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ABSTRACT

Silicon has proven to be one of the materials of choice for many integrated photonic applica-

tions. However, silicon photonics is limited by certain material shortcomings. Two shortcomings

addressed in this work are zero second-order optical nonlinearity, and the lack of methods avail-

able to achieve broadband polarization diversity. Heterogeneous integrated solutions for these

shortcomings of silicon photonics are presented in this work.

First, nonlinear frequency conversion is demonstrated with thin-film lithium niobate on silicon

substrates. The method for reaching the highest-achieved second-harmonic generation conversion

efficiency, using active monitoring during periodic poling, is discussed. Additionally, a cascaded

approach for generating higher-order harmonics is presented, along with a theoretical model to

extract conversion efficiencies from measurements performed with pulsed sources. Initial work to

integrate second-order and third-order nonlinearities together using thin-film lithium niobate and

chalcogenide is also presented.

Second, a spatially-mapped anisotropic material platform that exhibits broadband polarization

diversity is discussed. This platform currently demonstrates polarization beam splitters, and

polarization-selective beam taps and microring resonators, whose results are presented. Also

discussed is a method to include polarization rotators to demonstrate full polarization diversity, as

well as designs and initial work to expand the platform to operate at longer wavelengths, specifically

those in the telecom band.
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CHAPTER 1: INTRODUCTION

Integrated photonics, originating just a few decades ago, has quickly progressed into a prominent

field of optics research. Devices that previously filled an optical table top with bulky, individual,

difficult-to-align components can now be realized in tiny, compact devices that can fit on a chip a

few centimeters in size. Integrated photonics is essentially the optical equivalent to the integrated

circuits of electronics. Soref predicted this with his "superchip" nearly 30 years ago, as shown

in Fig. 1.1 [1]. For integrated photonics, the advantages are numerous and the applications are

virtually endless.

Figure 1.1: Soref’s Silicon "Superchip" [1]
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1.1 Integrated Photonics

Integrated photonics, initially called integrated optics, began as a concept of a "miniature transmis-

sion line" through which laser beams could be guided, with the intent of greatly reducing the size,

temperature and vibration sensitivities, and alignment difficulties of free-space systems [2]. Such

an implementation promised small sizes, lower optical powers, and even lower driving voltages for

active devices. This initial concept has since grown rapidly into the field it is today. Some of the key

applications of integrated photonic devices include on-chip passive waveguides and multiplexers,

lasers, photodetectors, and modulators.

Some of the most common material choices for integrated photonics today are silicon (Si), III-V

semiconductors, often based on gallium arsenide (GaAs) and indium phosphide (InP), and lithium

niobate. There are two prominent wavelength ranges of interest – the first is in the near-infrared

(near-IR) range of telecom bands (1260 nm to 1675 nm), with emphasis at 1550 nm in the C-band.

The second is the mid-infrared (mid-IR), ranging from about 3 `m to 8 `m. Each of these material

platforms have their advantages depending on the desired working wavelength range and required

device functionality. However, with the advent of silicon on insulator (SOI) technology, silicon has

since become the material of choice for many photonics applications.

1.2 Silicon Integrated Photoncis

The growth of silicon photonic devices in the recent decade has been driven by complementary

metal oxide semiconductor (CMOS) foundries for photonics [3]. However, the integration of silicon

photonics into CMOS technology also has many challenges [4]. SOI technology caused silicon

to become one of the materials of choice for photonic devices, due to the much smaller device

sizes enabled by the SOI platform. SOI waveguides are formed by a thin silicon waveguide core
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layer on top of a lower cladding layer of silicon dioxide (SiO2) on a silicon substrate, as depicted

in 1.2 [5]. As such, SOI waveguides have extremely high index contrast between the core and

cladding, allowing for tightly-confined modes, which in turn allows for small bending radii and

small device sizes. Numerous applications have been demonstrated with the SOI optical platform

[6], including modulators [7, 8, 9, 10], lasers using stimulated Raman scattering (SRS) [11, 12, 13],

and wavelength conversion [14, 15, 16].

Figure 1.2: Example of SOI waveguide [5].

An ideal photonics platform would have a wide transparency range, second-order nonlinearity, be

low loss, support lasing, be ferroelectric to allow for poling ability, be easy to fabricate, and allow

for small device sizes. Although SOI photonics has numerous advantages, it, nor any other single

platform, can achieve each of these aims alone. Also, no material platform is without its own

challenges. One of the main challenges of silicon photonics it its inability to lase. Silicon has

an indirect band structure, which prevents lasing due to phonon interactions [6, 17]. The hybrid

integration of III-V direct bandgap semiconductors such as GaAs and InP on silicon substrates has

been a promising solution [18, 19, 20, 21].
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The SOI platform faces other challenges as well, but as above, photonics platforms formed by the

heterogeneous integration of silicon with materials better suited to solving these challenges have

the combined advantage of both silicon and the integrated materials. This dissertation focuses

on two heterogeneous integrated photonic platforms for solving some of the challenges of the

SOI platform. Figure 1.3 gives an outline of the dissertation, which will start by portraying two

additional challenges of the SOI photonics platform. Heterogeneous platform implementations to

solve these challenges will then be introduced, and finally research areas on each of these platforms

will be presented in detail.

Figure 1.3: Outline of Dissertation
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1.3 Challenges for Silicon Photonics

In this work, two additional shortcomings of SOI technology are addressed: the zero second-

order nonlinearity of silicon, due to its centrosymmetric crystal structure, and the lack of methods

available to achieve broadband polarization diversity. Heterogeneous integration of other materials

with silicon photonics can be the answer to address these challenges, and implementations of two

platforms and their associated research areas are discussed in this dissertation.

1.3.1 Lack of Second-Order Nonlinearity Addressed with the Thin-Film Lithium Niobate on

Silicon Platform

Thefirst shortcoming is a lack of second-order (j(2)) nonlinearity due to the centrosymmetric crystal

structure of silicon. Second-order nonlinear frequency conversion processes are used to generate

wavelengths not easily obtained from commercial laser sources, among other applications. The

theory, applications, and implementations of second-order nonlinear optics is discussed in greater

detail in Chapter 2.

This shortcoming of SOI is addressed by introducing materials with strong second-order nonlinear-

ity for the device layer, including lithium niobate [22, 23], a material with electro-optic properties,

or aluminum nitride, a non-centrosymmetric material [24, 25], instead of silicon in a SOI-like

structure.

The thin-film lithium niobate on silicon platform combines the strong second-order nonlinearity

of lithium niobate and the tight-mode confinement of thin (~1 `m) layers of material with the

well-established silicon photonics platform. This platform, with its development, benefits, and

implementation is discussed in greater detail in Chapter 2. This platform has been used for many

nonlinear optics and electrooptics applications [23].
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1.3.2 Broadband Polarization Diversity Addressed with the Spatially-Mapped Anisotropic

Photonics Platform

The second shortcoming of silicon is a lack of methods to achieve broadband polarization diversity.

Broadband polarization diversity is important when processing bipolarized input signals. Due to

modal birefringence in the circuits for processing these signals, orthogonal polarizations experience

different refractive indices, causing them to each respond to waveguides and devices differently.

Platform designs on which polarizations experience no modal birefringence have been proposed

and attempted, but have not yet been fully achieved. Thus, to achieve the same result orthogonal

polarizations are instead split and processed separately. Polarization beam splitters or polarization-

splitter-rotators are used for this process, however, current implementations suffer from narrow

bandwidths and high loss. The applications for polarization-diverse photonic circuits and the

current-best polarization-selective device implementations are discussed further in Section 6.1.

The spatially-mapped anisotropic photonics platform is a novel platform presented in Chapter 6.

This platform uses common, easily-deposited, non-birefringent materials to form a birefringenet

material that when placed as a waveguide core or side-cladding, can form polarization-selective

waveguides that guide only transverse-electric (TE) or transverse-magnetic (TM) modes. Polar-

ization beam splitters and other devices are easily implemented with this platform, and due to the

nature of the platform, the devices are broadband.

