of

185
/

lithium tantalate from the work of Meyn ef a/ ™" is shown in Figure 4.5.

Figure 4.4 Domains in lithium niobate showing hexagonal symmetry and straight

domain wall formation parallel to the y-axis of the crystal.

Figure 4.5 Domains in lithium tantalate showing triangular symmetry.

42.3 Domain kinetics

An important aspect of producing quality domain structures is understanding the evolution of the
domains during the application of the poling field. This is commonly referred to as domain
kinetics. Many of the concepts relevant to the domain kinetics of lithium niobate and lithium
tantalate have been looked at by Vladimir Shur and colleagues at Stanford and Ural State

S 186,187,188,189,190,191,192,193,182,181
universities (see refs '*¢:187-188.189.190.191.192,193,182.

). One of the characteristic parameters of the
domain inversion process is the transverse velocity of the domains walls as they propagate away
from the electrode area. The results from Miller’s study'” for poling with planar patterned
electrodes are shown in Figure 4.6. Domain wall velocities during switching generally show an
exponential dependence on the magnitude of the poling field, though there may be more than one
poling regime for different field levels. Miller’s data identified two poling regimes, a slow
inversion regime close to the coercive field and a faster regime for fields in excess of the coercive

field.
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Figure 4.6 Domain wall velocity as a function of the applied poling field for planar

electrodes (Miller 1998'")

The domain wall velocity dependence on electric field can be fitted to a functional form,

V(E)=®(E-E)v, exp(— E51E112 ]+ O(E-E,)v, exp[— E52_Eg ] 4.2)
1 2

where @ is the Heaviside function which signifies the onset of the particular domain inversion
regime. The fitting parameters for Eq. (4.2) for Miller’s data are given below. Control of the
effective poling field for planar electrode geometries is via the programmed voltage waveform of
the high voltage supply. For topographical electrodes the geometry of the crystal surface
provides another degree of freedom which can influence the domain kinetics. This will be
explored further in the results presented in section 4.4. The follow section now concentrates on
electrode patterning techniques used for electric field poling and the electrostatics which give rise
to the isotropic electric fields necessary for control domain inversion.

E>20.4 kV E<20.4 kV
E=19.4 kv E>=15.0 kV
vi=16.3 m/sec | v,=362 pm/sec

0:=1.29 0,=3.38
Table 4.1 Fitting parameters for Miller's data for the domain wall velocity/poling field relationship shown in
Eq. (4.2)
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4.3 Electrostatics associated with domain inversion

43.1 Electrostatics of planar surface electrodes

The most common and commercially implemented electrode geometries for poling lithium
niobate are planar surface electrodes, as shown in Figure 4.7. They chiefly consist of openings in
a resist layer, and are sometimes accompanied by metal layers either in the resist openings or

completely over-coated by the resist layer.

Resist layer Metal layer

N\

LiNDbO;

Figure 4.7 Geometry of planar surface electrodes for poling. Left: open slots in a

resist layers, right: metal layer deposited onto the surface.
A semi-analytical treatment of the electrostatics and domain kinetics of poling with planar
electrode structures was developed by Miller during his doctoral work'”. The geometry for

Miller’s model was based on over-coated metal electrodes as reproduced in Figure 4.8.
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Figure 4.8 Geometry of overcoated conducting electrodes as addressed in the

modelling of Miller.

One of the key points of interest is the electric field distribution, in particular the vertical
component of the electric field parallel to the ferroelectric axis in z-cut crystal. It is the vertical
component of the electric field which is attributed to initiating domain inversions. A plot of the

distribution of the vertical component of the electric field at the ferroelectric/insulator interface
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from Miller’s model is reproduced in Figure 4.9. The large electric fields which occur at the
electrode edges are referred to as fringing fields. The popular understanding of domain formation
resulting from such an electric field distribution is illustrated in Figure 4.10. The fringing fields
at the electrode edges are responsible for domain nucleation. The domains propagate through the
crystal, coalesce under the electrodes and then propagate laterally. In practice the duration of the

poling field and the effectiveness of the insulating layer limit the lateral propagation.

. M B

E, {MV/mm)

-50

-60
1] 1 2 3 4 5 [ 7 8 a 10 11 12
% (umy)

Figure 4.9 Vertical component of the electric field produced at the crystal surface

from over-coated electrodes (From Miller, 1998).

Figure 4.10 Illustration of domain formation from planar electrodes. Domains
nucleate at the electrode edged due to fringing fields, propagate through the crystal,

coalesce under the electrode and propagate laterally.

In the work presented here the electrostatics were dealt with numerically using the finite element

method (FEM), facilitated by the Matlab PDE (partial differential equation) toolbox. Essentially
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the electrostatics being investigated can be treated as a boundary value problem where the
solutions for the potential distribution, V, found from elliptical equations with a general form,

-V.(eVV)=p (4.3)
where ¢ is the DC dielectric constant and p is the space charge density which may be constant or
scalar functions related to the material properties. One of the benefits of using the FEM approach
is that introducing regions of various material properties in arbitrary geometries is straight
forward. With no free charges in the medium, as for a dielectric, Eq. (4.3) reduces to Laplace’s
equation,

V(e VV)=0 (4.4)

Alternatively for a good conductor we have Poisson’s equation,

vy (4.5)
gO

The electric field is given by the gradient of the potential,

E=-VV (4.6)
In order to make analogies with the work of Miller, simulations of various planar electrode
arrangements were carried out. Figure 4.11 shows the geometry and boundary conditions for an
idealistic case of a perfect insulator and perfect conductive electrode. The insulator perfectly
shields the crystal surface and the conductor conveys the applied potential, V), to the crystal
surface. The rear surface is grounded, and we have the Dirichlet conditions as shown. The edges
of the slab are assumed to be far enough from the electrode so that the electric field is uniform, i.e.
the potential drop is constant near the edges so we have the natural Neumann boundary

condition,VV =0.

V=0 V=0
Insulator —p T 8 8 0 0 0 0 0Z0Z°Z0Z00 ]
LiNbO; T
VIV =0 Metal VIV =0
V=0

Figure 4.11 Boundary conditions for a conductive electrode with a perfect insulator.

This geometry was simulated for a thickness of 0.5 units, analogous to the 0.5 mm wafer
thickness commonly used, and 3 units wide. V) was set to 10 kV. The solution for the potential
distribution from such an electrode is shown in Figure 4.12. The corresponding electric field

distribution in the crystal can be visualised as vector arrows, or as field strength colour plots.
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The vector field plot near the electrode, along with the equi-potential contours, is shown in
Figure 4.13. The high electric fields produced at the electrode edges are apparent, in analogy
with the field distributions found in Miller’s work. The electric field strength of the vertical and
horizontal components of electric field are shown as more detailed colour map plots in Figure

4.14.

€& Potential (V)

6000
4000
2000
-0.5 0 0.5 0
X (arb.)

Figure 4.12 Potential distribution of an ideal planar electrode with boundary

conditions as shown in Figure 4.11.
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Figure 4.13 Vector plot of the electric fields produced by an ideal planar electrode.
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Figure 4.14 Colour plots of electric field strength for the vertical and horizontal

electric field components of an ideal planar electrode.

A plot of the electric field components parallel to the crystal surface at a depth of 1pum are shown
in Figure 4.15. The trend in the field distribution show obvious similarities with those of Miller’s

(Figure 4.9) with large fringing fields at the electrode edges.
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Figure 4.15 Vertical (left) and horizontal (right) electric field components 1 pm below
the surface of the crystal.

When poling by submersion in a liquid electrolyte, the permittivity of the insulating layer needs
to be considered. Also the dielectric strength of the resist layer also needs to be relatively high in
order to withstand magnitudes of the fringing fields. These requirements dictate the choice of
resist material and its preparation. The dielectric constant of a resist material may range from
lower values similar to polymers (¢,~2-4) up to larger values depending on the solvent content
and the resist processing prior to poling. The dielectric constant the slab can be considered as the

dielectric constant of lithium niobate parallel to the z-axis, ¢,,, =28 . The geometry and

boundary conditions for this case is shown in Figure 4.16. Sample solutions of the potential and
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electric field distributions are shown in Figure 4.17. The two major variables which affect the
field distribution are thickness and dielectric constant of the resist layer. The thicker the resist
layer and the lower the dielectric constant the better the lithium niobate surface is insulated. The
better the insulation, the higher the electric field contrast at the resist openings. Simulations
looking at the affect of the resist layer thickness and dielectric constant have been looked at by
considering the maximum magnitude of the fringing field, 1 pm below the lithium niobate
surface, under different conditions. The magnitude of the fringing field for a 1 um thick resist
layer is plotted in relation to the dielectric constant on the left of Figure 4.18. The plot on the
right of Figure 4.18 shows the effect of the resist layer thickness for an arbitrary choice of

dielectric constant, & =3. These simulations demonstrate that a low dielectric constant and a

r,resist
thicker resist layer results in higher fringing fields at the domain edges. Higher fringing fields
can be advantageous in aiding uniform domain nucleation, but can also cause problems if

adhesion and dielectric strength of the resist layer is an issue.

vV V=0 6=28] vV V=0

Figure 4.16 Geometry and boundary conditions for electrodes consisting of square

openings in a resist layer.
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Figure 4.17 Colour map plots of the potential (left) and electrical field (right)

distribution of electrodes consisting of square opening in a resist layer.
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Figure 4.18 Fringing fields 1nm beneath the crystal surface contrast for the vertical
electric field component compared to the resist layer thickness for a dielectric constant
of £=3.
Other authors have also looked at varying the geometry of the resist layer to add degrees of
freedom in the domain patterning process. Ferraro and Grilli'** have demonstrated control over
the size and depth of surface domains produced during overpoling by modulating the thickness of
the resist layer. Kwon et al'” have also noted the effect of the resist layer thickness on the quality
of periodic poling, demonstrating that a 3 um layer performs better than a 1.7 pm layer when

using AZ 4330 resist to produce poling periods of the order of 16 pm.

4.3.2 Electrostatics of topographical electrodes

For topographical electrodes it is the influence of the surface geometry on the potential and
electric field distributions that is of most interest. The simplest geometry to consider is a v-
groove, which is a good approximation of the geometry produced by laser machining as shown in
Figure 3.33, and illustrated below in Figure 4.19. As there are no insulating layers the entire top
surface is held at the applied potential, V), with the bottom face grounded. The boundary

conditions for this are shown in Figure 4.20
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Figure 4.19 Geometry of v-groove type topographical electrodes
V=V,

N

VI=0 VI =0

V=0
Figure 4.20 Boundary conditions for the electrostatics of a topographical surface

electrode.
A typical simulated solution for the potential distribution is shown in Figure 4.21. Since the
entire top surface is held at the poling potential, there would ordinarily be a steady electric field
distributed through the entire slab of material. When a groove is introduced the regions of equi-
potential intuitively follow the contours of the grooved surface. The local electric field near the
groove is perturbed by both the local reduction in the material thickness and the geometry of the
groove. A vector plot of the electric field in the vicinity a typical v-groove is shown in Figure
4.22. The electric field strength of the vertical and horizontal components are shown as colour
maps in Figure 4.23 and as plots across the slab, 1um beneath the apex of the groove, in . One of
the key differences in the electric field distributions of the planar and v-groove electrodes is the
single region of high electric field at the apex of the groove as compared to the twin regions
cause by fringing fields for the case of the planar electrodes. This field distribution suggests that

domain evolution from a single domain nucleation region will take place.
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Figure 4.21 Potential distribution of a v-groove electrode with boundary conditions as
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Figure 4.23 Colour plots of electric field strength for the vertical and horizontal

electric field components produced by a v-groove electrode.
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Figure 4.24 Vertical (left) and horizontal (right) electric field components 1 pm below

apex of the groove.

Unlike planar electrodes, where the layer thicknesses and dielectric properties are the major
variables in determining the electric field distribution, for topographical electrodes it is the
physical geometry which is important. The shape, depth and aspect ratio of the topographical
feature are all important factors which influence the perturbation of the electric field. For
simulations which investigated the influence of the groove’s shape, a geometry was chosen so to
be easily constructed from primitive shapes for ease of programming and to avoid discontinuities
in the geometry which may cause problems with the numerics of the FEM solver. The geometry
was constructed as a straight sided groove with opening width w, depth d and with a curved apex
with radius of curvature . The primitives used to construct this shape along with the dimensions
referred to are illustrated on the left of Figure 4.25. Typical solutions for the potential and
electric field distributions for such geometry are shown in Figure 4.26.

w
A 0.005F

—D.3 002 0m o 001 002 003
¥ (mm)

Figure 4.25 Left: primitive shapes and dimensions used to describe a groove with a

curved apex for FEM simulations. Right: Typical FEM geometry and mesh.
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Figure 4.26 Colour map plots of the potential (left) and electrical field (right)

distribution of electrodes consisting of grooves with a curved apex.

There are three major geometric variables for this type of groove geometry; the relative depth of
the groove compared to the slab thickness, the aspect ratio of the groove, A/w, which gives an
indication of the slope of the side walls, and the radius of curvature of the apex of the groove.
The affect of these parameters on the electric field strength was investigated by simulations by
noting the peak electric field strength at the apex of the groove as the parameters were varied.
The results are shown in Figure 4.27. The top plot shows the relation between the electric field
and the depth of a groove with a fixed aspect ratio and curvature at the apex. For an increasing
depth of groove there is an intuitive increase in the peak electric field, as the potential drop is
occurring through thinner regions of material. A more instructive comparison to make is the
groove depth as a fraction of the slab thickness. The larger the fractional depth of the groove
compared to the slap the larger the electric field perturbation.
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Figure 4.27 Influence that aspects of geometry of a surface groove have on the peak electric field. Top:
electric field in relation the groove depth, centre: electric field in relation to the aspect ratio of the groove,

bottom: electric field in relation to the curvature at the groove apex.
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The centre plot in Figure 4.27 shows the relation between the peak electric field and the aspect
ratio of a groove with a fixed depth and apex curvature. The perturbation of the electric field
shows a clear dependence on the aspect ratio of the groove, with a significant decrease in the
peak electric field for aspect ratios below #/w=1. A similar relationship between the geometry of
the topographical features and electric field poling was noted previously by Reich et al”’. It was
noted that domain inversion was more reliable when the aspect ratio of their Gaussian shaped

laser machined features was better than 0.8, as shown in the reproduced plot in Figure 4.28.
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Figure 4.28 Affect of aspect ratio of Gaussian like grooves on the quality of domains
produced upon poling (from Reich et al, 1998).

The bottom plot in Figure 4.27 indicates the influence that the sharpness of the groove apex can
have on the peak electric field. The more ‘V’ like the groove is, i.e. the sharper and more
singular the apex is, the steeper the potential gradient and thus higher the electric field is about
the apex. As indicated in the plot, a groove whose apex that converges to a radius of curvature
that is of the order of a few hundred nanometres (much less than the radius of commonly
achieved laser spot sizes of~5 pum) can produce a significantly larger peak field.

In order to explore the influence of the ‘shape’ of the groove more extensively,
comparative simulations of ‘V’ grooves, circular grooves, ‘U’ grooves and square grooves were
carried out. Colourmap plots of the electric field distributions, along with a plot of the vertical
electric field component across the apex of the groove, is shown in Figure 4.29 for a V-groove
and a U-groove, each with a 10 um opening and a 20pum depth. The plots of the vertical electric
field across the apex for each shape are plotted on the same scale for comparison. It can be seen
that the sharper apex of the V-groove results in a larger and more localised electric field at the

apex.
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Figure 4.29 Plots of the Electric field distribution (left) and vertical electric field
component across the apex (right) for different shaped grooves. Top: V-groove,

bottom: U - groove.

