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Abstract

Abstract

For decades, scientists have focused on how to efficiently facilitate various
nonlinear optical processes in the field of nonlinear optics, particularly
second harmonic generation. Limited by the dispersion properties of natural
nonlinear materials and the resulting phase mismatch between light waves,
only a portion of these nonlinear processes can be efficiently conducted.
However, artificial manipulation of nonlinear materials can achieve Quasi-
phase matching (QPM), significantly expanding the application range of
nonlinear material. Such artificially processed materials are known as

nonlinear photonic crystals (NPCs).

The traditional method of fabricating NPCs is the electric field poling
technique, which involves preparing microelectrodes of specific shapes on
the surface of the nonlinear material wafer and applying high voltage on both
sides of the wafer to locally alter the material's properties. This method
processes the material from underneath the electrodes right through to the
other side, thus making it unsuitable for fabricating complex three-
dimensional structure NPCs. The latest technique, however, utilizes
femtosecond laser direct writing. This technique focuses femtosecond laser
pulses inside the nonlinear material, where multi-photon absorption and the
material's interaction at the focal point allow for artificial manipulation. This
technique is highly innovative, and both the technology itself and its

applications are worthy of further research.

This thesis focuses on the aforementioned issues, exploring the design,
fabrication, and characterization of various types of 3D NPCs fabricated by
the femtosecond laser direct writing technique. Specifically, this thesis is
organized as follows. In Chapter 1, we review the development history and
significant research breakthroughs in the field of nonlinear photonic crystals.
Some important concepts are also discussed. The purpose of this chapter is to



Abstract

provide readers who are unfamiliar with this field with a general
understanding. Those already familiar with the subject may choose to skip
this chapter. Chapter 2 delves into more specific physical concepts and
models required in the field of nonlinear optics. It also introduces essential
mathematical tools like Fourier transformation, which will be utilized in

subsequent chapters.

From Chapter 3 onwards, we present specific research projects. Chapter 3
describes our use of femtosecond laser direct writing to fabricate 3D NPCs
capable of nonlinear wavefront shaping. This work experimentally
demonstrates the superiority of 3D NPCs over 2D NPCs. Chapter 4, building
upon the foundation laid in Chapter 3, improves the structure of the 3D
NPCs. Using the theory of nonlinear volume holography, we designed and
fabricated 3D NPCs with high nonlinear conversion efficiency capable of
nonlinear wavefront shaping. Chapter 5 systematically studies the mechanism
of laser poling and optimizes this technique, enabling us to fabricate larger
and more efficient 3D NPCs. Chapter 6 showcases large-volume 3D NPCs
achieved through the improved technique and mature 3D NPC structural
design theory. These samples have a nonlinear conversion efficiency of up to
4.6%.
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Chapter 1 Background and motivation

Chapter 1 Background and
motivation

1.1 Introduction

This chapter aims to review the developmental history of the relevant research
field, presenting key theoretical and technological milestones in chronological
order. The purpose is to provide readers with a general understanding of the
research area addressed in this thesis. A more detailed and in-depth technical
introduction, along with the theories that will be employed in this thesis, will

be thoroughly discussed in Chapter 2.
1.2 Laser and nonlinear optics

Light Amplification by Stimulated Emission of Radiation, or LASER, has a
history dating back to the early 20th century when scientists began exploring
the interaction between light and matter. Albert Einstein laid the theoretical
foundation for stimulated emission in 1917 [1]. He proposed that atoms could
not only produce spontaneous radiation but also stimulated radiation, which
forms the theoretical basis for lasers. However, due to technological limitations
at the time, lasers only existed in theory, and it took more than 40 years for

research on lasers to become a reality.

In 1958, Charles H. Townes and Arthur L. Schawlow proposed a technological
theory for generating lasers [2]. Just two years later, in 1960, Theodore H.
Maiman created the world's first laser using a ruby rod as the active medium
[3]. Following this breakthrough, research on lasers experienced explosive
growth, leading to the invention of various types of lasers, including but not

limited to gas lasers, semiconductor lasers, and fibre lasers [4].
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The birth of the laser also gave rise to a new research field: nonlinear optics.
This field studies the interactions between light and matter that involve non-
linear responses, the material’s dielectric polarization P responds nonlinearly
to the applied light electric field E. In 1961, Franken successfully generated a
beam of light with a new wavelength (half the original wavelength) by
illuminating a quartz crystal with a laser, marking the first observation of a
nonlinear optical process known as second-harmonic generation (SHG) [5].
This breakthrough not only represented the first-time researchers observed
nonlinear optical phenomena in the laboratory but also makes the birth of
experimental nonlinear optics. Since then, a wide range of nonlinear
phenomena have been observed and studied, including sum frequency
generation [6], [7], difference frequency generation [8], parametric
amplification and oscillation [9], [10], multi-photon absorption [11], self-

focusing [12], and stimulated scattering [13], etc.

Another milestone in this field was work by J. A. Armstrong et al. who
theoretically investigated essential issues and presenting explicit analytical
solutions to three and four coupled wave nonlinear equations. They proposed,
for the first time, that the phase matching condition could be fulfilled by
periodically changing the sign of nonlinear susceptibility of the media [14].
This technique, now known as quasi-phase matching (QPM), has become a

widely used solution to the problem of phase mismatch.

Additionally, the work of Kleinman, who published a paper discussing the
physical mechanisms of nonlinear dielectric polarization in optical media,
greatly facilitated the study of nonlinear optics [15]. He systematically studied
the notation used to describe nonlinear properties of crystals and greatly
simplifying calculations. Midwinter and Warner also made significant
contributions by investigating the effect of symmetry properties on the strength
of the phase-matched output signal for non-centrosymmetric uniaxial crystals
and tabulating the second-order susceptibility tensor for each of the uniaxial

crystals [16].
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Since then, the field of nonlinear optics has progressed rapidly and expanded
into new areas with the help of tunable lasers and ultra-short pulsed lasers.
Include a wide range of sophisticated applications, such as nonlinear optical
microscopy[17], high-energy laser sources, laser material processing[18], and
laser pointers. Additionally, it plays a crucial role in optical signal
processing[19], quantum communication, guantum sensing, and quantum
computing[20]. The exploration of nonlinear optical materials has become
increasingly diverse, with many types of materials, including ferroelectric
crystals[21], 2D material [22], and semiconductors[23], [24], demonstrating
nonlinearities. Even materials that do not inherently possess nonlinearity can
be manipulated to exhibit nonlinear properties by applying electric field or

other methods to disrupt their internal structural symmetry[25].

The goal of this chapter is to provide a review of the background of nonlinear
optics in quadratic media. We will begin by giving a brief introduction to the
Quasi-Phase Matching (QPM) technique and explaining how it can be
achieved through nonlinear photonics crystal fabricated by electric poling
methods. Following this, we will introduce the concept of nonlinear photonic
crystals (NPCs) and provide examples of past 1D NPC research. Next, we will
discuss more complex 2D NPCs and their applications in nonlinear wavefront
shaping, including transverse nonlinear wavefront shaping and in-plane
nonlinear wavefront shaping. We will then explore how the latest laser poling
techniques have successfully expanded the fabrication of NPC structures into
3D and review the most recent research findings in 3D NPCs. Finally, we will
present the motivation for this thesis and outline the content structure of the

subsequent chapters.
1.3 Quasi-phase matching

Quasi-phase-matching (QPM) is an important technique for frequency
conversion in nonlinear optics, first proposed by J. Armstrong and others in

1962[14]. In 1998, V. Berger extended it to two-dimensional structures and

3
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introduced the concept of nonlinear photonic crystals[26]. Efficient nonlinear
processes require a stable phase difference between the interacting light waves,
but the dispersion characteristics of nonlinear crystals make it difficult to
achieve this requirement. The phase velocity difference caused by dispersion
must be compensated in some way to achieve phase matching. The reciprocal
lattice vectors, which representing periodicity of nonlinearity modulation,
provided by nonlinear periodic structures can help to achieve phase matching.
By constructing periodically modulated x(® structure in nonlinear media
(nonlinear photonic crystals), they can effectively implement efficient
nonlinear processes. Compared with conventional perfect phase matching
(temperature matching, angle matching), this method, called quasi-phase
matching, allows one to utilize larger effective nonlinear coefficients and avoid
the spatial walk-off effect[27]. As a result, this technique has now been widely
applied in the field of nonlinear optics and has achieved some phenomena that

are difficult to achieve in conventional crystals.

Although the theory of quasi-phase matching was proposed early on, the
implementation of phase matching in the first 25 years of nonlinear optics was
primarily achieved through birefringent matching. This limitation was mainly
due to the immature crystal growth and polarization technology at the time,
which made it challenging to prepare nonlinear photonic crystals with micron-
scale periodic structures. It was not until the 1990s that the development of
lithography and other micro-nano fabrication technologies paved the way for
the fabrication of nonlinear photonic crystals. In 1993, Yamada and colleagues
first employed the method of electric poling to create an optical
superlattice[28]. In 1995, M. Fejer and others fabricated bulk periodically
poled lithium niobate (PPLN) crystals [29]. In 1997, N.B. Ming and colleagues
developed a quasi-periodic polarization optical superlattice and, for the first
time, used a single beam of light and a single crystal to generate green light at
the third harmonic [30]. In 1999, N. Broderick and colleagues created the first
two-dimensional nonlinear photonic crystal and verified nonlinear Bragg
diffraction [31]. In 2018, T. Xu and D. Wei independently fabricated three-
dimensional nonlinear photonic crystals, enabling 3D QPM[32], [33].

4
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Currently, quasi-phase matching technology in nonlinear photonic crystals is
widely employed in the generation of second, third, and higher harmonics, as

well as in parametric conversion processes.
1.3.1 Electric poling

Ferroelectric crystals are the most commonly used nonlinear materials, and by
periodically reversing their polarization or performing domain reversal, the
sign of the nonlinear coefficient can be periodically changed, thereby achieving
QPM. External electric field poling (EEP) is an important technology for
achieving controllable domain reversal of ferroelectric crystals. This technique
was first proposed by Matsumoto et al. in 1991, who deposited periodic
aluminum electrodes on the +z surface of LiTaO3 crystals, raised the crystal
temperature close to the Curie temperature to reduce the coercive field, applied
a small electric field to polarize the crystal beneath the electrodes, and then
lowered the temperature to lock the polarization status [34]. This polarization
method relies on high temperatures near the Curie temperature, which can
cause a series of issues, such as crystal aging. In 1993, Yamada et al.
successfully prepared periodically poled lithium niobate (PPLN) at room
temperature using external electric field poling and achieved a second
harmonic generation (SHG) normalized conversion efficiency of up to 6 W
[28]. Myers et al. further improved the electric field poling technology based
on this work [29]. They used lithography techniques to create high-precision
periodic electrodes on the crystal surface and used electrolytes as electrodes.
This technology remains the most mainstream electric field poling technology

to this day. Following is a sketch of such electric poling technique.
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Figure 1.3.1 The concept of electrical poling. a) Photolithography of a
photoresist-coated ferroelectric crystal. b) Etching of exposed areas in the
photoresist. The top and bottom surfaces of the crystal are then coated with
electrodes. c) A high voltage pulse reverses the sign of the electrical dipoles

in areas in which the top metal is in contact with the crystal [35].

With the advancement of electric field poling technology and the successful
fabrication of periodically poled nonlinear materials, researchers began to
explore more complex structures for nonlinear optical processes. In the
following section, we will delve into the development and applications of 1D
NPCs.

1.3.2 1D NPCs

One-dimensional nonlinear photonic crystals (1D NPCs) with periodic
polarization along a single direction represent the simplest and most widely
used nonlinear photonic crystal structures. A single period A can provide the
maximum reciprocal lattice vector G = 2w /A, to satisfy phase matching in
nonlinear optical processes, thus achieving high-efficiency frequency
conversion. However, the working wavelength and reciprocal lattice vector
often correspond one-to-one, meaning that single-period nonlinear photonic

crystals cannot simultaneously satisfy nonlinear processes at different
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wavelengths. To address this issue, in 1996, Myers et al. fabricated a
periodically poled lithium niobate (PPLN) nonlinear photonic crystal with
multiple gratings with different periods [36]. As shown in Figure 1.3.2 (a), 25
gratings are arranged side by side, each with periods ranging from 26 um to 32
pm. The multi-grating QPM optical parametric oscillator (OPQO) built with this
crystal can efficiently generate output light with wavelengths ranging from
1.36 pm to 4.83 pm when pumped with a 1.064 pum laser. A schematic

representation of this configuration is shown in Figure 1.3.2 (b).

——
LT feerrien

T e
AN |

GRATININHD |\

5o (I o
AR A L e
T

Uncoated ends
Figure 1.3.2 a) Portion of the +z surface of multi-QPM PPLN after HF

R=14% / surface
etching to visualize the domain structures. The periods of gratings are from

=)

1/4° wedge

===
—
e e—
-
=
@

26 to 32 um with a step of 0.25 um. Left column shows gratings with period
from 29 to 30.5 um and right column show a magnified image of the grating
with 29 um period. b) Sketch of the multi-grating QPM OPO setup. Translate
the NPC in cavity to make the pump interact with different gratings. ROC,
radius of curvature. HR, highly reflective [36].

The working principle of multi-grating structures is quite intuitive and easy to
fabricate. However, due to the presence of period gaps between adjacent
gratings, these NPCs cannot provide all the required reciprocal lattice vectors
within a wavelength range, necessitating the use of temperature adjustments to
assist in achieving truly broadband phase matching. To overcome this
limitation, Powers et al. fabricated an optical parametric oscillator (OPO) based
on a fan-out PPLN crystal in 1998 [37]. As illustrated in Figure 1.3.3, this

7
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nonlinear photonics crystal features continuously varying periods from small
to large to provide a continuous range of reciprocal lattice vectors without the
requirement for temperature adjustments. Fan-out NPC structures are still
widely used in OPOs to this day.

Figure 1.3.3 Sketch of the fan-out pattern on the PPLN crystal, the period
differences are enlarged for better illustration. The arrows on the side of the
crystal indicate the poling direction. By shifting the position of this crystal in

the cavity, the laser only propagates through a single suitable period [37].

Although both multi-grating and fan-out PPLN possess two-dimensional (2D)
structures physically, they are essentially still the simplest single-period
nonlinear photonic crystals. This is because, under working conditions, the
laser interacts only with the single-period crystal structure, keeping their nature

fundamentally one-dimensional.

During the same period, researchers also conducted studies on longitudinal
multi-period 1D NPCs. A landmark work by Kintaka et al. demonstrated third
harmonic generation (THG) using two abutting PPLN crystals with different
periods, producing 335 nm wavelength ultraviolet light [38]. The first section
of PPLN crystal doubled the frequency of the pump light, and the second

section of PPLN crystal performed sum frequency generation (SFG) with the

8
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newly generated second harmonic and the pump light. Additionally, Arbore et
al. fabricated periodically chirped gratings to accommodate broadband
wavelength conversion[39]. Another versatile achievement was the summed
Fourier component gratings proposed by Norton and Sterke[40]. Their design
method superimposed structures with different periods, theoretically enabling
the generation of any set of reciprocal lattice vectors on a single 1D NPC. This
result not only has significant implications for the design of 1D NPCs, but can
also be extended to 2D and 3D NPCs.

With the development of 1D NPCs and the growing understanding of their
capabilities and limitations, researchers have sought to extend the concept of
periodic structures into higher dimensions. This has led to the exploration of
two-dimensional (2D) nonlinear photonic crystals, which offer increased
flexibility and versatility for unprecedented functions, especially the nonlinear
wavefront shaping. In the following section, we will delve into the topic of
nonlinear wavefront shaping in 2D NPCs and discuss the advantages and

applications of more complex structures.
1.4 Nonlinear wavefront shaping in 2D NPCs

In 1998, Berger theoretically investigated the possibility of extending photonic
crystals to 2D and expanded some concepts from linear photonic crystals to the
field of nonlinear optics. The concepts he proposed, such as the nonlinear
Bragg law and the nonlinear Ewald shell, provided a theoretical framework for
the subsequent design of more complex 2D and 3D NPCs [26]. In 2000,
Broderick et al. first reported the fabrication of 2D NPCs, with the structure of
their NPCs shown in Figure 1.3.1. The hexagonal lattice provides multiple
directions with different lengths of reciprocal lattice vectors, supporting a
wider variety of nonlinear processes [31]. Their technique for fabricating 2D
NPCs has excellent versatility and has been used in subsequent follow-up
studies to create complex 2D NPC structures including quasicrystals. A wide
range of 2D NPCs has been studied since then, realizing applications such as
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third and fourth harmonics, simultaneous wavelength interchange, all-optical
deflection, and splitting, etc [41], [42], [43], [44].

Figure 1.4.1 Left: image of the hexagonal periodically poled nonlinear crystal
with a period of 18.05um. Right: the first Brillouin zone of the nonlinear

photonics crystal [31].

An unprecedented function of 2D NPCs is nonlinear wavefront shaping, which
cannot be achieved by 1D NPCs. In the earlier-discussed nonlinear processes,
laser beams have simple Gaussian profiles, and additional optical elements are
needed for shaping to fit the application environment. However, this shaping
work can be directly accomplished by NPCs. Nonlinear wavefront shaping not
only reduces costs but also simplifies the system by reducing optical elements.
It can achieve functions that are difficult to realize in linear optics, such as all-
optical control of beam parameters [45]. NPCs are not only limited to shaping
the spatial distribution of the laser beam but can also shape the laser pulse in
the time domain [46], [47]. These unique properties make nonlinear wavefront
shaping of great research value in the fields of optical trapping, optical
communication, super-resolution microscopy, and quantum optics. In the
subsequent sections of this chapter, several landmark nonlinear wavefront

shaping works will be introduced.
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1.4.1 In-plane nonlinear wavefront shaping

The initial work on nonlinear wavefront shaping was carried out by Imeshev
and his colleagues in 1998. In this study, they achieved non-uniform second
harmonic generation (SHG) by varying the length of the QPM grating laterally.
Under the premise of Gaussian pump light, they produced a flat-top profile SH
in the near field[48]. The schematic of the structure is shown in Figure 1.4.2.
Subsequently, Ellenbogen et al. designed an all-optical deflector based on
nonlinear photonic crystals using a similar approach. This deflector can
generate multiple Gaussian beams in different directions by changing the

experimental conditions [49].
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Figure 1.4.2 A QPM grating containing a region of unmodulated material
(white region on sketch) whose length decreases with distance from the beam
axis results in the effective interaction length’s being shorter in the center and

longer in the wings of the beam, resulting in a flat top Gaussian output.