The research topics presented in this dissertation are focused on these two heterogeneous integrated

photonics platforms: the thin-film lithium niobate on silicon platform, and the spatially-mapped

anisotropic photonics platform. The specific areas of research for each platform are introduced in

the following section.
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1.4 Areas of Research on Thin-Film Lithium Niobate on Silicon Platform

As described above, the thin-film lithium niobate on silicon platform allows devices for second-

order nonlinearity to be more easily integrable with existing silicon photonics. In this work, the

thin-film lithium niobate on silicon platform is used to fabricate devices for second-order nonlinear

frequency conversion, specifically for generating the second-, third-, and fourth-order harmonics.

The research presented on this platform in this dissertation includes the following three topics:

1.4.1 High-Efficiency Second Harmonic Generation

The high second-order nonlinearity of lithium niobate and the tightly-confined modes achievable in

waveguides on the thin-film lithium niobate on silicon platform allows for highly-efficient second-

order nonlinear frequency conversion processes. In Chapter 3, a device for second harmonic

generation is presented. This device achieves a record-high second harmonic generation conversion

efficiency of 4,600 %,−12<−2.

1.4.2 Cascaded Harmonic Generation

In Chapter 4, cascaded harmonic generation is demonstrated on the thin-film lithium niobate on

silicon platform. Two second-order nonlinear processes, such as that presented in Chapter 3, are

cascaded in a device, allowing for the generation of higher harmonics. Generation of the third- and

fourth-order harmonics are presented here.
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1.4.3 Modeling Pulsed-Input Harmonic Generation

Chapter 5 presents a numerical model for nonlinear harmonic generation for pulsed-source inputs,

by solving the nonlinear Schrödinger equation for coupled modes with second-order nonlinearity.

This model is applied to the devices from Chapter 4 to quantify the conversion efficiencies of the

cascaded segments.

1.5 Areas of Research on Spatially-Mapped Anisotropic Photonic Platform

As described above, the spatially-mapped anisotropic photonics platform can define specific

anisotropic regions spatially across an otherwise isotropic material platform. Careful mapping

of this anisotropic material on a chip can form the single-polarization waveguides introduced pre-

viously, as well as other polarization-selective devices. Due to the nature of the material, these

waveguides and devices remain polarization-selective over a broad bandwidth. The following

devices are presented in this dissertation.

1.5.1 Single-Polarization Waveguides

The single-polarization waveguides made possible with the spatially-mapped anisotropic photonics

platform are discussed further in Section 6.4. These waveguides are broadband and resistant

to fabrication tolerances. The results of combining these two waveguides into a single hybrid

waveguide are also presented, with interesting implications.
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1.5.2 Polarization Beam Splitter

The same principles behind the operation of the single-polarization waveguides can be used to split

input light of two orthogonal polarizations, with the TE and TM modes being split in space with a

polarization beam splitter. This device has high extinction ratios over a record-breaking bandwidth,

and is presented in Section 6.6.1.

1.5.3 Polarization-Selective Devices

Finally, similar to the polarization beam splitter, polarization-selective devices can be made with

the spatially-mapped anisotropic photonics platform. These devices act on one polarization and

are essentially invisible to the orthogonal polarization. These devices include the polarization-

selective beam tap and the polarization-selective microring resonator. Theses devices are discussed

in greater detail in Sections 6.6.2 and 6.6.3.
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CHAPTER 2: NONLINEAR FREQUENCY CONVERSION

Nonlinear frequency conversion generates wavelengths of light that may not be conveniently avail-

able from conventional laser sources [26]. Integrating these sources can be particularly useful

towards on-chip circuits and systems, as well as more efficient and smaller-footprint devices that op-

erate at lower optical pump powers than bulk-crystal approaches. The small modal effective area of

the integrated waveguides provides a high nonlinear overlap between the interacting modes and thus

a higher conversion efficiency. Therefore, much attention has been given to integrated frequency

conversion approaches, including harmonic generation [27, 28, 29, 30, 25, 31, 32, 33, 34, 35],

frequency combs [36, 37, 38], and even quantum-frequency conversion [39, 40]. This chapter

will provide important background theory on nonlinear optics, including defining nonlinear optics,

reviewing second-order nonlinear processes, and discussing implementation methods.

First, an introduction to nonlinear optics is given. In linear optics, the polarization of a material

system is given by (2.1), where �̃ (C) is the field strength of an applied optical field. Here, the

polarization and the strength of the electric field have a linear dependence. n0 is the permittivity of

free space, and j(1) is the linear susceptibility [26].

%̃(C) = n0j(1) �̃ (C) (2.1)

However, for nonlinear optics, the polarization of a material system is described by (2.2), where
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j(2) , j(3) , and beyond are the second-, third-, and higher-order nonlinear susceptibilities [26].

%̃(C) = n0
[
j(1) �̃ (C) + j(2) �̃2(C) + j(3) �̃3(C) + · · ·

]
≡ %̃(1) (C) + %̃(2) (C) + %̃(3) (C) + · · ·

(2.2)

Second-order nonlinear optics looks at nonlinear processes that happen due to this second-order

nonlinear polarization %̃(2) (C) dependent on j(2) , and is this focus of this section.

2.1 Second-Order Nonlinear Optics

Second-order (j(2)) nonlinear processes can only occur in crystals that do not have inversion

symmetry, called noncentrosymmetric crystals [26]. Examples of some j(2) processes include

sum-frequency generation (SGF), difference-frequency generation (DFG), and second-harmonic

generation (SHG). These are examples of three-wave mixing. Each of these processes involve two

input waves with frequencies l1 and l2, and produce an output wave with frequency l3. SFG

generates a frequency equal to the sumof the input frequencies andDFGgenerates a frequency equal

to the difference of the input frequencies. SHG is a special case of SFG where the input frequencies

are equal. These conversion processes are visualized in the energy-level diagrams of Fig. 2.1. The

energy-level diagrams show the absorption (upwards arrows) and emission (downwards arrows) of

photons of the different frequencies [26].

More background information and equations are given to describe three-wave mixing processes.

For these processes, two input frequencies, l1 and l2, are required. The input field is given by
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Figure 2.1: Energy-level diagrams for j(2) processes.

�̃ (C) in (2.3).

�̃ (C) = �14
−8l1C +�24

−8l2C + 2.2. (2.3)

Substituting this field into (2.2) gives the following nonlinear polarization in (2.4), where the terms

denoted by the underbrace are two terms for SHG, where the new frequency is twice the input

frequency. The term denoted by the overbrace is the term for SFG, where the new frequency is the

sum of the input frequencies. The other terms are for DFG and optical rectification.

%̃(2) (C) = n0j(2)
�2

14
−28l1C︸     ︷︷     ︸+�2

24
−28l2C︸     ︷︷     ︸+

︷               ︸︸               ︷
2�1�24

−8(l1+l2)C +2�1�
∗
24
−8(l1−l2)C + 2.2.

 +
2n0j(2)

[
�1�

∗
1 +�2�

∗
2
] (2.4)

From this nonlinear polarization resulting from an input field with two frequency components, the
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complex amplitude of the nonlinear polarizations can be defined as (2.5) for SHG processes and as

(2.6 for SFG processes.

%(2l) = n0j(2)�2 (2.5)

% (l1 +l2) = 2n0j(2)�1�2 (2.6)

From here, it is beneficial to look at the coupled-mode equations for SHG for a periodic waveguide

(2.7), derived using the local normal-mode expansion (LNME). This derivation is detailed in [41].

3

3I
02l (I) = −8 (0l (I))2 48ΔV0I 5 (I) − U2l

2
0l (I)

3

3I
02l (I) = −80l (I)0∗2l (I)4

−8ΔV0I 5 ∗(I) − Ul
2
0l (I)

(2.7)

In the above coupled-mode equations, 0l (I) and 02l (I) are the normalized field amplitudes of

the fundamental and second-harmonic (SH) signals at frequencies l and 2l, Ul and U2l are

the propagation losses in the waveguide at the two frequencies, and ΔV0 is a phase mismatch

between the two waves. 5 (I) is a nonlinear coupling term containing the effects of modulating the
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waveguide, and is defined in (2.8)[22].