Figure 4.30 shows the cases for a circular and a square groove. The circular groove has a radius
of 20 um in order to have the same depth as the other shapes. That the circular groove and the
square groove have lower electric field magnitudes at the apex in comparison to the V-groove.
The square groove also has the twin ‘fringing’ fields similar to planar electrodes. These different
types of geometries can be produced under different fabrication conditions. For instance, V-
grooves are produced when laser machining while focusing at or below the surface of the target.
U or circular shapes tend to be produced when the target is behind focus and the beam is
diverging. Should the grooves be produced by etching, a square geometry is to be expected. The
simulations shown in Figure 4.29 and Figure 4.30 suggest that the v-groove geometry is optimal

for producing a large electric field contrast at the apex.
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Figure 4.30 Plots of the Electric field distribution (left) and vertical electric field
component across the apex (right) for different shaped grooves. Top: circular groove,

bottom: square groove.

The key implications of the simulations presented here are that deep, sharp and high aspect ratio
features provide the high electric field contrast necessary for controlled domain inversion with
topographical electrodes. In practice, the capabilities of the laser processing system will in part
dictate the feature geometries that are feasible to produce. The field dependence on the aspect
ratio and depth of features presented here act as guide for the laser machining requirements for

fabricating such electrode structures.
4.4 Experimental setup and procedures

4.4.1 Poling apparatus

The field poling setup used during these experiments was similar to that described by Myers et
al’*. For reference, a review on the development of poling technology for lithium niobate was
been given by Myers at the 52™ Scottish Universities summer school in physics'’®. The majority

of poling during this project was carried out in Plexiglass cells with 8 mm o-ring seals. A Trek
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20/20C high voltage amplifier was used to delivered voltage pulses across the poling cell. The
input voltage signal to the Trek was delivered by an M-series National Instruments PCI-DAQ
card. The applied voltage waveform was monitored via the Trek output monitor and a Tektronix
HV probe measured the potential across the poling cell. The poling circuit included with a
10.5 MQ resistor in series with the poling cell and a second 100 k€ resistor which could be used

as a current monitor. The poling layout is illustrated in Figure 4.31.

Tektoniy digital oscilloscope

High ‘Yoltage Probe

105M52 resistar
ool ]
wavelorm control PC Paling cel
100k 52 resistar

Figure 4.31 Layout of poling apparatus.

The applied voltage waveform was similar to that reported elsewhere, with a ramp up to 10kV
and a hold off period to settle any current leakage. The application of the poling voltage with or
without a leading edge ‘nucleation’ spike, was followed by a second hold off and ramp down. A
typical example of recorded voltage waveforms and poling current is shown in Figure 4.32 and
Figure 4.33 respectively. The voltage difference between the Trek output monitor and the poling
cell indicates a poling current is flowing through the series resistors in the circuit. Due to the
large series resistance, the poling voltage across the cell clamps at the value of the coercive field
so that the current flow is fairly constant for a given poling voltage and can be regulated by the
amount that applied poling voltage is in excess of the coercive field. For samples that poled with
a consistent current, the duration of poling could be used to control the degree of domain reversal.
When poling with insulating layers as the electrode pattern, the domain formation can be self
terminating, or at least so a ‘turn off’ of the poling current, as the fields under the insulator are
insufficient for domain spreading. This is not always the case for bare, topographically patterned
crystals, so selecting a suitable pulse duration was important for achieving the desired level of
poling. The poling electrolyte used was a saturated NaCl solution with a small amount of
detergent included to aid in surface wetting to ensure good electrical contact with the crystal

surface.
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Figure 4.32 Typical captured poling voltage waveforms from the Trek and poling cell
probe
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Figure 4.33 Typical poling current (corresponding to Figure 4.32) when poling

congruent lithium niobate.

4.4.2 Crystal preparation

The absence of lithography in the fabrication of topographical electrodes via laser machining
makes for simple and fast preparation of crystal samples prior to poling. After laser machining
had been carried out the samples were clean in an ultra-sonic batch with acetone to remove any
debris and solubles. After rinsing, optical cleaning polymer (a product which is applied in liquid
form to optical surfaces and then sets as a soft polymer) was applied to the surface of the crystal
with the laser machined features and allowed to set. The cleaning polymer was peeled from the

crystal surface prior to poling and aided in removing any stubborn debris left over from the laser
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processing as well as ensuring the topographical features were clean. Silicone rubber seals, along
with a smear of vacuum grease, were used to form watertight seals on the crystal faces in the
poling cell. After filling the poling cell with the electrolyte, the cell was gently agitated to ensure
good surface wetting and remove any trapped air bubbles that may have formed at the

topographical features.

4.4.3 Domain characterisation

Visualisation of crystal domains after poling is difficult in the untreated bulk crystal. While the
domain boundaries have some slight stress birefringence which can be picked up when viewing
under cross-polarisation, this is not always the best indication of the uniformity of domain
formation. Fortunately the different domain orientations chemically etch at different rates, and
the most common technique for revealing crystal domains is etching in hydrofluoric acid (HF).
However HF is an extremely hazardous chemical, and while common to many semiconductor
laboratories and clean room environments, avoiding HF use is always preferable. It was found
during the course of this project that the different domain orientations in poled lithium niobate
will also mechanically etch differently. Polishing of the £z crystal faces on a standard lapping
wheel with a common optical polishing slurry produces some slight surface relief between the £z
orientations. Although the differential etch rates are lower than for chemical etching, a surface
relief of 50-100 nm between the domain orientations is easily achieved with 10-15m in polishing
time. Viewing this degree of surface relief in lithium niobate is made easy by differential
interference contrast (DIC) microscopy. Since the refractive of lithium niobate is of the order of
n=2, small surface relief features show up vividly as a significant optical path differences when
viewing under DIC. Figure 4.34 shows a DIC microscope image, and a 3D image from optical
profilometry data, of domains of a 45 pum period sample viewed from the —z face of the crystal
after polishing. The straight domain walls, parallel to the y-axis, and the triangular domain ends
appear vividly under DIC. The surface relief produced by polishing was measured using optical
profilometry and an example data set is shown in Figure 4.35. A 40nm etch depth between the
+7z orientations is observed, with the +z face exhibiting the faster etch rate. Similar etching

properties have also been found for crystal ‘twinning” in YAB crystals'”.
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Figure 4.34 Left: domains on the -z face of lithium niobate reveal by mechanical

polishing and DIC microscopy, right: 3D image from optical profilometry data.

Profilometry data of domains revealed by mechanical etching
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Figure 4.35 Optical profilometry data of domains reveal by mechanical polishing.
4.5 Experimental Results

45.1 Determining the coercive field of bare lithium niobate

In order to approximately determine the coercive field of the lithium niobate wafers in use, a
poling waveform with a voltage ramp between 22-28 kV was applied to a bare crystal. The
potential at which a difference in the output voltage of the Trek and the voltage measured across
the cell began to be observed indicated that a poling current was flowing. For the lithium niobate
wafers use for this project this voltage was determined to be 13.2 kV (according to the Trek
output monitor signal) for 500 um thick crystal, an inferred coercive field of 26.4 kV/mm. This
value is of course subject to Trek’s calibration, but still served as reliable reference point for the

subsequent experiments.
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Figure 4.36 Ramped poling waveform for determining the coercive fields of bare

congruent composition lithium niobate.

Figure 4.37 Domains produced on bare sample poled with the waveform in Figure

4.36, viewed under cross-polarization.

Samples which were patterned with laser machined features exhibited poling currents at applied
voltages below the coercive field. This was due to the fact that the laser machined features
reduced the local thickness of the substrate, requiring lower applied potentials for the coercive
field to be exceeded. Application of poling voltages below the coercive field of the bare samples

produced preferential poling at the laser machined features.
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45.2 Poling with laser machined features

An example of domains produced in preliminary experiments of poling with laser machined
electrodes are shown, viewed under cross polarisation, in Figure 4.38. Selective domain
formation guided by the laser machined features is apparent. It was also confirmed that the
geometry of the laser machined features influence the probability and quality of domain inversion.
The results of a preliminary experiment showing this are illustrated in Figure 4.39. With low
fluence laser machining (~3 J/cm?) from the Hurricane laser system, described in chapter 3, 6
arrays of 5 grooves were machined, with the number of machining passes over each groove being
increased from 1-6. This resulted in grooves which were increasing in depth and aspect ratio as
the number of machining passes was increased. Upon poling this sample, a clear onset of domain
inversion for grooves with 3 or more passes was observed, while the shallow grooves with only 1
or 2 machining passes did not result in domain inversion. The results of further studies on the
influence of the groove geometry on domain formation and kinetics are presented in the

subsequent sections.

Figure 4.38 Domain formation at laser machined features in lithium niobate. Left:

viewed from the +z face, right: cross-section of a domain viewed from the y-face.
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Figure 4.39 Domain inversion across a sample where the number of laser machining
passes across the grooves has been varied, as indicated. Sample is view from the —z

face, opposite the laser machined features.

45.3 Domain nucleation and shielding

Evidence of the influence of the electrostatics of groove like features on the domain formation, as
simulated in section 4.3, was observed in several samples. The nucleation of domains from the
apex of laser machined features was seen in some under poled samples. As expected from the
electric field distribution seen in the simulations (Figure 4.23), a single region of reversed crystal
could be seen in the neighbour of the groove apex after the sample was cross-sectioned and
polished. For deep features with high aspect ratios which had been poled to completion, an
unreversed region, adjacent to the v-groove shoulder was observed. This was also consistent
with the electric field simulations, which show regions of reduced vertical electric field strength
adjacent to the groove walls. This demonstrates that the v-groove geometry acts to shield regions
of the crystal from the high electric fields require for domain reversal. The experimental

observations are illustrated in Figure 4.40.
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50u

Figure 4.40 Evidence of the influence of the electrostatics of grooved surface features
on the formation of domains. Left: unreversed region of material adjacent to the
groove shoulders, in correlation with the suppressed electric field predicted by
simulation. Right: evidence of a single region of domain nucleation from the apex of a

laser machined feature.

454 Domain control and kinetics

Control over domain inversion produced from topographical electrodes was demonstrated in a
number of ways. For a group of samples machined with the same laser parameters, control of the
domain widths (and thus grating duty cycle) could be controlled by the poling duration. Figure
4.41 shows two sections of PPLN (period of 40 um), machined with the same laser parameters

but poled with pulse durations of 100 ms (left) and 200 ms (right).

Ll

Figure 4.41 PPLN produced with laser machined electrodes with domain widths
controlled by poling duration (period of 40 pm). Left: 100ms poling pulse ~20% duty
cycle, right: 200ms poling pulse ~35% duty cycle.
A more interesting method for controlling the domain widths, which also provides information
about the domain kinetics, is to vary the laser parameters, and thus the groove geometry across

the sample. If grooves with significant variations in depth are fabricated, the domain widths

produced upon poling will accordingly be of different widths. An example of this is shown in
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Figure 4.42. The groove positions have been sketched in as the top edge of this particular sample

edge has flaked off during polishing.

R |
S T S R e

J l |
Figure 4.42 Domains with varying widths produced from laser machined grooves of

varying depths.
The systematic variation of the domain width with groove depth can be attributed to the different
effective poling fields for the different depth grooves. Put simply, the electric field (V/mm)
would ordinarily be simply the potential drop, V,,,, divided by the slab thickness, # but is
perturbed by the reduced thickness at a groove of depth d.

o= th—p’;, (4.7)
This enhanced field results in different domain wall velocities as discussed above in section 4.2.3.

The domain wall velocity can be estimated by the measured domain width w for a poling pulse

duration #,, is simply,

y=—t (4.8)

where the factor of two accounts for the fact that the domain walls spread in both directions from
the apex of the groove. The plot of the experimental results from a selection of samples similar
to that shown in Figure 4.42 is shown in Figure 4.43. The experimental domain wall velocities
can be roughly fitted to an exponential function of the poling field, as suggest in Eq. (4.2). For
the results found in these experiments a single exponential relationship between the domain wall
velocity and the inferred effective poling field was observed. Following the function form of Eq

(4.2) the values of the fitting for the domain walls velocity v(E) are,
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Figure 4.43 Domain wall velocity in relation to the effective poling field that is

produced by grooves of varying depths.

Despite the control over domains demonstrated via the poling duration and fabricated groove
depth, there was a further practical limitation on the poling periods achievable using this
technique. The topographical electrodes described here have been implemented without any
insulating layers and so close packing of the grooves tended to reduce the electric field contrast
and uniformity. This was observed as a significant difference in the quality of domain patterns
when periods <20 pm were attempted. This is shown in Figure 4.44, where two domain
patterned regions have been laser machined with the same laser parameters but with periods of
50 pm on the left of the sample and 20 um period on the right of the sample. It is apparent in the
region patterned with a 20 pum period that domain formation in the central area of the grating is

not uniform.

- 148 -



Chapter 4. Electric field poling B. F. Johnston

Figure 4.44 Domain patterning for the same laser machining parameters but with

different periods. Left: 50 pm, right: 20 pm.
The basis for this reduction in poling quality when using close packed topographical electrodes
has been explored with simulations of the electrostatics. Starting with a typical groove geometry,
aspect ratio of 2 with depth d=20 pm and opening width w= 10 um, simulations of the
electrostatics for an array of 10 grooves with various periods were looked at. Typical potential
and electric field distributions for these simulations are shown as colour map plots in Figure 4.45.
The magnitude of the vertical component of electric field at a depth of 21 um (1pum below the
apex of groove) was plotted to indicate field uniformity across the array. The electric field
distribution when the grooves are placed 100 pm apart (10x the groove opening width) is shown
in Figure 4.46. At this relatively wide spacing the electric field in the proximity of each groove
apex is the same with a simulated electric field of ~67 kV/mm in contrast to the uniform field of
20 kV/mm. As the spacing of the grooves is decreased the field uniformity and the electric field
contrast begins to become poorer. The results of simulations of 50,40,30 and 20um groove
spacings are shown in Figure 4.47. Two major influences on the electric field can been as the
grooves are moved to closer proximities. Firstly, there is a reduction in contrast in the electric
field at the apex compared to the uniform field away from the grooves. Secondly the arrays with
closely packed grooves show a collective perturbation of the electric field with larger ‘fringing’
fields at the edges of the array and reduced fields in the central region. This is in good
correlation with the distributions of the domain patterning quality observed in samples such as
that shown in Figure 4.44. The domain formation at the outer edges of the 20 um period region,
where a large field contrast is predicted, is complete while the domain formation is sparse in the

central area where there is predicted reduction of the electric field contrast.
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Figure 4.45 Typical potential (top) and electric field distributions (bottom) simulated

for an array of grooves.
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Figure 4.46 Electric field distribution in proximity of the groove apexes for a groove

spacing of 100pm.
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Figure 4.47 Distributions of the vertical electric field component across arrays of

otherwise uniform grooves but with different spacings.
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4.6 Summary of findings

This chapter has presented numerical and experimental investigations into electric field poling of
lithium niobate patterned with laser machined topographical electrodes. Strong correlations
between the simulated electrostatics of these surface structures and the characteristics of domain
inversion resulting from electric field poling have been identified. Groove geometry, poling
duration and packing density of grooves have been shown to be important factors in the control
and quality of domain patterns produced with this technique. Most notably it has been shown
that the groove’s depth and aspect ratio play an important role in providing the electric field
contrast suitable for poling. Grooves which have a significant depth, relative to the thickness of
the substrate, introduce a substantial perturbation in the electric field which give rise to controlled
domain inversion. Grooves whose depths that were at least 5% the thickness of substrate - a 20
um depth in the 500 um thicknesses looked at here — ensured reliable domain inversion. The
aspect ratio of the grooves also plays an important role as noted in the previous investigations by
Reich et al *. The simulations of the electrostatics of laser machined grooves has shown that
there is a significant reduction in the electric field contrast for groove aspect ratios below A:w —
1:1. It has also been shown that the packing density of grooves may ultimately limit the periods
achievable using this technique without any insulating layers. Discussions off future
investigations which may improve the resolution of domain patterning with this technique and

enable smaller periods to be reliably fabricated will be present in chapter 6.
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Chapter 5. Frequency conversion and cascaded processes
in laser fabricated PPLN crystals.