Not only can the intensity of nonlinear light be directly modulated by NPCs,
but the phase can also be controlled. The first realization of phase control for
nonlinear light was accomplished by Kurz et al., who created a nonlinear lens

[50]. As shown in Figure 1.4.3, they achieved cylindrical lens focusing of the

11
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second harmonic by transverse patterning of periodic gratings for quasi-phase-
matching (QPM). Later, Ellenbogen et al. used a similar technique to generate
a nonlinear Airy beam, a unique type of light beam that accelerates during
propagation [51]. In this study, the authors actually employed a rather versatile
NPC design theory to achieve arbitrary nonlinear wavefront shaping. A more
systematic summary of research was later accomplished by Shapira and his
colleagues in a series of studies, where they introduced nonlinear computer-
generated holograms, which have since become one of the most practical

design method for nonlinear wavefront shaping [52], [53], [54].

Figure 1.4.3 Transverse patterning of periodic gratings with a parabolic phase

for quasi-phase-matching. Scale bar indicate a length of 50pm [50].

1.4.2 Transverse nonlinear wavefront shaping

All research works on nonlinear wavefront shaping mentioned above share a
common characteristic: lights propagation occurs within the same plane, and
beam shaping is limited to one dimension. In 2007, Bahabad and Arie proposed
a 3D NPC structure with spiral shape supporting two-dimensional nonlinear
wavefront shaping, but at that time, the external electric field poling technique
is a planar process, unable to support the fabrication of complex 3D NPCs [55].
In fact, 2D NPC structures can support two-dimensional nonlinear wavefront
shaping. However, due to significant differences in design approaches,
researchers overlooked this possibility for some time. It was not until 2012 that
Bloch et al. fabricated a fork-like 2D NPC on stoichiometric lithium tantalate
crystals using electric field poling, generating a nonlinear vortex beam in a
transverse configuration, as shown in Fig 1.4.4 [56]. The theory of this
transverse nonlinear wavefront shaping was soon summarized by Shapira from

the same research group, who developed a computer-generated nonlinear
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holography method applicable to 1D, 2D, and even 3D NPC structures [52],
[53].

SH Cerenkov ring 20)

SH Raman-Nath
vortices

Gaussian
pump beam

Figure 1.4.4 (a) A Gaussian pump beam transversely enters a fork shaped 2D
nonlinear photonics crystal, several nonlinear vortex beams are generated. (b)
Image of the 2D NPC, fork shaped domain pattern is revealed after etching.

(c) Experimental image of the generated nonlinear vortex beams[56].

Although transverse nonlinear wavefront shaping based on 2D NPCs can
generate complex 2D nonlinear structured light, the nonlinear conversion
efficiency is extremely low due to the inability to satisfy phase-matching
conditions, significantly limiting its development and application. A solution
to this problem was proposed by Bahabad and Arie, which is to extend the NPC
structure to 3D, achieving phase matching while realizing 2D nonlinear
wavefront shaping [55]. However, the limitations of the poling process kept
this solution theoretical until 2018 when Xu and Wei independently fabricated
3D NPCs using infrared femtosecond laser direct writing technique [32], [33].
Since then, research on 3D NPCs has once again gained momentum, and we
will introduce key research findings in the next section.

1.5 3D NPC

When Berger proposed the concept of NPCs in 1998, there were no available

technologies for fabricating 3D NPCs. Therefore, experimental research on
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NPCs focused on 1D and 2D structures for an extended period. However,
valuable theoretical research on 3D NPCs was conducted by researchers, such
as Bahabad and Arie, who proposed a 3D NPC structure capable of generating
nonlinear optical vortices[55]. Chen and his team carried out a series of studies
exploring QPM in 3D NPCs and generating conical and spherical second
harmonics through 3D NPCs[57], [58]. Hong et al. designed and fabricated 2D
NPCs using nonlinear volume holography theory, which can also be extended
to 3D[59].

Compared to 2D NPCs, the additional dimension of nonlinearity modulation
provided by 3D NPCs offers unprecedented possibilities for controlling
nonlinear processes, A comprehensive example is nonlinear photonic chips,
where varying the input light signal parameters can yield different nonlinear
light outputs at the output end[60]. In terms of nonlinear wavefront shaping,
3D NPCs can theoretically not only perform complex nonlinear light
modulation but also significantly improve nonlinear conversion efficiency.
Due to the advantages and potential applications of 3D NPCs mentioned above,
researchers have been seeking a viable 3D NPC fabrication technique for over
20 years. It was not until 2018 that Xu and Wei independently fabricated 3D
NPCs using two different fabrication techniques based on infrared
femtosecond laser direct writing[32], [33]. These two techniques will be

discussed in detail in this chapter.

1.5.1 Laser poling technique

The initial research on laser poling of ferroelectric crystals was not focused on
exploring fabrication techniques for 3D NPCs but rather on overcoming some
technical drawbacks of external electric field poling. For instance, sideway
growth limits the precision of electric field poling, making it unsuitable for
fabricating devices with high spatial frequencies [61], [62], [63]. Additionally,
electric field poling is difficult to apply to x-cut or y-cut ferroelectric crystals,
while some nonlinear optical devices need to be fabricated on x-cut crystals,
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such as electro-optic modulators and whispering gallery mode (WGM)
harmonic resonators [64]. Moreover, traditional external electric field poling
techniques rely on photolithography, which makes the entire poling process
complex and expensive, particularly for large-area poling. Due to these reasons,
researchers have turned their attention to light-assisted poling or even all-
optical poling techniques. These approaches promise improved precision,
compatibility with various crystal cuts, and the potential for more cost-
effective and simpler fabrication processes, especially when working with

large-area or complex devices.

Researchers initially used ultraviolet (UV) light for studies on optical poling
because common nonlinear ferroelectric crystals exhibit strong absorption of
UV light, allowing UV to strongly interact with the material and alter its
properties. One widely studied UV light poling technique is poling inhibition,
in which focused UV light is used to pre-treat the crystal surface before
traditional electric field poling. The pre-irradiated crystal is less susceptible to
polarization during electric field poling, allowing controlled crystal
polarization [65], [66]. Another optical poling technique is all-optical poling,
also known as direct laser poling, in which a laser is used to directly perform
domain inversion on ferroelectric crystals without the need for further
processing. This technique was first proposed by Muir et al., who used focused
UV light with a wavelength of 244 nm to scan the z surface of a lithium niobate
crystal, successfully achieving direct laser poling [67]. As shown in Figure
1.5.1, they found that the laser power and scanning speed strongly influenced
the quality of domain inversion. As the conditions changed from low laser
power and high scanning speed to high laser power and low scanning speed,
the inverted domains in the crystal gradually transitioned from discrete

scattered points to large-area, uniform domains.
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(b) P=27 mW (c) P=26 mW (d) P=25 mW

(e) P=29 mW (f) P=27 mW (g) P=26 mW (h) P=25 mW

Figure 1.5.1 Domain structures under different scanning speeds and laser
powers. The laser irradiates the -z face of the lithium niobate crystal, and the
scanning direction is in the y-direction. The images are SEM images taken
after HF etching. The first row has a scan speed of 50 um/s. The second row
has a scanning speed of 200 um/s [67].

Steigerwald et al. later successfully performed direct laser poling on x and y
surfaces of lithium niobate crystals using UV light [68]. Their work
convincingly described the mechanism of direct laser poling: the crystal
absorbs light energy, causing localized heating and a temperature gradient,
which in turn induces a thermoelectric field that causes domain inversion
within the crystal, sketch shown in Fig 1.5.2. This theory has had a guiding
significance for the development of direct laser poling techniques in
subsequent research. However, UV light poling has some inherent drawbacks
that are difficult to overcome. Due to the high power of UV light, the poling
process often involves unavoidable high-temperature damage to crystals.
Moreover, because of the high absorption rate of UV light by the crystal, the

poling laser has difficulty penetrating deep into the crystal to achieve deep
poling or 3D poling [69].
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Figure 1.5.2 Schematic diagram of the mechanism of laser direct poling on x
and y-cut crystals. (a) The crystal absorbs UV light, causing a local
temperature increase, (b) the uneven temperature causes a temperature
gradient, (c) the temperature gradient further induces a thermoelectric field,
and the intensity of this electric field within a region with a width of d
exceeds the coercive field of the crystal, (d) subsequently causing domain

inversion within this region [68].

In order to overcome the limitations of UV light poling techniques mentioned
earlier, researchers turned their attention to near-infrared (NIR) femtosecond
laser direct poling. Since most nonlinear crystals have good transparency to
near-infrared light, NIR light can easily penetrate into the crystal, giving the
potential for 3D poling using infrared light. However, the transparency of the
crystal to infrared light also raises a problem, which is the weak interaction
between the light wave and the crystal. To allow infrared light to strongly
interact with the crystal and achieve poling, researchers utilized the nonlinear
absorption of the crystal to achieve this goal. Different from UV light exerting

17



Chapter 1 Background and motivation

influence on the crystal through linear absorption, the interaction between
femtosecond infrared light and the crystal is based on nonlinear absorption.
This process strongly depends on the intensity of light, and only an extremely
strong light field can cause significant nonlinear absorption. The high-energy

pulses of femtosecond lasers perfectly meet this requirement.

Xin et al. were the first to achieve controllable domain inversion on the z-face
of lithium niobate crystals using near-infrared femtosecond lasers with 800nm
wavelength, and they used this technique to fabricate NPCs that could be used
for QPM [70], [71]. Although in their results, the near-infrared femtosecond
laser direct poling technique did not overcome the main limitations of
traditional poling techniques to achieve 3D poling, the advantages of this
technique were already beginning to show. Unlike the external electric field
techniques that require complex and expensive lithography technigues, also,
this technique does not cause permanent crystal damage like UV poling
techniques. Subsequently, Xu et al. and Wei et al. independently fabricated 3D
NPCs using two different infrared femtosecond direct writing techniques [32],
[33].
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Figure 1.5.3 (a) x? erasing type 3D NPC nonlinear confocal microscopy
image. Two layers of periodical structures are clearly shown. (b) SH intensity
map of laser engineered crystal on x-y plane, captured by a nonlinear

confocal microscope. (¢) SH intensity distribution corresponding to the line in

(b). [32]

In Wei et al.'s work, they used a special technique of laser x? erasing to achieve
the fabrication of 3D NPCs in lithium niobate crystals, the nonlinear confocal
image of such 3D NPC is shown in Figure 1.5.3 (a). This laser engineering
technique was first proposed by Thomas et al., but they only used it to
manufacture 1D and 2D NPCs without extending it to 3D [72]. Instead of
modulating x? through ferroelectric domain inversion, they used stronger
pulsed lasers to locally decrystallize the crystal, thereby reducing the nonlinear
coefficient of the nonlinear crystal (Figure 1.5.3 (b) and (c)). As shown in
Figure 1.5.4 (blue line), the 3D NPCs fabricated in this way have lower
conversion efficiency during QPM process compared to traditional
periodically poled NPCs, but the second harmonic conversion efficiency is still

much better than that of the original crystal without any phase matching. One
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major advantage of this laser processing technique is that it does not require
overly stringent requirements for materials and lasers. In theory, as long as
micrometer-level damage is caused inside the nonlinear crystal, the modulation
of the nonlinear coefficient can be achieved. A good example is Lithium
Niobite, as the most common nonlinear crystal material, has a high Curie
temperature and coercive field, making it extremely difficult to perform 3D
poling. This technique bypasses this technical challenge. Moreover, since the
modulation of the nonlinear coefficient in this technique is not based on
ferroelectric domain inversion, it can be used to process non-ferroelectric
nonlinear materials, such as quartz and semiconductor. However, modulating
the nonlinear coefficient in the form of amorphous crystal also has its inherent
drawbacks. In addition to the lower QPM efficiency mentioned earlier, this
technique also introduces additional changes in the refractive index. The
changes in structure of the material causes strong light scattering, leading to
power loss, and making the design of the polarization period difficult to predict.
The disturbance of the refractive index not only interferes with the QPM
process but also introduces noise during wave shaping in 3D NPCs. Due to the
continuous accumulation of noise during light propagation, the adverse effects
of refractive index changes on large-volume 3D NPCs can render them
completely unable to function normally[73].
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Figure 1.5.4 Amplitude of second harmonic field generated in parametric
wave interaction as a function of propagation (interaction) distance. In the
case of phase mismatch between fundamental and SH, the amplitude of the
SH will vary periodically and cannot accumulate (black line). In the case of

perfect phase matching, the SH field amplitude will increase linearly with

propagation distance (red line). QPM based on periodically poled NPC allows
the SH field amplitude to oscillate and increase as it propagates (green line).

QPM based on laser x? erassure can also cause the SH field amplitude to

oscillate and increase with propagation, but the rate of increase is weaker than

that of QPM based on ferroelectric domain inversion (blue line). [32]

Xu's 3D NPC was created by using femtosecond infrared lasers to perform
periodic domain inversion on ferroelectric crystals barium calcium titanate
(BCT, Bao.77Ca0.23TiO3). The principle of this technique is almost identical to
that of UV laser poling, in which the focused laser spot locally heats the crystal
to form a thermal gradient. This then induces a thermoelectric field to polarize
the crystal [68]. Unlike UV poling, which can only be implemented on the
surface of nonlinear crystals due to strong absorption of UV light, the
femtosecond infrared laser used by Xu can penetrate the crystal and interact
with it through nonlinear absorption. Since this technique is based on
ferroelectric domain inversion, it can achieve perfect QPM under ideal
conditions (green line in Figure 1.5.3) and avoid the side effects of refractive
index changes. In fact, the side effect of refractive index changes caused by
laser direct writing on crystals is always difficult to avoid, but as long as the
crystal atoms still maintain their lattice structure, fluctuations in the refractive
index can be eliminated through annealing [70]. However, this technique has
its limitations. Although it employs laser beam, it essentially relies on an
electric field to reverse ferroelectric domains, making it challenging to work
with ferroelectric crystals with large coercive fields and high Curie
temperatures. Unfortunately, the most commercially valuable nonlinear

crystals, such as lithium niobate, often have these characteristics. Furthermore,
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the mechanism of this technique needs further exploration, as the UV poling
mechanism cannot explain all experimental phenomena. Numerous factors
play a role in the laser writing process, including but not limited to stress
caused by temperature, charge distribution, and the influence of higher

harmonics on poling.

In summary, the two different infrared femtosecond laser writing techniques
for 3D NPC fabrication are breakthrough works in this research field. However,
both techniques have their drawbacks and large room for improvement,
warranting further exploration by researchers. In this thesis, the mechanism
and optimization of laser-induced ferroelectric domain inversion technology

will be discussed in subsequent chapters.

1.5.2 Advantages and potential of 3D NPCs in

nonlinear wavefront shaping

The importance of nonlinear photonic crystals in the field of nonlinear optics
IS unquestionable, as they serve as the underlying basis for many significant
phenomena and applications. The transition from 2D to 3D in such
fundamental structures leads to substantial and comprehensive changes,
benefiting numerous research areas related to nonlinear optics, such as
guantum optics, quantum communications, and optical signal processing.
Considering that this thesis focuses on NWS, this section will discuss content
relevant to NWS.

For NWS, the most apparent benefit brought by 3D NPCs is the improvement
in efficiency. Section 1.3.2 mentioned the use of 2D NPCs for NWS, but the
nonlinear conversion efficiency in these works is extremely low. This is limited
by the inability of 2D NPCs to provide reciprocal lattice vectors in the light
propagation direction to satisfy QPM conditions. In contrast, 3D NPCs can
easily solve this problem by simply repeating specific 2D structures in the light

propagation direction to meet the QPM conditions and achieve high-efficiency
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NWS. The advancements brought by 3D NPCs in NWS are not limited to this
aspect. Direct IR laser writing technology can construct arbitrary complex y(2)
structures in space, making multifunctional NWS possible. Unlike previous
NWS based on 2D NPCs that could only have a single shaping function,
multiple different NWS functions can be superimposed within a single NPC
through the additional dimension provided by 3D NPCs. This technology has
important applications in optical signal processing and encryption [74]. On the
other hand, some previously theoretical studies can now be experimentally
verified, such as realizing true nonlinear volume holography and generating
optical vortex beams through 3D spiral structures. The processing of signals
by 3D NPCs is also a research direction worth exploring. Unlike linear optics
or 2D NPCs, 3D NPCs can integrate multiple functions on a single crystal to
affect different input lights differently. This technology can be used for high-
dimensional multiplexing of optical signals, including wavelength
multiplexing, directional multiplexing, and optical vortex charge multiplexing.
Furthermore, 3D NPCs made based on domain inversion are theoretically
erasable and reusable, making programmable nonlinear photonic chips a

possibility.

1.6 Motivation and thesis arrangement

Although the fundamental theory of nonlinear photonic crystals (NPCs) has
matured and numerous real-world applications have been developed, research
on NPCs has historically focused on 1D and 2D NPCs due to the limitations of
traditional fabrication techniques. Research on 3D NPCs has been largely
limited to speculative theoretical work without the possibility of practical
experimentation. However, the recent emergence of femtosecond laser direct
writing techniques for NPC fabrication has made the fabrication of 3D NPCs
feasible. This breakthrough technology has significantly expanded the
potential applications of NPCs, making previously theoretical applications

possible.
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Furthermore, since the fabrication of 3D NPCs was previously confined to
theoretical discussions, few researchers have devoted significant effort to
studying 3D NPCs, leaving ample room for exploration in this field. On the
other hand, laser direct writing, as a relatively new technology, has not yet
reached maturity. The fundamental physical principles underlying this
technology require further investigation, and there is significant room for

improvement in its practical application.

This thesis aims to address the opportunities and challenges associated with 3D
NPC design theory and fabrication processes. The content is organized as

follows:

Chapter 2: Introduction of fundamental in NPCs

In this chapter, we will introduce the fundamental knowledge of nonlinear
optics, along with some commonly used mathematical tools and analysis
methods. This includes a more detailed description of the physical process of
phase matching, the mathematical representation of reciprocal lattice vectors

for periodic structures, and the powerful tool of Fourier transform.

Chapter 3: Nonlinear wave front shaping in 3D NPC

In this chapter, we will introduce 3D NPCs in CBN crystals fabricated by
femtosecond laser direct-write poling techniques. Unlike traditional 1D or 2D
NPCs, the 3D NPCs we prepared can incorporate multiple nonlinear wave front
shaping functionalities within a single crystal and can dynamically adjust these
functions by changing the incident laser. These unprecedented capabilities can
only be achieved by 3D NPCs. The relevant work has already been published
[75].
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Chapter 4: Nonlinear volume holography

In this chapter, we continue our previous research and refine the design of the
3D NPC structure to satisfy phase matching conditions in the collinear
direction, thereby significantly improving the nonlinear conversion efficiency.
In this study, we used the nonlinear volume holography theory to design a
nonlinear volume hologram that can produce a nonlinear vortex beam, and
completed the processing in a nonlinear crystal using femtosecond laser
writing techniques. This design theory and fabrication method have a high
degree of universality, allowing us to design 3D NPCs to produce any desired
nonlinear beams. The relevant work has already been published [76].