5 (I) =
√

2l( `0
Y0
) 3

4

exp
[
−8

∫ I

0 2Vl (Z) − V2l (Z) +ΔV03Z
]

=leff(I)
√
=2l
eff (I)

Γ(I),

where Γ(I) =
∬
3 (G, H, I)

︷                                ︸︸                                ︷{
�2l (G, H, I)

}∗ {�l (G, H, I)}2 3G3H[{∬ ���2l (G, H, I)
��23G3H} {∬

|�l (G, H, I) |23G3H
}2] 1

2

(2.8)

In the above equation, �l and �2l are the transverse mode field profiles, =leff and =2l
eff are the

effective refractive indices, and Vl and V2l are the propagation constants, all of the fundamental

and SH respectively. 3 (G, H, I) is the second-order nonlinear 3 tensor, which is equal to half of the

second-order nonlinear susceptibility tensor, j(2) .

The phase mismatch, ΔV0, is due to dispersion in the waveguide causing a momentum mismatch

between the interacting photons involved in the frequency generation process. If this phase mis-

match is not compensated for, the frequency conversion process will be inefficient. Methods for

this compensation are called phase matching.

2.2 Phase Matching

These phase-matching methods must apply a z-dependent variation to 5 (I), above, to compensate

for the phase mismatch. When this compensation is periodic, it is called quasi-phase matching

(QPM). QPM essentially provides an extra phase term from this periodic variation to compensate

for the phase mismatch from the dispersion of the waves. Two approaches of implementing QPM
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are grating-assisted QPM and periodic poling. These approaches and their implementations are

discussed in greater detail below.

2.2.1 Grating-Assisted QPM

In grating-assisted QPM, the z-dependent variation comes from modulating the transverse mode

field profiles �l (G, H, I) and �2l (G, H, I) of the waves at the pump and the SH, noted by the terms

contained in the overbrace in 5 (I) from (2.8). This can be done by modulating the shape of the

waveguide itself in a process called mode-shape modulation (MSM) [42]. The waveguide width

is sinusoidally-varied between the two values shown in Fig. 2.2, providing the necessary QPM.

The nonlinear effect is achieved from modulating the nonlinear mode overlap integral between the

pump and SH waves. This approach to QPM is useful in non-ferroelectric materials that cannot be

poled.

Figure 2.2: Example of a MSM waveguide [42].

OSA-trace results showing the SH signal generated from MSM-QPM are shown in Fig. 2.3. These

measurements were performed with a pulsed-source input, and the data is originally published in
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[42].

Figure 2.3: SHG results from a MSM waveguide [42].

2.2.2 Periodic Poling

Another method for implementing QPM is by adding a z-dependent variation from modulating the

second-order nonlinear 3 tensor, noted by the term contained in the overbracket in 5 (I) from (2.8).

This modulation comes from a periodic reversal of the domain of the material, mathematically

represented by a periodic reversal in the sign of coefficients in the d tensor. This is implemented

by periodically poling a ferroelectric material. Poling involves applying an electric field across a

material, large enough to be greater than the coercive field strength of the material and thus cause a

domain reversal. Poling the material periodically results in the periodic domain reversal necessary

for QPM. Figure 2.4 shows an example of the metal electrodes used for poling, and the resulting

domain reversal.

The periodicity of the poling, Λ, is calculated from the wavevector mismatch Δ: as shown in (2.9).
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Figure 2.4: Example of periodically-poled material, showing electrodes and domain reversal [27].

The equations for calculating the wavevector mismatch for SHG, SFG, and DFG processes are

given in (2.10).

Λ =
2c
Δ:

(2.9)

Δ: =



:1 + :2− :3 SFG

:3− :1− :2 DFG

2:1− :2 SHG

where :< =
=<2c
_<

(2.10)

Periodic poling is applicable to ferroelectric materials such as lithium niobate, lithium tantalate,

and others. As lithium niobate has one of the highest second-order nonlinearities, along with other

advantages, this makes it a material of choice to use for second-order nonlinear processes. Lithium

niobate, and its methods of implementation, are further discussed in the next section
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2.3 Lithium Niobate

There are several reasons why lithium niobate (LiNbO3, LN) is a well-established material choice

for frequency conversion processes [43, 44]. LN has high j(2) nonlinearity (333 = 30pm/V),

allowing for efficient frequency conversion. LN also has a broad transparency range (~0.35 - 5.2

`m), allowing operation at multiple wavelengths for a wide range of applications. Finally, LN has a

strong electrooptic effect, allowing for periodic poling for QPM for nonlinear frequency conversion.

Periodically-poled LN (PPLN) has been shown to produce high-efficiency second-order nonlinear

processes [45, 46, 47, 48, 49, 50]. However, bulk PPLN has some disadvantages. These are detailed

below, followed by a method for solving these problems.

2.3.1 Conventional PPLN Diffused Waveguides

Conventional LN waveguides are formed through diffusion and proton-exchange techniques [51,

52]. These waveguides with titanium-diffused (ti-diffused) cores are difficult to integrate with

silicon photonics, and due to the fabrication process, the waveguides themselves are large, resulting

in large devices, large bending radii, large cores, and thus largemode sizes. The diffusedwaveguides

also have a low index contrast between the core and the cladding, resulting in weakly-confined

modes. These large, weakly-confined modes result in low conversion efficiencies for second-order

nonlinear frequency conversion processes, as discussed in greater detail below. Figure 2.5 shows a

diagram of a ti-diffused waveguide.

Since LN itself has extremely favorable material qualities, a method for fabricating small, high-

contrast waveguides that could combine thesematerial advantages with the benefits of smaller mode

sizes would be profitable for numerous applications. The process for achieving such a scheme,

thin-film LN, is discussed in the following section.
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Figure 2.5: Example of a ti-diffused LN waveguide [53].

2.3.2 Thin-Film Lithium Niobate on Silicon

Thin-film LN, particularly on silicon substrates, has proven to be a promising platform to address

the issues faced by conventional LN for many nonlinear integrated devices [53, 22, 54, 29, 55].

Thin-film LN wafers are formed through ion implantation, bonding, and thermal slicing processes

[56]. This process starts with helium ion implantation on bulk single-crystal LN wafers, which are

bonded to a thermally-oxidized silicon wafer. This bonded wafer pair is heated for thermal slicing

of the bulk LN, leaving a thin LN layer on the oxidized silicon. The rest of the bulk LN can then be

recycled and used for another thin-film LN fabrication process. The silicon wafer with the bonded

LN layer is annealed to recover the LN nonlinear coefficients, and the surface is then planarized

with chemical-mechanical polishing. The device layer is less than one micron thick, and is isolated

from the substrate by a silicon dioxide bottom cladding layer . Figure 2.6 depicts this fabrication

process for thin-film LN on silicon wafers.

Optical waveguides are formed on the thin-film wafers by either rib-loading or direct-etching. This

thin-film platform results in smaller waveguides, and thus smaller device footprints and smaller
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Figure 2.6: Process for fabricating thin-film LN on silicon [56].

mode sizes, than conventional LN waveguides, and the modes are much more tightly-confined in

the core due to the higher index contrast between the core and the cladding. A comparison of mode

sizes between a conventional diffused LN waveguide and a thin-film LN waveguide is given in Fig.

2.7.

Rib-loading is one implementation method used to form optical waveguides on the thin-film LN

wafers, where a material that is index-matched to the LN (typically silicon nitride or chalcogenide)

is deposited on the LN and etched to form the rib of the waveguide to confine the mode to the LN

[42, 57, 27, 58]. Figure 2.8 depicts a rib-loaded PPLNwaveguide. These materials have historically

been easier to etch than LN. Low-loss direct-etching of LN to form a ridge waveguide is a more
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Figure 2.7: Mode-size comparison between conventional diffused LN (left) and thin-film LN (right)
waveguides.

recent achievement [55, 28].

Figure 2.8: Example of rib-loaded PPLN waveguide [53].

2.3.3 Thin-Film PPLN on Silicon

When periodically-poled and used for nonlinear frequency conversion, the thin-filmplatform also al-

lows for higher mode overlap, resulting in muchmore efficient j(2) frequency conversion processes.

The first demonstration of SHG with thin-film PPLN is found in [27], with rib-loaded waveguides.
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Characterized by conversion efficiency, this implementation achieved 730 %W−1cm−2. Addition-

ally, since the nonlinear conversion efficiency is inversely proportional to the nonlinear interaction

area, an ultracompact waveguide that tightly confines the mode in the nonlinear material results in

higher conversion efficiencies [27, 23, 22, 59, 28]. Figure 2.9 shows this increase in SH power for

increased optical mode confinement. Thin-film implementations can also be poled more easily and

more effectively and with lower electric fields than conventional LN wavgeuides.