“The true delight is in the finding out
rather than in the knowing.”

-Isaac Asimov
“In theory, there is no difference
between theory and practice.

But, in practice, there is”

- Manfred Eigen
5.1 Introduction
5.1.1 Chapter overview

This chapter looks at experimental demonstrations of optical frequency conversion with PPLN
fabricated using laser machined electrodes and brings together the researh themes presented in
previus chapters. For example the fabrication of the PPLN samples used in these experiments
capitalises on the rapid prototyping attributes of the laser machined electrode patterning
technique. With this technique, samples of poled crystal were taken from concept to finished
product over the course of a day or less.
There will be three major themes developed in the subsequent sections of this chapter as
follows;
- Section 5.2 deals with basic second harmonic generation (SHG), including the influence
of chirped and phase reversed QPM gratings.
- Section 5.3 introduces the concept of simultaneous phase-matching of two distinct but
wavelength equivalent SHG interactions via fabrication of the appropriate QPM grating.
Both calculations and experimental demonstrations of the coherent interactions of
simultaneously phase-matched processes are presented.
- Section 5.4 goes a step further with simultaneous interactions, and looks at the cascading
that can take place between two phase-matched processes. A review of cascading in

second order nonlinear optics is included, along with experimental results demonstrating
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energy transfer between orthogonally polarised fundamentals can result from the scheme

under study.

The following subsection presents an overview of the fabrication capabilities when using

laser machined electrodes.

51.2 Poling quality and viable periods

In order to demonstrate both the flexibility and limitations of laser patterned electrodes for poling,
and to reiterate the findings presented in Chapter 4, a section of crystal with 50 pm, 40 pm,
30 um and 20 pum period gratings, each ~2.5 mm long, was fabricated using the same laser
parameters for each grating (Figure 5.1). The sample was then poled with a 200 ms poling

waveform.

| bl

|

|

|
|

Figure 5.1 Laser machined gratings in lithium niobate. 2.5Smm long sections with
50pm, 40pm, 30pm and 20pm periods.
The resulting domain patterns are shown below in Figure 5.2. The domain widths for all the
gratings are very similar, an average width of ~8um, which reflects the consistency of the laser
machining. The 50 pm, 40 um, and 30 um gratings demonstrated regular domain formation with
no missing inversions and very little duty cycle fluctuation. The 20um period grating was of a
poorer quality due to the collaborative field effect suggested in Chapter 4. Suffice to say that

periods of 20 um are the lower limit for reasonable quality PPLN fabricated with laser machined
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electrodes in 500 um thick crystal. The 2.5 mm lengths of 30 um and 20 um period are shown
below in Figure 5.3 for comparison. With the fabrication capability demonstrated here there is
still scope for some interesting experiments in QPM nonlinear optics, especially with type-I SHG

in PPLN.

200 ym

200 pm

200 pm

Figure 5.2 Domain patterns resulting from poling the sample in Figure 5.1.
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Figure 5.3 View of the 30pum (top) and 20pm (bottom) domain patterns fabricated

under the same conditions.

Two dimensional and random domain patterning was also demonstrated using laser direct write
fabrication. Ablation craters produced with 50-100 pulses arranged in arbitrary 2D arrays proved
to be suitable for producing 2D domain patterns. Examples of a hexagonal and random

distribution of domains fabricated using this technique are shown in Figure 5.4.

Figure 5.4 2D domain patterns fabricated by laser direct write machining. Left: Hexagonally arranged

domains, right: random distribution of domains.

5.2 Temperature acceptance curves of SHG at 1064nm

521 Experimental setup

The nonlinear optics experiments in this project centred around a lab built Q-switched
Nd:Gd:VO, (vanadate) laser. This laser produced 1 kW peak power pulses with a pulse
repetition rate of 10kHz and pulse duration of 15 ns, operating on a single transverse mode with

~2 mm beam diameter. The laser was brought to focus with a 50 mm focal length lens coated for
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IR transmission. Temperature control of the PPLN crystal was managed using a resistive
cartridge heater controlled by a Eurotherm temperature control unit. This allowed either a steady
temperature to be held or a temporal temperature profile to be applied to the heating element.
The cartridge heater was slotted into a brass block, which had a flat ground top for the PPLN
crystal. The beam was re-collimated using a second lens coated for visible imaging. Wave-
plates were used to control the input polarization of the laser to the crystal, and a Glan prism was

used to resolve the vertical and horizontal polarization components after passing through the

T

PPLN. The setup is shown schematically in Figure 5.5.

A 4_WP IR/Green filter \ Detectors
l PPLN oven I \
Nd:YVO0,
| - I
aser
A2 Lens Lens
Glan
PPLN

Figure 5.5 Schematic of experimental layout for frequency conversion experiments.

Data collection from a monitor thermocouple was carried out using a National Instruments E-
series DAQ card and LabView 7 software. The fundamental or SHG power vs. crystal

temperature relationship could thus be recorded in an automated fashion at 4 Hz sample rate.

5.2.2 Temperature detuning curves for SHG in PPLN

Preliminary measurements of second harmonic temperature acceptance curves were carried out
with the crystal shown in Figure 5.2. The target QPM interactions with these gratings are 3™
order type-0 (eee) SHG at 107°C with the 20 um period sample, and 1* order type-I SHG at
temperatures between 160°C and 260°C with the 50, 40 and 30 pm periods. The experimentally
measured type-0 temperature detuning curve is shown in Figure 5.6 with the calculated detuning
curve based on Sellmeier equations from ref.’. The beam propagation for the data in Figure 5.6
was through the lower section of the 20 um grating shown in Figure 5.3, where all of the domain
inversions are present and merging of some inverted sections is the major defect. As a result the
shape of the detuning curve was similar to a sin¢’ form as expected. The experimental

temperature acceptance width is in good agreement with the calculated curve for the 2.5 mm
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length of crystal. The apparent temperature offset of ~2°C may be due to either a discrepancy
between the Sellmeier equations and the actual refractive indices, or an offset in the experimental
temperature measurements due to the cold junction compensation setting on the probe thermal

data.

s
I

3rd order QPM SHG at 1064nm in 20pm PPLN
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Figure 5.6 Experimental and calculated temperature detuning curves for 3rd order,

type-0 SHG in 20 pm PPLN.
The measured type-I detuning curves for the 50, 40 and 30 um period gratings are shown along

side the plot of calculated curves in Figure 5.7. As shown in Figure 5.2, the gratings share the
same domain size for all three periods. This results in a different duty cycle for each grating
period, which based on an approximate domain size of 8§ pum corresponds to duty cycles of 16%,
20% and 27% for the 50, 40 and 30um periods respectively. The conversion efficiency from

these different duty cycles is expected to scale as sin’(zD), and the calculated plots have been

scaled to reflect this. The experimental results show fair correlation with the expected relative
efficiencies as the SHG increases across the three duty cycles, though the efficiency of the SHG
from the 30 um grating is not as high as expected. The measured temperature for phase-
matching in the 30 um grating is also lower than predicted, due to either discrepancies between
Sellmeier equations and actual refractive indices or appreciable thermal expansion of the crystal
at the higher temperatures, resulting in a longer than intended period. To demonstrate the
scalability of the fabrication technique and the efficiency of type-I phase-matching a 10 mm
section of crystal with a 40um period was fabricated. An image of the domains across the sample

from stitched microscope photos is shown in Figure 5.8.
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Figure 5.7 Temperature detuning curves for type-I SHG with 50, 40 and 30 pm period
gratings in a 2.5 mm length of PPLN. Left: Calculated detuning curves for the period
and duty cycles indicated. Right: measured detuning curves for the crystal sample
shown in Figure 5.2.
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Figure 5.8 Domains across a 10 mm section of laser direct write fabricated PPLN with

a 40 pm period.
The temperature detuning curves for SHG in the 10 mm sample are in Figure 5.9. The overall
efficiency of the SHG conversion is ~20% with was consistent with the efficiency expected for
QPM with the ds; nonlinear coefficient. The shape of the detuning curves are asymmetric,
compared to expected sinc’ form. As discussed near the end of section 2.4, this type of
asymmetric distortion of the tuning curve points to a distributed phase-mismatched across the
sample, as shown in the lower plots of Figure 5.9. The most likely cause of this in these
experiments was thermal inhomogeneities within our lab-built crystal oven, as the facets of the
10 mm crystal were close to the openings in the oven. This issue did not obviously affect shorter
lengths of crystal, such as the 4.5 mm lengths used for the experiments reported later in this

chapter.
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Figure 5.9 Top: temperature detuning curves for type-I SHG in a 10 mm long 40 pm period PPLN sample.
Bottom: simulated quadratic phase-mismatch distribution through a length of crystal and the corresponding

detuning curve.

One of the advantages of the direct write method is the ability to quickly make prototypes of
different domain patterns simply by programming the motion control system. As examples of
this capability, poled samples with chirped and phase-reversed domain patterns were fabricated.
The chirped sample consisted of two gratings, each of 100 periods, one of which was
programmed to have a fixed period at 45 pm, the other had its period programmed to increase by
25 nm each period, resulting in a grating which had a linearly chirped period from 45 um to 47.5
um. The calculated Fourier spectra for these two gratings are shown in on the left of Figure 5.10.
The measured temperature detuning curves for Type-I SHG showed very good qualitative

agreement with shape and relative strength of the chirped and fixed period grating.
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Figure 5.10 Left: Calculated Fourier spectra gratings with 100 periods containing
chirped (45 - 47.5 pm) and fixed (45um) periods. Right: Experimentally measured
temperature detuning curves for these gratings for Type-1 SHG at 1064 nm.

The design for the example phase-reversed grating was selected so that the domains which were
reversed during poling were all of the same width. This design stipulation is achieved by setting
the period of the phase reversal to be an integer multiple of the primary period, and to set the duty
cycle of the phase reversal envelope to be 25%. A section of the domains in the fabricated

sample is shown in Figure 5.12.

1T N N

Figure 5.11 Phase-reversed grating with 25% duty cycle phase-reversal modulation.
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Figure 5.12 Sample fabricated with the phase-reversed domain structure shown

above in Figure 5.11.

The temperature detuning curves for the phase-reversed sample was measured across a
temperature range of 120-220°C. The experimental data is shown Figure 5.13. Periodicity errors
in this particular grating meant that the performance of the sample was not optimal. Phase-
matching at ‘sideband’ temperatures around the primary peak were clearly observed,

demonstrating the spatial content of the domain pattern had been diversified by fabrication of the

phase-reversed grating.
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Figure 5.13 Temperature detuning curve for SHG in the phase-reversed crystal shown

in Figure 5.12.
5.3 Simultaneous phase-matching of two SHG types

53.1 Background and calculations

As pointed out previously in section 2.2, there are several components of lithium niobate’s

second order optical nonlinearity which can be accessed by quasi-phase-matching. In particular,

- 162 -



Chapter 5. Frequency conversion and cascading B. F. Johnston

the second order polarisation of lithium niobate is given by

(0,.0,,0.)

E?
)" 0 0
by, | = Zzyk(z)quEsz =2¢,| —dy dy dy 0 0 : (5.1)
K
P: ' dy dy dy 0 0

For ds; and d3; terms, which induce polarisation components along the ferroelectric z-axis of the
crystal, the inversion of the nonlinear susceptibility with domain reversal is intuitive. The d>;
terms, however, are not obviously linked to the ferroelectric axes of the crystal. Recent

I'"® have shown that full inversion of the y* susceptibility takes

investigations by Ganany et a
place and that QPM with the d, nonlinear coefficient is also attainable. The inversion of the d;
coefficient is not surprising, as it is required for the crystal symmetry to be preserved, i.e. for the
axes to remain a ‘right handed’ set for example. Practically and historically, QPM on the djs;
nonlinear, coefficients in LN, LT and KTP has been of most interest as they are some of the
largest second-order nonlinearities available in inorganic crystals. Interactions using this
nonlinear coefficient require all fields to be co-polarized, so it is not accessible via birefringent
phase-matching, hence the use of periodic poling. There are also some interesting processes
which can be investigated by considering the other nonlinear coefficients accessible by QPM. In
particular, by fabricating the appropriate QPM grating simultaneous phase-matching on more
than one nonlinear coefficient can be achieved.

For clarity, in this chapter the definition of phase-matching ‘type’ will be as follows;

- Type-0, all participating fields are co-polarized in the crystal

- Type-1, the two longer wavelengths are co-polarized, with the shortest wavelength

polarized orthogonally to those.
- Type-II, the two longer wavelengths are orthogonally polarized to each other, with the
shorter wavelength being co-polarized with one or other of the longer wavelength fields.

Utilizing the ds; and the d»; nonlinear coefficients simultaneously in PPKTP has been
demonstrated by Pasiskevicius et al'”® for SHG of a tuneable Ti:Sapphire laser (blue SHG). As
Pasiskevicius et al points out, the benefits of using type-I phase-matching in KTP and lithium
niobate include broader wavelength acceptance and polarisation separable fundamental and

second-harmonic. One of the recent application areas of type-II phase-matching is parametric
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down conversion as it allows generation of frequency degenerate orthogonally polarized photon
pairs’® for quantum information applications. In z-cut lithium niobate, the focus of this
dissertation, the nonlinear interactions of interest are those with fields propagating perpendicular
to the z-axis of the crystal. For SHG these include type-0 QPM on the ds; (eee) or ds; (000)

coefficients, type-1 QPM on the d3;=d3, (ooe) coefficients, and type-II (oeo) QPM on the d>,,

d;s5=d;> coefficients. These interactions are summarized in Table 5.1.

QPM type Refractive Crystal axes Nonlinear
indices coefficient

Type-0 ee-€ 77Z-7 dss

Type-0 00-0 XX-X Of Yy-y da

Type-1 00-€ YY-Z Or XX-Z dsp=ds;

Type-II 0e-0 yZ-y Of XZ-Z dis=dys=d5;

Table 5.1 Options for QPM in z-cut PPLN
Another degree of freedom when using periodically poled materials is the choice of the QPM
order. This allows longer periods to be used, albeit with sacrifices of the effective nonlinearity.

Chen et al*"!

have demonstrated type-0 and type-I QPM using the same period grating in the for
blue light generation. This is achieved by utilising a higher order QPM for the type-0 process
and finding a crystal temperature and grating period where simultaneous phase-matching with the
type-1 interaction can be achieved. Plots of the required poling period for SHG common laser
wavelengths of 976 nm, 1064 nm, 1342 nm and 1550 nm are shown in relation to temperature in
Figure 5.14. The type-0, type-1I and type-II processes have all been considered along with some
of the higher QPM orders. It is also interesting to look at some of the phase-matching periods

which coincide across the wavelengths being considered. A selection of these for the type-0 (eee)

and type-I (ooe) interactions are shown in Figure 5.15.
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Of interest in Figure 5.14 are the crossing points for the different phase-matching types. These
are brought about because the type-I interaction in lithium niobate has a much faster change in
period with temperature (dA/dt) than the other process. This is due to the fundamental and
second-harmonic propagating on the o and e refractive indices, respectively, which have
significantly different thermo-optic responses (dn/dt). On the other hand the Type-I processes

utilize the same refractive indices for both wavelengths and the dn/dt at the fundamental and

QPM periods for SHG of 976nm
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Figure 5.14 QPM periods for SHG at some common laser wavelengths.