Chapter 5: Optimization of laser poling

In Chapter 4, we successfully fabricated nonlinear volume holograms and
achieved a higher nonlinear conversion efficiency than before. However, the
limitations of the laser poling process prevented us from achieving industrially
valuable high efficiency in nonlinear conversion. This is primarily due to the
difficulty of processing deep within the crystal using existing laser poling
techniques, and the impact of the poling process on the refractive index of the
nonlinear crystal. In this chapter, we explored the intrinsic mechanisms of the
interaction between lasers and nonlinear crystals during the laser poling
process. Based on this understanding, we optimized the parameters of the laser
poling technique. This optimization allowed the laser to fabricate large
volumes of 3D NPCs deep inside the crystal, while minimizing the impact of
the laser on the crystal’s refractive index to the greatest extent possible. The

relevant work has already been published [77].

Chapter 6: Highly efficient large volume 3D NPC

To achieve the most efficient nonlinear generation of special beams, we
utilized the largest effective nonlinear coefficient of the nonlinear crystal
during the design process of the nonlinear volume holography. Furthermore,

we simplified the NPC structure as much as possible without compromising
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the final nonlinear beam output to facilitate fabrication. Ultimately, using the
optimized laser poling technique, we produced a 1mm-long nonlinear volume
hologram for the generation of a nonlinear vortex beam. The measured raw
conversion efficiency reached as high as 4.6%, and normalize conversion
efficiency reached 1.2 x 10~>W =1 when pumped with a CW laser. Such
conversion efficiency is ~10° times higher than previous reported results. The
relevant work has already been published [78].

Chapter 7: Conclusions and outlook
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Chapter 2 Introduction of

fundamental in NPCs

2.1 Introduction

In the first chapter, we introduced the history of NPC development and some
important research results on nonlinear wavefront shaping based on NPCs.
However, the relevant theoretical and technical details were not presented in
detail. The purpose of this chapter is to provide a theoretical framework for
readers to better understand the subsequent chapters. We will begin with the
discussion of optical harmonic generation, followed by an explanation of how
phase mismatch occurs and its impact on the efficiency of nonlinear optical
frequency conversion. After that, we will introduce how to overcome the
negative effects of phase mismatch, namely two phase-matching techniques:
Birefringent phase matching and Quasi-phase matching. Based on the
understanding of QPM technology, we will introduce the concepts of
reciprocal lattice vectors and Fourier transformation. These two concepts play
important roles in analyzing complex nonlinear processes and nonlinear
wavefront shaping. Subsequently, we will introduce two commonly used NPC
design methods for realizing nonlinear wavefront shaping, which are nonlinear
volume holography and inverse Fourier transform. Finally, we will introduce

the nonlinear materials we use for fabricating 3D NPCs.
2.2 Nonlinear optical interactions

In the field of optics, a fundamental problem is to describe the propagation of
light in a medium and how light interacts with the medium. The propagation
of light waves in a medium can be described using Maxwell's equations. When
light waves propagate in a non-magnetic transparent medium, Maxwell's

equations take the following form:
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VXE= —Z—l: (2.2.1)

VxH=]+22 (2.2.2)
at

V-D=p (2.2.3)

V-B=0 (2.2.4)

where E and H are electric and magnetic field vectors respectively, D is a
dielectric displacement, B is magnetic induction, J is electric current density
and p is electric charge density.

The material equations are:
B=pH+M (2.2.5)
D=¢E+P (2.2.6)

where €, and p, are the permittivity and permeability of the vacuum, M is
magnetization and P represents polarization of the medium. In this thesis we
consider charge and current free nonmagnetic medium, so p =0,J=0and M
= 0. By substituting material equations back to Maxwell’s equations and
eliminating H, we obtain the most general wave equation:
10%E _ 1 9%P

V(V-E)—V?E +— = —
( ) -l_cc'?t2 gyc? 0t?

(2.2.7)

Equation stated above describe the propagation of light waves in a non-
magnetic transparent medium and can be used to explain numerous optical
phenomena, such as reflection, refraction, birefringence, polarization,
interference, and diffraction of light. In the following we will concentrate on
quasi-plane wave solution to the equation 2.2.7. Hence the first term will be

neglected as it is identically zero for plane wave.

When light propagates through a medium, the electrons in the medium resonate
synchronously with the frequency of the light wave. This causes a relative
displacement of the positive and negative charge centers of atoms or molecules

in the medium, thus giving rise to the phenomenon of polarization. In isotropic
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media, the polarization P is directly proportional to the electric field E of the
light. However, in anisotropic media the relationship between the polarization
P and the electric field E is no longer a simple direct proportionality. Instead,

it is expressed as:

J

In this equation, X;; is the polarizability of the crystal. It is a second-order
symmetric tensor, where i,j = 1,2,3, and it consists of nine components.
However, this formula only applies in the case of low light intensity. When the
light intensity is extremely high, the higher-order terms in equation play an
important role in the polarization P of the media. The relationship between the

polarization P and the light electric field E is:
_ o @
Pi= ) xPE @) + ) A @) E(wy)
j Jjk
SN COLACHIACH
jkl
(2.2.9)

1
ij

2 )

In this equation, x;; is the linear susceptibility of the media; x;j;, X;4;--- are

the second and third order susceptibilities, etc. w;, w,, ws... are the angular
frequencies of different optical electric field. The sum is over all nonlinear
susceptibilities. Because the numerical values of each coefficient decrease by
several orders of magnitude successively, only when the light intensity is
sufficiently high, can the higher-order terms have a significant effect, thereby

revealing nonlinear optical phenomena.

It's worth noting that in practice, nonlinear media exhibit losses, and the
x™ exhibits dispersion for light of different frequencies. This makes the
associated calculations extremely complex, and often unnecessary, as losses
and dispersion can be neglected in most cases. Under this assumption, one is

able to reduce the number of matrix elements as all n+1 subscripts of the tensor
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matrix elements are interchangeable, what is known as the Kleinman’s

symmetry condition. Using x® as an example, we have x(: = x5e) = X1+ J

and k can be permuted by [:

11 12 13 1 6 5
[jk]=[21 22 23]=[l]=[6 2 4] (2.2.10)
31 32 33 5 4 3

Then we have:

2) 2) 2 2
/Xn X12 X§3) X§4) Xg) Xi?\
_ 2 )] 2 2
x@ = X211 X222 ng) ngt) Xg? ngé)) (2.2.11)

—_— 2 2) 2 2
\xsl Xy 13 xE 1D A9

For SHG intensity calculation, we use second order nonlinear coefficient:

1
dy =5 1P (2.2.12)
The SH polarization:
Ex(w)?
@ 4@ @ 4 E,(w)?
P,(2w) diy di; diy dyy dE d Eygwiz
_ @ 4 L@ L@ : w
Py(Zw) =& |dyy dyy dys  dyy dgzs) dg? 2Ey(Zw)EZ(w) (2.2.13)
P,2w (2) (2)
@)l a® 4@ 4B 4@ 4 a2 |2E,(@E, )
[ 2E (w)Ey(w)]

Furthermore, the 18 elements d;; in the above matrix are not completely
independent of each other. This is because the first two subscripts of the

element are also exchangeable, i.e., x\;p = X'z, which means d;; = dye. In

addition, nonlinear mediums are often crystals with symmetric structures,
further reducing the number of tensor matrix elements, as many elements will
have a value of 0. For instance, the second-order nonlinear coefficient matrix
for CBN crystal has form of [79]:

0 0 0 0 dis5 O

d31 d31 d33 0 00
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The subscript | represents the polarization of the light wave. Thus, when the
light wave has a specific polarization, we only need to consider the related
nonlinear processes, further simplifying the calculation. For instance, when the
light is linearly polarized along the x direction, only d;; needs to be used in

the calculation.

2.2.1 Harmonic generation

Light is an electromagnetic wave, and when it propagates in a nonlinear crystal,
the periodically changing electric field drives the charges in the medium to
move periodically. Although the electric wave of light has a sinusoidal function,
due to the complex potential structure in nonlinear crystals, such periodic
motion of charges may not be simple harmonic motion. For any periodical
movement, it could be considered as the sum of a series of harmonic motions
with different frequencies, as shown in Fig 2.2.1. A periodical movement (a)
could be seen as a sum of harmonic motions (b), (c), and (d). A periodically
moving charge will emit an electromagnetic wave that has the same
frequencies as its motion. Since the motion of the charge is not sinusoidal and
includes many frequencies as stated above, the emitted wave will also include
many harmonic frequencies, and those frequencies different from the incident

light are the sources of harmonic light.

Movement (a) \f\/-\ / \/\q / \N\ /
~ \ \\ /,4 \\ y

s
Movement (b) \ /./ \ / . /
\_ N/ ./

Movement (c)

e TATATATAATATATANE

Figure 2.2.1 A periodic motion (a) can be viewed as the superposition of

multiple harmonic motions (b)-(d).
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Therefore, the lattice potential energy structure within the material determines
its nonlinear optical properties, and engineering the material's lattice potential
energy structure can change its nonlinear optical properties. Ferroelectric
materials have a significant advantage in this regard, as the invertible
ferroelectric domains can provide completely opposite lattice potential energy
structures at different positions within the material, thus controlling harmonic

generation.

In the previous section, we discussed the polarization of a nonlinear medium
when excited by light waves. By combining the linear terms in the equation
(2.2.7), we arrive at the following nonlinear wave equation:

€ 02E 1 0%Py,

V’E — — = 2.2.15
c? dt?  gyc? Ot? ( )

Where Py, = P — g, xWE represents the nonlinear polarization, ¢ = 1 +
x@ is the relative permittivity of the media, with e = n?, where n is the

refractive index.

Based on symmetry considerations, the nonlinear optical effects caused by the
second order term x) require material to be non-centrosymmetric. Since the
subsequent discussions in this thesis are based on second-order nonlinear
effects, for clarity, we will focus solely on harmonic generation driven by x®.
Essentially, this process involves the interaction between three different waves.
Consider a light field is a superposition of three sinusoidal waves with angular

frequency of w,, w, and w;:

E(rt) = Z E,(r)e t®nt + cc. (2.2.16)
n=1,2,3
Substituting equation (2.2.16) into equation (2.2.9) gives P, then substituting
P into the nonlinear wave equation (2.2.15) and differentiate twice with respect
to time, we get the time independent nonlinear wave equation:

2

2 2 _ Wn
V2E,(r) + KiEn(r) = —— 5 Py(r) (2.2.17)
0
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Where k,, = \/ucw,, is the wave number.

Let us consider here the simplified case of 1-dimensional SHG. The x-
polarized fundamental plane wave E; (of frequency w;, and wavelength
A1) traveling in z direction, will generate the x-polarized second harmonic
wave E, (with frequency w, = 2w, and wavelength 1, = 4,/2). The optical
fields can then be written as:

) E, = A (z)e "z (2.2.18a)
E, = A,(z)etk2? (2.2.18b)

Substituting equations (2.2.18) into (2.2.17), the specific crystal orientation
here simplifies the vectorial equations to following scalar equations:

d%E,(z) w?
d—;z+ k2E,(z) = _5022 P,(2) (2.2.19a)
d?E,(2) w?
d—;z + k2E,(z) = — 8022 P,(2) (2.2.19b)

According to equation (2.2.13) the nonlinear polarization terms are:
Pi(z) = 4&4d;E,(2)Ef (2) (2.2.20a)
P,(z) = 2&0d;;Ef(2) (2.2.20b)

We apply now the so called slowly varying envelope approximation which

assumes that wave amplitudes change slowly in propagation in comparison to
2

wavelength. Formally this condition is expressed as Z—ik > 375. Also apply

equations (2.2.20), then the equations (2.2.19) become:

dz c?ky

Ay (2) A} (2)e~14kz (2.2.21a)

dAZ(Z) ldlj(l)% 5 iAkz
il A2(2)e (2.2.21b)

Where Ak = k, — 2k, is the phase mismatch parameter.
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By assuming undepleted pump approximation (% ~ 0) in equation (2.2.21),
we get the following formula for amplitude of the second harmonic wave

generated along propagation in nonlinear medium:

= —_— 2 2.
2\Z C2k2 Z Slnc 2 e
From this expression we find intensity of SH beam:
2d% 12 w? Akz
I,(2) = ——%——z2sinc? (—) (2.2.23)
C>nin, &g 2
and conversion efficiency:
3
I, (z 5 w2d?1, 7> Akz
n(z) = 2(2) =8 (&)2 L U1 Sinc? (—) (2.2.24)
11 & n3 2

n = f? is the refractive index of medium.
0

Clearly, the conversion efficiency strongly depends on the phase mismatch Ak,
and reaches its maximum when Ak = 0, which represents the perfect phase
matching. Usually, the phase matching cannot be fulfilled in a nonlinear
medium due to the material dispersion, thus an efficient SHG does not
generally occur in nature. However, several techniques have been proposed to
solve this problem. In the next section we will discuss the physical significance
of phase mismatch and introduce two methods to achieve phase matching.

2.3 Phase mismatch and phase matching techniques

The conversion efficiency of nonlinear optical processes is a crucial factor to
consider, especially given that the intensity of harmonic light is typically much
weaker compared to the incident light. Compounding this issue, phase
mismatching conditions inherently limit the accumulation of harmonic light
intensity. To explain the concept of phase mismatching, we use the example of

collinear second harmonic generation (SHG).
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: W New SHG
i. SHG from FW [} ii. Propagate for L !
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_—

In phase Vew > Usy Out phase

Fig 2.3.1 Phase mismatch in SHG. (i) Fundamental frequency light interacts
with the medium'’s nonlinear polarization to generate harmonic light. (ii) The
harmonic light and fundamental frequency light propagate together in the
forward direction. Due to the material's dispersion, their respective
propagation speeds are vy, and vgy. (iii) After propagating a distance L =

o —%__ the newly generated harmonic light and the original
2(vPw—VsH)

harmonic light acquire a phase difference of ©. Consequently, the two lights

contributions interfere distractively,

As depicted in Fig 2.3.1, a fundamental wave (FW) enters a nonlinear medium
and generates a second harmonic (SH). Both the FW and SH propagate forward
in the medium in parallel. Due to dispersion, the FW and SH exhibit different
phase velocities within the medium, resulting in a distance AL = t(vpy —
vsy) between the FW and the initially generated SH after time t. Concurrently,

the FW continues to generate SH waves with the same phase as the FW.

When AL reaches Aﬂ, or the propagation distance L = Agy W ___ the
2 2(VFw—VsH)

newly generated SH possesses an opposite phase relative to the initially
generated SH, leading to destructive interference between the two.
Consequently, the SH waves cancel each other out, preventing the

accumulation of SH intensity in the nonlinear medium, as shown in Fig 2.3.2
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VFwW

(if). From a mathematical perspective, if L = Agy - = oo, the
2(vrPw—VsH)

aforementioned destructive interference will never occur. This implies that
Vew — VUsy, OF the phase mismatch factor Ak, should be zero. We will introduce

a method to achieve Ak = 0 in the next section.

(i

Lo ™ e 1 1

O 1 2 3 4 5 6
Distance (L/L,)

Figure 2.3.2 Dependence of SH intensity as a function of propagation
distance with (i) phase matching, (ii) non-phase matching and (iii) quasi-

phase matching.

2.3.1 Birefringent phase matching

Phase velocity difference of FW and harmonic waves in nonlinear medium
causes phase mismatching and low conversion efficiency from FW to harmonic
waves. A straightforward method to increase the low conversion efficiency is
eliminate the phase velocity difference between FW and harmonic waves,

which could be achieved by birefringent phase matching (BPM) technique.

BPM is a technique that allows one to eliminate the phase velocity difference
between the FW and SH in birefringent crystals. This is achieved by carefully

selecting the polarization and propagation direction of the waves in a
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birefringent nonlinear medium. Such technique was firstly reported by
Giordmaine and Maker, et al. independently [10], [80]. According to their
research, the intensity of SH generated from a KDP crystal was enhanced by
300 times with BPM. Later, Midwinter, et al. expanded BPM to a more general

case of three-wave mixing [14].

To fully understand the BPM technique, it is important to first understand the
concept of birefringence. Birefringence is a property of certain transparent
optical materials, where the refractive index changes based on the polarization
direction. Crystals with non-cubic structures are typically birefringent, and one
or two specific directions, known as the optic axis, govern their optical
anisotropy. The material's optical behaviour does not change when rotated

around this axis. Light with polarization perpendicular to the optic axis (6=90°)

is governed by the ordinary refractive index no, such polarized light is the so-

called o-light. While light with polarization in the direction of the optic axis (&
=0°) experiences an extraordinary refractive index ne, such polarized light is
the so-called e-light. If the angle is between 0° and 90°, the refractive index

ne(&) could be calculated with following equation:

1

cos? 0 sin2 @
7t 2
n’O ne

As states at the beginning of this section, the aim of BPM is to enhance the

Ne 6) =

SHG efficiency by eliminate the phase velocity differences between FW and
SH. Since the refractive indices are depend on both wavelength A and
polarization angle against optic axis 6, it is possible to synchronize the
refractive index of FW and SH by change the angle 6 of FW or SH, i.e.
n(Apw,0) = n(Agy, 0) or n(Agy,0) = n(Agy,0). Consequently, the
propagation velocities of FW and SH become identical in the nonlinear media,
hence phase matching is achieved, as shown in figure 2.3.3. Thus, the intensity

of SH is able to accumulate in propagation as shown in figure 2.3.2 (i).
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| |
| |
Aew ! Vrw /\/E\/a
| 1
: /\/:\/-) New SHG
i. SHG from FW |} ii. Propagate forward ! “~
1 —— 1 . .
I I iii. Constructive interference
| 1 /
Asy \/> Vsy /\ﬁ\/—) Old SHG
! 1
In phase Vrw = Usp In phase

Fig 2.3.3 Birefringent phase matching SHG.

Figure 2.3.4, for instance, demonstrates how the refractive indices of o-light
and e-light change with the direction of propagation. The figure also illustrates
the refractive indices corresponding to FW and SH. It is evident that when the
propagation direction of FW is in the direction indicated by blue arrow A,
n(Agw, 0) = n(Agy, 6), meaning FW and SH have the same refractive index,

and the phase matching condition is satisfied.

2w 4 7 (C-axis)
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Figure 2.3.4 The indices ellipsoid projection of a negative uniaxial crystal.
Propagation along the A arrow direction allows the nonlinear process fulfill
phase matching condition.

We can also use the concept of momentum conservation to understand the

BPM technique. The momentum of a photon is given by:

_nh
P=7

where n is the refractive index of the medium, h is Planck's constant and A is

the photon wavelength.