Figure 2.9: Mode-size comparison between conventional diffused LN (left) and thin-film LN (right)
waveguides.

After achieving a low-loss LNdry-etch process, this is applied to PPLNwaveguides. The conversion

efficiencies are higher with this direct-etch approach, as the mode remains entirely confined in the

highly-nonlinear LN [55, 28]. Most recently, SHGwith record-high efficiency of 4,600 %W−1cm−2

has been demonstrated in direct-etched thin-film PPLN-on-Si [55]. This research is presented in

detail in Chapter 3.
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CHAPTER 3: HIGH-EFFICIENCY SECOND HARMONIC

GENERATION

These thin-film PPLN segments, as introduced in the previous chapter, can be implemented

to achieve high-efficiency SHG nonlinear frequency conversion. In this work, record-breaking

4,600 %W−1cm−2 conversion efficiency for SHG has been generated in direct-etch thin-film PPLN

on silicon waveguides. A new poling scheme is introduced to ensure efficient and optimized

poling is achieved. Finally, the device is measured with a pulsed source, suggesting higher-order

harmonics are able to be generated in these PPLN segments. This work is originally published in

[55].

3.1 Design and Fabrication

As discussed previously, small, high-contrast waveguides with tightly-confined modes are essential

for achieving high conversion efficiencies through integrated approaches. Thus, the waveguide is

designed with this in mind. 300 nm X-cut LN film on an oxidized silicon wafer is chosen for the

devices, resulting in a small waveguide core and a strong index contrast between the core and both

the SiO2 lower cladding and the air upper cladding.

3.1.1 Simulation

COMSOL mode simulations are run to determine the waveguide dimensions, including etch-depth

(to optimize between mode confinement and waveguide loss), waveguide core width, and electrode

spacing across the waveguide (to optimize between metal-induced optical loss and required electric

field strength for poling the LN). Figure 3.1 shows the device structure, where the LN film is 300
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(a)

(b)

Figure 3.1: (a) Waveguide cross-section. (b) Simulated TE mode images for the pump and SH
wavelengths [55].

nm, the etch-depth is 100 nm, and the waveguide width is 1.5`m, and COMSOL simulations of

the fundamental and SH TE modes.

The poling period of the electrodes is calculated from the effective indices returned by the mode

simulations for the fundamental pump and SH TE modes, from (2.10). TE modes are used because

due to the --cut LN crystal orientation, TE modes allow for the use of the highest LN nonlinear

tensor coefficient, 333, and reversal of the ferroelectric domains parallel to the crystal /-axis of
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the LN by periodic poling. The fundamental mode is used, as higher-order modes increase the

nonlinear interaction area and thus decrease the achievable conversion efficiency. The poling

period chosen is Λ = 2.67`m for QPM between the fundamental pump and TE modes. A 3-D finite

element method simulation of the electric field for poling the LN is performed, using an applied

voltage of 400 V. H− I and G − H plane cross-sections extracted from this simulation are shown in

Fig. 3.2, showing the distribution of the electric field.

Figure 3.2: Cross-sections of the (top) H − I and (bottom) G − I planes from electric poling field
simulations.

3.1.2 Fabrication

The devices are fabricated on 300 nm thin-film X-cut LN on a silicon substrate [56]. The electrodes

for poling are formed first, through steps of patterning with electron-beam lithography, chrome and
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gold deposition viea electron-beam lithography, and lift-off in N-Methyl-2-pyrrolidone heated to

120 °C. The waveguides are formed next, patterned again by electron-beam lithography, and dry-

etched in an argon plasma. Subsequent cleaning steps in an oxygen plasma and a dilute hydrofluoric

acid (HF) solution (1:100 49%HF:H2O) are performed. The waveguide facets are formed by dicing

and polishing. More detailed descriptions of the fabrication process and etching recipe are given in

Appendices A and B, respectively. Figure 3.3 shows a scanning-electron microscope (SEM) image

of the final fabricated device, showing the waveguide and metal electrodes.

Figure 3.3: SEM image of the fabricated PPLN device.

3.2 Characterization and Measurements

These devices are poled using an actively-monitored iterative poling process. This method, along

with the setup used for poling, is discussed below. After poling, the SHG is characterized through

measurements with continuous-wave (CW) and pulsed sources.
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3.2.1 Actively-Monitored Iterative Poling for Second Harmonic Generation

During the poling process, a tunable CW laser centered around 1550 nm is fiber-coupled into

the waveguide, and the output power at the SH is monitored as the electrodes are poled. This

real-time monitoring allows for the adjustment of poling parameters for repeated poling processes

to reach optimal SHG results, as opposed to poling processes performed partway through the

fabrication process, where the electrodes are later inaccessible and further adjustments to the

poling is impossible.

The setup for poling consists of an arbitrary-waveform generator (AWG) for generating the pulses,

which are monitored with an oscilloscope (OSC). The pulses from the AWG are amplified by 100x

with a high-voltage amplifier (HVA). These high-voltage pulses are applied to the electrodes with

tungsten contact probes. High-voltage pulses are required to generate electric fields strong enough

for poling the LN. The field strength must be higher than the coercive field of LN, 21 kV/mm [60].

The setup for measuring the SH consists of the tunable CW laser passed through a polarization

controller (PC) and lensed-fiber-coupled into the waveguide at the diced and polished facet. Any

generated output light, along with the pump light, is coupled out of the waveguide with a second

lensed fiber at the output. The pump light is measured using a calibrated InGaAs photodetector

(PD), and the SH light is measured using a calibrated silicon PD. This setup is depicted in Fig. 3.4.

When poling the PPLN electrodes, the electric field strength (by way of applied voltage), pulse

duration, and pulse repetition period can ve varied in order to optimize the poling. Preliminary

results show voltage pulses of 400 V, 5 ms in duration, with a 5 s repetition period performed the

best. A 600`m-long PPLN waveguide is poled with pulses with these parameters until the SHG

power saturates, and the conversion efficiency, defined by (3.1), where %l is the power of the pump

in the waveguide, %2l is the power of the SH in the waveguide, and ! is the length of the waveguide

in cm, is recorded. The polarity of the pulses is then reversed, and the devices are depoled until the

27



Figure 3.4: Setup used for the actively-monitored iterative poling process for generating the SH.

SHG power is below the noise level.

[ =
%2l

%2
l!

2
(3.1)

Repeating this process shows an increased SHG power. This process is repeated for 9 poling and

depoling cycles, before the peak SHGconversion efficiency begins to saturate, at 2,800 %W−1cm−2.

The results for increased conversion efficiency with additional poling cycles in shown in Fig. 3.5,

along with a plot of the peak conversion efficiency of the device versus pump wavelength.

This poling, depoling, and repoling process to generate a SH signal with increasing peak power

suggests the repeated poling process improves poling uniformity and domain reversal in the LN.

This iterative, monitored poling process and the CWmeasurements are repeated for another waveg-

uide, this time with a length of 300`m. For this waveuguide, the poling process is repeated for 8

poling and depoling cycles, while also increasing the length of the poling pulse up to 30 ms. The

maximum conversion efficiency is achieved after 4 poling cycles and then starts to decrease, and

after 6 poling cycles the conversion efficiency saturates. The peak conversion efficiency reaches

4,600 %W−1cm−2. A plot of conversion efficiency versus number of poling cycles in shown in Fig.
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(a)

(b)

Figure 3.5: Results for CW measurements of the 600`m-long PPLN device with iterative poling
cycles. (a) Increasing then saturating conversion efficiency for additional poling cycles. (b)
Measured 2,800 %W−1cm−2 peak conversion efficiency [55].
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3.6, along with a plot of the peak conversion efficiency of the device versus pump wavelength.

These results show that overpoling the device is possible, leading to a reduced final conversion

efficiency. The improved peak conversion efficiency for the 300`m-long device may be due to

better poling uniformity over a shorter distance.