Crossing points of periods for red, green & blue SHG
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Figure 5.15 Crossing points of QPM periods for red, green and blue SHG. Red plots

indicate 1342nm fundamental, green 1064nm, blue 976nm and mauve 1550nm.
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second-harmonic wavelengths is only slightly different. This results in type-0 QPM periods
which change only 100’s of nanometers over 100’s of degrees, whereas the type-1 QPM periods
can change over 10’s of micrometers for the same change in temperature. The sign of the phase-
mismatch, Ak, can also change from being positive to negative about the non-critical phase-
matching point (where the nonlinear coherence length and thus required poling period become
very large). In congruent lithium niobate above 300 K this is in the 1080-1200 nm range as
shown below in Figure 5.16.

Type-I poling periods for wavelengths which can be
noncritically phase-matched in the 300-500K range

4
10
1 X

~1.08ym
0.5 ——1.1ym
\ ——1.12um

L | 114pm
ol L uh
— N —1.16pm
\ \ 1.18um
0.5 |

-1 . . . .
300 350 400 450 500
Temperature (K)

Period (um)

Figure 5.16 QPM periods for wavelengths near non-critical type-I phase-matching in

congruent composition lithium niobate.

For conditions where Ak, and thus the implied required period becomes negative, the negative
QPM orders come into play, with no real practical difference to the SHG process. These large
changes in Ak for the type-0 processes, over the temperature range 300-500K, results in several
periods and temperatures at which simultaneous phase-matching with other phase-matching types
occurs. A summary of these points for the 976nm, 1064nm and 1342nm wavelengths, as shown

above in Figure 5.14, is given in Table 5.2.
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Wavelength | Phase-matching types Period Temperature
976nm Type-I, Type-0,z (m=5) 25.616pum 320.15K
976nm Type-I, Type-0,y (m=5) 21.967um 371.63K
976nm Type-1, Type-II (m=5) 16.624pum 468.04K
976nm Type-I, Type-0,z (m=3) 14.561pm 516.35K
1064nm Type-I, Type-0,z (m=5) 31.994pum 514.46K
1064nm Type-I, Type-0,z (m=7) 45.712um 451.76K
1342nm Type-I, Type-0,z (m=5) 62.561pum 526.23K
1342nm Type-I, Type-0,y (m=5) 56.393um 510.23K
1342nm Type-I, Type-0,z (m=3) 38.763um 428.91K
1342nm Type-I, Type-11 (m=5) 35.705um 403.85K
1342nm Type-I, Type-0,y, (m=3) | 34.283um 390.09K

Table 5.2 Conditions for simultaneous type-I with another phase-matching type for

some common laser wavelengths.

Returning attention to Figure 5.15, it can be seen that there are some particular periods where
multiple SHG wavelengths cans be simultaneously phase-matched. Of particular interest are the
crossing points where simultaneous phase-matching of 1064nm and 1342nm (both type-I
processes) occur. Type-1 SHG for these wavelengths at a temperature of 460K has the same size,
but differently signed, phase-mismatch. This means that a single PPLN crystal with a period of
43.56um at 460 K can be used to phase-match SHG from both these both Nd laser lines without
requiring a complex grating pattern. There are several other wavelengths pairs, one on either side
of the non-critical phase-matching wavelengths which can be simultaneously type-I phase-
matched by a single period crystal. This is a potentially interesting prospect for dual wavelength
visible Nd or Raman lasers which can utilise a single nonlinear crystal which does not require
tuning when changing between colours, and can generate both colours simultaneously if both
fundamentals are present.

The scope of the experimental work in this dissertation is based around the 1064 nm Nd
laser line. The 5™ order and 7™ order type-0 SHG processes can be simultaneously phase-
matched with the type-I process at particular periods and temperatures, as reiterated below in
Figure 5.17. While using the higher orders for the type-O process does sacrifice the high

nonlinearity commonly sought from the d3; nonlinear coefficient, use of the 5™ and 7™ orders
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turns out to be somewhat favourable as the effective nonlinearities of the type-0 and type-I phase-
matchings can be made very similar. For instance, the 5™ and 7™ type-0 SHG have effective

nonlinearities of,

2

%z3.8pm/V (5.2)
T

295 27 pmiv (5.3)
VA

which are very similar to the effective nonlinearity for the type-0 process,

2d
L x3pm/V (5.4)
T
- - - lstorder type-|
60F — -5th order type-0
N —— 7th order type-0
_.50r T~
E | "~
S DR — —
3 40t R
@ T~
a | e
30t T ]
20+

420 440 460 480 500 520 540
Temperature (K)

Figure 5.17 QPM periods for Sth and 7th order type-0 and 1st order type-I SHG at 1064nm.

The coupled field equations which describe simultaneous phase-matching are a superposition of
the two individual processes, bearing in mind that the second harmonic field for the type-0 and
type-1 SHG is co-polarized and can be treated as a common component. The field equations can

thus be written as,

dE” e
- = —ig B2 E e M (5.5)
dE” .
d;’ =—ic, B2 E™ e (5.6)
E2 - ‘ - -
dd; =—io,(E”) e’Ak""—iGZ(E;")2 et (5.7)

where the nonlinear and propagation constants have been collected into the o terms and Ak, and
Ak, are the phase mismatch terms for type-0 and type-I respectively. The subscripts denote the

fields’ polarization and the superscripts denote the frequency. The relative phase between the

two contributing fundamental fields plays an important role in the simultaneous phase-matching
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scenario. In general the plane-wave electric field with an amplitude 4 can be written with an

arbitrary phase, ¢,
Ew :%Aei(wt*/ﬂﬁw +cc (58)

This generalization is usually ignored in the equations describing SHG with a single fundamental
field as the generated second-harmonic is phase-locked to it the fundamental with a 7 /2 phase
shift. The phase of fundamental is thus the point of reference and is set to zero. For the case of
two fundamentals which are simultaneously phase-matched, a phase term to account for the
phase difference between the contributing fundamentals needs to be included. The time invariant

form of the second harmonic term, Eq (5.7), in the coupled field equations is then written as,

=0, (A )2 et — o, (AZ e )2 ™o (5.9)

y

where the type-I fundamental has been taken as the reference field and the type-0 fundamental

has an arbitrary phase-shift ¢ with respect to it. In the negligible depletion regime Eq. (5.9) can
be integrated in a similar fashion as for the single process,

2w
£ jdE—dx =0, (47) Le™? sinc(AhL/2)~ o, (47€*) Le™ > sinc(Ak,L/2)(5.10)

For ideal phase-matching of both processes, Ak, = Ak, =0, so that (5.10) reduces to,

EX =-0,A’L-0,A}e™L (5.11)

*

The irradiance of the second-harmonic (/ = Z) is then,

1722 = (—03 (4) L-o,(4°) e2f¢L).(—03 (4) L-o,(4°) eZi¢L)

=0, (A;’) I’ +o, (A;”) r +a40'3L(A‘”) (A;’) 1+ o,0,L( AL ) (A”’) 2% (5.12)
=0, 4717 +0, 4210 + 0,0, 2Z 1727 17 [2cos 24|

Note the cross term which has been introduced into in the expression for the second harmonic

irradiance. This means the second harmonic will have a strong dependence on the phase between

the two fundamentals. Most notably if the nonlinearities and impedances for the two processes

are similar so that,

o Z? o. 7
T g (5.13)
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We can reduce the expression to,

20 _ 2rw2 712 21702712 21270 700

I*° =202 0 +20° 177 + 4’ 1717 [cos 24 (5.14)
| | | | | |
Y-polarised Z-polarised Cross term
fundamental ~ fundamental

Looking in detail at Eq. (5.14), when equal irradiance fundamentals with a ¢ =7/2 (%4 wave)
phase-shift are incident on the crystal the second harmonic output can actually be suppressed by
the two competing nonlinear processes. The amount of second-harmonic produced by
simultaneously phase-matched fundamentals is therefore not only dependant on the amplitudes of
the fundamentals, but also their relative phase. Slight departures from the phase-mismatching
conditions complicate things further, with the complete expression for the small signal second-
harmonic found as:
I’ = 20{21ny2 sinc® (Ak,L/12)+2a’ I’ sinc® (Ak,L/2) (5.15)
+40’ 11 I’ sinc(Ak, L/ 2)sinc(AkyL/2)cos[2¢+ Ak,L/2— Ak L /2]
It can be seen that any slight phase-mismatch will also play a significant role in determining the
amount of second-harmonic output seen in the term, cos[2¢+Ak0L/2—Ak1L/2] , especially

since Ak, and Ak, can be of different signs and magnitudes for a given temperature, wavelength

or grating period detuning. It is interesting to note that for the phase-matched case with no

phase-shift, ¢ =0, any linear input polarisation for a given irradiance will produce the same
amount of second-harmonic. For a linearly polarised input with irradiance, /,, polarized at an

angle @ from the z-axis, the linear polarisation components can be expressed as,

E =E;sin@
E, =E,cost
s (5.16)
I, =1,sin’ @
I, =1,cos’ 0
Referring back to Eq (3.1),
I*° =2a’(1,cos’ 0)’ I’ +2a*(I,sin” 0)’ L’ + 4’ L’I; sin®  cos” O[cos 2¢ =1]
'’ =2a’l; [cos2 6 +sin’ 0}2 r (5.17)

1 =207 121
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So with perfect simultaneous phase-matching with similar nonlinearities and a linear input
polarization state, the direction of the polarization does not affect the second-harmonic output. It
may also be expected that a randomly polarized fundamental, such as from a free running fibre
laser, may see improved generation of a polarized second-harmonic by utilizing such a phase-

matching scheme.

5.3.2 Experimental results and simulations

As mentioned, the simultaneous phase-matching experiments looked at during this project
targeted the coincident period for 1* order type-I and 7" order type-0 SHG with a fundamental
wavelength at 1064 nm. The calculated period for this from Sellmeier equations is 45.712 pum,
however Sellmeier equations from reference may not be exact for our particular crystal, and
thermal expansion of the crystal may result in a grating period slightly different to that intended
from fabrication. In order to empirically find the correct period for simultaneous phase-matching,
a section of PPLN containing two gratings with 45 um and 46 um periods, above and below the
predicted period, was fabricated. The temperatures (un-calibrated) where the optimal phase-

matching for the type-0 and type-I processes were recorded and plotted on the same graph, shown

in Figure 5.18.

185

180

—O— 7th QPM order, Type O
—— 1st QPM order, Type |
175+

170+

165

Temperature (C)

160

155

4500 4525 4550 4575  46.00
Poling period (um)

Figure 5.18 Phase-matching temperatures observed for type-0 and type-I QPM in
45pm and 46pum period PPLN

From the linear intersection between the phase-matching temperatures for the 45 um and 46 pm
gratings, an indication of the period required for simultaneous phase-matching was made. As
seen in Figure 5.18, this period lies between 45.75um and 45.8um, slightly longer than the period

predicted from Sellmeier equations. Angle tuning of gratings with slightly shorter periods than
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required is an easy technique for fine tuning the effective period of the grating so fabrication of
the exact period is not entirely necessary. A section of PPLN containing with programmed
periods of 45.75 um and 45.8 um was fabricated. A section of one of these gratings is shown in
Figure 5.19. The crystal was ~3mm in length containing 67 QPM periods. Upon visual
inspection this crystal showed good domain quality but was slightly under-poled with an average
duty cycle of 26%. Such a duty cycle is far from optimal for the 7 order process, as shown in
the plot of relative efficiency vs. duty cycle in Figure 5.20. This crystal did show overlapping of
the two phase-matching curves in both gratings as shown in Figure 5.21, however the 7™ order
type-0 curves were strongly distorted from the expected sinc’ form. This was perhaps not
surprising as 7™ order QPM is much more sensitive to short range fluctuations in the domain duty
cycle and periodicity (especially with 26% duty cycle), as was discussed in detail in section 2.4.
The grating with the 45.8 um period showed the best overlap between the maxima of the type-0
and type-I curves, while the best conversion efficiency was observed in the 45.75um period

grating, with ~40% of the conversion efficiency of the type-I process.

Figure 5.19 Section of a PPLN crystal containing 45.75pm and 45.8pm period

gratings.
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Figure 5.20 Relative SHG efficiency in relation to domain duty cycle for a 7th order
process. Arrow indicated the predicted relative efficiency for of a 7" order QPM

grating with a duty cycle of 26%.
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Figure 5.21 Experimental temperature detuning curves of 7" order type-0 and 1%

order type-1 SHG. Left: 45.75um period grating, right: 45.8um period grating.

Experiments investigating the effects of the input fundamental’s polarisation state were carried
out with these gratings using the experimental setup shown in Figure 5.5. The temperature was
set to phase-match the type-I process, and wave-plates were used to prepare the fundamental’s
polarisation state. Rotation of the half-wave-plate (HWP) changed the relative irradiances of the
vertical and horizontal components while the quarter-wave-plate (QWP) was fixed with is fast
and slow axes aligned to the lithium niobate axes so that a quarter-wave retardance between the
vertical and horizontal polarization components was maintained. The second-harmonic output
was then plotted as a function of the input polarization state, either for linear states without the
QWP or elliptical polarization states with the QWP. The progression of the polarization state as
the HWP is rotated is illustrated in Figure 5.22.
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Figure 5.22. Preparation of the input polarisation state to the PPLN crystal as a half-

wave-plate is rotated. The axes on the left show the linear polarisation states prepared

with only the HWP, while the axes on the right indicate the polarisation states with a

QWP in tandem, with its axes aligned on the crystal axes.

The Y4 wave shift between the vertical and horizontal polarization components produced by the
QWP results in elliptical polarization states, with circular polarization being produced for equal
vertical and horizontal components. Intuitively, such a polarization state drives the nonlinear
susceptibilities along the z and x axes of the crystals out of phase with each other so that the
second-harmonic wavelets generated from the two processes interfere destructively. This type of
behaviour can be simulated using Eq (5.17) by plotting the second harmonic as a function of the

polarization (HWP) orientation, # , and for the two phase differences of ¢ =0 for linear

polarizations and ¢ =z /2 for elliptical polarizations. The normalized equation for simulations

phase-matching is simply,

2w 2 2 2 27,22 2 2 2
I"" =a;(cos” 0)" +a(sin” )" +2a «a_sin” G cos” O[cos 2¢]
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where a and ¢, (<1) account for the different nonlinear efficiencies of the type-0 and type-I

processes (the notation for x and y coming from the crystal axis that the fundamental for each

particular process is polarised along as suggested in Figure 5.22). The ratio of the individually
measured irradiances of the two processes goes as the square of this, (ay Lo, )2 . If we consider

the ‘best-case’ scenario for the nonlinear coefficients being utilised in lithium niobate, as

indicated by Eqgs (5.3) and (5.4), the ratio of the nonlinearities, &, : ., is ~1:0.9. The simulation

of the SHG output in relation to the input polarisation state for this ratio of nonlinearities is
shown in Figure 5.23. The points where the input polarization state is linear-vertical and linear-
horizontal as well as circularly polarized have been indicated. The SHG output is suppressed near,
but not at the exactly, at the circular polarization state. The offset from SHG suppression being
produced at circular polarization is due to the difference in the nonlinearities. In practice such
measurements can be used to accurately measure the ratio of the nonlinearities of the
simultaneous processes. A series of plots with nonlinear ratios of a,:a,=1,0.75,0.5,0.25 are
shown in Figure 5.24. The difference in the SHG output for the vertical and horizontal
components becoming larger as the difference in nonlinearities is increased. The orientation of
the elliptical polarization state where complete suppression is reached also changes for different
ratios of the nonlinearities. We can see this from Eq (5.18) by setting the left hand side to zero

and the phase to relative phase of the vertical and horizontal components to¢ =7/2. Note again

that @ is the angle which indicates the polarisation of the fundamental field, controlled by a half-

wave plate, and ¢ is the phase difference between the vertical and horizontal components,
controlled by a quarter-wave or variable retardance wave plate.
a; (cos’ 0) +a (sin® 0)* — 2, sin® Ocos” =0 (5.19)
Dividing through by (cos® @)’ and factorizing,
a, + a’(tan® 0)* — 20 0. tan® @=0
(a, —a_(tan® 6)* =0
We arrive at the expression for the polarization orientation, with ¢ =7 /2, at which the SHG is
completely suppressed by the competing processes.

a,
—~ =tand (5.20)
a

z
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A plot of Eq. (5.20) is shown in Figure 5.25. As indicated in Figure 5.24, the suppression
orientation is at 45° (circular polarization) for equal nonlinearities and moves closer to 90° for
reduced ratios.