In case of SHG, the momentum of FW photons and SH photons are:

_ Npyh
Prw Arw

_ nggh
Psu Ao

As the wavelength of SH is half of FW, ngy = ngy is required for momentum

conservation 2pgy = Dsu

The technique of birefringent phase matching (BPM) has been widely applied
in nonlinear optics, but it also has several drawbacks. One major issue is that
the optical frequencies do not propagate in a collinear manner due to the fact
that the extraordinary wave in a birefringent crystal has a Poynting vector that
is not parallel to the propagation vector. This leads to a "walk-off" effect, which
reduces the effective interaction length between the waves and lowers the
efficiency of the nonlinear mixing process. Although this problem can be
moderated by temperature tuning, there are two other inherent disadvantages
of BPM that make it necessary to explore alternative phase matching
techniques. Firstly, due to the restrictive angular, temperature, and wavelength
acceptances, it is difficult to achieve phase matching in arbitrary crystals and
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for arbitrary wavelengths. Some materials, such as gallium arsenide (GaAs),
may have no birefringence or insufficient birefringence to compensate for the
dispersion over the desired wavelength range. Secondly, BPM is limited to off-
diagonal nonlinear tensor elements, which in many crystals like LiNbOs,

LiTaOs3, and KTiOPO4 have low effective nonlinear coefficient.

2.3.2 Quasi-phase matching

To overcome the BPM limitations states above, Quasi-phase matching (QPM)
technique was proposed in 1962 by Armstrong and Bloembergen [14]. Several
approaches were stated in their work include the QPM based on periodically
engineered nonlinear photonics crystal which become the most popular QPM

technique nowadays.

In this section, we use second-harmonic generation (SHG) as an example to
elucidate the mechanism of Quasi-Phase Matching (QPM) in nonlinear
photonic crystals. As discussed in the previous section of this chapter, the
accumulation of overall second-harmonic (SH) intensity is impeded by
periodically destructive interference between SHs with opposing phases. The
core principle of QPM involves reversing the phase of one of these out-of-
phase SHSs, ensuring that all SH contributions are either in phase or exhibit a
phase difference of less than 90°. As a result, constructive interference takes
place, and the SH intensity accumulates throughout the nonlinear medium.

As depicted in Figure 2.3.45, SH is generated by the FW and propagates
forward together. Due to the nonlinear medium's dispersion, the phase
velocity of the FW in the nonlinear medium is in this case, greater than that

of the SH (vpw > vgy). After the FW and SH have propagated together for a

distance of L = Agy - % they exhibit a phase delay of %
—VSH

FwW

Simultaneously, the FW continues to generate new SH light.
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The newly generated SH light should have a phase difference of © compared
to the initially generated SH light, leading to destructive interference between
the two. However, at this point, the FW has propagated into the reversed
nonlinear crystal, which generates SH with a reversed phase. Consequently,
the newly generated SH and the initially generated SH have the same phase,
resulting in coherent interference between the two. This process allows the
SH wave energy to grow monotonically. In this process, the phase between
consecutive SH contributions are not always perfectly in sync, but it is

always less than mt, which is why this technique is called quasi-phase-

matching.

| 1
1 1

Arw ! Vrw /\/:\/-»
1 1
1 1
] \/\:/L New SHG

i. SHG from FW |' ii. Propagate for L
| — LN .
1 1 iii. Contructive interference
1 1
- v
?\SH : Vs W Old SHG
In phase Vrw > Vshy In phase

Fig 2.3.5 Quasi-phase matching SHG.

It should be mentioned that QPM does not have to include domain reversal. It
can also work albeit weaker by modulating the strength of the nonlinearity.
This method has been demonstrated in Lithium Niobate. In this case one can
use strong laser beam to periodically destroy the crystal structure of the
quadratic material, In the most extreme case this laser processing leads to local
amorphization of the medium. Such created nonlinearity grating in which
strength of the nonlinearity varies between its maximum and zero can support
monotonous growth of the second harmonic, however with lower rate than in

case of domain reversal[72].
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Interestingly, phase matching in frequency conversion can be also achieved by
periodic modulation of refractive index of the nonlinear material. However,
this technique requires linear index grating to have high contrast in order to

achieve efficient frequency conversion [81]

In the remainder of this Thesis | will concentrate on the QPM techniques which
involves spatial modulation of the material’s nonlinearity only. The size of
the period depends on the material's dispersion properties, wavelength, and the
designed nonlinear process. It can be said that the periodicity of the structure
plays a core role in QPM techniques; therefore, concise and efficient
description of the periodic properties of complex nonlinear structures is crucial.
We employ the concept of reciprocal vectors to describe periodicity of
nonlinearity. This aspect will be explored in greater detail in later chapters.

In conclusion, the concept of quasi-phase matching (QPM) addresses the
challenge of destructive interference in nonlinear optical processes, such as
second-harmonic generation (SHG). By manipulating the sign or magnitude of
the nonlinearity, constructive interference is promoted, allowing for the
accumulation of harmonic light intensity. Overall, QPM techniques offer
essential solutions for enhancing the efficiency of nonlinear optical processes
and provide additional flexibility in design and optimization of nonlinear

structures.

2.4 Reciprocal lattice vector and Fourier transform

In the previous section, we used a one-dimensional (1D) co-linear periodically
modulated nonlinear material as an example to explain the concept of QPM
and how it enhances the efficiency of nonlinear processes. The 1D co-linear
structure is the simplest configuration, allowing us to describe and analyze the
physical mechanisms directly. However, when dealing with higher-
dimensional or non-periodical cases, such descriptions and analyses can
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become exceedingly complex. Consequently, it is essential to introduce
mathematical tools that facilitate a deeper understanding of these situations.
Two such tools are the reciprocal lattice vector (RLV) and the Fourier
transform (FT).

2.4.1 Reciprocal lattice vector

The RLV (reciprocal lattice vector) is a powerful concept in solid-state physics
and crystallography, which simplifies the analysis of wave propagation and
scattering in periodic structures. It provides a mathematical framework for
describing the periodicity of a lattice in reciprocal space, making it a valuable
tool for studying the interaction of light with periodic nonlinear photonic
crystals. The use of RLV enables a systematic investigation of phase-matching
conditions in complex structures, shedding light on the behaviour of nonlinear

processes in higher-dimensional or non-periodical configurations.

To elucidate the concept of the RLV and its utility in the analysis of nonlinear
photonic crystals (NPCs), we will begin with the simplest case: a one-
dimensional (1D) periodical pattern. As depicted in Fig 2.4.1 (a), a 1D
periodical pattern exhibits a periodicity of A, and repeats itself horizontally.
For such a periodical pattern, two crucial properties are the periodicity and
direction, which can be easily represented by a vector. The corresponding

vector is shown on the right side of the pattern; it is a horizontal bi-arrow vector

with a length of i—" If the size of the period increases, for example, from A, to
1

A,, the length of its corresponding RLV will decrease to i—” as shown in Fig
2

2.4.1 (b). If the direction of the period changes, for example, from horizontal
to a 30° angle with the horizontal direction, the direction of its corresponding
RLV will also be at a 30° angle with the horizontal direction, as shown in Fig
2.4.1 (c).
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A
(a)

==

Figure 2.4.1 1D periodical pattern and their RLVs.

With the aid of the powerful concept of RLV, we can abstract the SHG process
under QPM conditions into a set of simple vector diagrams. As shown in Fig
2.4.2 (a), on the left is an SHG schematic based on periodically poled 1D NPC.
A FW with a wavelength of A; incident into a 1D NPC with a periodicity of
A4, producing a SHG with a wavelength of A,. However, the intensity of the
SHG is very weak because the 1D NPC cannot satisfy the phase matching
condition for SHG. On the right side of the figure, the vector diagram clearly

depicts this phase mismatching. The diagram is plotted in reciprocal space.

2 2
d 7;"1 represents the
1

Here, k, = .

"2 yepresents the wavevector of the SH, k; =
2

wavevector of the FW, and G = Z—“ is the RLV provided by the 1D NPC on the

1

left. It can be observed that k,, 2k, and G cannot form a closed figure, leaving
a gap of size Ak # 0. If such a gap exists in the vector diagram in reciprocal
space, the corresponding nonlinear process does not satisfy the phase matching

condition, and thus cannot proceed efficiently.

To achieve efficient collinear SHG of a FW with a wavelength of A, the Ak in
the vector diagram needs to be zero. The most straightforward way to achieve
this goal is to reduce the length of G. Translated into real space, this means
increasing the period of the 1D NPC. This result is shown in figure (b). The

period in this figure has been increased to A,, reducing its corresponding RLV
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toG = 12\—“ This now perfectly complements the vectors 2k, and k,to form a
2

closed figure, making Ak = 0. With the QPM condition satisfied, SHG is

efficiently generated as shown on the left side of this figure.

(a) Ay
3 ok = 4mn, C= 2n
A ; A A
— >€—
’<.I>
- Ak #0

(b) sz
k. = 4mn, G _E
A, 1, o A A
—) — > >€>, _,
_ >

Figure2.4.2 Collinear SHG in a 1D periodically poled NPC, (a) phase
mismatched and (b) QPM.

The analysis of SHG under noncollinear conditions is even more dependent on
the vector diagram in reciprocal space. In Figure 2.4.3, the wavelengths and
parameters of the 1D NPC are the same as in Fig. 2.4.2 (a), meaning efficient
nonlinear conversion cannot be achieved under collinear conditions. However,
by rotating the 1D NPC, efficient non-collinear SHG can be achieved. As seen
in the vector diagram in reciprocal space on the right side of the figure, a closed
triangle is formed by k,, 2k,, and G. Here, the angle between the reciprocal
lattice vector G and the horizontal direction is 75°, and the angle between the
second harmonic wavevector k, and the horizontal is 23°. This means that by
rotating the 1D NPC in real space to make an angle of 75° with the horizontal
direction, SH will be efficiently generated in the direction of 23°, as

demonstrated in the left of the figure.
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AT

Figure 2.4.3 Noncollinear SHG in a 1D periodically poled NPC.

Essentially, the RLV encapsulates the periodic properties of the structure in a
simple and concise manner, making it an invaluable tool for analyzing periodic
structures and understanding their behaviour in nonlinear optical processes.
Particularly in practical situations, an NPC may have a very complex structure,
possessing numerous spatial frequencies of varying directions and magnitudes.
This makes the role of the RLV even more indispensable. We will discuss such

complex scenario further in the next section.

2.4.2 Fourier transform

The Fourier transform is a widely used mathematical tool that allows us to
analyze functions or signals in terms of their frequency components. By
transforming a signal from its original domain (e.g., time or space) into its
frequency domain representation, the Fourier transform reveals the underlying
frequencies that constitute the signal. In the context of nonlinear optics, the
Fourier transform helps to analyze the spatial frequencies present in complex
nonlinear photonic crystals, quickly calculating all the RLV and their
intensities for any given structure. The value of the Fourier transform is not
only manifested in the analysis of existing structures, but more importantly, it
can also provide guidance for the design of complex functional nonlinear
crystals. By revealing the relationship between the spatial frequencies and the

performance of nonlinear optical processes, the Fourier transform offers
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valuable insights that can help optimize the design of nonlinear photonic

crystals for specific applications.

Mathematically Fourier transform could be defined as:
fO=| faemax

Where f(x) is the original function; f(£) is the Fourier transform of the

original function; € is the frequency.

For simplification, denoting the Fourier transform operator by F and reverse

Fourier transform operator by F~1:
f® = FFIE
&) = FHI®I)

In this thesis, we will use the Fourier Transform as a tool only, so we do not
need to delve deeply into its mathematical form and related derivations.
However, it is essential to understand some critical functional relationships and
Fourier Transforms of common functions, as this knowledge is crucial for the
analysis of certain x®structures. In fact, we will primarily use the Fast Fourier
Transform (FFT) algorithm implemented in software to apply the Fourier
Transform. The FFT is a class of optimized numerical algorithms for the
Fourier Transform, which significantly accelerates computation without
substantially sacrificing accuracy. This feature is particularly crucial when
analyzing and designing large-volume 3D nonlinear photonic crystals (NPCs),
as it enables the efficient exploration of their complex structures and properties
while maintaining acceptable computational time. In the following sections, |
will provide some examples of nonlinear photonic crystal analyses using FFT
to introduce important functional relationships and Fourier Transforms of

common functions.
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2.4.3 Convolution Theorem

The convolution theorem of the Fourier Transform takes the following
mathematical form. Consider two functions a(x) and b(x) with Fourier
transforms A(¢) and B(§). The notation a * b denotes the convolution of a
and b and the convolution theorem states that the Fourier transform of it is

equal to the product of their individual Fourier Transforms:

Flax) * b(x)} = A$)B(S)

The dual:

Fla()b(x)} = A(§) * B($)

This rule is especially useful when a function can be decomposed into a product
or convolution of two simpler functions. The function of x? distribution in

nonlinear photonic crystals often exhibits these two scenarios.

A practical example is the 3D NPC fabricated in BCT crystals using infrared
femtosecond laser poling technology[33]. Due to the fabrication method and
the characteristics of the crystal, the laser-induced inverted domains in the
crystal have a shape resembling the Greek letter theta (8). As shown in Figure
2.4.4, in the work by Xu et al., they fabricated an NPC with a square lattice
arrangement inside BCT crystals using femtosecond laser poling technique.
Each unit has a 6 shape. The overall structure can be considered as the
convolution of a square lattice and a 8 shaped unit (a(x) * b(x) = c(x)). By
performing a Fourier transform on the square lattice and theta unit separately
and then multiplying them, we can obtain the Fourier transform result of the
entire structure (A(&) X B(&) = C(£)). This feature of the Fourier transform
can help us deduce the structure of the NPC from the shape of its SHG pattern.
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a(x) b(xx) c(x)

A(S) B($) ()

Figure 2.4.4 The convolution theorem of the Fourier Transform in NPC. An
NPC structure in BCT crystal induced by laser poling technique c(x) could
be considered as the convolution of a(x) and b(x) (upper row). The Fourier
transform of a(x), b(x) and c(x) are A(§), B(&¢) and C (&) respectively.
They have a relation of A(§) * B(&) = C(&) (bottom row).[33]

Continuing with the example of the structure mentioned above, the far-field
diffraction pattern of the light wave is approximately the Fourier transform of
the near-field wavefront, i.e. C(&) should approximate the SHG pattern. As
shown in Figure 2.4.3, the SHG far-field diffraction produced by the structure
has a ring-like multi-peak pattern with significant intensity differences in two
orthogonal directions. Based on the convolution theorem, we can conclude that
the spacing and distribution of peaks are determined by the lattice structure of
the NPC (a(x)), while the uneven distribution is determined by the shape of
the unit (b(x)). From this, we can make targeted adjustments to the NPC

structure based on the appearance of the SHG pattern.
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Experimental

SH intensity (a.u.)

Theoretical

SH intensity (a.u.)

Figure 2.4.5 Far-field SHG pattern from a 3D NPC with square lattice
structure in BCT crystal, experimental (up) and theoretical (bottom). The
peaks intensity are unevenly distributed along z and y axis. Here i and j are

nonlinear diffraction orders.[33]

The dual of the convolution theorem has a more common application in NPC-
related research, which is the spectral broadening analysis of finite volume
NPCs. Let's use the simplest example of a one-dimensional single-period QPM
structure. As shown in Figure 2.4.4, a finite-length one-dimensional single-
period QPM structure can be regarded as an infinitely long one-dimensional
single-period structure multiplied by a finite-width square wave function, i.e.,
a(x) X b(x) = c(x). Their respective Fourier transforms are A(¢), B(¢) and
C(&), and satisfy A(¢) = B(§) = C(&¢). From this, we can know that for a
finite-length NPC structure, its Fourier transform result will be convoluted by
a Sinc function B(§), causing the peaks to broaden. In other words, a shorter
NPC structure can provide more different lengths of RLVs to satisfy the

relatively wide-band QPM, but at the cost of lower conversion efficiency.
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Figure 2.4.6 The dual of convolution theorem of the Fourier Transform. A
finite length NPC structure c(x) could be considered as the production of
a(x) and b(x) (upper row). The Fourier transform of a(x), b(x) and c(x)
are A(¢), B(&) and C () respectively. They have a relation of A(¢) X B(¢) =
C (&) (bottom row)

In summary, the RLV and the Fourier transform are essential mathematical
tools for studying phase matching and nonlinear processes in higher-
dimensional or non-periodical structures. By leveraging these tools,
researchers can gain a deeper understanding of the underlying mechanisms and

optimize the efficiency of nonlinear optical processes in complex systems.

2.5 Design and simulation of nonlinear wavefront

shaping in 3D NPCs

In the research of this thesis, the simulation of 3D NPCs can be roughly divided
into two parts. The first part is to analyze a known structure of 3D NPCs,
simulate the nonlinear processes it supports, and then deduce how it can
perform nonlinear wavefront shaping. Another part is to design the structure of
3D NPCs under the premise of a predetermined target nonlinear structured
beam. In the following sections of this chapter, we will use nonlinear process
of SHG as an example, to explain how to achieve the above simulation goals
through 3D FFT.
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2.5.1 Far-field SHG pattern simulation in 3D NPCs

One of the most common simulation tasks is to simulate the far-field
distribution of the emitted SH under given FW conditions and a 3D NPC
structure. To achieve this goal, our approach is to first perform a 3D FFT on
the 3D NPC structure to find out all the RLVs that the structure can provide.
On this basis, we determine which RLVs can assist QPM according to the
parameters of the FW and the dispersion properties of the crystal, and which
nonlinear optical processes can occur efficiently. Finally, we introduce the
nonlinear coefficient tensor matrix of the crystal and adjust the intensity of the
emitted SH accordingly. In this way, we obtain the far-field distribution of the
SH.

In the following, we use a multi-layer fork structure in calcium barium niobate
(CBN) crystal to generate SH as an example to explain the simulation process.
A single-layer fork structure is often used to produce nonlinear vortex beams
[56], but due to the inability to satisfy phase-matching conditions, its efficiency
is extremely low. Wei et al. arranged the structure periodically in space in their
work to satisfy QPM conditions and efficiently generate nonlinear vortex
beams [82], as shown in Fig 2.5.1 (a). As described above, we first need to
perform a 3D FFT on the 3D NPC x2 structure to find all the RLVs that the
structure provided. Using Matlab's fftn() function to directly perform FFT on
the 3D structure, we obtain the distribution of RLVs in reciprocal space, and
the 3D FFT result is shown in Fig 2.5.1 (b). It can be seen that distribution of
RLVs in the reciprocal space of the structure shows many donut-like shapes,
and they are continuously repeated in the z-axis direction. In reciprocal space,
each voxel corresponds to a RLV. The line connecting the voxel to the center
point (zero point) in reciprocal space represents the vector of that RLV, and the
brightness of such voxel in the image indicates the intensity of the Fourier
coefficient Fof that RLV. This Fourier coefficient will be utilized in our

subsequent calculations.
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Figure 2.5.1 (a) Multi-layer forks 3D NPC structure and (b) its 3D FFT result
which reveal the RLVs it can provide for QPM.