3.2.2 Pulsed-Input Measurements

The devices are next measured with a pulsed pump source from a commercial fiber laser. The

pulses have a repetition rate of 80 MHz, with 100 fs pulse width. Due to the broad bandwidth of the

pulsed source, additional wavelengths are phase-matched, leading to not only a broad SHG output

pulse, but also third-harmonic generation from SFG of the pump and SH, and fourth-harmonic

generation from SHG of the SH. This result is shown in Fig. 3.7 for multiple input pump powers,

and also a plot of the output for the maximum input pump power.

These results suggest that with additional design, devices can be fabricated to optimize these

higher-order harmonics. This approach is detailed in Chapter 4.

3.3 Conclusions

This chapter discussed the design, fabrication, and characterization of high-efficiency thin-film

PPLN on silicon devices. The devices were fabricated by directly-etching the LN film to form

the waveguide core, and they were poled using a novel, actively-monitored iterative poling process

to achieve maximum conversion efficiency. A peak, record-high CW SHG conversion efficiency

of 4,600 %W−1cm−2 was measured in the device. Additionally, the devices were measured with

a pulsed pump source, and small amounts of third- and fourth-order harmonics were generated,
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(a)

(b)

Figure 3.6: Results for CW measurements of the 300`m-long PPLN device with iterative poling
cycles. (a) Increasing, decreasing, then saturating conversion efficiency for additional poling cycles.
(b) Measured 4,600 %W−1cm−2 peak conversion efficiency [55].
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(a)

(b)

Figure 3.7: Results for pulsed-pump measurements for (a) multiple input pump powers and (b) the
maximum input pump power [55].

suggesting that further optimization of cascaded PPLN segments for SFG and SHG could increase

the conversion efficiencies of these higher-order harmonics.
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CHAPTER 4: CASCADED HARMONIC GENERATION

These integrated PPLNsegments for j(2) frequency conversion processes, discussed inChapter 3 for

SHG, can be cascaded to achieve higher harmonic generation, for example, third- and fourth-order

harmonic generations. Conventional PPLN has been used to demonstrate higher-order harmonic

generation [30]. Also, THG is demonstrated through a cascaded process on LN-on-insulator

(LNOI) microdisks [61]. However, in this work, strong third- and fourth-harmonic generations are

demonstrated for the first time in cascaded thin-film PPLN-on-Si ultracompact devices.

4.1 Device Concept

Cascading j(2) nonlinear frequency conversion processes in PPLN can be used to generate higher-

order harmonics while still taking advantage of the strong second-order nonlinearity of LN. While

the third-harmonic could be achieved through a third-order nonlinearity frequency tripling process,

the second-order nonlinearity of LN is more efficient. Additionally, other harmonics can be reached

by a similar cascaded implementation, by careful selection of the second-order nonlinear processes

being cascaded.

4.1.1 Third Harmonic Generation

As depicted in Fig. 4.1, the third harmonic (TH) can be generated by first using a SHG segment to

generate the SH of the input pumpwavelength, and then using SFG in a second cascaded segment in

order to generate the TH from the sum of the pump and the SH. As long as the transparency range of

LN (~0.35 —5.2 `m) is not violated, other combinations of j(2) processes can also be cascaded to

reach even higher harmonics. For example, adding a third segment, quasi-phase-matched for SFG,
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to the device in Fig. 4.1 can reach the fifth-order harmonic. These cascaded structures can also be

tuned to reach a broad span of wavelengths, depending on the fundamental, or pump, wavelength.

Figure 4.1: Schematic showing how two second-order nonlinear SHG and SFG processes can be
cascaded to generate the third-order harmonic.

4.1.2 Fourth Harmonic Generation

Figure 4.2 shows how the fourth harmonic (FH) can be similarly generated by cascading two SHG

segments, where the first segment doubles the pump frequency to generate the SH, and the second

segment doubles the SH frequency to generate the FH. As before, as long as the transparency range

of LN (~0.35 —5.2 `m) is not violated, other combinations of j(2) processes can also be cascaded

to reach higher harmonics. By adding a third segment, quasi-phase-matched for SFG, to the device

in Fig. 4.2, the sixth-order harmonic can be generated.
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Figure 4.2: Schematic showing how two second-order nonlinear SHG processes can be cascaded
to generate the fourth-order harmonic.

4.2 Design and Fabrication

This section details the simulation process for finding the optimal dimensions of the waveguide

itself, including width and etch depth, the spacing between the electrodes across the waveguide,

and the electrode poling periods for each of the four PPLN segments of the devices.

The fabrication steps, starting from a thin-film LN on oxidized silicon substrate wafer are explained,

as well as a new method for poling the electrodes while observing the resulting output.

4.2.1 Simulation

COMSOL simulations are run to find the optimal device dimensions. The final device cross-

section is depicted in Fig. 4.3a. Fig. 4.3b shows the simulations of each mode from the pump to

the fourth harmonic in the waveguide, demonstrating that high mode overlap and tight confinement

are possible in the ultracompact waveguide. The spacing between the poling electrodes is 8.0 `m,
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(a)

(b)

Figure 4.3: (a) Device cross-section with labeled dimensions. (b) Simulated TE mode images for
the pump wavelength and the second-, third-, and fourth-order harmonics.

a distance wide enough to cause minimal interference with the modes, but narrow enough for the

applied electric field to exceed the 21 kV/mm coercive field strength of LN necessary for poling

the material [60].

The effective index of each of the transverse-electric (TE) modes allows for calculating the optimal

poling period for each of the PPLN segments, according to (2.10). The nominal poling period

lengths are 2.83, 2.20, and 1.33 `m to generate the second-, third-, and fourth-order harmonics,
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respectively, of 1550 nm pump light. The duty cycle chosen for the electrode periods is 35%. A

small gap (10 `m) is placed between the two PPLN segments to allow each segment to be poled

separately, while avoiding inducing additional phase mismatch. Figure 4.4 depicts these electrode

poling periods and positioning, as well as the segment lengths.

In reality, to allow for fabrication tolerances and errors in parameters such as etch depth, film

thickness, and electrode quality, multiple waveguides are fabricated that vary in width, electrode

spacing, and electrode period, such that optimal phase matching can be achieved in one of the

devices. However, the values presented above are the central design values, and the parameters of

all the devices are varied around these ideal values.

Figure 4.4: Electrode poling periods and device lengths.
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4.2.2 Fabrication

The devices are fabricated on 300 nm thin-film X-cut lithium niobate (LiNbO3,LN) on a silicon

substrate [56]. The first processing step is formation of electrodes for poling. Due to the precision

required in fabricating the small dimensions of these electrodes, patterning is performed using

electron-beam lithography. After the lithography, the electrodes are formed by depositing thin

layers of chrome and gold (10 nm and 100 nm thick, respectively) via electron-beam evaporation.

A lift-off procedure is then performed in N-Methyl-2-pyrrolidone heated to 120 °C to form the

poling electrodes.

A second electron-beam lithography process is next used to pattern the waveguides. ZEP 520A

resist is used in both lithography steps, and the patterns are developed in ortho-xylene developer.

The waveguides are formed through dry etching in an argon plasma, with subsequent cleaning

steps in an oxygen plasma and a dilute hydrofluoric acid (HF) solution (1:100 49% HF:H2O). The

waveguide facets are formed by dicing and polishing. Figure 4.5 shows the main steps of this

fabrication process, and more detailed descriptions of the fabrication process and etching recipe

are given in Appendices A and B, respectively.

4.2.3 Actively-Monitored Poling

The devices are poled using a poling setup consisting of a function generator to generate the pulses,

an oscilloscope to monitor the pulses, a high-voltage amplifier to amplify the voltage pulses by a

factor of 100, and two tungsten contact probes to connect to the electrodes on either side of the

waveguide. The pulses generated by the function generator are 15 ms square pulses with a 3.7 V

amplitude and a repetition period of 5 seconds. Figure 4.6 shows this poling setup.

An actively-monitored iterative poling process is employed for poling the device segments, as
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Figure 4.5: Fabrication process for PPLN waveguides.

Figure 4.6: Setup for poling.

introduced in Chapter 3 [55]. Before poling, a pulsed laser is lens-coupled into the device, and out-

coupled via a lensed fiber that leads to the OSA. At this stage, the OSA shows only the input pulse

spectrum, confirming no harmonic generation is produced through unintentional phase-matching in

the waveguide. Then, with the OSA continuously scanning, the first segment is poled. The output

is monitored and as poling continues, the power of the SH increases. To avoid the possibility of

over-poling the device and causing a decrease in conversion efficiency, the poling is stopped after

the SH power begins to saturate. Depoling and repoling the segments can increase the conversion
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efficiency [55]. The same actively-monitored process is repeated for all remaining PPLN segments.