Horizontal Vertical
polarization polarization

——¢=n/2 (QWP)
/ \Lﬁz 0 (no QWP)

o o o
i o 0

SHG output (norm.)

o
()

0 1 1 1 1 1
0 225 45 675 90 1125 135 157.5 180
Polarization orientation from the y-axis (degrees)
Figure 5.23 SHG output in relation to the polarization state of the fundamental. The
blue (solid) plot indicates the case for a quarter-wave phase shift between the vertical

and horizontal components, while the red (dashed) line indicates linear polarization.

o o o
IN o o)

SHG output (norm.)

o
(¥

O | IS L —~ L |
0 225 45 675 90 1125 135 157.5 180

Polarization orientation from the y-axis (degrees)

Figure 5.24 Polarization plots for simultaneous SHG from two processes (type-I and

type-0) with nonlinearity ratios of 1, 0.75, 0.5, and 0.25.
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Figure 5.25 Ratio of the nonlinearities of simultaneously phase-matched type-I and

type-0 processes in relation to the polarization orientation with ¢ = 7 /2, which
results in suppression of the SHG.

The experimental temperature detuning curves for the 45.8 pm grating shown on the right of
Figure 5.21, indicate good overlap between the type-I and type-0 detuning curves and that the
ratio of the measured irradiances is ~1:0.25. This corresponds to a ratio of 1:0.5 for the
nonlinearities. =~ The experimental data for the SHG dependence on polarization states
corresponding to the simulations in Figure 5.23 and Figure 5.24 are shown in Figure 5.26. The
experimental results showed good agreement with the calculated curves and demonstrated that
coherent internal interference of two distinct but simultaneously phase-matched SHG processes

occurs, and that the equations developed here provide a good physical model of this interaction.

— ¢=n/2 - theory

¢=0 (no QWP) - theory

+  ¢=0 (no QWP) - experiment -

1 ,;\ + ¢=n/2 - experiment 7
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Figure 5.26 Experimentally measured SHG output in relation to the input polarization
state for simultaneously phase-matched type-I and type-0 SHG in a 45.8pum period
grating. The SHG temperature detuning curves for the individual processes are

shown on the right of Figure 5.21.
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The polarization measurements for the 45.75 pum period grating at normal incidence were
affected by slight phase-matching offset between the two processes, as the phase-matching curves
did not exactly overlap at the same temperature, as shown on the right of Figure 5.21. With the
temperature set for phase-matching of the type-I process there was a finite Ak, which contributes
to the internal interference between the two SHG processes. It should also be noted that the ratio
of efficiencies of the two processes was also less in this case, 1:0.2 as opposed to 1:0.25 for the

45.8 um grating. The phase-mismatch that was present, Ak,, came from an incorrect period for

the type-0 phase-matching when the type-I is phase-matched. The period was incorrect by

~50nm so that the mismatch could be found as Ak, =Ak _2zm Ak __ 4w or
‘ A A, —50nm
alternatively, the residual mismatch scales with the period error, i.e.
Ak AA
= (5.21)
Ak Aideal

This phase-mismatch shows up as a phase-offset in the way the two processes interact in the
crystal, i.e. in Eq (5.15) the cross (phase) term between the two interacting fields contains

contributions from both the fundamental fields’ phases and the residual phase-matches,

cos[2¢+ Ak,L/2—AkL/2]. The phase-mismatch for 1064 nm, type-0 SHG in lithium niobate is

approximately 0.96102 pum™” at the temperature at which simultancous phase-matching is

predicted (~452 K). An offset in the period of 50nm, departing from an ideal period of 45.75 pum,

therefore results in a residual phase-mismatch of approximately
AA _0.05 -1 . . .
Ak, = Ak = 0.91062ﬁ =-0.00105um™ . The contribution of the mismatch to the

ideal
phase-term for a 3mm crystal length is thus, Ak,L/2=—-1.575rads ~ —m /2. The experimentally
measured data and the calculated curves from Eq (5.18) for simultaneous SHG with nonlinear

ratios of 1:0.447 (corresponding to the observed ratio in irradiances of 1:0.2), with the phase

offset of —7/2 included is shown in Figure 5.27.
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Figure 5.27 Experimentally measured SHG output in relation to the input polarization
state for simultaneously phase-matched type-I and type-0 SHG with a 45.75pum period
grating. A slight phase-mismatch is apparent for the type-0 process. The SHG
temperature detuning curves for the individual processes are shown on the left of

Figure 5.21.

As seen in Figure 5.27 the minimum level of SHG output was actually observed for a linear
polarization state, which is in good agreement with the calculated effect of a phase-mismatch
cause by an incorrect period of 50 nm from an ideal period of 45.8 um. The results presented in
Figure 5.26 and Figure 5.27 demonstrate that the internal interference between two
simultaneously, or almost simultaneously, phase-matched processes can be well understood by
working from the coupled field equations developed here.

Fabrication of a better quality crystal with a period of 45.75 pm and 100 periods long
(~4.6mm) was carried out next, paying special attention to optimizing the laser machining and
poling parameters. This crystal performed markedly better with close adherence to the ideal sinc’
form for both the temperature tuning curves. The duty cycle was 36% which is almost an optimal
duty cycle for the 7™ order process (Figure 5.20). A section of this particular crystal is shown in
Figure 5.28. The two temperature detuning curves at normal incidence are shown in the left of
Figure 5.29. The curves are offset in a similar fashion to those of the previous 45.75um grating
shown on the left of Figure 5.21. Slight angular tuning of the crystal allowed the two
temperature detuning curves to be overlapped almost perfectly as shown on the right of Figure
5.29. The efficiency of the type-0 and type-I processes in this crystal were almost identical,
which is in good agreement with the nonlinearities suggested in (5.3) and (5.4), given that the

. . : . 2d
nonlinear coefficient of the 7" order process on d; is almost optimum, dyry = 7—33 =2TpmlV,
7
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and the 36% duty cycle reduces the nonlinear coefficient of the 1% order process on d3; to

_ 2d,,sin(0.367)
Olst —

d

=271pm/V .

T

Figure 5.28 Section of a high quality 45.75pum period PPLN crystal.
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Figure 5.29 Experimental temperature detuning curves for a good quality 45.75um
period PPLN crystal. Left: type-I and type-0 curves measured at normal incidence,
right: measured with slight angular tuning of the crystal to achieve good overlap of

the two processes.

The SHG output in relation for the input polarization state was also measured for this crystal, the
results and calculated plots are shown in Figure 5.30. A slight phase-mismatch was included in
the calculated curves to aid in fitting to the data, indicating that the angle tuning or the
temperature were not quite set for perfect simultaneous phase-matching. This is reflected
somewhat by the slight offset of the temperature curve observed on the right of Figure 5.29.

Beam pointing of the laser, slight deflections by moving optics and temperature fluctuations
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during measurements all contribute to these slight offsets; however the data recorded is readily

interpreted from the equations developed above.

— ¢=n/2 - theory
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+ ¢=0 (no QWP) - experiment
o ¢=n/2 - experiment

N o
> o o)

SHG output (norm.)

o
[N

0

‘ ‘ ‘ ‘ ‘ 0 ‘
0 225 45 675 90 1125 135 157.5 180
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Figure 5.30 Experimentally measured SHG output in relation to the input polarization
state for simultaneously phase-matched type-I and type-0 SHG with a good quality
45.75 pm period grating. The SHG temperature detuning curves for the individual

processes are shown in Figure 5.29.

The higher quality crystal showed SHG output which was almost independent of the polarization
orientation for the linear polarization states, as suggested by (5.17) for a crystal with equal

nonlinearities. For the polarization states with the ¢ = /2 phase-shift, almost complete

modulation of the SHG from maximum values near the linear polarizations to complete
suppression near circular polarization can be seen. A secondary experiment looking at the SHG

output when varying the phase-shift, ¢, was also carried out with this crystal. The initial

polarization state was set to 45° for equal horizontal and vertical components. The phase-shift
between the two components was then varied continuously using a Berek polarization
compensator from Newfocus. The Berek utilizes an orientation plate in tandem with a variably
tilted birefringent plate to perform an arbitrary polarization transformation. In this experiment
the tilt setting on the birefringent plate was changed in order to vary the retardance/phase-
difference between the vertical and horizontal components and observe the SHG output. The
results are shown in Figure 5.31. The observed level of SHG as the retardance is varied from 0 to

%2 wave is in good agreement with the calculations with the phase ¢ is varied from 0— =n. This

demonstrated that the SHG output could be controlled by the phase difference between the two

fundamentals.
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Figure 5.31 SHG output in relation to the retardence between equal vertical and
horizontal fundamental components. The SHG is suppressed for ¥4 wave retardence

corresponding to a 7/2 phase-shift between the fundamentals.

The internal interference between the two fundamental components can also be observed across
the entire SHG temperature detuning range. This experiment was carried out by setting the input
polarization to 45° so that both fundamentals were contributing to the SHG and then measuring
the temperature detuning curves with and without the QWP in place. The in-phase (linear input
polarization) and out-of-phase super-positions (circular polarization) of the temperature detuning
of the two processes was observed. The experimental results for the two 45.75um crystals are
shown below in Figure 5.32 and Figure 5.33. These curves can be modelled from Eq (5.15),

keeping in mind that the two phase-match parameters, Ak, and Ak, vary differently with

temperature, as evidenced by the different temperature acceptance bandwidths of the type-0 and
type-I processes. The calculated interference temperature detuning curves for equal processes in
an ideal grating are shown in Figure 5.34. The experimental results for the high quality grating
show excellent agreement with the calculated curves, confirming the validity of Eq (5.15) and the
accuracy of Sellmeier equations in predicting the behaviour of simultaneously phase-matched

SHG.
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Figure 5.32 Temperature detuning curves for a 45.75um period PPLN crystal with

distorted type-0 curve. Left: individual phase-matching curves, right: SHG internal

interference curves for equal fundamental components with linear input polarization

(in-phase components) and circular (out-of-phase components).
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Figure 5.33 Overlapping temperature detuning curves for a good quality 45.75pum

period PPLN crystal. Left: individual phase-matching curves, right: SHG internal

interference curves for equal fundamental components with linear input polarization

(in-phase components) and circular (out-of-phase components).
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Figure 5.34 Calculated temperature detuning curves for simultaneous SHG.

5.3.3 Further simulations and discussion

The response of the SHG to the phase of the two simultaneously phase-matched fundamental
components may have some useful applications. One proposal is to use this scheme to stabilize

or modulate the SH output using electro-optic (Pockels cell) polarisation control. A schematic is

shown in Figure 5.35.

CONTROLLER

% Detector
Feedback

LASER 2m

PC WP
HWE [
Lens PPLN Lens

Filter

Figure 5.35 Schematic of proposed setup for controlling SHG output, utilizing phase-
control between simultaneously phase-matched type-I and type-0 processes.

This scheme relies on using the Pockels cell as an electronically controlled variable retardence
element, to either stabilize the SHG output in lieu of amplitude variations in the source laser, or
to modulate the SH output for signalling or display applications. Alternatively the SHG maybe
utilized as a diagnostic of the input light. It has previously been proposed that SHG can be used
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to aid in the monitoring of certain polarisation mode dispersion compensation’”? (PMD) schemes.
PMD is the temporal broadening and breaking up of optical pulses during transmission due to
residual birefringence in optical fibres, fibre components or waveguides, and is a major
performance issue concern for high bit-rate optical transmission. In transmission systems where
the optical signal is easily understood in terms of its principal states of polarization, SHG may be
used to monitor the temporal dispersing of the pulses. For a transmission system with a simple
and consistent birefringence the temporal dispersion can be easily understood as transmission on
a fast and a slow axis within the system. The temporal dispersion of a pulse as it travels with

components polarized on the fast and slow axes\are illustrated in Figure 5.5.
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Figure 5.36 Temporal dispersion between different pulse polarizations in a
birefringent optical transmission line. Red plots indicate the vertical polarization (fast
axis in these plots), blue plots the horizontal polarization (slow axis) Top left:
dispersion off fast and slow components during an arbitrary propagation distance or
flight time. Top right through lower plots: separation of polarizations at different

times/displacements along the transmission line.