After obtaining the distribution of RLVs in reciprocal space, we need to
determine which RLVs can assist in achieving QPM. Here, we draw an analogy
to the concept of Ewald's shell in linear optics and construct a nonlinear
Ewald's shell to determine which RLVs can assist in achieving QPM. The

construction of the nonlinear Ewald's shell is shown in Fig 2.5.2 (a). First, draw

the FW wave vector k, = 22 |

space. Then, draw a spherical shell with the tail end of 2k, as the center and

4-77.'712

T This spherical shell is the

the radius of the SH wave vector length k, =

nonlinear Ewald's shell, and all RLVs that intersect with this shell in reciprocal
space may support QPM and generate SH efficiently, with the emission
direction of SH being the direction of the wave vector k.. In other words, every
point on Ewald's shell corresponds to a possible k,, but only those points that
intersect with the RLVs correspond to a k., that satisfies the QPM condition.
Fig 2.5.2 (b) shows the nonlinear Ewald's shell in reciprocal space
corresponding to the FW incident along the z-axis in a CBN crystal as well as
the FFT result from the multi-layer fork structure. Fig 2.5.2 (c) is a zoom-in of
(b), we can see many “donuts” in the space but only two “donuts” intersect
with the Ewald’s shell which could support QPM. As the figure is from a

numerical simulation, the space is pixelized and show some aliasing distortion,
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it is possible to obtain a more accurate simulation by decreasing the voxel size
and the trade-off is longer simulation time. It is worth noting that nonlinear
crystals are often birefringent crystals, so refractive index n is not only a

function of wavelength, but also a function of light polarization and
propagation direction, n(A, 9%) This makes the nonlinear Ewald's shell

often not a truly perfect spherical shell, but an ellipsoidal shell.

Figure 2.5.2 Ewald’s shell in SHG simulation. (a) How to construct an

Ewald’s shell in reciprocal space. (b) A simulation result with Ewald’s shell
and reciprocal vectors from a multi-layer forks 3D NPC. (c) Zoom-in of (b),
although the multi-layer forks 3D NPC provide many RLV in reciprocal
space and distribute in form of many “donuts”, only two “donuts” intersect
with the Ewald’s shell. It is these two "donuts" that correspond to the RLV
which satisfy the QPM conditions, thereby enhancing SHG.

Up to this point, we have identified all possible k., that can efficiently generate
SH by using 3D Fourier transformation and constructing a nonlinear Ewald’s
shell in reciprocal space. However, the specific intensity of the generated SH
still requires further calculation, which involves considering the effective
nonlinear coefficients of the material and the Fourier coefficients mentioned
earlier. The intensity of SH is directly proportional to the square of the Fourier
coefficient F (I < F?). The influence of the nonlinear material on SH intensity

has been detailed in the previous section 2.2, and the relative intensity of SH
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polarization can be calculated using formula (2.2.13), and the SH intensity is

directly proportional to the square of the SH polarization (I o< P?).

Through the above steps, with the assistance of simulation software, we can
rapidly calculate the far-field pattern of the SHG produced by a known NPC
structure. Moreover, understanding this simulation technology allows us to
deeply comprehend the process of SHG via 3D NPCs, laying a solid foundation
for better design of complex functional 3D NPCs.

2.5.2 Nonlinear volume holography

This section will introduce nonlinear volume holography, a 3D NPC structure
design method. The 3D NPC designed and manufactured through this method
is also called a nonlinear volume hologram (NVH) [51], [59]. In fact, the multi-
layer fork 3D NPC mentioned in the last section is essentially a type of NVH.
However, its design is not through nonlinear volume holography, but follows
a very intuitive structural design approach. That is, a 2D NPC cannot provide
reciprocal lattice vectors in the direction of light propagation, therefore its
efficiency is extremely low. By periodically repeating this 2D structure in that
direction, reciprocal lattice vectors can be provided to satisfy phase matching
and thus improve the SHG efficiency. Although NVH can be designed and
fabricated through this method, this approach is far from perfect. An obvious
problem is that the SHG distribution generated is in both left and right
directions (in Figure 2.5.2 (c), there are two groups of donut-shaped RLVs that
can satisfy QPM), and the energy cannot be concentrated on one side, which
inherently limits the SHG efficiency. Even disregarding efficiency concerns,
this design method, which relies on existing 2D structures, lacks flexibility. In
contrast, 3D NPCs designed through nonlinear volume holography theory are,
in principle, highly efficient in terms of energy conversion and offer great
flexibility. Essentially, 3D NPC with any function can be designed using this

method.
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The theory of nonlinear volume holography is inspired by its counterpart in
linear optics, namely optical holography. This is a technique that can record
and reproduce the wavefront of incident light. Typically, an additional
reference beam is used to overlap with the object beam in space to produce
interference fringes. These interference fringes are recorded using some
photosensitive material. This process is called recording, and the material that
records the interference fringes is the hologram. Later, when the hologram is
illuminated again by the reference beam in the same incident direction as
before, the previously recorded object beam can be generated again. This

process is called reconstruction.

Nonlinear volume holography is very similar to optical holography, except that
the reference beam and objective beam have different wavelengths. In the
reconstruction process, the reference beam serves as the pump beam and
excites the nonlinear beam of a different frequency. Because the conversion of
wavelength is involved, the material of the nonlinear volume hologram needs
to be a nonlinear material. However, nonlinear materials often cannot simply
imprint fringes through exposure and require more intense processing methods.
Therefore, the preparation process of the nonlinear volume hologram involves
the use of computers to simulate the appearance of the interference fringes in
3D space, which is the computer-generated hologram (CGH). Then, this

structure is imprinted in the nonlinear material in some way.

In the subsequent Chapter 4, the design, preparation, and testing of the

nonlinear volume hologram will be introduced in detail.

2.6 Nonlinear optical materials

Nonlinear optical materials hold significant value in the field of nonlinear
photonics, as they enable interactions between lights and the wavelength
conversion. The nonlinear optical properties of these materials are attributed to
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the unique features of their electronic and crystal structures, which give rise to

new optical processes under the influence of light fields.

There is a wide variety of nonlinear optical materials, such as niobates,
phosphates, borates, and silicates. These materials exhibit different degrees of
nonlinear optical responses, which are typically described by nonlinear
polarization coefficients ™. Among them, second-order nonlinear optical
materials (with non-zero x(® coefficients) are particularly important in the
field of photonics because they can realize various nonlinear optical processes,
such as frequency doubling, difference frequency generation, and parametric

oscillation.

Some typical second-order nonlinear optical materials include lithium niobate
(LiNbO3), strontium barium niobate (SBN), potassium niobate (KNbO3), and
potassium titanyl phosphate (KTP). These materials each have unique
properties, such as high nonlinear coefficients, thermal stability, refractive
indices, and transparency windows, making them advantageous in various

nonlinear optical applications.

When selecting nonlinear optical materials for 3D NPCs, various factors need
to be considered, such as the material's nonlinear coefficients, phase-matching
conditions, loss, and transparency window. Additionally, because the
fabrication of 3D NPCs relies on the unique femtosecond laser writing
technique, the materials must also meet the requirements of this technology.
Specifically, a nonlinear crystal suitable for laser writing should have a
relatively low coercive field intensity and Curie temperature; the reasons for
this will be discussed in the subsequent poling techniques section. Moreover,
the laser writing process should not have a significant impact on the crystal's
refractive index, as this could cause unpredictable effects on subsequent optical

processes.
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Due to these constraints, many common nonlinear optical materials are not
suitable for the fabrication of 3D NPCs. For example, lithium niobate, which
is widely used and well-known, has a very high Curie temperature and a large
coercive field intensity. As a result, it is difficult to achieve high-quality
domain inversion using femtosecond laser writing techniques within this
material. Therefore, it is necessary to explore alternative nonlinear optical
materials that are better suited for femtosecond laser writing techniques when
creating 3D NPCs.

Strontium barium niobate (SBN) and calcium barium niobate (CBN) crystals
are well-suited for use as 3D NPC materials. They exhibit excellent
transparency in the visible light spectrum, have quite low Curie temperatures
and coercive field intensity, and possess significant second-order nonlinear
coefficients. As a result, they not only meet the conditions for laser writing but
also support efficient nonlinear optical processes. SBN and CBN crystals have
very similar properties, and most fabrication methods and research models can
be applied to both. While compared to SBN, CBN has better thermal stability,
making it more advantageous for high-power applications. This thesis focuses
on the study of highly efficient 3D NPCs and will involve the interaction of
high-power lasers and 3D NPCs. Therefore, CBN is a more excellent choice

for this purpose.

Calcium barium niobate (CBN, Ca,Ba;_,Nb,0,) is a ferroelectric material
with a tetragonal tungsten bronze (TTB) structure. A wide variety of bronze
phases exist due to the occupation of different types of sites (Al, A2, and C)
in the TTB structure, which can accommodate several cations of suitable size
and charge, as shown in figure 2.6.1[83]. Ferroelectric niobates with the bronze
type structure, such as strontium barium niobate (SBN, Sr,Ba;_,Nb,0), have
been widely investigated due to their excellent electro-optic, photorefractive,
pyroelectric, and piezoelectric properties [84]. CBN exhibits similar properties
to SBN, with an existence region of calcium between 20 and 40 mol percent.

CBN-28 (x = 0.28), demonstrates typical relaxor behavior at the ferroelectric
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phase transition temperature of about 265 °C [85]. After high-temperature
annealing, random needle-like domain structures appear within CBN, with
positive and negative domains alternating along the crystal axis at 180° angles
[86]. CBN single crystals can be grown by the Czochralski method, later cut
into defined thickness and orientation for optical examinations [87]. The
principal refractive indices can be determined using a high precision
goniometer. However, in practice the measurement results can be
approximated using a conventional four parameter Sellmeier equation:

2(2) = A+ ———— DR
A=A+

where coefficients A, B, and C are listed in Table 2.6.1.

The light absorption spectra can be collected using an absorption spectroscope,
and the nonlinear components can be measured by comparing the nonlinear
signals with other known nonlinear material [79], [83]. The linear absorption
spectrum and nonlinear coefficients for as-grown CBN-28 crystal are shown
in the figure 2.6.2 and Table 2.6.2.

In summary, CBN shares many similarities with the well-studied SBN and has
been successfully grown as single crystals for various characterizations. Its
unique combination of material properties, such as high nonlinear optical
coefficients, broad transparency window, and compatibility with femtosecond
laser writing techniques, make it an ideal candidate for 3D nonlinear photonic

crystal applications.
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Fig. 2.6.1 Projection parallel to the c-axis with unit cell of CBN-25 [83]
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Figure 2.6.2 Light absorption spectrum of a (001)-plate of CBN-28
(thickness: 2.52 mm). The kink at 800 nm is caused by a lamp change. [83]
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Table 2.6.1 Sellmeier parameters for the indices of refraction of unpoled
CBN-28 [83].

A B C D X2
Ne 4.74803 0.11165 0.05062 0.02164 1.0699*1077
n, 4.99401 0.13513 0.05446 0.02675 4.4569*10°®

Table 2.6.2 Nonlinear susceptibility components of CBN thin film [79].

dis ds2 ds3
d (pm/V) 5.0£2 3.1+-0.4 9+2

2.7 Summary

Chapter 2 introduces the fundamental concepts in nonlinear photonic crystals
(NPCs). It begins with a broad overview in section 2.1, providing context and

explaining the importance of NPCs in various fields of study.

Section 2.2 delves into harmonic generation, a key process in nonlinear optics,
discussing the formation of new frequencies as light passes through nonlinear
materials. This sets the groundwork for understanding the behaviors and

applications of NPCs.

In section 2.3, the concept of phase mismatching is introduced and various
phase matching techniques are explored. The birefringent phase matching
technique (2.3.1) and the quasi-phase matching technique (2.3.2) are
elaborated upon, giving insight into ways to overcome the phase mismatch

problem.

Section 2.4 discusses the reciprocal lattice vectors and Fourier transform, both
critical mathematical tools for understanding the behavior of light in NPCs.
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The reciprocal lattice vector (2.4.1) provides a way to visualize the periodic
structure of a photonic crystal, while the Fourier transform (2.4.2) and the
Convolution Theorem (2.4.3) allow for the analysis of light behavior in the

frequency domain.

Section 2.5 discusses the design and simulation of nonlinear wavefront shaping
in 3D NPCs. Section 2.5.1 elaborates on the simulation of far-field SHG
patterns, providing a practical approach to predict and analyze SHG from a
given NPC structure. In section 2.5.2, the concept of nonlinear volume
holography is introduced, a technique for designing and manufacturing highly
efficient and flexible 3D NPCs.

Section 2.6 delves into the crucial properties of nonlinear optical materials
within the scope of 3D NPCs created through infrared laser direct poling. It
compares several types of nonlinear optical materials and specifically
emphasizes the superior characteristics of CBN (Calcium Barium Niobate).

The research conducted in this thesis is based on this particular material.
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Chapter 3 Nonlinear wavefront

shaping in 3D NPC

3.1 Introduction

3D NPC fabrication based on laser writing is a breakthrough technology.
However, in initial research by Xu and Wei, they each only fabricated the
simplest 3D square lattice structure to demonstrate the technology without
further exploring the potential functions of 3D NPCs. In fact, this technology
making many previously theoretical functions a reality and greatly advancing
the research of 3D nonlinear structures. These include but are not limited to
nonlinear wavefront shaping, multidimensional entanglement photon
generation, all-optical controlled chips, volume nonlinear holography,
nonlinear multiplexing, and cascaded nonlinear effects[88]. Among these,
nonlinear wavefront shaping is the basis for many potential applications.
Unlike linear optical wavefront shaping which not change the wavelength of
modulated light, nonlinear wavefront shaping can modulate light at new
frequencies. This opens up possibilities for exciting new applications,
including entangled photon generation, all-optical self-routing, and ultrafast
light techniques. [51], [89], [90]. It's also worth emphasizing that initially
modulating the wavefront linearly and then converting the frequency often
doesn't work, as the phase of the nonlinear waves does not follow the

fundamental wave.

Nonlinear wavefront shaping based on NPCs doesn't actually modulate the
phase of an existing nonlinear beam. Instead, it assigns different initial phases
to the nonlinear beams during the nonlinear conversion process that generates
the beams. Since nonlinear wavefront shaping is based on nonlinear frequency
conversion, quite naturally, QPM plays a significant role. Depending on the

different modes of phase matching, this can be further divided into Bragg
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diffraction[91], Cherenkov emission[92], and nonlinear Raman-Nath
diffraction[93]. Among them, the phase matching condition for Raman-Nath
diffraction is the easiest to achieve, the nonlinear wavefront shaping is not
critically depends on the pump light wavelengths. There are many existing
studies on nonlinear wavefront shaping based on this mode, successfully
generating nonlinear Airy beams, vortex beams, and Bessel beams [51], [56],
[94]. Figure 3.1.1 (a) is a schematic diagram of second harmonic Raman-Nath
diffraction based on a 2D NPC. The fundamental frequency (FF) light with
plane wavefront is incident on a 2D NPC, which has a spatial modulation of
x@on the plane perpendicular to the incident light. The interaction of the FF
with the 2D NPC generates a second harmonic (SH) with a designed initial
phase and intensity. After the SH exits the crystal and propagates to the far

field position, it exhibits the wavefront of a vortex beam.

a b

SH

7’?{‘/ g
2D NPC /

3D NPC

Figure 3.1.1 Schematic of nonlinear wavefront shaping based on NPCs. (a) A

2D NPC can achieve a single function of nonlinear wavefront shaping. (b) In

contrast, a 3D NPC can simultaneously achieve the functions of multiple 2D
NPCs [75].

It is quite challenging to stack multiple wavefront shaping functions on a 2D
NPC, but a 3D NPC can easily solve this problem. As shown in Figure 3.1.1(b),
by adding another layer of 2D NPC with different function behind a single
layer of 2D NPC, the two layers of 2D NPCs can work simultaneously to
complete two different nonlinear wavefront shaping functions. Traditional
electric field poling methods cannot fabricate such complex multilayer
structures, while it is quite straightforward for 3D laser poling methods. In the
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next section, the experimental setup and operation parameters of 3D laser

poling will be discussed in detail.
3.2 Experimental setup

3D laser poling setup is illustrated in Figure 3.2.1, near infrared ultrafast laser
(MIRA, Coherent) operating at A = 800 nm, with a pulse duration of T =

80 fs and a repetition rate of f = 76 MHz. A shutter controls the output of
the laser, with the laser's output power managed by a half-wave plate and a
polarizer. Both the shutter and the half-wave plate are connected to the
computer and controlled by software. After adjusting the power of the laser,
the beam passes through a 2/98 beam splitter, with the majority of light
continuing on. The beam then enters and focuses within the CBN crystal
through the z-surface, facilitated by a 50x/NA0.65 objective lens. The crystal
is placed on a motor-driven stage that can move in three dimensions, allowing
for controlled, free movement under computer guidance. On the backside of
the crystal, a blue LED is used for illumination. The blue light propagates in
the opposite direction of the optical path, passing through the objective lens
and is reflected by the beam splitter towards a CCD. In front of the CCD,
there is a short pass filter that blocks the 800 nm writing beam while allowing
the blue light to pass through and focus onto the CCD through a lens. This
lens and the objective together form a microscope used for real-time

monitoring of the laser writing process.
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Figure 3.2.1 Laser writing setup sketch.

The poling of the crystal is achieved by scanning the laser focus within the
crystal. The laser is directed to enter and focus inside the CBN crystal from the
z-surface. Then, the focus is scanned along the z-axis towards the surface of
the crystal, i.e., scanning from deep to shallow, at a speed of 2.5um/s. After

scanning for 20um, the shutter is closed, completing one poling operation.

A columnar reversed domain forms in the area scanned by the laser, with a
length of about 20um and a diameter of approximately 1um. The cylinder's
axis is along the z-axis. By changing the focus position in the x and y directions
and repeating the above steps for laser poling, multiple reversed domains can
be connected to form the designed pattern, thereby realizing laser writing NPC.
The distance between two poling regions is approximately 0.5um, ensuring
that adjacent domains merge together.
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During the fabrication of multi-layer NPCs through laser poling, the sequence
of fabrication is crucial. The deeper layer of NPC must be fabricated first,
followed by the fabrication of the shallower layer. If not done in this order, the
shallow layer's laser-engineered structure could interfere with subsequent laser
poling. Additionally, the power of the laser also needs to be adjusted according
to the different scanning depths as poling at greater depths requires higher
power. The cause of this change in poling power threshold is not due to the
crystal's absorption of light but rather due to the birefringence of the crystal
leading to a degradation of the focus [95]. This point will be discussed in detail
in Chapter 5.