Figure 4.7 shows the OSA trace before poling, after poling only the first segment, and after poling

both segments of a THG device. Before either segment is poled there is no harmonic generation.

After the first segment is poled, strong SHG is seen, and weak THG and FHG are observed (this

phenomenon is discussed later). After the second segment is poled, the TH peak is stronger. These

images are from measuring a non-optimized device, and as such the results shown here are strictly

for demonstrating the poling process.

4.3 Characterization and Measurement Results

The devices aremeasuredwith continuous-wave (CW) and pulsed-input sources to fully characterize

their responses. Key results include conversion efficiencies of each of the segments, and seeing

higher-order harmonics generated from either CW or pulsed-input light.

4.3.1 CW Characterization

The device is first characterized with a CW source, with the setup shown in Fig. 4.8. The power

in the waveguide is measured at both the pump and SH wavelengths, taking coupling loss at the

facets into account. The equation for calculating the conversion efficiency in %/W is given in

(4.1), where %l is the power of the pump in the waveguide and %2l is the power of the SH in the

waveguide. These powers are measured by use of a photodetector and power meter, and as stated

above, the input and output fibers are characterized to calculate the loss they add to the system at

both the pump and SH wavelengths, and the facet loss is also calculated, such that the powers used

in calculating the conversion efficiency are the pump power that is coupled into the waveguide and

the SH power generated by the waveguide, ignoring any external losses. The accordingly-measured
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Figure 4.7: Poling process showing OSA trace for (top) both segments unpoled, (middle) first
segment poled, and (bottom) both segments poled.

SHG CW conversion efficiencies for the first segment of the THG and FHG devices are 3.84 %/W

and 2.56 %/W, respectively.

[ =
%2l
/ %2

l (4.1)
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Figure 4.8: CW measurement setup.

CW measurements, even those at high powers through use of an erbium-doped fiber amplifier

(EDFA) do not show higher-order harmonic generation. This is likely due to difficulty in achieving

the precise phase-matching conditions as described below.

The nature of the cascaded devices means that the output wavelengths of the first segment must

be the input wavelengths for the first segment. For the THG device, this means the wavelength of

the SH generated in the first segment, and the pump wavelength that generates it, might not satisfy

the phase-matching conditions required by the electrode period of the SFG segment. The pump

could be tuned to satisfy the phase matching condition, however, tuning the pump means the phase

matching conditions of the first segment will no longer be satisfied, and no SH will be generated.

This could be addressed by measuring with two tunable lasers at the pump wavelength: one tuned

to generate the SH in the first segment, and the other tuned for SFG in the second segment. This

measurement was performed, but results are inconclusive. Due to the very precise wavelengths

necessary to achieve phase-matching, it is difficult to ensure that the lasers each reach the ideal

wavelengths at the same. Even while keeping one laser at the wavelength for maximum SHG,

tuning the second input did not show any THG. Additionally, the silicon photodetector used to

measure the power of the SH is the same detector used to measure the TH. Thus, it is possible the

SH signal hid any detection of the TH. This could be addressed by filtering out the SH at the output

so that any power detected could be confidently attributed to the TH. However, such a filter was not

available at the time of these measurements.
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A similar problem occurs for the FHG device, although with added complication. Since the second

SHG segment only depends on the SH wavelength (the pump is not involved in the frequency

conversion process in the second segment), adding a second tunable laser at the fundamental

wavelength would not solve the problem. Instead, a tunable laser at the SH wavelength is needed, to

find the precise wavelength around 775 nm that meets the phase-matching condition of the second

segment. Such a source that could be repeatably and precisely tuned was not available at the time

of these measurements.

4.3.2 Pulsed-Input Measurements

Therefore, a pulsed source is used to measure the cascaded-harmonic generation (CHG) of the

devices at multiple input powers, with the setup shown in Fig. 4.9. The pulsed source generates

pulses at 80 MHz repetition rate with a nominal pulse width of ~100 fs.

Figure 4.9: Pulsed-source measurement setup.

A pulsed-input source has two advantages over a CW source for this situations. First, it can reach

very high peak powers, leading to higher powers in the generated harmonics. Second, its broad

bandwidth means that the two different phase matching conditions of the two segments in each

device can be satisfied simultaneously with a single input source.

Figure 4.10a images the OSA data for each input pulse energy, showing how the power in each

harmonic varies with input pulse energy for the THG device, and Fig. 4.10b displays the OSA
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traces for three of these input pulse energies.

From the spectra for themaximum input pulse in Fig. 4.10b, it can be seen that the power level of the

generated TH is comparable to that of the SH, indicating an efficient conversion process. However,

while the broad bandwidth of the pulse allowed for the cascaded generation of the harmonics, it

complicates the process of measuring the conversion efficiencies. The conversion efficiency of

the data from a pulsed-source cannot be extracted in the same straightforward way as for a CW

input. This is due to complexities arising from the difference between the peak and average powers,

the broad and spectrally-rich bandwidth, and the phase components of the pulses. A method for

determining the conversion efficiency when measured with a pulsed source is discussed below in

Chapter 5, and quantitative results are reported. As can be seen in Figure 4.10b, a small amount of

FH is generated by the THG device. Experimentally, this is likely due to non-optimized SHG of

the SH and non-optimizied SFG between the pump and the TH.

The FHG device is characterized similarly. Figure 4.11a images the OSA traces for each of the

input pulse energies, showing how the power in each harmonic grows with increasing input pulse

energy for the FHG device. Figure 4.11b displays the OSA traces for several of these input pulse

energies.

From the spectra for the maximum input pulse in Fig. 4.11b, it can be seen that the power level of

the generated FH is comparable to that of the SH, again indicating efficient conversion. Quantitative

results are reported Section 5.3. Again, Figure 4.11b shows a small amount of TH is generated by

the FHG device. Experimentally, this is likely due to non-optimized SFG between the pump and

the SH.
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(a)

(b)

Figure 4.10: (a) CHG (optimized for THG, see Fig. 4.1) as a function of input pulse energy. (Inset:
input pulse spectrum) (b) CHG measured in dBm for several input pulse energies.
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(a)

(b)

Figure 4.11: (a) CHG (optimized for FHG, see Fig. 4.2) as a function of input pulse energy. (b)
CHG measured in dBm for multiple input pulse energies.
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4.4 Conclusions

Cascaded j(2) nonlinear PPLN segments can be used to generate higher-order harmonics, and that

is demonstrated in this work for the first time in thin-film lithium niobate on silicon waveguides. In

this work, cascading SHG and SFG segments produces third-harmonic generation, and cascading

two SHG segments produces fourth-harmonic generation. The design and simulation process are

discussed, in addition to the fabrication steps. An optically-monitored poling system is presented,

allowing for harmonic generation results to be seen during the poling process. This allows the

poling process to be repeated until maximum efficiency is attained. CW measurements show

strong SHG in the first segments of the devices. When the devices are measured with a pulsed input

to characterize the cascaded processes, the resulting spectra show efficient frequency conversion to

the third- and fourth-order harmonics. However, due to using a pulsed source for measurements,

the conversion efficiencies cannot be calculated in the same way and devices measured with CW

light. This is addressed in the following chapter.
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CHAPTER 5: MODELING PULSED-INPUT HARMONIC GENERATION

As discussed above, determining the conversion efficiency is more complicated for measurements

performed with a pulsed source as opposed to a CW input. Thus, a simulation is written to model

the harmonic generation process with a pulsed input, and the conversion efficiency can be extracted

from the best-fit results. The model itself is presented, with a discussion of the involved equations

and their solution method. The process of applying it to the devices of Chapter 4 is detailed, and

the simulation results are compared to the measured results. The conversion efficiencies of the

cascaded segments are extracted.