The previous PMD monitoring proposal202 was based on type-0 SHG with the fast and slow
components of the optical signal incident at 45° from the z-axis of the crystal. In this way the

two components have projections onto the z-axis of the crystal. The SHG output will thus
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depend on the overlap integral of the fast and slow components of the incident signal. As the
PMD compensation is tuned to recover the pulses, this overlap integral becomes more isolated in
time, raising the peak power of the pulse and increasing the SHG output. A drop in the SHG
level signifies a change in the PMD on the transmission line and that retuning of the PMD
compensation device is needed. The simultaneous phase-matching scheme presented here may
be used in a similar fashion, with the additional information of the relative phase of the fast and
slow components being included within the overlap integral. The SHG output acts as a type of
nonlinear interferometer for the fundamental components. If the small amount of dispersion in
the short length of nonlinear crystal is ignored, we can consider the SHG of the vertically and
horizontally polarized components of a pulse, dispersed temporally by a duration 4¢ so that the

relative phase between the fields of two pulses is given by ¢ = @A¢ in time or equivalently
¢ =kAx in space. For simplicity plain-wave pulses with a Gaussian temporal envelope are

assumed,

L(t)="1e""
1.()=1 (~(-A0? 1262) (5.22)
y - ye

The temporal irradiance profiles described by (5.22) and a phase depending on the time delay,
¢ = wAt , can be directly used in Eq (5.14) to calculate 7°“(¢), allowing approximate calculation

of the SHG output pulses for various delay times between the fundamental polarization
components. The average power of the second-harmonic in the time interval under consideration,

t =—0t — +0dt can calculated numerically as,
I>° LS I°“(1) (5.23)
26t 53,

This time interval is chosen to be sufficient to include the majority of the power from both the
pulses and with a small enough step size to be able to resolve the interference between optical
cycles from the constituent pulses (<2/®). As an example the average simultaneously phase-
matched SHG power output, calculated for a wavelength of 1064 nm, a Gaussian pulse width of
t,=1ps and a temporal from delay varied between -4-4 ps is shown below in Figure 5.37. The left
hand plot shows the envelope of the SHG signal as the time delay between the vertical and

horizontally polarised pulses is varied, while the right hand plot shows a 20 fs interval at the

centre of the envelope where the SHG interference between optical cycles of the pulses can be
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seen as the time delay is varied. In essence the SHG signal provides interferometric information

about the overlap and phase of the two pulse components.
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Figure 5.37 SHG output, time averaged over an 8ps interval, for simultaneously
phase-matched 1ps pulses with various time offsets. Left: full 8ps interval, showing
maximum SHG signal when there is zero time delay between pulses, and minimum
level when pulses separated by 4ps. Right: SHG signal in the £10fs interval, showing

interference between the optical cycles of the pulses as the time delay between them is

varied.
54 Two colour cascading.
54.1 Review of ‘two colour cascading’ in nonlinear optics

Cascading of second order nonlinear processes has diversified the application areas of second
order materials such as PPLN. Many authors have explored cascading in second order materials
as a means of producing higher order harmonics, such as 3" and 4™ harmonic generation, multi-
step wavelength conversion processes for optical processing in WDM networks or spectroscopy,
and also for producing nonlinear phase-shifts. Nonlinear phase-shifts in second order materials
has attracted attention as there are potential avenues for realising some all-optical processing
devices which would otherwise require 3™ order nonlinearties. The simplest scheme for
producing a nonlinear-phase shift (NPS) is with a single and efficient type-I or type-0 SHG
interaction. The origin of this phase-shift is the cascading of energy from the fundamental to
second harmonic and then back again, a process that occurs when the SHG is not perfectly phase-
matched. Second-harmonic wavelets are generated out of phase with the fundamental, while the

back conversion process produces fundamental wavelets in-phase with the second-harmonic.
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This phase-shifting of fundamental wavelets via the second-harmonic accumulates an average
phase-shift in the fundamental field as it propagates through the nonlinear medium. This
phenomenon has received much attention in the literature since it was experimentally brought to
light by DeSalvo et al > in 1992. In bulk crystals the nonlinear phase-shift manifests as a
nonlinear refractive index, generally thought of as a ¥ phenomenon. Experimental verification
of this is often carried out using the z-scan technique as implemented by Sheik-Bahae er al*”’.
The NPS and corresponding nonlinear refractive index produced by a ¥ interaction has either a
positive or negative sign depending on the material, for example self-focusing in positive Kerr
media. The sign of the NPS resulting from cascaded y® interactions can be controlled as either
positive or negative depending on the phase-matching conditions. In DeSalvo’s experiments Z-
scan measurements of the nonlinear lensing of the fundamental field demonstrated that a focusing
and defocusing effect, much larger than the Kerr effect, was taking place in KTP when tuning
across the phase-matching bandwidth of a SHG process. Approximate analytical approaches for
describing the NPS have been developed by DeSalvo et al and other authors such as Saltiel*”
since. The phenomenon quickly becomes apparent when the coupled field equations for both the
second-harmonic and the fundamental are considered numerically. For a single SHG process the

field equations can be simplified to,

aE, _ ~icE, E e
dE’f (5.24)
2 = _icE E "™
dx

ad g .
Where 0':4—6'” encapsulates the appropriate nonlinear coefficient and propagation constants
ne

associated with the fields. The nonlinear phase-shift which the fundamental field accumulates
can be found by numerically interrogating the argument (angle/phasor in the complex plane) of
the fundamental field as these equations are integrated (propagated). The amount of phase-shift
observed depends on the input amplitude of the fundamental field, the nonlinearity of the material
and the phase-mismatch (detuning) present. When considering the nonlinear phase-shift in
relation to the phase-mismatch, the unitless quantity of AkL/m (or sometimes AkL, AkL/2) is
adopted to describe the phase-mismatch, as this is the indicative parameter which determines the

SHG output at a particular detuning. The usual detuning curves for SHG, found by integrating
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(5.24) and plotting the irradiances as a function of 4kL/z are shown for a 50% efficient process in

Figure 5.38.
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Figure 5.38 Fundamental and SHG irradiance plotted in relation to the phase-

mismatch parameter AkL/z for a 50% efficient process.

As outlined in chapter 2, a phase-mismatch results in an oscillatory growing and decaying of the
second-harmonic field with a characteristic coherence length. For efficient processes this also
has a significant affect on the fundamental field, depleting and then regenerating it, resulting in
the accumulated nonlinear phase-shift described above. The rate of the conversion also plays a
role in determining the magnitude of the resulting phase-shift, with the parameter of interest
being oL, i.e. the product of the nonlinearity of the material and its length. Plots showing the
evolution of the irradiances of the fundamental and second-harmonic, along with the nonlinear
phase shift, for different values of phase-mismatch and a nonlinearity of ¢L=1 are shown in
Figure 5.39. The accumulated nonlinear phase-shift as a function of phase-mismatch, along with
the SHG detuning for reference, is shown in Figure 5.40. The magnitude of the maximum
nonlinear phase-shift and the value of AkL/7z at which it occurs depends on the overall
efficiency of the process. As noted in chapter 2, highly efficient SHG processes have a narrower
acceptance bandwidth, and the detuning at which the maximum NPS is achieved shifts
accordingly towards lower detuning values. The larger amount of intermediate second-harmonic
present in an efficient process also results in a larger amount of cascaded energy and
correspondingly larger NPS. This is illustrated for SHG with 20% and 90% efficiencies in Figure
5.41. In reality the value of oL is not very large and SHG efficiencies rarely exceed 80%. For
example a 20 mm length of PPLN with d.~15pm/V has oL~2.33x107. If such a sample is

pumped sufficiently for 80% conversion efficiency with a single pass, the maximum phase-shift
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possible according to numerical calculation, is 0.6 radians. To produce full modulation of the
optical field, as in a Mach-Zehnder arrangement, a nonlinear phase-shift nearing n/2 is required.
In general the phase-shift produced from a practical type-I or type-0 process is insufficient for
practical applications. While phase-matching schemes in highly nonlinear materials, such as

organics and semiconductors, have been suggested, there are other avenues to achieving a larger

and more functional NPS as will be reviewed below.
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Figure 5.39 Evolution of the irradiances of the fundamental and the second-harmonic

and the nonlinear phase-shift, for a 50% efficient process with various phase-

mismatches. Low values of phase-mismatch are shown in plots a) and b), large phase-

mismatches are shown in plots ¢) and d).
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Figure 5.40 Accumulated nonlinear phase-shift in relation to phase-mismatched for a

50% efficient process.
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Figure 5.41 SHG detuning and nonlinear-phase shifts for a single process with
efficiencies of 20% (blue plots) and 90% (green plots). The detuning curves and NPS
curves tend to narrow for higher efficiencies, changing the detuning required for

maximum NPS.

Cascading in a type-II SHG process is more subtle process and potentially very useful. The
‘transistor’ like functionality of type-II cascading was suggested by Assanto®® in 1995. For a
type-II process there are two distinct fundamental fields who contribute to the SHG and the
relative amplitude of these fields play an important role in determining the nature of the nonlinear
phase shift. The field equations describing the type-II process for an oe-e SHG process (second

harmonic polarized in the direction which utilises the extraordinary refractive index) are given as,
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w

j 2 * —idke
—=—icE "E e’

dx
dE? .
L =—igE"E" e ™ (5.25)
X
dE?(u .
= —i20EVE"e™
dx

where i and j denote orthogonal polarizations. One of the features of the type-II interaction is
that the regenerated fundamental wavelets which result from cascading depend on the orthogonal
fundamental field. As the ratio of the power in the two fundamental fields is changed, the
amount of phase-shift produced in either field changes, with the weaker component collecting a
larger accumulated phase-shift. Figure 5.42 shows the NPS of the two fundamental components
for a steady total input power shared in various ratios between the two fundamentals with for

oL=1 and a phase-matched SHG efficiency of 50%.
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Figure 5.42 NPS as a function of detuning for type-II SHG (50% efficient when
optimised) with various ratios of the o:e fundamentals. Percentages indicate the share
of the fundamental power that is present in that particular field. Left: NPS for the
stronger fundamental, which decreases as its share of the input power is increase.
Right: NPS for the weaker fundamental which increases as its share of the input

power is decreased.
As indicated in Figure 5.42, the weaker fundamental component accumulates quite a large
nonlinear phase-shift compared to that produced in a type-I interaction with same efficiency. The
lower signal intensities and larger NPS experienced by the weaker component of the type-II
interaction make it a better candidate for a functional device. The throughput of the fundamental
fields in efficient type-II interactions under different conditions is also of interest for optical

processing, which has also been suggested by Assanto’”. The transmission of a pump
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fundamental can be strongly modulated by small changes in the orthogonal gate fundamental at
zero or slight phase-mismatch. For a fixed pump power, the transmission as a function of the
ratio of the gate : pump powers is shown in Figure 5.43. The point of interest is the rapid and
strong modulation of the pump transmission when the gate fundamental is biased and modulated
around 84% of the pump input, as indicated by the dashed lines in Figure 5.43. Assanto has
suggested this as a potential scheme for realising an all-optical transistor, but the nonlinear

efficiency required for implementation is also beyond what is still readily practically achieved

1

0.8+

0.6r

0.4+

Pump transmission

0.2r

0 0.2 0.4 0.6 0.8
Ratio of gate:pump powers

Figure 5.43 Transmission of a 'pump' fundamental polarization in relation to its ratio

with the orthogonal ‘gate’ fundamental in an efficient (99% SHG) type-II interaction.
There have been some promising suggestions of methods for improving the efficacy of cascading,
including tailoring of QPM gratings to produce optimal phase-shift for the interaction length, as

suggested by Cha®”’,

Moving to processes in which more than one interaction is involved can
also be beneficial, and other phenomena such as cross-polarized wave generation can arise. The
interaction suggested by Assanto e al in ref **® involves two fundamental fields which both
contribute photon pairs to a common second harmonic via two individual type-I process acting
simultaneously. An alternate scheme proposed by Saltiel et a*” involves simultaneous action of
type-1 and type-II processes which also share a common second harmonic. Other variations in
multistep cascading between two discrete processes have also been suggested and a summary of

these two colour multistep processes, similar to the classifications of Saltiel ez al*'°, is reproduced

in Table 5.3.
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Cascading scheme SHG processes Refs.

0+0>20 0 +0> 20, | Type-L:'Type-1I 209211212

O+0 20 0 +o<>20 | Type-LType-II 213,199

0+ <20 0, +0, <20, | Type-1:Type-0 208,214,215,216
214217

O+0 20 0 +o, <20 | Type-L:'Type-1

o+0, 20 0 +o>20 | Type-ll:Type-II

Table 5.3 Two colour multistep processes

54.2 Cascading between type-0 and type-l QPM interactions

The scenario of particular interest in this dissertation is the third entry in Table 5.3, two
simultaneously phase-matched processes using type-I and type-0 interactions. As demonstrated
previously, the coupled field equations for simultaneous type-0 and type-I phase-matching with

respect to the crystal axes in lithium niobate can be given as,

= io BV E e
dE(z) ~ R '
dy B (5.26)
X

dE?
X

— _Z-O_1 (Evza))zemkox . l-O_2 (Ej))Z eiAk,x
This type of interaction has also been previously identified by Assanto et al**®

considered in various crystals by Grechin and Dmitriev*'.

and practically
Potential applications in all optical
modulation and polarization switching have been suggested along with control of the second
harmonic output via phase and amplitude controlled fundamentals as demonstrated in the
previous section. One of the features of utilising two distinct processes is that the phase-
mismatch will be different for the two processes for a particular temperature or wavelength
detuning. The offset from ideal simultaneity between the phase-matchings can also be controlled
by tuning the period of the grating (or equivalently the angle of incidence). The detuning curves
and the nonlinear phase-shifts for perfect simultaneous phase-matching of type-0 and type-1 SHG
from equal fundamental components in a 4.6 mm length of PPLN are shown in Figure 5.44.
Each process has been simulated with a 30% efficiency and the cases of in-phase and n/2 phase-

shifted fundamentals are shown in the left and right hand of the figure respectively.. The QPM
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grating required to achieve this at 1064 nm was shown in the previous section (see Figure 5.17,
Figure 5.28, and Figure 5.29). Of particular interest in this system is the energy flow from one
fundamental polarization to the other. This phenomenon is the result of cascading between SHG
and degenerate difference frequency mixing and gives rise to ‘polarisation switching’. A similar
type of interaction between type-I and type-II processes has been looked at previously by Saltiel

211 - - d -
. Such a process can be considered as an equivalent 3" order process, but with

and Deyanova
the intrinsic benefits of an instantaneous second order process. That is, the two second order

processes involved, o+w <> 2w, 1@ +®, <> 2w, , can emulate an equivalent cubic effect,

O+O—0, <S>0, 0 O +0, —O> 0.

a) b)
In-phase fundamt:-‘ntals "1, phase shifted fundamentals
1t QAN
— —_ o ‘v.
£ £ 0.8
S 5 -
% < Second harmonic (e-wave) O e Second harmonic (e-wave)
8 0.6 .-. == Type-l (0-wave) fundamental § 0.6 === Type-l (0-wave) fundamental
g i = Type-0 (e-wave) fundamental g Type-0 (e-wave) fundamental
€ 04 HR S 0.4
0.2 H 0.2 n s
-15  -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Temperature Detuning (°) Temperature Detuning (°)
0 Ak Ll d) Akl
028 4 -2 0 2 4 6 028 4 2 0 2 4 6
In-phase fundamentals ——Type-0 "1, phase shifted fundamentals | — Type-0
0.1 A == Type-| 0.1 == Type-I (+"/,)
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-15  -10 -5 0 5 10 15 -15  -10 -5 0 5 10 15
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1 L L L L l L L L
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15

Temperature Detuning (°)

Temperature Detuning (°)

Figure 5.44 Detuning curves and nonlinear phase-shift for simultaneously phase-

matched type-0 and type-I SHG in a 4.6mm length of PPLN. Plots a) and b) show the

detuning curves for in-phase and n/2 phase-shifted fundamentals respectively. Plots c)

and d) show corresponding nonlinear phase-shifts of the type-0 and type-I

fundamentals.
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The evidence for this ‘cubic’ interaction in Figure 5.44 is brought about by the different
temperature acceptances of the type-O and type-I processes in PPLN. This results in the
cascading of energy between the two fundamentals at slight detuning, as demonstrated in plot a)
of Figure 5.44. The broader temperature acceptance of the type-0 interaction provides the second
harmonic irradiance necessary to observe cascading to the narrower type-I interaction at slight
detuning. This cascading to the type-I process is also accompanied by an enhancement of its
NPS, as shown in plot c¢) of Figure 5.44. The detuning curves and the NPS for fundamentals with
equivalent magnitudes but with a m/2 phase shift are not as interesting as the two interactions
behave as competing nonlinear processes and the majority of the energy flow is suppressed. The
energy flow between the orthogonal fundamental fields is most prevalent when unequal
fundamental components are launched with perfect phase-matching with a n/2 phase difference
between the fields. Numerical plots of the irradiances of the second harmonic and the two
fundamental components as they propagate through the crystal are shown for an efficient process
in Figure 5.45. The fundamental components are shown polarised along orthogonal o and e
directions in the crystal, and with various ratios of initial irradiance incident on the crystal. A
large degree of energy transfer between the fundamental components can be seen for significant
differences in the initial irradiances. The rapid growth of the second harmonic due to a large
‘pump’ fundamental then becomes available for difference frequency mixing with the weaker

‘signal’ fundamental component, effectively rotating the polarisation of the incident beam.
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e:o ratio of 2:0 e:o ratio of 1.8:0.2 e:o ratio of 1.6:0.4

e:o ratio of 1.4:0.6 e:o ratio of 1.2:0.8 e:o ratio of 1:1

Irradiance (Normalised to equal fundamentals)

1 2 3 2
x 10° x10° x 10°

Type-0 (e-wawe)
----- Type-l (0-wave)
.......... SHG (e-wave)

Crystal length (m)

Figure 5.45 Propagation of the fundamentals and second harmonic irradiances for
simultaneously phase-matched type-0 and type-I interactions with a ©/2 phase shift
between ordinary and extraordinary polarisations. A normalised power of 1,=2 is

shared in various ratios between the two fundamental components.