3.3 Versatile control of nonlinear interactions with 3D

NPCs

To demonstrate a single 3D Nonlinear Photonic Crystal (NPC) performing the
functions of multiple 2D NPCs, we have fabricated two 3D NPCs each with a
3-layer structure. The structure of the first 3D NPC is shown in Figure 3.3.1(a),
which consists of three layers of independent fork-shaped 2D NPCs, each layer
being rotated by 60° compared to its adjacent layer. Figure 3.3.1(b) shows a
3D imaging picture of this structure taken by a nonlinear microscope, where
the three-layer domain structures all present finely detailed fork structures. It
is important to note that there are substantial gaps between the three layers in
the image, which were intentionally adjusted to clearly illustrate each layer's
structure. In reality, the multilayer structure is closely stacked together. This
also reflects the fine control of the laser poling technique over the length of the
poling domains, with the gap between the layers being less than 5 um, and not
overlapping with each other. Such complex 3D NPCs cannot be fabricated
using traditional electrical poling methods. The far-field SHG pattern of this
structure is displayed in Figure 3.3.1(c), where six independent donut beams

are arranged in a hexagonal pattern, with every two diagonally opposite donuts
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originating from the SHG of the same layer of domain structure. The laser
source for exciting the SHG comes from the Coherent Chameleon +
Chameleon OPO system, with a pulse width of 200 fs, a repetition rate of 80
MHz, and a tunable wavelength range of 680-1600 nm. Each layer of domain
structure produces a nonlinear shaped beam with similar intensity and quality.
This is because the laser poling technique only modulates the x®)property of
the material while having almost no impact on the linear properties of the
material. Consequently, the fundamental light can pass through the multiple
x@ structures unhindered and engage in similar nonlinear optical processes

with each layer.

Figure 3.3.1 3D NPC with 3-layer fork structure. (a) Schematic of the

multilayer fork structure, with the crystal orientation identified by the

coordinate system on the left. The three images on the right are z-direction
imaging pictures taken by a nonlinear optical microscope, with the scale bar
corresponding to a length of 10 um. (b) 3D image composed after the
structure was scanned in layers by a nonlinear optical microscope. The
interlayer spacing was artificially enlarged during the image processing stage,
for the purpose of clearly illustrating the structure of each domain layer. (c)
Far-field diffraction pattern of the SHG generated by this structure, with six

donut beams independently produced by the three-layer fork structure.

Similarly, we have also fabricated another three-layer 3D NPC, where each
layer of this 3D NPC is composed of completely different structures, unlike the

previous one which consisted of identical structures, each layer merely rotated
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by 60°. The structure of this 3D NPC is shown in Figure 3.3.2 (a), where the
top layer has a fork shape, the second layer is a one-dimensional periodic
grating, and the bottom layer is a concentric rings structure. Despite the
completely different styles of the three layers, they all have some kind of
periodicity, and the size of the periods is the same, 3 um. Specifically, each
ring of the concentric rings is 3um apart from the inner ring, each line in the
grating is 3um apart from the adjacent line, and while the fork structure is not
entirely periodic, it resembles a grating pattern, with the distance between each
line approximately 3 um. This identical periodicity ensures that they will have
the same emission angle when generating SHG, as we see in Figure 3.3.2 (c).
The far-field SHG pattern of this structure consists of three patterns: two donut
beams originate from the fork structure of the first layer, the two Gaussian
beams come from the one-dimensional grating, and the large ring comes from
the concentric rings structure. Here, it can be observed that the brightness of
the large ring is noticeably lower than that of the donut beams and Gaussian
beams, because the larger covered area of the large ring results in a spread of

light intensity, making it appear dimmer.

Figure 3.3.2 Multilayer 3D NPC with three different layer structures. (a)
Schematic of the multilayer structure, with the crystal orientation identified
by the coordinate system on the left. The three images on the right are z-
direction imaging pictures taken by a nonlinear optical microscope, with the
scale bar corresponding to a length of 10 um. (b) 3D image composed after
the structure was scanned in layers by a nonlinear optical microscope. The
interlayer spacing was artificially enlarged during the image processing stage,
for the purpose of clearly illustrating the structure of each domain layer. (c)

Far-field diffraction pattern of the SHG generated by this structure.

69



Chapter 3 Nonlinear wavefront shaping in 3D NPC

Although in this work we have only fabricated 3D NPCs with a three-layer
structure, theoretically we could significantly increase the number of layers,
allowing a single 3D NPC to simultaneously perform a multitude of functions.

This high level of integration is something that 2D NPCs cannot achieve.

3.4 Dynamic control of nonlinear optical waves with 3D

NPCs

In addition to integrating multiple 2D NPCs within a single 3D NPC to achieve
multiple functions, we have also realized dynamic control of nonlinear optical
waves by moving the laser focus longitudinally. Because the focus of the laser
is of finite length along the longitudinal direction, this property can be
exploited to let the focus only act on one layer of the multilayer 2D NPCs,
without interacting with other layers. As shown in Figure 3.4.1(a), we have
fabricated a two-layer 3D NPC, with the first layer being a fork structure and
the second a one-dimensional grating. There is a substantial distance between

the two layers, approximately 322 um. Such a large gap allows the focused

fundamental light to act on one layer without interacting with the other. Figure
3.4.1(c) and (d) show the far-field SHG patterns generated when the
fundamental light is focused at different depths. In (c), the laser focus is
concentrated on the grating layer, and the SHG pattern can be observed as two
Gaussian beams, with almost no visible donut beam generated by the fork layer.
Conversely, in (d), the far-field SHG pattern when the laser focus is
concentrated on the fork layer clearly shows two donut beams generated by the

fork layer, with hardly any Gaussian light generated by the grating layer visible.
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Figure 3.4.1 Dynamic control of nonlinear optical waves with 3D NPCs. (a)
Dual-layer 3D NPC, with the first layer being a fork structure and the second

a one-dimensional grating. The gap between the two layers is 322 um. The
scale bar corresponds to 10 um. (b) 3D imaging of the structure taken by a

nonlinear optical microscope. (c) and (d) are the far-field SHG patterns when
the focus of the fundamental light is on the grating layer and fork layer,

respectively.

This characteristic of adjusting the focus position to stimulate different
functionalities of a 3D NPC provides enormous flexibility for its applications.
A single 3D NPC can not only contain multiple different nonlinear
functionalities but also selectively activate some of these functionalities rather

than all at once.
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3.5 Nonlinear bottle beam

Nonlinear photonic crystals can not only realize 2D nonlinear wave shaping in
the far field but also achieve 3D nonlinear wave shaping within the near-field
range [96]. The light intensity distribution in the far field is very stable and
does not change with the light propagation. In contrast, the light intensity
distribution in the near field significantly changes with the propagation
distance. This change is controllable. With a reasonably designed nonlinear
photonic crystal structure, we can produce the desired 3D nonlinear light
intensity distribution. Below, we use the nonlinear bottle beam as an example

to illustrate this technique.

Figure 3.5.1 (a) shows an ideal amplitude hologram capable of producing a
bottle beam in the near field. As can be seen, the hologram has a structure with
two concentric rings, inner and outer. When we illuminate this hologram with
Gaussian light, the structures of the inner and outer rings will respectively
diffract the Gaussian light into Laguerre-Gaussian modes LG{ and LG?,
focusing them at different locations in space. These two diffracted beams
interfere with each other, resulting in a continuously changing light intensity
distribution along the propagation direction. By thoughtfully designing the
parameters of the two-ring structures, we can create a light intensity
distribution with a dark core in 3D space, commonly referred to as the bottle

beam.
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Figure 3.5.1

Due to the constraints of nonlinear crystal materials (Sro.s1Bao.39Nb20e) , we

cannot fabricate a nonlinear photonic crystal structure with continuous
intensity variations as shown in Figure 3.5.1 (a). However, through simulation,
we found that even a binary nonlinear hologram can successfully produce a
nonlinear bottle beam. After considering practical experimental conditions
such as crystal properties and laser poling fabrication processes, we designed
the nonlinear photonic crystal structure as shown in Figure 3.5.1 (b). This
structure only has two values, 1 and 0, corresponding to the application of laser

poling and maintaining the original state, respectively.
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Figure 3.5.2

We used the experimental method described in section 3.3 to conduct the SHG
test on this nonlinear photonic crystal. The experimental results, along with the
corresponding theoretical simulations, are displayed in Figure 3.5.2. It can be
seen, that the SHG is initiated at the nonlinear photonic crystal site and
propagates forward. Its light intensity distribution continuously changes with
the variation of the propagation distance. Furthermore, a bottle beam is formed
within the range of z=0 to 1.5 Zr, with its dark core located at z=0.9 Zr. The
experimental results are mainly in agreement with the theoretical simulations.

However, the binary structure and fabrication errors resulted in some noise.
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3.6 Summary

We fabricated three-dimensional nonlinear photonic crystals (3D NPC) in
Cao.2sBao.72Nb20s ferroelectrics using a laser direct poling technique, which
demonstrated an unprecedented capacity for nonlinear wavefront shaping. By
integrating a three-layer nonlinear photonic structure consisting of a fork
grating, a standard one-dimensional grating, and a circular grating within a
single 3D NPC, we simultaneously converted a fundamental Gaussian beam
into second harmonic vortex, Gaussian, and conical beams. Additionally, by
leveraging the spatial separation of domain structure layers, we demonstrated
dynamic control over nonlinear interactions within a 3D NPC. In addition, we
also used a 2D NPC to generate a nonlinear bottle beam, demonstrating that
we can achieve 3D light field shaping through NPC. These experiments
underscore the immense potential of 3D NPCs for nonlinear wavefront shaping,
as they allow for the integration of multiple nonlinear functionalities within a
single 3D NPC and the selective activation of specific functionalities. The
findings presented here pave the way for the development of novel coherent
light sources, which can generate shaped beams at new wavelengths—an
essential element for many fundamental research studies and industrial
applications in optics. In future work, we plan to incorporate QPM into 3D
NPCs to enable phase-matched interaction in any designated direction. Such
3D NPCs, which often have highly complex structures, are beyond the
capabilities of traditional fabrication methods and can only be realized using

our laser poling technique.
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Chapter 4 Nonlinear volume

hologram

4.1 Introduction

In Chapter 3, we introduced a type of 3D NPC fabricated using laser poling
technology, composed of multiple non-interfering 2D NPCs stacked together
to simultaneously realize multiple different NWS functionalities. However, its
implementation of NWS is based on the low-efficiency Raman-Nath
diffraction, resulting in extremely low nonlinear conversion efficiency
(~5 x 1078). Raman-Nath type diffraction is a type of nonlinear diffraction
that does not satisfy phase matching, such intrinsic property prevents it from
providing high nonlinear conversion efficiency. To improve the nonlinear
conversion efficiency, perfect phase matching must be introduced, i.e.,
nonlinear Bragg diffraction. To realize NWS while satisfying phase matching,

using nonlinear volume holography is an excellent solution.

In 2014, Hong and colleagues introduced concepts of hologram known from
linear optics into nonlinear optics, and proposed the nonlinear volume
holography[59]. According to this technique, a x® structure capable of
performing arbitrary wavefront shaping can be designed. Furthermore, this x(®
structure design theory inherently includes the phase-matching relationship
between light waves, thereby always enabling highly efficient generation of
nonlinear waves. Taking the simplest second harmonic generation (SHG)
nonlinear process as an example, the fundamental wave (FW) propagates in the
nonlinear medium and excites the nonlinear polarization wave, which has the
same propagation velocity as the FW and twice its frequency. Such a nonlinear
polarization wave serves as the reference beam, while the objective beam is the
SH wave. As shown in Figure 4.1.1 (a), the reference beam and the objective

beam interfere with each other in the nonlinear medium to produce interference

75



Chapter 4 Nonlinear volume hologram

fringes, which store the intensity, phase, and wavelength information of the

objective beam.

In standard holography the information storing is done by directly recording
interference fringes in a medium using photosensitive materials. In case of
nonlinear holography the storing process requires recording of interference
fringes in the medium in the form of x variation, which obviously cannot be
achieved by a simple light exposure. To realize nonlinear volume holography,
one must first simulate the nonlinear interference process on a computer to
calculate the pattern of the interference fringes. Then, x® modulation
technique is used to imprint the calculated interference fringes onto the

nonlinear medium. The fringe pattern is given by:
2 2
T(x,y,2) = |E, + Eo|” = |E,|” + |E,|? + 2E,E,cos(p)
Where E,, is the polarization wave trigged by reference beam E,, E, < EZ; E,,

Is the object beam electric amplitude; ¢ is the phase difference between

polarization wave and object beam. The background terms |Ep|2 and |E,|? do
not contribute to the fringe pattern, thus the normalized fringe function is
T'(x,y,z) = cosq. Consider the modulation of x® in NPC is binary, we end

up with:

T'(x,y,z) = sign(cosp)

For 2D nonlinear holography, it can be implemented by polarizing the
nonlinear optical crystal with an electric field, whereas for 3D nonlinear

volume holography, the laser poling technique is required.
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(a) Storing process
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Figure 4.1.1 The concept of nonlinear holography. (a) Information storing

process (b) Reconstruction process[59].

The reconstruction process is illustrated in Figure 4.1.1 (b), where the
illumination of the FW onto the nonlinear hologram can reconstruct the
nonlinear object beam previously stored in the NPC. If a Gaussian beam is
chosen as the reference beam and the object beam has a special wavefront, this
essentially realizes NWS through the technique of nonlinear volume

holography.

4.2 Structure Design and Simulation

Our goal is to design a nonlinear volume hologram for converting a
fundamental Gaussian beam into a second harmonic vortex beam. According
to the aforementioned nonlinear holography theory, we are to set the reference

beam as a plane wave and the object beam as a vortex beam, that is:
E, = ei(Tclﬁ—wt)

E, = ei0())gilkafo—201)
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Where k, and k, are the wave vectors of reference and objective beam;
@(x,y) =tan™?! (g) is the vortex phase. The computer-generated nonlinear

volume hologram has a form of interference fringe between nonlinear

polarization wave (E, o« E7) and second harmonic wave:

T(x,y,z) = sign(cos(2k,(x,y,2) — k,(x,y,2))

Figure 4.2.1 (a) shows the interference fringe simulated by the computer as
described above. In this simulation, we set that the medium material is CBN
crystal, the FW Gaussian beam propagates along the z-axis, the SH vortex
beam has a 5° angle with the propagation direction of the FW, and the
topological charge number of the vortex beam is 1. It can be seen that the
interference fringes show a fork-like shape in the x-y section, but the shape of
the fork changes with the z coordinate. Inside the pattern, there is a twisted
spiral structure in the direction at a 5° angle to the z-axis. To show this internal
structure more clearly, it is separately enlarged and shown on the right. It can
be seen, that this interference pattern has a complex spatial structure. The many
curved surfaces make it difficult to process perfectly even with the most
advanced laser poling technology. Therefore, we still need to simplify it to

some extent, making this structure easy to process without affecting its function.

Figure 4.2.1 A nonlinear volume hologram capable of generating SH vortex

beam. (a) The perfect hologram structure generated by the computer based on
nonlinear volume holography theory. (b) The nonlinear hologram structure
after discretization for ease of fabrication. (c) The nonlinear volume
hologram fabricated using laser poling technology, as shown in a nonlinear

microscopy image [76].
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We used a stair-step discrete method to simplify the structure, as shown in
Figure 4.2.1 (b). The specific simplification process is as follows: First, slice
the xy plane every 6.85 um along the z-axis direction, delete the structure
outside the sliced plane, and then extend the sliced 2D pattern along the z-axis
direction to fill the deleted space. After simplification, the original continuous
and smooth structure becomes a stair-step discrete structure. This structure is
very suitable for fabricating with laser poling technology, and theoretically it

can ensure that the original structural function is not lost.
4.3 3D Nonlinear Volume Holograms Recording

We employed the laser poling technology to fabricate the structure described
above into a CBN crystal in the form of domain inversion. The laser was
focused by a 50x/NAO0.65 lens and incident from the z-surface of the crystal,
scanning within the crystal at a speed of 2.5mm/s to outline the pre-set pattern.
The laser power was automatically adjusted under computer control based on
different depths to achieve optimal fabrication results. The fabricated nonlinear
volume hologram is depicted in Figure 4.2.1 (c), it is nearly identical to the
designed structure in (b). This structure exhibits a fork-like shape in the xy-
plane, with a transversal period of ~3.6um, a duty cycle of ~0.2, and an
interlayer distance of 6.85um. The total volume of the nonlinear volume

hologram is 80 x 80 x 80 um3.
4.4 Reconstruction of the Second Harmonic Vortex Beam

We utilized a femtosecond laser directly from the laser source as the reference
beam to reconstruct the object beam, i.e., the SH vortex beam. As depicted in
Figure 4.4.1 (a), the reference beam with linear polarization (x-polarized)
illuminated on the nonlinear volume hologram along the z-axis of the crystal,
successfully generating an SH vortex beam with an approximate 5° emission
angle. This result aligns perfectly with our design objective. Notably, unlike
the multilayer fork structure states in Chapter 3, which generates the SH vortex

via Raman-Nath diffraction, the SH vortex here is produced by Bragg
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diffraction which satisfying the QPM condition. Figure 4.4.1 (b) provides a
schematic of phase matching, illustrating that the nonlinear volume hologram
provides a RLV only on the left side, resulting in the generation of the SH
vortex exclusively on the left. The fulfillment of QPM condition also realize a
high conversion efficiency as high as 6 x 107°, which is ~100 times larger
than previous work [75]. The QPM condition relies strictly on the wavelength.
We tuned the input FW wavelength from 1000 nm to 1600 nm. As shown in
Figure 4.4.1 (c), a strong SH signal is only observed near the designed

wavelength of 1550nm.
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Figure 4.4.1 Reconstruction process of nonlinear volume holography. (a)
scheme of reconstruction SH vortex beam via nonlinear volume hologram.
(b) Far-field SH pattern and phase matching diagram. (c) Dependence
between fundamental wavelength and measured SH power.