5.1 Theory and Equations

The model solves the nonlinear Schrödinger equation for coupled modes with second-order non-

linearity for SHG and SFG. Partial differential equations (5.1), (5.2), and (5.3) describe the pulse

shapes of the waves involved in the nonlinear conversion processes, as they propagate through

the waveguide. The set of equations is generalized to describe SHG, SFG, and cascaded SHG,

with terms being turned on or off depending on the specific process being described. The subscript

indices 1 and 2 refer to the pump and SH, respectively. A subscript 3 is used to denote the third wave

in the cascaded process. This third wave can be either the TH or the FH, depending on the process

(TH for SFG, FH for cascaded SHG). The linear terms such as loss and dispersion, denoted by the

overbraces, make up the linear operator, and the nonlinear terms for both harmonic generation and

kerr nonlinearity, denoted by the underbraces, make up the nonlinear operator. These operators are
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discussed further in following sections.
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These equations governing higher-harmonic processes are expanded versions of the partial differ-

ential equations that describe the evolution of the fundamental and second-harmonic pulses in a

waveguide [62, 41]. The subscript ? indicates the selected conversion process, either SHG, THG,

or FHG. 0 is a multiplier to effectively turn off portions of the equations as necessary depending

on the process being modeled, and is equal to 0 for SHG, and 1 for THG and FHG processes.

�@ = �2�
∗
1, �3�

∗
2, or 0, �A = �2

1, �3�
∗
1, or �3�

∗
2, and �B = 0, �1�2, or �2

2, for SHG, THG,

and FHG, respectively. Some of the variables in the equations combine other variables for more
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condensed notation, as shown below in (5.4).

The coupling coefficients for each process, ^?, are defined according to the equations below in

(5.5). The theoretical limit for the conversion efficiency is given by [.
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In the equations in (5.5), the variables are defined as follows. 2 is the speed of light in vacuum, and

l 9 is the center frequency of the given harmonic. The refractive index of LN for the wavelength of

the given harmonic is =0, 9 , and the third-order nonlinear refractive index is noted as =2, the value

of which is 10×10−16 cm2/W, and 333 = 33 pm/V is the largest intrinsic nonlinear susceptibility
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coefficient of LN. The loss incurred along the waveguide for each harmonic is U 9 . a6, 9 is the group

velocity and V2, 9 is the group velocity dispersion of each wave. Δ: ? is the wavevector mismatch for

each nonlinear process, I measures distance in the propagation direction, �4 5 5 , 9 is the overlap area

between the mode and the LN, and (4 5 5 , 9 is the overlap surface integral between the interacting

modes. The model does not assume perfect phase matching by setting Δ: = 0; instead, it accounts

for the domain reversal from periodic poling and the sign of 34 5 5 is flipped between ±1 to invert

the domain orientation of the LN. The domain orientations are flipped according to the dimensions

of the poling period of the fabricated electrodes. Δ: ? is then finely tuned to precisely match the

phase matching condition returned by the measured results.

Directly flipping the sign of 34 5 5 to invert the domain orientation allows the results from nonunifor-

mity or damaged electrodes to be modeled as well. For example, in the case of damaged electrodes,

poling might not occur at every period along the wavelength. To simulate this, the model can

be made to not invert specific domains. For the case of nonuniformity, a gradually-increasing

film thickness would change the phase-matching condition, phase-matching instead at a different

wavelength. If this phenomenon is strong enough, it could broaden the range of wavelengths over

which phase-matching, and thus harmonic generation, occurs.

5.2 Solution Method

The partial differential equations are solved using the symmetrized split-step Fourier method

[63, 64] at each small 3I along the length of the waveguide. This algorithm is implemented in

Matlab, and is tested and found to be numerically stable. The model does not consider higher-

order modes, as mode-overlap simulations show very small overlap between the fundamental SH

mode and the third-order TH and FH modes, and thus and harmonic generation resulting from

higher-order modes is negligible.
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5.2.1 Symmetrized Split-Step Fourier Method

With the split-step Fourier method, the linear operator (again, denoted by the overbraces in (5.1),

(5.1), and (5.1)) are accounted for in the frequency domain, whereas the nonlinear operators (again,

denoted by the underbraces in (5.1), (5.1), and (5.1)) are applied in the time domain. The SHG is

accounted for by adding an additional linearized driving term to avoid dividing by small numbers.

While some error is accumulated due to the oversimplification of assuming the linear and nonlinear

operators can be split apart, the error is minimized by propagating over a small step size 3I.

The symmetrized split-step Fourier method used here (as opposed to the standard, non-symmetrized

method) further minimizes this error by applying the linear operators to the first half of the 3I,

then applying the nonlinear operators over the entire 3I, and finally applying the linear operators

to the second half of the 3I, as opposed to the non-symmetrized method that does not apply the

linear operators this way in two steps. Instead, the standard, non-symmetrized method applies the

linear operator over the entire 3I segment at once, followed by the nonlinear operators, also over

the entire 3I segment at once. This symmetrized split-step Fourier method is visualized in Fig.

5.1, where the method is applied along a waveguide of length !, divided into segments of length

3I. The flowchart underneath the waveguide describes how the operators are applied. In practice,

the 3I segments are very small compared to waveguide length, but are shown large here simply for

demonstration purposes.

5.3 Applying Model to Characterize Cascaded Devices

The input pulse used in the model is formed by taking the pulse spectrum in frequency domain

from an OSA measurement of the pulse used in the experimental measurement, and converting the

data into time domain. This ensures the pulse used for the simulation contains the same spectral
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Figure 5.1: Visualization of the symmetrized split-step Fourier method for solving nonlinear
Schrödinger equation for coupled modes with second-order nonlinearity for SHG and SFG.

components as the pulse used in the experimental measurements. Chirp is added to the pulse to

produce a quadratic phase, and the chirp parameters are tuned such that the simulation output for a

test case matches known results.

The CW conversion efficiencies measured experimentally for the first segments of both devices are

set as constants in the model. The simulated SHG spectra of the first segment for both the THG

and FHG devices are comparable to the experimental results. The conversion efficiencies for the

second segments are returned by the model by varying the parameters to achieve a best fit between

the simulated and measured results.
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5.4 Model Results for Cascaded Devices

The model is used to simulate the harmonic generation occurring in the cascaded devices. The

results of the first segments with known conversion efficiencies match well, giving credibility to

the model and the results for the cascaded segments.

5.4.1 THG Results

Figure 5.2 compares the experimentally-measured spectra to the results returned by the simulation

for the THG device, demonstrating agreement between the results. The plots correct for the loss

experienced by each wavelength from the OSA. Extracting the conversion efficiency from themodel

gives 28.8±8.5%/W for the SFG conversion process for generating the TH. The uncertainty in the

conversion efficiency comes from adding a ±5% change to simulation parameters and extracting the

resulting range of conversion efficiencies. This is due to uncertainty in the precise phase-matching

conditions in the sample, limitations of the simulation process, and subjectivity in determining the

coupling coefficient that best fits the data. The output is evidently very sensitive to small changes

in many of the input parameters.

5.4.2 FHG Results

Figure 5.3 compares the experimentally-measured spectra to the simulation results, again correcting

for the OSA loss for each wavelength. Extracting the conversion efficiency from the simulation

gives 10.0± 1.2%/W for the SHG-based FH conversion process. As with the THG case, the

uncertainty in the conversion efficiency comes from adding a ±5% change to simulation parameters

and extracting the resulting range of conversion efficiencies.
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Figure 5.2: Comparison of the measured and simulated spectra for (from left to right) the pump,
SH, and TH.

Figure 5.3: Comparison of the measured and simulated spectra for (from left to right) the pump,
SH, and FH.
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The linewidth of the measured TH and FH is broader than the initial model predicted (not shown

here), and so measures were taken to improve the model. Particularly, possible nonuniformity

in film thickness along the waveguide would gradually change the phase-matching condition,

causing slight shifts in the generated wavelength, as discussed above. This phenomenon would

broaden the TH and FH peaks. This fabrication nonuniformity is implemented in the model by

adding a linear ramp to the phase-matching condition along the length of the device, around the

center wavelength. This effectively broadens the TH and FH peaks and achieves a good fit to the

experimental measurements, especially for the THG device as can be seen in Fig. 5.2. The FH

peak from the model is narrower than the measured peak, even after adding the above-mentioned

nonuniformity to the model. The reasons for this are not yet well understood.