54.3 Experimental observation of two colour cascading

Experimental measurements of the detuning curves for the two fundamental components and the
second-harmonic were made with the same 45.75um period crystal described above (Figure 5.28,
Figure 5.29). The fundamental depletion (measured as the average power) at phase-matching in
this crystal was ~12%. The experimental data has been normalized to the average input power of
the fundamental, so that when equal horizontal and vertical components were incident on the
crystal (45° linear polarization) 6% depletion from either polarization of the fundamental was
observed at phase-matching. The fundamental and second-harmonic detuning curves are shown
in Figure 5.46. Even with 6% SHG efficiency the energy exchange to the narrow band type-I
fundamental at slight detuning is clearly observed in the experimental data. A 2% increase in the
average power of the type-I fundamental was measured, which is in excellent agreement with
numerical simulations for a 6% efficient process. The depletion for the phase-shifted

fundamentals only reaches ~2% at slight detuning and returns to zero depletion at the phase-
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matching temperature, as expected for coherent and equivalent processes which are out of phase.
The measured detuning curves for the second harmonic are also in very good agreement with the
calculated curves, showing complete suppression of the second harmonic at zero detuning for
fundamentals with a m/2 phase shift. Experiments to measure the cascading between
fundamentals launched with a /2 phase shift different initial irradiances were also carried out by
measuring the temperature detuning curves. If cascading between fundamentals is taking place,
parametric gain should be observed at the zero detuning point. The simulation for a parent SHG
process which is 30% efficient with fundamentals launched in a 1.4:0.6 ratio is shown in Figure
5.47. The detuning curve for the weaker fundamental can be seen to offer some depletion to the
second harmonic at slight detunings, but experiences appreciable parametric gain at zero detuning
due to cascading. The amount of parametric gain experienced at zero detuning depends on the
overall efficiency of the parent process and the ratio of powers in the fundamental components.
Simulated values of parametric gain in relation to the ratios of fundamental components for
various efficiencies of the parent process is shown in Figure 5.48. The ‘efficiency’ referred to
here is in reference to the depletion that the fundamentals would undergo when launched in phase
with equal powers, as is the case for Figure 5.44 a) where each fundamental component is

depleted by 30%.
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Figure 5.46 Experimentally measured fundamental and second-harmonic detuning curves for simultaneous
phase-matching of equal type-0 and type-I fundamental components. Plots a) and b) show the fundamental
depletion for in-phase fundamentals and n/2 phase-shifted fundamentals respectively, plots c¢) and d) show the

corresponding second-harmonics.
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Figure 5.47 Simulated temperature detuning curves for simultaneously phase-matched fundamentals
launched with irradiances in a 1.4:0.6 (70%:30%) ratio. Left: All components shown on the same scale, right:
expanded scale showing the weaker fundamental, in this case the type-I component. Parametric gain due to

cascading is seen at zero detuning.
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Figure 5.48 Parametric gain experienced by the weaker fundamental component in
relation to the ratio between the launched fundamental powers. The parametric gains
for various efficiencies of the parent process have been plotted, with the ‘efficiency’
referring to the depletion that the fundamentals would undergo when launched in

phase with equal powers, as in Figure 5.44 a).

For this set experiments the ratio of the two fundamental components was varied using the half-
wave plate shown in the setup in Figure 5.5, with the quarter-wave plate fixed on the crystal axes
to produce the /2 phase shift between the vertical (e-wave) and horizontal (o-wave) components.
The temperature detuning curves were measured for a range of fundamental ratios, with detection
of the weaker fundamental the point of interest. The measured detuning curve for the weaker
fundamental when launched in a 1.4 : 0.6 (70% : 30%) ratio is shown in Figure 5.49. The
simulations shown in Figure 5.47 were reproduced to take into account the experimental
efficiency of %6, and the calculated detuning curve for the case of 1.4 : 0.6 (70% : 30%) is
plotted alongside the data in Figure 5.49. The agreement between the calculated and measured
detuning curves is in very good agreement with a parametric gain of ~1% measured at zero
detuning. As the difference in the launched fundamental powers was increased from a ratio of 1 :
1 (50% : 50%) to a ratio of 1.9 : 0.1 (95% : 5%) the parametric gain seen from the weaker
component also increased. The measured parametric gain at zero detuning across this range is
shown in Figure 5.50. A gain of 6% was observed for the input ratio of (95% : 5), in good

agreement with the gain expected from calculations.
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Figure 5.49 Temperature detuning curve for the weaker fundamental when launched
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Parametric gain is seen at zero detuning as a result of cascading.
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Figure 5.50 Measured gain of the weaker fundamental component, for various ratios
of the fundamental input powers, due to cascading between simultaneously phase-
matched SHG interactions. The parent SHG process, shown in Figure 5.46, had an
efficiency of 6%.

Another point of interest in the cascaded interaction being looked at here is the power dependant
‘transfer function’ that an incident beam experiences. That is, for polarisation separable
fundamentals, one polarisation can be set as the ‘pump’ input and held at a fixed input power,
while the other polarisation can is treated as a ‘signal’ and modulated. The transmission of the

signal beam will be determined in part by the nonlinear interaction taking place in the crystal.
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Figure 5.51 shows simulations of the throughput of a signal beam in relation to its relative power
compared to the pump. The shape of the transfer function shows a strong dependence on the
efficiency of the parent SHG process. Perhaps the most interesting transfer functions are for
efficiencies of 50-60% where the signal sees parametric gain at low to moderate input powers and
then experiences depletion to the second-harmonic once its input power has exceed that on the
pump, in essence making the interaction an amplitude limiting filter while improving the signal

to noise ratio at powers less than the pump input via intensity dependant parametric gain.
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Figure 5.51 Transfer function for a 'signal' beam incident on a engineered for

simultaneous phase-matching.

5.5 Summary

In this chapter the experimental results of second-harmonic generation and cascaded interactions
in periodically poled lithium niobate crystals, fabricated with laser machined electrodes, have
been reported. The results demonstrate that the laser fabrication technique is suitable for
producing PPLN with periods >20 pum, and that advanced structures such as chirped and
aperiodic domain patterns are easily prototyped using this technique.

Simultaneous phase-matching of type-0 and type-I SHG interactions at 1064 nm in PPLN
with a 45.75 pum period has been demonstrated. This interaction utilises orthogonally polarised
fundamentals, which act coherently in generating a common second harmonic field. For a linear
input polarisation the generation of a second harmonic field can be independent of the input
polarisation direction. Generation of a polarised second harmonic output from a randomly
polarised incident laser beam can also be realised. Control of the relative magnitudes and phases

of the fundamental components can result in modulation of the second harmonic. Alternatively it
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has been suggested that the SHG from this simultaneously phase-matched interaction can be used
to analyse the amplitude and phase-relation between the fundamental’s orthogonal components.
The energy cascading between orthogonal fundamental components which takes place in
an efficient simultaneously phase-matched interaction has been simulated from the coupled field
equations and verified experimentally. These experiments demonstrated that cascading between
two simultaneously phase-matched and wavelength degenerate SHG interactions does occur.
This cascaded interaction results in an exchange of energy between orthogonally polarised laser
beams. The following chapter will summarise the findings presented in this dissertation and
suggest future directions of inquiry in the fields of laser fabricated PPLN and cascaded nonlinear

optics.
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Chapter 6. Conclusion

“Take young researchers; put them together in virtual seclusion,
give them an unprecedented degree of freedom
and turn up the pressure by fostering competitiveness.”
James D. Watson
“The future has already arrived.
1t's just not evenly distributed yet.”
William Gibson

6.1 Concluding remarks on topographical electrodes for poling

The major research themes of this dissertation have been to further investigate the potential of
laser micromachined topographical electrodes as a processing step in the fabrication of PPLN,
and frequency conversion and cascaded processes with laser fabricated PPLN. During the
development of the fabrication techniques there have been fundamental investigations including
ablation studies and modelling of the electrostatic behaviour of topographical electrodes.

The ablation studies have appraised laser processing characteristics such as the ablation
threshold and ablation rate scaling of lithium niobate, along with a parallel comparative study of
silicon. In the ultrafast pulsed laser investigations a key result was identifying a double
logarithmic trend in the fluence dependent ablation rate of silicon which was not present in
lithium niobate or lithium tantalate over the same range of fluences. This observation points to a
clear difference between the ultrafast laser ablation mechanisms at different fluences for semi-
conductor materials and dielectrics. Different superficial ablation regimes were also identified
for lithium niobate itself. There was a well defined transition from ‘clean’ ablation at low to
moderate fluences, to ablation which produced a significant amount of particulate debris around
the ablation craters. This transition in the ablation behaviour was in the vicinity of an incident

fluence of 10 J/cm?

. The influence of machining parameters such as feed-rate and number of
passes has also been examined, and the control over the geometry of laser machined features has
been evaluated. The influence of the electrode geometry on the electric fields that result in poling
has been investigated via finite element modelling. The shape, aspect ratio and depth of surface
features have been identified as key parameters that influence the electric field distribution. High

aspect ratio V-shaped grooves have been shown to be the optimal feature for providing high
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electric field contrast. The process for PPLN fabrication with laser machined electrodes is

summarised in the flow chart shown in Figure 6.1.

Wafer >
dicing - o =

001 S

Bectric field

Domain
inspection
Frequency
COnversion

Figure 6.1 Summary of processing steps involved in the fabrication of PPLN with laser

machined topographical electrodes.

While this fabrication technique may not be immediately applicable to the shorter periods
required for efficient generation of visible wavelengths, there is a growing interest in larger scale
domain engineering for applications in the mid-infrared and terahertz spectral regions. The
nonlinear processes of interest for producing these wavelengths include optical parametric
generation and amplification, difference frequency mixing and optical rectification. For example,
typical poling periods of crystals designed for optical parametric generators and amplifiers

pumped with 1064 nm laser sources are in the 25-32 um range, which are immediately viable
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periods for this fabrication technique. Terahertz frequency generation in the form of surface
emitted radiation from optical self-rectification and difference frequency generation of closely
spaced laser lines has also been demonstrated with large scale domain engineering. Weiss et al*'®
have demonstrated terahertz generation by optical rectification in PPLN with periods as long as
127 um. This scheme is illustrated in Figure 6.2. Sasaki et al’’*??’ have demonstrated terahertz
generation by difference frequency generation. The novel PPLN designs used in Sasaki et al’s
experiments are compatible with the laser machining technique presented in this dissertation.
They include phase-reversed PPLN with a primary period of 29 um and a phase-reverse period of
11.6 mm for dual wavelength optical parametric generation and parametric amplification, as well
as difference frequency mixing in slanted and 2D domain patterns with domain widths on the
order of 35 um. The optical layout and an illustration of the difference frequency mixing

employed by Sasaki et al are shown in Figure 6.3 and Figure 6.4 respectively.

. M M7 M

—h h,_f'l

THz

F

Figure 6.2 Schematic of terahertz generation by optical rectification in PPLN from
Weiss et al’’® . Poling periods required for this implentation are long, on the order of
100pm

Nd:YAG
LASER

HWEP

4K Si-bolometer
PBSE

o

L Dumped Q
—— Phase reversed Phase reversed |PUmp wave L
HWP PPLN OPO PPLN OPA lens Smmmnt’
~Oven - ~ Qven - THz-wave
5-{ (UL

lens e = Filters PPLN

Figure 6.3 Terahertz generation in PPLN by diffference frequency generation between

the lines of a dual wavelength optical parametric generator, from the work of Saski ez
a 1221,220.
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Figure 6.4 Schemes for difference frequency generation based on slanted (left) and 2D

(right) domain patterns in poled lithium niobate, from Saski et al’*"*%,

There are also other opportunities for utilising this fabrication technique for producing PPLN
suitable for type-I phase-matching, as has been discussed in chapter 5. Periods suitable for
generation of red, green and blue wavelengths using the d;; nonlinear coefficient are all within
the capability of this technique. The proposal of producing PPLN suitable for simultaneous
type-I generation of red and green wavelengths is also is also a point of interest to be pursued in
the future. The outcomes of this dissertation demonstrate that fabrication of PPLN for
applications which require domain widths in excess of 20 um is viable using laser machined

electrodes in place of lithographic patterning.

6.2 Concluding remarks on simultaneous phase-matching and
cascading with QPM materials

In this dissertation a novel nonlinear phase-matching scheme has been presented. It
involves simultaneously phase-matching 1* order type-I1 SHG with a wavelength equivalent type-
0 interaction with a high QPM order. Experimentally this has been demonstrated for the type-I
and 7" order type-0 SHG interactions for a 1064 nm pump wavelength. The poling period
required for this interaction is 45.8 pum, easily fabricated by the laser machined electrode
technique that has been presented. It has been demonstrated that second harmonic generation via
simultaneous phase-matching is a coherent process which is responsive to the relative phases and
amplitudes of the incident fundamental fields, as well as showing dependence on the intrinsic
nonlinearities that are accessed in the crystal. For simultaneous phase matching of equivalent

nonlinearites, second harmonic generation which is independent of input polariation direction can
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be achieved. In the same way, equivalent nonlinearities result in the second-harmonic being
completely modulated as the phase between equivalent vertical and horizontal fundamental
polarisation components is changed from 0—m/4 (from linear to circular polarisation). Going one
step further, it has been demonstrated that such a phase-matching regime results in cascading
between the two processes. The cascaded process facilitates the flow of energy between
orthogonally polarised fundamental fields. It has been shown that this cascading of two y*
interactions gives rise to a coupling of energy which would otherwise be associated with a cubic
interation.  Similar interactions in quadratic materials have been noted for their potential
applications in optical processing and for other exotic optical phenomena such as soliton
formation and pulse compression. There is scope for further investigations looking at the

potential of the particular process presented here in the afore mentioned applications and

interactions.

6.3 Future investigations

An immediate future direction for this work is to extend the laser machined electrode technique
for poling to other compositions such as MgO doped and stoichiometric lithium niobate, and to
other ferroelectric crystals such as lithium tantalate and KTP. It is suspected that the lower
coercive fields in these materials may prove even more amenable to this fabrication technique. It
has also been suggested in Chapter 4 that the relative depth of the topographical features
compared to the substrate may help improve the electric field contrast, and thus allow smaller
periods to be produced. Laser machining of small features with high magnification objectives is
somewhat limited in the depth of features that can be easily produced. As such a more practical
approach is to move to thinner substrates where small laser machined features have a bigger
impact on the electric field distribution. This may be a future avenue to improving the viable
periods and resolutions of periodic poling with laser machined electrode patterning. Another
approach may be to use a hybrid electrode patterning technique where laser machining is
performed through an insulating layer such as photoresist or spin-on-glass. While this approach
requires a spin coat and baking step, it is still direct-write in nature and alleviates the requirement
for lithography mask design and fabrication. By including the insulating layer the electric field
distributions in the crystal may be more suitable for producing shorter periods than has proven

possible by laser machining of otherwise bare substrates.
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An improved implementation of the cascaded interaction presented in this dissertation
would involve the inclusion of waveguides and increasing the interaction length. Ideally the
design wavelength would also be changed to target wavelengths suited to optical communications.
In closing, the laser direct write technique for topographical electrode patterning of ferroelectric
optical crystals has been shown to be a viable technique, suitable for use in the fabrication of

domain engineered crystals for a variety of applications.
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Appendices

Al. Important considerations for SHG with waveguides

As well as facilitating integration into fibre based optical systems, waveguides offer increased
confinement of light within a material over long interaction lengths which is very beneficial for
improving the efficiency of nonlinear processes. Waveguides have played a crucial role in
enabling c-band nonlinear devices in PPLN at power levels compatible with telecommunications
applications. There have also been some fundamental advances made by using waveguides. For

222
example Parameswaran et al

have demonstrated that careful design and operation of an
annealed proton exchange waveguide can result in almost complete conversion from fundamental
to second harmonic in PPLN. The goal of this section is to review some of the benefits and
issues associated with guided-wave frequency conversion.