4.5 Summary

In this study, we have effectively demonstrated the application of the 3D
optical poling technique for fabricating intricate 3D nonlinear structures.
Leveraging the approach of nonlinear volume holography, we were successful
in designing nonlinear volume hologram for reconstructing arbitrary special
beams. For demonstration, an SH vortex beam was reconstructed from a
nonlinear volume hologram after illuminated by a fundamental Gaussian beam.
This strategic methodology allowed us to significantly enhance conversion
efficiency compared to non-phase-matching conditions. However, the current
conversion efficiency still has a significant gap from practical application, and
there are numerous aspects that can be further optimized. This includes
considerations such as the duty cycle of the domain structure, the type of

nonlinear material used, and the method of laser poling. These factors all
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present opportunities for the enhancement of the system's overall efficiency,

which will be vital for future research and potential real-world applications.
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Chapter 5 Optimization of laser

poling

5.1 Introduction

In Chapter 4, we introduced a method of achieving NWS through nonlinear
volume holograms. We demonstrated this method by using the laser poling
technique to fabricate a 3D NPC of size 80 x 80 x 80 um3 for generating SH
vortex beams. However, the conversion efficiency of this NPC was still
relatively low due to several factors. Firstly, the effective volume of the NPC
was too small. The conversion efficiency of an NPC is proportional to the
square of its length. Hence, an increase in the size (and subsequently interaction
length) of the NPC can significantly enhance the conversion efficiency.
Secondly, we didn't optimally utilize the maximum effective nonlinearity of
the crystal. The limitations of the laser poling technique restricted us to
fabricating complex patterns from the z-surface of the CBN crystal, with a
limited depth of fabrication. Consequently, we could only utilize a small
effective nonlinearity. This limitation greatly hampered the nonlinear
conversion efficiency of the 3D NPC because the conversion efficiency is
proportional to the square of the effective nonlinearity. Lastly, the laser writing
process inevitably introduced changes in the refractive index of the material.
These changes led to linear light scattering, which caused a loss of energy in
both the fundamental wave and the second harmonic. More importantly, the
change in refractive index could introduce random phase shifts that affect QPM
[81]. As phase shifts accumulate during propagation, they can significantly
impair the performance of large-volume 3D NPCs. It is clear from these
observations that the previous inefficiencies are largely due to the limitations
of the laser poling technique. As such, to significantly improve the efficiency
of 3D NPCs, we must focus on refining and enhancing this technique.
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To tackle the aforementioned issues, we approached the problem from two
aspects: focusing objective and laser polarization. We may start with the
focusing objective. The theory of laser poling states that poling can only be
achieved when the writing laser has a high optical intensity. Therefore, we
previously used a high magnification and high numerical aperture objective
lens for laser focusing. This inevitably led to a steep change in the optical
intensity experienced between the laser-affected area and adjacent areas,
resulting in significant differences in refractive index changes caused by the
laser. Intuitively, if a lens with relatively weak focusing power is used to focus
the laser, the sudden change would become more gradual and would not induce
such dramatic changes in refractive index. On the other hand, due to the
inherent spherical aberration in the imaging system, a high magnification lens
can only focus the beam perfectly within a very small depth range [92]. The
quality of focusing deteriorates significantly when the depth is far from that
range. This greatly restricts laser writing in the deeper areas of the crystal.
Therefore, we opted for using an objective lens with both lower magnification

and numerical aperture for laser writing to circumvent these issues.
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Figure 5.1.1 illustrates the splitting of laser focus in a uniaxial crystal. In
panel (a), the laser, after being focused by a lens, is incident along the optical
axis of the crystal. This causes the laser to split into two focus within the

crystal. In panel (b), the laser, after being focused by a lens, is incident
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perpendicular to the optical axis. In this case, depending on its polarization
state, the laser can split into one to three different focus. This graphic
illustrates the potential challenges presented by focus splitting in a uniaxial

crystal during laser writing and imaging [95].

The polarization of the laser in the laser poling technique is a parameter that
has been significantly overlooked in the past. Traditional laser poling involves
the laser being incident along the c-axis of a uniaxial crystal. Regardless of
how the polarization of the laser is changed, the laser appears as ordinary light
(o-light or o-polarization) to the crystal. This is based on the assumption that
the laser is incident on the crystal as a plane wave, which is not the case in
reality, as the laser is focused by an objective lens before it enters the crystal.
After focusing, the laser form angles with the c-axis, and thus the same laser
beam will exhibit different polarization states after being focused by the
objective lens. Specifically, it will become a mixture of ordinary (o-light) and
extraordinary (e-light) polarization. Since o-light and e-light correspond to
different refractive indices in a birefringent crystal, this will cause dispersion
and result in a splitting of the laser focus as shown in Figure 5.1.1 (a) [95]. The
extent of splitting is proportional to the focusing depth, which greatly limits
the application of the laser poling technique for large volume 3D NPC
fabrication. The effect of polarization on laser poling becomes even more
pronounced if the laser does not enter the crystal from the c-surface. In this
case, even if the incident light is not deflected by the objective lens, it will split
into o-light and e-light with different refractive indices within the crystal. The
issue of focus splitting mentioned above might be even more severe under these
conditions. There could be up to three split foci in the crystal as shown in
Figure 5.1.1 (b) [95].

The crystals we are processing are nonlinear crystal, and its nonlinear optical
properties play a significant role during the process of laser poling. Here, we
propose a hypothesis about nonlinear absorption within the nonlinear crystal.

Specifically, the incident light first generates a second harmonic through a
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nonlinear process, which is then absorbed by the crystal through linear
absorption (This hypothesis was subsequently validated by further research
[97]). Based on this assumption, the polarization of the laser greatly affects
nonlinear absorption, because the second harmonic generation of the
fundamental light by the crystal is determined by the effective nonlinear
coefficient, which highly depends on the polarization of the laser. Taking CBN
crystal as an example, when the laser is incident along the z-axis of the crystal,
the nonlinear tensor matrix element d,, of the crystal is zero, so the effective
nonlinearity is extremely small, making it difficult to generate second
harmonics. Conversely, if the laser is incident in a direction perpendicular to
the z-axis and the polarization parallel to z-axis, due to the large nonlinear

tensor matrix element d3, a strong second harmonic will be generated.

If we optimize the laser poling technique based solely on this nonlinear
absorption theory, the writing beam should be incident from the x-surface of
the crystal with e-polarization. However, this contradicts the focus splitting
problem described in the previous paragraphs. In other words, it is impossible
to ensure both a non-split focus and use of the maximum effective nonlinear
coefficient of the crystal simultaneously. In order to quantitatively resolve this
issue and optimize the parameters of the laser poling technique, we conducted

a series of experiments and simulations.

5.2 Femtosecond laser poling with different objective lens

We performed laser poling on CBN crystals using objective lenses with
20x/NA 0.4 and 50x/NA 0.65, respectively, with the incident crystal surfaces
being the x-surface and z-surface, respectively. We tested the minimum optical
power threshold needed to achieve domain reversal at different depths. The test
results are shown in Figure 5.2.1. As seen, under the focus of high
magnification lens, the laser can achieve domain reversal in relatively shallow
areas of the crystal at very low power. However, as the depth increases, the

power threshold curve corresponding to the high-magnification lens rises
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quickly, soon exceeding the power needed for domain reversal under the low-
magnification lens. This is because a tightly focused beam is more sensitive to
spherical aberration and focus splitting as talked earlier. It can also be observed
that poling with laser incidence from the z-surface is more difficult than from
the x-surface, which demonstrates the role of the effective nonlinear coefficient
in poling, as the effective nonlinear coefficient when incident from the z-
surface is nearly zero, making poling extremely challenging.
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Figure 5.2.1 Laser poling power threshold vs focusing depth. 50x and 20x
objective lenses are used to test the threshold of laser poling from both z- and
x-surface incidence. Inserts are nonlinear confocal image for laser poling

domains at 686 um and 2628 um depth respectively, domains are fabricated

by 20x/NAO0.4 objective lens incident from x-surface of the crystal.

In addition to the power threshold for laser poling, we are also very concerned
about the quality of poled domains. In the insets of Figure 5.2.1, we can see
images of laser poled domains at depths of ~700 um and ~2500 um. There is
no significant difference in their quality. Therefore, as long as we choose the
appropriate lens and laser polarization, we can achieve high-quality domain
reversal at different depths.
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Another benefit of focusing the writing laser with a low magnification lens is
that it causes relatively small linear index changes. As shown in Figure 5.2.2,
(@) is a CBN crystal after laser writing with a 50x/NAOQ.65 lens, where clear
writing traces can be seen. These linear index changes cause diffraction of light,
greatly affecting the quality of the 3D NPC. In contrast, (b) is a CBN crystal
after laser writing with a 20x/NAO0.4 lens, in which no significant refractive
index change can be seen in this linear microscope image. To quantitatively
study the effect of laser processing on the refractive index of the material, we
conducted experiments by comparing the intensities of the diffraction peaks
[98]. In Figure 5.2.2 (c), 1st, 2nd, and 3rd order diffractions can be seen,
whereas in (d), no diffraction can be seen at all. According to theoretical
calculations, the crystal processed with the 50x/NAQ.65 lens has a refractive
index change of~3.5 x 1075, This number is slightly larger than the refractive
index changes of the domain structure prepared by electric field polarization
(~1.5 x 107°), while the NPC processed with the 20x/NAO0.65 lens cannot

detect any refractive index change by the method of diffraction.

Linear microscope image Linear diffraction

50x

20x

Figure 5.2.2 Laser induced refractive index change. (a) and (b) represent
linear microscope images of laser-engineered regions in CBN crystal, with
the laser focused by 50x and 20x objective lenses respectively. (c) and (d)

depict far-field linear diffraction patterns generated when regions (a) and (b)

are illuminated respectively by a 780 nm CW laser.

In summary, focusing the laser for laser poling with a low-magnification lens
can achieve high-quality domain reversal over a considerable depth range,
which pave the way for large volume 3D NPC fabrication. Additionally, the
linear index change induced by laser is much smaller than that of a high-
magnification lens, such feature is also crucial for large volume 3D NPC.

Although the use of a low-magnification lens inevitably reduces the resolution
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of laser writing, it still has a transversal resolution of ~3 pum and an axial
resolution of ~20 um, which is sufficient to meet most of the processing

requirements for 3D NPCs.

5.3 Femtosecond laser poling with different laser

polarizations

Many laser writing technologies do not pay attention to the polarization of the
writing beam, such as 3D direct laser written polymer , laser direct written
waveguide [99], [100]. However, our laser poling technology is very sensitive
to writing beam polarization. As can be seen from Figure 5.3.1, with the change
of the polarization of the writing beam, the power threshold for domain poling
has changed significantly. When the polarization direction of the laser is
parallel to the crystal axis (0°, e-light), the laser can easily achieve domain
reversal at a shallow depth with a very low power. However, the power
threshold for domain reversal under this polarization will rise rapidly with the
increase in depth. When the depth reaches 2285um, its threshold has exceeded
600mW. Conversely, when the polarization direction of the laser is
perpendicular to the crystal axis (90°, o-light), although the poling laser needs
a higher power to achieve domain reversal at a shallow depth, the threshold
does not rise rapidly with the increase in depth. Even at a depth of 2285um, a
power of only 480mW is needed to achieve laser domain reversal. The situation
at 45° polarization is the worst. Not only does it require a relatively high power
to achieve poling at a shallow depth, but the energy threshold rises very quickly
with the increase in depth, even faster than at 0°. The threshold exceeds the
maximum power of the laser, 600mW, when the depth is only 1143um. The
different performances of different polarized writing beams need to be
explained from two aspects: the role of SH in laser poling and the split of the

laser focus in the uniaxial crystal.
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Figure 5.3.1 Effect of writing beam polarization on the laser power threshold

for domain reversal

The process of laser poling often comes with observable SH signals.
Researchers use the SH signals observed during the laser writing process as
one of the bases for real-time monitoring of laser poling [70]. In fact, the SH
signal generated during the laser poling process is not just a by-product, it
deeply participates in the poling process. The fundamental frequency writing
beam can transmit to the interior of the crystal to generate SH, and the crystal
is non-transmitted to the wavelength of SH, thereby absorbing a large amount
of SH, triggering a thermoelectric field, and then realizing ferroelectric domain
poling. Figure 5.3.2 (a) depicts two laser poling processes with all conditions
the same except for the polarization state of the writing beam. On the left, o-
polarized laser is used for poling, at which time almost no SH signal is
generated and poling cannot be carried out. On the right, the e-polarized laser
produces strong SH and successfully achieves laser poling. An intuitive
explanation is that the d;, tensor element of the CBN crystal's nonlinear
coefficient is much smaller than d55, so poling with o-light cannot generate
strong enough SH to support poling. To further verify our thoughts, we studied
the SH light intensity excited by the FW light of different polarization states,
the results of which are shown in Figure 5.3.2(b). It can be clearly seen that
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this curve is inversely proportional to the 229um depth curve in Figure 5.3.1,
which indirectly verifies our hypothesis. However, this correspondence is
mainly consistent when the laser is focused at relatively shallow positions
under the crystal surface. When the laser is focused deeper into the crystal, the

splitting of the laser focus becomes the dominant factor that affects laser poling.
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Figure 5.3.2 The impact of different laser polarization states on laser poling.
(@) Schematic diagram of laser poling under different polarization states,
using e-polarized light for poling in CBN crystal can easily excite strong SH.
(b) The relationship between FW (forward writing) polarization and SH

intensity in CBN crystal.

When a focused laser is incident on a uniaxial crystal, the splitting of the focus
may take place, thereby affecting the quality of poling. In the study by
Karpinski et al., they pointed out that this focus split can only be avoided when
the laser is incident from the direction perpendicular to the crystal axis and the
laser is o-polarized[95]. However, this is in conflict with the nonlinear
absorption mentioned above. According to Figure 5.3.2 (b), when the
polarization of the laser is e-polarized, it is most conducive to the generation
of harmonics and poling. In order to study the impact of focus splitting and
nonlinear absorption on laser poling more quantitatively, we first simulated the
writing beam intensity in the crystal under different polarization states (see Egs.
4(@)(b) in [95]). As previously mentioned, CBN crystals are strongly
absorptive for SH wavelength. We assume that most of the SH is rapidly

absorbed by the crystal soon after generation, and does not continue to
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propagate forward. Therefore, the local SH intensity only depends on the local
FW intensity and the crystal’s nonlinear coefficient, while factors like the
length of the crystal and phase mismatching can be ignored. We calculated the
locally generated second-harmonic intensity by I « d3;E} + d3,Ef +
4d2.E2EZ, where d;3 ~ 9, d3; =~ 3.1and d;5 ~ 5 are the non-zero nonlinear
coefficients of the CBN crystal [79]. Figure 5.3.3 shows the distribution of
writing beam and its SH intensity inside the crystal when lasers of different
polarizations are incident from the x-surface of the CBN crystal. The
simulation focus depth is 1600um, and the refractive index and nonlinear
matrix of the crystal are from CBN crystal[83], [87]. It can be seen that when
the laser has e-polarization, the focus split is the most serious, and the light
intensity is weakest at the focus. There is no focus split when the laser is o-
polarized, and the light intensity at the focus is strongest. After taking the
second-order nonlinear coefficient into account, we simulated the spatial
intensity distribution of the second harmonic inside the crystal. It can be seen
that at a depth of 1600um, although e-light can excite the ee-e process to use
the largest nonlinear coefficient d;5;, due to the deterioration of focusing
quality, the SH intensity at this time is not as good as the o-polarized light using

the smaller nonlinear coefficient ds; .
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Figure 5.3.3 Writing beam and its SH intensity distribution in CBN crystal.
Laser incident from x-surface and focused by a 20x/NA0.4 objective lens,

focus is 1600um under the surface and laser polarization against z-axis are 0°

(@), 45° (b) and 90° (c) respectively.
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5.4 Summary

In summary, the polarization of the laser plays an important role in the process
of optical poling. On the one hand, because the focused laser will exhibit focus
splitting inside a birefringent crystal, and the degree of focus splitting is related
to the polarization of the laser. On the other hand, because the nonlinear
absorption of the laser inside the crystal is related to the nonlinear coefficient
of the crystal, and the effective nonlinear coefficient is related to the
polarization of the laser. These two factors influence the laser power required
for laser poling, and each plays a dominant role at different focal depths. We
performed an experiment in CBN crystal and conducted numerical
simulations, which led to the following conclusions. When the laser is focused
shallowly, the focus splitting is not significant and the nonlinear absorption
rate plays a dominant role, so e-light should be used for poling at shallow depth.
When the laser is focused deep inside the crystal, focus splitting becomes the

dominant factor, so o-light should be used for poling to avoid it.
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Chapter 6 Highly efficient large
volume 3D NPC

6.1 Introduction

In Chapter 4, we discussed some of the current limitations of nonlinear volume
holography (NVH). Due to the limitations of the laser poling process, it is very
difficult to fabricate a highly efficient large volume nonlinear volume
hologram based on 3D NPC. In Chapter 45, we purposefully studied and
improved the laser poling process to enable it to fabricate large volume 3D
NPCs. In this chapter, we will use the latest laser poling technique to fabricate
large volume 3D NPC structures, which were previously difficult to achieve,
for highly efficient nonlinear wavefront shaping.

The pursuit of high efficiency and high-quality nonlinear wavefront shaping is
a fundamental issue in this research field, and it is the cornerstone of many
practical applications. However, previous NWS either had extremely low
efficiency or could only achieve shaping in one dimension. Specifically, Wei
et al. achieved 2D NWS in lithium niobate using a multi-layer fork structure
fabricated by laser x(® erasing technique, but its normalized conversion
efficiency was only 1.4 x 10~1°W ~1[82]. Chen et al. designed a multiplexing
nonlinear hologram by means of inverse Fourier transform method and
fabricated using the same x( erasing technique, a normalized coversion
efficiency of 4.25 x 1012w~ was achieved. Ellenbogen et al. used the
traditional electric poling method to prepare 2D NPC in lithium niobate,
achieving an NWS efficiency as high as ~10~>W 1, but could only achieve
1D shaping. Various factors limit the performance of NWS in 3D NPC. First,
the size of 3D NPC is limited by the laser processing technology of the time.
When the laser is tightly and deeply focused into the crystal, the focusing

quality will be severely deteriorated due to spherical aberration and focus
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splitting [95]. Therefore, the laser can only process at a depth of a few hundred
micrometers below the crystal surface, and the processing quality varies with
the depth. This is the reason that previously reported 3D NPCs often only has
a size of 100~200um, which seriously affected the nonlinear conversion
efficiency. Secondly, laser processing technology often brings strong refractive
index changes to nonlinear media, especially when it is necessary to use very
high-power lasers for processing deep inside the media. The dramatic
disturbance of the linear index to the beam propagating in the media not only
causes scattering loss, but also severely interferes with QPM, causing the
nonlinear process to not proceed as designed[101]. This problem can be
alleviated by reducing the duty cycle of the NPC, but reducing the duty cycle
will also lead to a decrease in NPC efficiency. Additionally, 3D NPCs
inherently have more complex spatial structures, which make processing errors
difficult to avoid. In extreme cases, these errors may cause the 3D NPC to

completely fail to achieve its intended functions[73].

This thesis is dedicated to the study and resolve the aforementioned problems,
with the ultimate goal of achieving highly efficient NWS. In Chapter 4, we
examined the design theory of nonlinear volume holography in 3D NPCs and
put this into practice. This research not only allows us to theoretically design
the most efficient 3D NPC structures for NWS but also provides us with the
know-how of fabrication processes. In Chapter 5, we further optimized laser
poling technology based on the nonlinear medium we use, which is the calcium
barium niobate (CBN) crystal. This research enables us to fabricate large
volume and low loss 3D NPCs in CBN crystals. Based on these preliminary
studies, we were finally able to achieve highly efficient NWS in 3D NPCs.

6.2 Design and simulation of highly efficient 3D NPC

In the research of Chapter 4, we have actually mastered the design and
manufacturing methods of 3D NPCs that can be used to achieve arbitrary NWS.