The inclusion of waveguides in the nonlinear medium introduces the additional issue of
waveguide modes to the frequency conversion process. A simple approach is to consider the
plain wave picture to the propagating electric fields and modified it to take into account the
transverse profiles of the waveguide modes, the effective refractive indices of the modes, and the
overlap and interaction between modes at different frequencies. A simple approach to
waveguides which only support a small number of modes (ideally only single mode) at all the
frequencies of interest is to include the transverse mode profiles in the description of the
propagating fields, and the overlap of these profiles along with the waveguide losses in the

coupled field equations. Staying with the prototypical SHG processes, we continue with the

approximate plain-wave picture of the electric fields and introduce a transverse profile
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Here f, ,,(x,y) is found as an Eigen-mode of the waveguide. We subsequently introduce the

20
term /7, which includes nonlinearities, impedances and the mode overlap, or effective area of

the guided wave frequency doubling process, S,

n_zsz}
0

- 32
gc non, S o

S

.7 18 the ratio of the products of the auto-correlations of each of the waveguide modes to the

cross-correlation of the modes (for SHG we have w+w—2m® and we consider there to be two

contributions from the fundamental mode, even if they are the same field).

R sl {” 11, x. y)|2dxdy}2
R CERD S A R

The transverse profiles, f,,,(x,), will depend on the refractive index profile of the waveguides,

of which there are many varieties depending on the waveguide type and its fabrication. The
process becomes more complicated when considering waveguides which support several modes,
which can couple and evolve the electric field profiles as they propagate. This will generally
cause less than ideal efficiencies, as the different mode patterns have varying effective indices
and propagation constants, and will experience varying degrees of phase-matching by a periodic
grating. A more thorough consideration of the role of waveguides can be made by including the
full coupled mode theory, but is beyond the scope of this dissertation. Suffice to say that the

Eigen-modes of a waveguide with a transverse refractive index profile n(x, y) are found by
solving the scalar Eigen-mode equation (a similar form to the Helmholtz equation,

VU +k*U =0 for describing time invariant field components);

_2+
ox”~ oy

( 0 a—sz(x, ») +[n(x, y)’ - ne/](%] f(x,y)=0

Where n,, is the effective refractive index of the mode, and there maybe many supported in the

eff
waveguide. The concern when designing and fabricating waveguides for frequency conversion is
that the waveguide supports all wavelengths participating in the process, and ideally remains
single mode at all these wavelengths. For a typical refractive index profile of a particular

waveguide, in practice determined by the fabrication technique, the issue becomes what area of
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the guiding region to aim for. If the guide area is too large the higher frequency fields may
become multimoded. If the guide area is too small the lower frequency fields may become
radiative and be lossy. If single moded guiding at the fundamental and second harmonic

frequencies of a SHG process is achieved in reasonably symmetric guides, the effective area, S, ,

is often well approximated experimentally by considering the Gaussian fits to the transverse
mode profiles;
Where w, , are the 1/¢* widths of the mode in the x and y directions. We can find that the value
for S, can be found as,
0] 2 20 () 2 20
_ | () +20w%) || (#7) +2(5")
of 3_2 20 20

w; w,

which can be measured experimentally from the Gaussian fits to the observed modes of the
fundamental and SH. If the waveguides in question tend to become slightly multimode at the
higher frequencies, the modal shapes may be well approximated by higher order functions such
as a Hermite-Gaussian (Cartesian symmetry) or Laguerre-Gaussian (radial symmetry) functions.

For guides which remain single mode at all frequencies concerned, the value of S, will still be

affected by the dispersion of the guide material, as the higher frequency fields will be confined
more strongly in the guide region due to the higher effective refractive index they experience (in

the normal dispersion regime). This will result in differing waist sizes (w, ) for the fundamental

and second harmonic, effecting the overlap efficiency.
Another factor in waveguide nonlinear conversion performance is the intrinsic
propagation loss of the guides. In the bulk optics picture we assume the medium to be reasonably

lossless and generally neglect the loss terms «

w20 rom However the propagation losses for the
waveguides may be significant and different for the different frequencies. The higher frequency
fields will intrinsically be lossier as they experience a higher effective refractive index and are
more susceptible to waveguide imperfections and the shorter wavelength results in more efficient
scattering from material defects. For SHG this shows up experimentally as a discrepancy

between the fundamental depletion and the extracted second harmonic, as seen in the published
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results of Parameswaran ef al. Here it was reported that ~450mW of SH was extracted for an

input pump power of 900mW, despite there being a corresponding 99% depletion of the pump.

A2. Laser machining and characterization apparatus.

Light Wave Electronics frequency doubled Nd:YAG

The nanosecond laser used during this project was a Light Wave Electronics (LWE) Q-series
system. This laser is a frequency doubled Nd:YAG system which produces ~0.7 W CW and up to
3 mJ Q-switched pulses at rep-rates from 100°s Hz to 20 kHz. For the laser processing of interest
in this dissertation, this laser was externally frequency doubled again by a focused single pass in
a BBO crystal to produce 266 nm pulses with pulse energies up to ~300 pJ. A photograph of the
optical layout for this system is shown on the following page. The motion control for this
system was a set of XYZ Aerotech stages. The FWHM of the pulses from this system are 15 ns,

however the pulse shape was not ideal and the pulse had significant power out to 40 ns.

12
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Measured pulse from the LWE nanosecond laser system.

-227 -



Appendices B. F. Johnston

M3 Telescope and pin hole M1 Laser Head

Polarisation controller Cylindrical lenses and BBO crystal M2

Power meter and detector Pelin-Brocca Prism UV beam path ===

Green beam path

Camera

Z-axis stage

Imaging Lens

Turning Mirror

Obijective Lens

XY-axes stages

Light source

Optical layout and machining head used for the LWE laser system
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Spectra-Physics Hurricane Ti:Sapphire 800nm femtosecond system

The ultrafast system used during this project was a Spectra-Physics Hurricane laser. The
Hurricane is comprised of the ‘Mai-Tai’ Ti:Sapphire 80 MHz oscillator and a 1kHz regenerative
amplifier. The system produces ~100 fs pulses with up to 1 mJ pulse energy with a pulse
repetition rate up to 1 kHz. The optical layout of this system is shown below. The laser beam
was characterized with a frequency resolved optical gating (FROG) module and camera beam
profiler. The average power was measured using a sensitive thermal detector (Coherent Field
Max II). The power on target was controlled by a half-wave plate/ linear polarizer arrangement
with the half-wave plate held in a computer controlled rotation stage for careful adjustment of the
power. The pulse duration could be controlled to some extent by tuning the pulse compression

grating in the stage amplifier of the laser. Pulse durations of 100 fs were typical from this system.

Hurricane Waveplate and polariser FROG Aperture Power meter
(power control)

Camera M2 Polarisation control XYZ stages

Optical layer for the Hurricane laser system
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Pulse Width: 99.41 fs
Bandwidth: 5.07 THz
Bandwidth: 10.82 nm
Aute Width: 149.91 fs
TBW Product: 0.50

FROG Trace Error: 0.0°117

Beam profile and measured pulse duration of the Hurricane laser system, taken with a FROG apparatus

Measurements of the ablated features were carried out using optical profilometry on a Veeco
system. While this instrument may not have the resolution of an AFM in all 3 dimensions, the
resolution in the direction of the vertical scanning interferometer is ample for ablation studies (on
the order on 5-10nm) and its rapid data collection capabilities makes it an ideal tool for looking at
large areas of topographical interest. The Veeco instrument is based on Mirau interferometer
used in a vertical scanning configuration. The measurements produce 3D data sets and the
corresponding surface statistics. A basic schematic of the optics involved in the Veeco optical
profiler is shown below.

- o e—

The Veeco surface optical profilometer at Macquarie University
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Illustration of the optical layout involved with surface optical profiliomtery

The interferometer has two modes of measurement; phase shifting interferometry (PSI) and
vertical scanning interferometry (VSI). PSI mode uses monochromatic light and piezo scanning
of the reference mirror to produce a vertical data set of the interference fringes between the
surface and the reference arm of the interferometer. These measurements become degenerate for
topographical surfaces with peak-to-valley features exceeding A/4 so the sample surface needs to
be very flat and smooth to begin with. The Veeco instrument used had a PSI wavelength of
645nm so that 160nm peak-to-valley features could be measured unambiguously. PSI mode
lends itself well to measuring the quality of polished optical surfaces and thin topographical
features such as sputtered metal coatings. On the other hand VSI measurements use white light
interferometry to continuously scan the interferometer with scan ranges of um’s to mm’s. The
fringes produced in the interferometer are dependant on all colours being coherently interfered,
which only happens when the image plane of the objective is in the vicinity of the surface of the
sample. These measurements are based on the fringe modulation rather than the phase of the
fringes. The intensity modulation signal is put through an algorithm which matches pixel values
to surface heights. The system is calibrated to a known ~10pm step to an accuracy of 0.05% and
accurate measurements of features down to 50nm in the vertical direction can be made. The
lateral resolution for both the PSI and VSI modes is ~150nm, dependant on the CCD pixel
resolution and the magnification used in the optical column. The laser ablated features being
looked at here will range from 10’s of nanometers to 10’s of micrometers in depth and VSI is the

most commonly used method of measurement. The images below show a microscope image of a
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single shot ablation crater in silicon from the Hurricane femtosecond system. The 3D image
constructed from the optical profile of this ablation is shown in along with the 2D profile across
the crater showing a depth of ~85nm. Optical profilometry has been used to characterize the

ablation features of various targets throughout the remainder of this chapter.

0.1

Depth (um)
=)

6 8 10 12 14 16
Distance (um)

-0.1
0

N
S

Microscope image (top) and optical profilometry data (bottom) of a single shot ablation crater in silicon

Viewing and photography of samples was carried on an Olympus BX-61 differential interference
contrast (DIC) microscope shown in The DIC mode of viewing produces increased contrast based
on optical path length and proved to be very useful for viewing small and shallow surface
features such as ablation craters and etched crystal domains. This type of microscope imaging is
also used for observing refractive index changes within transparent materials. Femtosecond laser
induced modification in glasses and crystals has recently been a very active research area for
waveguide and grating fabrication, and DIC viewing of such modifications is a convenient
method for gleaning qualitative indications of refractive index change. Example DIC images of

single mode fibre and laser induced subsurface modifications in lithium niobate are below
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Olympus BX-61 microscope

DIC images captured with the BX-61. Left SMF-28 fibre, right: laser induced photorefractive modifications

below the surface of lithium niobate.
A3. Visible laser dicing of lithium niobate

Lithium niobate can be a relatively difficult material to handle as it has no natural cleaving planes
and is prone to cracking easily from mechanical or thermal stress. During this project a
convenient and fast method for crudely sectioning lithium niobate wafers based on visible laser
machining with the 532 nm output of the LWE laser system was employed. It was found that
certain laser parameters could be used to reliably dice lithium niobate wafers without destructive
cracking of the substrate and in much faster times than is possible with a mechanical wafer dicer.
This laser dicing method involves both optically damaging the crystal on the surface but also
‘percussive’ cleaving through the wafer parallel to the incident beam. This technique completely
cleaves the crystal so that no mechanical breaking apart of the wafer after machining is required.

A cross-section of such a laser cleave is below. The top edge of the crystal is chipped away by
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the incident laser pulses and the bottom edge of the crystal has a flat cleave where the percussive

breaking has occurred.

Laser induced cleave of a lithium niobate wafer.

An example of a 2 inch lithium niobate diced into 7: inch squares by laser cleaving. The marks on the diced
squares indicate the y-axis flat.

The optimal laser parameters for producing such laser cleaves with the 532nm LWE were found
to be pulse fluences of ~5 J/cm” with a 1.5 kHz repetition rate (5.12 W average power with a
30um spot size), and a feed-rate of 100 mm/min. Powers which were in excess of this tended to
cause destructive cracking of the wafer beyond the regions of the intended laser guided cleaves.
Power much lower than this would result in incomplete cleaving through the wafer, requiring
mechanical breaking of the wafer after laser cutting, which despite the laser surface scribes was
still unreliable. While not ideal for device fabrication due to the edge chipping generated by the
optical damage, rough dicing of lithium niobate wafers using this technique was a convenient
method for dicing typical 2 and 3 inch lithium niobate wafers into experimental samples for the

laser machining and poling experiments carried out during this project.
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B. F. Johnston and M. J. Withford, "Dynamics of domain inversion in LiNbO poled using
topographic electrode geometries," Appl. Phys. Lett. 86, 262901 (2005).

We report results of an investigation studying the domain inversion kinetics of lithium niobate when electric field
poling using laser-machined topographical electrodes. Inversion is shown to begin witha single nucleation spike and
the domains evolve in a unique fashion governed by the topographical structure. We also demonstrate control of the
resulting domain widths when poling using this technique. The results presented have implications for rapid
prototyping of chirped and aperiodic domain structures in lithium niobate.

B. F. Johnston, P. Dekker, M. J. Withford, S. M. Saltiel, and Y. S. Kivshar, "Simultaneous phase
matching and internal interference of two second-order nonlinear parametric processes," Opt.
Express 14 (24) (2006).

We demonstrate the simultaneous generation and internal interference of two second-order parametric processes in
a single nonlinear quadratic crystal. The two-frequency doubling processes are Type 0 (two extraordinary
fundamental waves generate an extraordinary secondharmonic wave) and Type I (two ordinary fundamental waves
generate an extraordinary second-harmonic wave) parametric interactions. The phasematching conditions for both
processes are satisfied in a single periodically poled grating in LiNbOs using quasi-phase-matching (OPM) vectors
with different orders. We observe an interference of two processes, and compare the results with the theoretical
analysis. We suggest several applications of this effect such as polarization-independent frequency doubling and a
method for stabilizing the level of the generated second-harmonic signal.

B. F. Johnston, P. Dekker, S. M. Saltiel, Y. S. Kivshar, and M. J. Withford, "Energy exchange
between two orthogonally polarized waves by cascading of two quasi-phase-matched quadratic
processes,” Opt. Express 15 (21), 13630-13639 (2007).

We demonstrate energy exchange between two orthogonally polarized optical waves as a
consequence of a two-color multistep parametric interaction. The energy exchange results from
cascading of two quasi-phase-matched (QPM) second-harmonic parametric processes, and it is
intrinsically instantaneous. The effect is observed when both the type-I (ooe) second-harmonic
generation process and higher QPM order type-0 (eee) second-harmonic generation processes
are phase-matched simultaneously in a congruent periodically-poled lithium niobate crystal. The
two second-harmonic generation processes share a common second-harmonic wave which
couple the two cross-polarized fundamental components and facilitate an energy flow between
them. We demonstrate a good agreement between the experimental data and the results of
numerical simulations.
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