However, the nonlinear conversion efficiency in that research was very low.
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We will summarize the reasons for its low efficiency and carry out targeted

optimization based on this, ultimately achieving high-efficiency NWS.

First of all, the effective volume is too small. According to the nonlinear

analysis, conversion efficiency for pulsed laser pump reads[102]:

_16mPdZ Pylitrep L

NeN2wCEAST b’

n

For long pulsed laser and CW laser pump (t,., /7 = 1):

4wPdZspPytrep L2
m= NNy C3E0AT b’

Where d,f is the effective nonlinear coefficient, t,.,, is the repetition period,

L is the length of the NPC, c is the speed of light, &, is the vacuum permittivity,
T is the pulse width, b’ is the confocal parameter of the input beam, [, is the
walk-off length, and n,, and n,,, are refractive indices of the FW and SH,

respectively.

When a short-pulsed laser is used as a pump, the nonlinear conversion
efficiency is directly proportional to the length of the NPC. When a CW laser
IS used as a pump, the nonlinear conversion efficiency is proportional to the
square of the length of the NPC. Therefore, increasing the length of the NPC
can effectively improve the efficiency of the nonlinear process. However, in
previous research, the 3D NPCs we prepared only have a volume of
80 x 80 x 80ums3, so there is a lot of room for improvement in improving
efficiency by increasing the volume of NPC. An important concept here is the
effective volume. That is, only the NPC structure that interacts with light is
meaningful. This makes the previous NPC design fundamentally difficult to
achieve a high-efficiency nonlinear process, because the NWS achieved by that
structure is non-collinear, that is, the propagation direction of the FW light and
the SH light are not in the same direction. According to the recording design

theory of NVH, the maximum volume of the NPC is the volume where the FW
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and SH intersect in space, and the non-collinear nonlinear process limits the
maximum volume of the NPC. Therefore, to achieve high-efficiency NWS, the
NPC should have a collinear configuration, based on which it is possible to

achieve a large volume, and possibly high efficiency.

On the other hand, the effective nonlinear coefficient d.r of the NPCs
prepared in previous work is too small, and the nonlinear efficiency is
proportional to the square of the d, . Therefore, the conversion efficiency can
be improved by increasing the effective nonlinear coefficient. The d. is
related to the nonlinear properties of the material and the propagation direction
of the FW and the SH. For example, in our previous work, the FW was incident
along the z-axis, and the SH has an angle of 5° with the z-axis. Its effective

nonlinear coefficient is:
desr = dzq 5in(5°) = 0.27pm/V

This is a very small number, which greatly limits the nonlinear conversion
efficiency. If it is chosen that both FW and SH propagate along the y-axis of

the crystal and have z-polarization, then its effective nonlinear coefficient is:
deff == d33 = 9pm/V

This optimization can theoretically increase the NPC efficiency in CBN by

92

>~ 1000 times.
0.27

In summary, in order to achieve highly efficient NWS, we need to design a 3D
NPC where both the FW and the SH propagate along the y-axis of the CBN
crystal, both FW and SH have z-polarization, and the length of this NPC in the
y-axis direction should be enlengthen as much as possible. According to the
theory of NVH we only need to make the two beams co-linear during the
recording process. We still choose a vortex beam as the SH for recording
process of NVH, and we obtain a 3D structure as shown in Figure 6.2.1 (a).

This structure is not novel, similar structures have been introduced in several
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existing studies[55], [73]. However, due to the limitations of the manufacturing
technology at the time, no one has actually made this structure. In fact, even
with the most advanced laser poling technology, this structure is still difficult
to fabricate perfectly, which is mainly attributed to the low longitudinal
resolution of the laser poling technology. Therefore, this structure needs to be
simplified for fabrication. The simplified structure is shown in Figure 6.2.1 (d),
which was proposed by Karnieli and Arie [103]. Compared with the ideal
structure shown in (a), the structure in (b) uses 4 grating structures instead,
without complex curve surfaces, making it easy to fabricate. Figures 6.2.1 (c)
and (f) show the NWS simulation results for the ideal structure and the
simplified structure, respectively. It can be seen that the simplified structure

can still produce a vortex beam with a dark center.

Figure 6.2.1 3D NPC for SH vortex generation. a) The ideal structure and the

calculated b) transverse phase and c) intensity distribution of the far-field SH.

d) The discretization of four gratings structure and the calculated e) phase and
f) intensity of the far-field SH.

The simplification of a continuous spiral structure into four discrete gratings is
actually a special case of a more general simplification method. Here, with the
aid of Figure 6.2.2, we explain this optimization approach. Figure 6.2.2 (a) is
a 3D NPC structure used to generate a SH vortex beam with a topological
charge of 5. This structure contains many curved surfaces, and its period is too
small to be fabricated. The first step of simplification is to sample periodically
along the y-axis direction. The black plane in the figure (a) represents the
sampling plane, and the sampling results are shown in (b). The sampled cross-

sections appear as 5 sectors at different angles. As each sector has an acute
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angle, it is still difficult to fabricate, requiring further simplification. Figure
6.2.2 (c) presents the simplified cross-section. The simplification method
involves finding the centroid of each sector and constructing a square centered
at the centroid to replace the sector. By stretching the processed cross-section
(c) in the y-direction, the 2D square becomes a cube in space, resulting in the
final simplified structure in (d). We simulated the far-field SH patterns for
structures (a) and (b), with results shown in the top and bottom images of (f),
respectively. The simplified structure still generates a ring-shaped vortex beam.
This simplification method can be applied to almost any co-linear 3D NPC
structure, simplifying any complex 3D NPC structure to a fabricable structure

while maintaining its original functionality.

It's worth emphasizing that the period of the original structure (a) is much
smaller than that of the simplified structure (d), meaning the sampling period
Is much larger than the original structure period. Therefore, one must be careful
when choosing the sampling period; if the sampling period is an integer
multiple of the original structure period, each sampling result will be identical,
rendering the method ineffective. Naturally, this simplification method can
also be used for structures with larger original periods and the sampling period
will be smaller than the original periods. For example, the structure in Figure
6.2.1 is one such case where the sampling period in the simplification process
is one-quarter of the original period, resulting in a simplified structure of four

gratings.
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Figure 6.2.2 The general simplification method of complex 3D NPCs. a) The
ideal structure for collinear generation of the SH vortex beam with
topological charge of 5. b) The cross-sections obtained by sampling at three
discrete planes. c,d) The simplified 2D and 3D structures by replacing the
five segments containing complex and continuing varied spatial details with
rectangular and cuboids, respectively. e,f) The simulated far-field SH
intensity distributions from the ideal structure and the simplified structure,

respectively.

6.3 Fabrication of large volume 3D NPC

In Chapter 5, we conducted a systematic study of laser poling in CBN. In
summary, we should use an o-polarized writing beam incident from the x-
surface of the CBN crystal for poling, which allows for poling deep inside the
crystal without causing a significant change in the refractive index. Figure 6.3.1
is a schematic diagram of laser poling. The writing beam is generated by a
femtosecond oscillator (MIRA, Coherent), with a wavelength of 780nm, pulse
width of 180fs, and repetition rate of 76MHz. The laser is focused into the CBN
crystal from its x-surface by a 20x/NAO.4 objective lens. The power and
polarization of the incident laser are adjusted by a combination of a polarizer
and a half-wave plate so that the laser is o-polarized and the laser power
matches the writing depth. The laser power is chosen to be 10mW higher than
the poling threshold, with specific values referring to Figure 5.2.1. The laser
focus scans along the z-axis direction inside the crystal, with a scanning speed

of 20um/s and a scanning distance of 50um. One scan can polarize a region of

20 X 2 X 50 um3 (x X y x z). After the scan is completed, the laser shutter is
closed, the focus is moved to the next position, and the above scanning process

is repeated.
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Figure 6.3.1 The schematic diagram of the laser poling setup. The
polarization and intensity of the poling laser are controlled by a half-wave
plate and a polarizer. After being focused by the objective, the laser enters the
crystal from the x-surface of the crystal. The crystal is moved at a uniform
speed along the z-axis by the moving stage to realize the scanning of the laser
focus inside the crystal. The scanned area will form a uniform strip-shaped

ferroelectric single domain.

To achieve bulky poling, we chose to set the x-direction interval between two
scans at 10um and the y-direction interval at 1um, ensuring that the poled
domains produced by two adjacent scans can merge to form a larger domain.
We successfully fabricated the domain structure shown in Figure 6.2.1(b), and
its nonlinear confocal microscopy images are displayed in Figures 6.3.2 (a) and
(b). The 3D model on left side is a schematic of the domain structure, and the
nonlinear imaging diagrams of the two blue cross-sectional positions are
respectively (a) and (b). It can be seen from the figures that the quality and
precision of the 3D NPC we fabricated are both high, which can meet the needs
of highly efficient NWS. The figure shows only a part of the entire structure,
and the total volume of this 3D NPC is 100 x 1000 x 100um?3 (x X y X z).
It's worth mentioning that the 3D NPC sample we prepared has a square cross-
sectional shape on the x-z plane, which is inconsistent with the circular cross-
sectional design in Figure 6.2.1. However, because the FW beam we use is a
Gaussian beam with a diameter less than 100um, the effective volume of 3D
NPC structure still has a circular cross-section, consistent with the original

design.
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Figure 6.3.2 Left: The 3D model of the experimentally fabricated domain
structure. There are two blue sections in the figure, and the cross-sectional
views they cut are shown in (a) and (b) respectively. Right: (a) and (b) are
images from the nonlinear confocal microscope. The black part is the poled

single domain, and the green part is the unpoled random background domain.
The picture has been elongated by 5 times along the y-axis in order to clearly

show more details.
6.4 Efficient nonlinear generation of vortex beam

We used both femtosecond laser and CW laser as the pump to excite the sample
and successfully produced the designed vortex beam. Their intensity
distribution maps are shown in Figure 6.4.1 (a) and (b), respectively. You can
see that the intensity distribution is in the shape of a donut with a dark center,
which is completely in line with our expectations. Moreover, they exhibited
extremely high nonlinear conversion efficiency, with a normalized nonlinear
conversion efficiency of 2.9 x 10~°W =1 when pumped with a femtosecond

laser and 1.2 x 10~>W ~! when pumped with a CW laser.
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Figure 6.4.1 The second harmonic vortex beam generation with a (a) pulsed
and (b) CW fundamental Gaussian beam. The SH beams were directly
recorded by CCDs after remove the FW.

When using the femtosecond laser as the pump, we used the Coherent
Chameleon OPO system to generate the pump beam, with a wavelength of
1200nm, a pulse width of about 200fs, and a repetition frequency of 80MHz.
We set the laser to z-polarization to maximize the effective nonlinear
coefficient of the crystal (d;3) and use a lens with a focal length of 40mm to
focus the laser on the sample. After focusing, the laser had a beam diameter of
~90um and a Rayleigh length of ~10mm, allowing us to approximate it as a
plane wave. At the output end of the crystal, we used a low-pass filter to filter
out the FW, and then used a CCD and power meter to measure the intensity

distribution and actual power of the SH.

For CW experiments we used a combination of a TSL-570 laser and a doped
fiber amplifier to generate the pump beam. The focal length of the lens for
focusing the laser was 35mm. At the output end of the crystal, we used a
dichroic mirror to separate the FW and SH, and then used a CCD and power

meter to measure the SH.
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6.5 Summary

We successfully fabricated large-scale 3D NPCs using femtosecond laser
direct poling technology and achieved high-efficiency nonlinear wave shaping,
which improved the normalized nonlinear conversion efficiency by four orders
of magnitude. This breakthrough was dependent on our solution to the
difficulties in the fabrication of large-scale 3D NPCs. On the one hand, we
adopted the appropriate writing beam polarization to avoid the splitting of the
laser focus within the birefringent crystal. This allowed the laser to be
effectively focused deep within the crystal, a prerequisite for fabricating large-
size samples. On the other hand, we chose a relatively weak focusing objective
lens, which greatly reduced the side effect of refractive index change caused
by laser writing, thereby reducing the overall loss of the sample and ensuring
that the QPM condition was not disturbed. For the design process of the NPC
structure, we considered the parameters of the improved laser direct poling
technology. By optimizing the complex structure, we designed a structure that
Is easy to fabricate. In the end, we successfully fabricated 3D NPC samples
that are 1mm long. By a CW laser pumping, the sample produced the designed
nonlinear vortex beam, with a normalized conversion efficiency as high as
1.2 x 10~>W 1. This breakthrough has great potential in the field of quantum

optics, such as the generation of multi-dimensional quantum entanglement.
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Chapter 7 Conclusions and

outlook

7.1 Outcomes

Nonlinear photonic crystals can efficiently realize designed nonlinear optical
processes. Research and applications of nonlinear photonic crystals have
spanned several decades, and products like periodically poled lithium niobate
and potassium titanyl phosphate have become very mature and commercialized.
However, traditional electric field poling techniques can only fabricate one-
dimensional or two-dimensional nonlinear photonic crystals, and it is
challenging to achieve sub-micron precision. It was not until 2018 that Xu and
Wei independently adopted femtosecond laser direct writing technology to
fabricate three-dimensional nonlinear photonic crystals [32], [33]. This
technique relies on focusing ultra-short pulse femtosecond lasers inside
nonlinear crystals, heating the crystal at the laser focus through multi-photon
absorption, thereby inducing a thermal electric field to complete the local
polarization reversal in the crystal. This technology not only enables the
fabrication of three-dimensional nonlinear photonic crystals, but its precision
also far exceeds traditional processes, achieving sub-micron level precision.
This groundbreaking technology is so novel that both its mechanisms and

applications warrant further research.

In Chapter 3 we focused on the application of this brand-new technology,
namely the fabrication of 3D nonlinear photonic crystals. We have designed
and successfully fabricated 3D nonlinear photonic crystals with multiple
functionalities to simultaneously achieve three different types of nonlinear
wave front shaping, as well as dynamically regulate the morphology of the
second harmonic by altering the focus of the pump light. These innovative
functionalities are unattainable through traditional 2D nonlinear photonic

crystals. Furthermore, this research also demonstrates the feasibility of using
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femtosecond laser direct writing technology to fabricate complex 3D structures,

paving the way for our subsequent studies.

However, this initial attempt at utilizing the new technology also has its evident
limitations, the most apparent being the extremely low nonlinear conversion
efficiency. This is due to our attempt to implement multiple NWS on a single
nonlinear photonic crystal without adequately considering the phase matching
of the nonlinear optical processes. On the other hand, our understanding of the
capabilities of femtosecond laser poling technology is still limited, and we have

not fully exploited the potential of this technique.

In Chapter 4, to address the issue of low efficiency in achieving NWS with
three-dimensional nonlinear photonic crystals, we made structural
improvements to the 3D nonlinear photonic crystals. Nonlinear holography
technology served as a theoretical guide, enabling us to design theoretically the
most efficient three-dimensional nonlinear photonic crystals. However, the
theoretically designed 3D nonlinear photonic crystals have extremely fine
structures, and require the material's polarization to continuously vary from -1
to +1. These conditions are unattainable with existing laser direct writing
technology and the characteristics of nonlinear materials. Consequently, we
optimized the designed structure to maintain its nonlinear optical functionality
while making it manufacturable with our existing laser fabrication technology.
The 3D nonlinear photonic crystals designed and fabricated using nonlinear
holography, also known as nonlinear volume holograms, significantly
improved the efficiency of SHG by fulfilling the QPM conditions for nonlinear
optical processes. Our fabricated nonlinear hologram not only achieves
nonlinear wave mixing but also meets the requirements for efficient nonlinear

optical processes.

In this work, we have achieved more efficient NWS by improving the structure

of the 3D NPC. To further enhance the nonlinear conversion efficiency, one of
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the most direct methods is to increase the overall volume of the entire 3D NPC
structure. However, some limitations inherent in current laser direct writing
technology make this goal challenging to achieve. To pursue high-efficiency

NWS further, it is essential to improve the existing laser poling techniques.

In Chapter 5, based on the experimental results from the previous two chapters,
we analyzed the issues with the existing laser poling technology, which can be
primarily summarized into two points. Firstly, the depth of laser poling is too
shallow, reaching only a few hundred microns below the surface of a crystal.
This depth is sufficient for small-volume NPC structures but severely limits
the fabrication of larger volume NPC structures. On the other hand, the existing
laser fabrication technology strongly affects the crystal's refractive index while
achieving poling, leading to significant scattering losses. To address these two
issues, we conducted a systematic study of the interaction between focused
laser's and nonlinear crystals. Through simulations of the propagation of
focused lasers with different polarization states inside the crystal and
corresponding nonlinear absorption simulations, we optimized the parameters
of laser poling. The final experimental results aligned well with the theoretical
simulations, successfully resolving the aforementioned issues. This
achievement enables us to fabricate ultra-large volume 3D NPCs, laying the
foundation for ultra-high-efficiency nonlinear optical beam processing.

In Chapter 6, we integrated the outcomes of previous studies. Applied the
nonlinear volume holography theory from Chapter 4 to design a collinear, high-
efficiency 3D NPC for generating nonlinear vortex light. This was then
fabricated using the optimized laser poling technique from Chapter 5, with a
sample length of 1mm. Using a femtosecond laser as the pump source, we
achieved a nonlinear conversion efficiency of 4.6%, with a corresponding
normalized nonlinear conversion efficiency of 2.9 x 10~°W~1. We also
accomplished NWS with CW laser pumping, achieving a normalized nonlinear
conversion efficiency of 1.2 x 10~>W =1 . To our best knowledge, there has

been no prior research on using CW laser pumping for SHG in 3D NPCs.
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7.2 Outlook and future work

The initial stunning manifestation of the femtosecond laser poling technique
lies in its ability to make the fabrication of 3D NPCs possible, allowing
experimental concepts that were once purely theoretical to be realized. As this
technology has matured, the research field has become increasingly active. At
the time of completing this thesis, many researchers have proposed a variety of
experimental concepts based on 3D NPCs. For example, using 3D NPCs to
study the topological Hall effect and to generate high-order entangled photon
pairs[104], [105]. These experimental ideas place high demands on the
conversion efficiency of 3D NPCs, which aligns with the primary focus of this
thesis. Fabricating the 3D NPCs conceptualized in theory is a solid research

direction for the future.

Additionally, in subsequent research on femtosecond laser direct writing
technology, this technique has demonstrated many unique and superior
characteristics. For example, the laser can re-pole a nonlinear crystal that has
already been poled, making the concept of programmable nonlinear photonic
crystals feasible[106]. Moreover, the precision of this technology far exceeds
initial expectations. As of the completion of this thesis, related studies have
achieved crystal polarization with ultra-narrow linewidths of 30 nm [107].
Combined with the high-efficiency 3D NPCs studied in this thesis, the
fabrication of programmable, large-scale integrated 3D NPCs also presents as

an exciting research direction.
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