5.5 Conclusions

In conclusion, a numerical model is presented for simulating the harmonic generation that occurs

in the cascaded devices of Chapter 4 when measured with a pulsed-source input, in order to

characterize and quantify the conversion efficiencies of the cascaded segments. The model solves

the nonlinear Schrödinger equation for coupled modes with second-order nonlinearity for SHG and

SFG by employing the symmetrized split-step fourier method. The equations and solution method

are presented in detail, highlighting the ability to simulate the results of fabrication nonuniformity.

Themodel is applied to the cascaded devices, and the measured and simulated results are compared.

The conversion efficiencies of the cascaded segments are extracted from the model. The conversion

efficiencies returned by the model are 28.8±8.5%/W for the SFG conversion process for generating

the TH, and 10.0±1.2%/W for the SHG conversion process for generating the FH.
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CHAPTER 6: SPATIALLY-MAPPED ANISOTROPIC PHOTONICS

In this chapter, the need for polarization-diverse photonics is presented. Examples of applica-

tions where polarization-selective devices are necessary are discussed, along with a summary of

the types of devices required for these processes. Current device implementations to address

these requirements are discussed, and their limitations and disadvantages are studied. Finally, a

new platform to overcome these challenges is introduced. Additionally, the results of fabricated

polarization-selective devices are presented, showing large improvements over current technology.

6.1 Polarization Diversity

Bipolarized light contains both transverse-electric (TE) and transverse-magnetic (TM) polarized

light, where with TE the electric field is transverse to the direction of propagation, and with TM the

magnetic field is transverse to the direction of propagation, as depicted in Fig. 6.1. Polarization-

diverse transmitter and receivers are becoming even more desirable across a wide variety of

applications, including high-bandwidth telecommunications [65], optical coherence tomography

[66, 67, 68], remote spectroscopy [69], polarimetric light detection and ranging (LIDAR) [70], and

spaceborne optical polarimetry [71], among others. Thus, having a platform that can effectively

process light of both orthogonal polarization states is important.

Polarization divisionmultiplexing is another example of an implementation requiring this polarization-

diverse processing [72, 73]. Polarization divisionmultiplexing is a method of multiplexing in which

two information channels can be transmitted on the same carrier frequency, one for each orthogonal

polarization state, unlike wavelength division multiplexing where two different carrier frequencies

are necessary, thus doubling the amount of information that can be transmitted [74, 75, 76]. Again,

57



Figure 6.1: Bipolarized light entering a waveguide, with TE- (red arrows) and TM-polarized (blue
arrows) light.

having a platform that can route and process light of orthogonal polarizations is essential to the

operation of polarization division multiplexing.

The SOI photonics platform is sensitive to polarization due to the large birefringence present in

the ultra-compact waveguides [72, 77]. Rather than trying to decrease this polarization sensitivity

inherent to the platform, a polarization-diverse system can be employed where each polarization

is routed and processed separately [78, 79]. This splitting process is done by using polarization

beam splitters (PBS). This concept is illustrated in Fig. 6.2. Alternatively, one polarization state

can first be rotated using a polarization rotator (PR) to its orthogonal state, and thus the same

polarization states can be processed together. High-performing PBS and PR devices are important

for the applications discussed above [72, 80, 81, 82].
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Figure 6.2: A bipolarized input can be split into two orthogonal polarizations and processed
separately.

6.2 Polarization-Diverse Device Approaches

A review of methods and implementations to achieve the PBS and PR devices discussed above

is presented in this section. Disadvantages of certain approaches are discussed, and finally an

overview of the current-best integrated technology is presented.

6.2.1 Polrization Beam Splitters

There are three most common types of PBS devices based on integrated structures.

First, the birefringence of Mach-Zehnder interferometers can be used to split apart orthogonal
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polarizations [83, 84, 85, 81, 74], However, the birefringence is small and does not allow for a

robust splitting process.

Multimode interference structure approaches have also been implemented for polarization splitting,

taking advantage of the difference of beat lengths of the orthogonal polarizations [86, 87, 88, 89, 90].

However, this approach requires extremely long devices, incurring excess loss.

Directional couplers are a third method for implementing PBS devices [91, 92, 93, 94]. The length

of the coupling region is calculated to satisfy given conditions relating the coupling lengths of each

polarization [72]. While simple to fabricate, this approach also requires long devices due to weak

birefringence in the waveguide, and due to the specific conditions for coupling lengths required for

splitting the polarizations, the approach is not broadband.

6.2.2 Polarization Rotators

Polarization rotators aremore complicated for realizationwith integrated approaches, aswaveguides

are typically polarization-maintaining devices. In waveguides, it is not possible to rotate the optical

axis to induce polarization rotation. Instead, asymmetry must be introduced in some way.

Previous implementations of this introduced asymmetry include double-core waveguides [79], bi-

level tapers [95, 96], and waveguides with slanted cores [97, 98]. These approaches involve long

and/or complicated fabrication processes.

Another approach to polarization rotation is to combine a PBS and PR into a single polarization

splitter-rotator (PSR). With these devices, the mode of one polarization is converted to a higher-

order mode of the orthogonal polarization. This approach, typically taking advantage of the

directional coupler PBS implementation, has been demonstrated in [99, 100, 101, 102]
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6.2.3 Current Best Technology

The results of several of the best-performing integrated broadband polarization-selective devices

are summarized in Table 6.1.

Table 6.1: Current-best broadband integrated polarization-selective devices

Work Device Bandwidth (nm) Max insertion loss (dB) Min. ER (dB)
Xiong [103] TE-pass polarizer 110 0.4 30
Shahin [104] TM-pass polarizer 110 2.4 18
Tan [99] PSR 100 ~2 ~18
Kim [91] PBS 100 2.1 22.5
Su [105] PBS 150 3.4 10

The PBS in the above table both rely on specifically-designed coupling regions to split the polar-

ization states [91, 105]. While these approaches have semi-high extinction ratios, their dependence

on mode-coupling results in a smaller operation bandwidth.

Each of these devices are engineered tomake the best use of the dissimilar electric field distributions

of the transverse electric (TE) and transverse magnetic (TM) modes. Sub-wavelength structures

have been used to realize stronger differentiation between polarizations [103, 104]. The bandwidths

of these approaches are limited by the wavelength dependence of the field distribution.

Devices with lower insertion losses across a broader bandwidth are necessary for high-performing

polarization-diverse circuits. Current technology is unable to achieve these optimistic conditions.

6.3 Platform Concept

As seen in the previous section, it is difficult to make polarization-selective devices as the devices

depend on the difference of the distribution of the electric field between the TM and TE modes,
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and this distribution is wavelength-dependent. Additionally, for tightly-confined modes, such as at

shorter wavelengths, the field distributions between the polarizations become more similar, further

limiting the bandwidth of such devices.

For a different approach, rather than trying to take advantage of the modal birefringence of the

material, the anisotropy of the material itself can be manipulated. If a waveguide is made with a

uniaxial anisotropic core, where the extraordinary axis is perpendicular to the substrate, and the

ordinary index is higher than the extraordinary index, there is an enhanced birefringence between

the TE and TM modes, even at short wavelengths. This material becomes more useful if it can be

spatially mapped across a sample. By mapping this material anisotropy on the chip, devices can

be designed that make use of this enhanced birefringence. This process was used to demonstrate a

PBS [106]. This mapped anisotropy concept has also been demonstrated with polymers [107, 108],

organic crystals [109], and anisotropic overlayers [110, 111].

This anisotropic material can be used in a waveguide to create polarization-selective waveguides,

where only one polarization is guided, and the orthogonal polarization is rejected from the core

[112]. If a waveguide is formed by an anisotropic material and an isotropic material, where the

value of the refractive index of the isotropic material is less than the TE effective index of the

anisotropic material, and is greater than the TM effective index of the anisotropic material, two

types of structures can be made.

If the anisotropic material is placed as the core of the waveguide and the isotropic material is placed

as the side cladding, only TE light will be guided, and TM light will be rejected from the core.

However, if the positions of the materials are swapped and the anisotropic material becomes the

cladding and the isotropic material is in the core, then only TM light will be guided and TE light

is rejected from the core. This waveguide geometry is depicted in Fig. 6.3. These refractive index

requirements and waveguide configurations are given by. (6.1). This concept forms the basis of the
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(a)

(b)

Figure 6.3: Waveguide materials configuration for (a) TM-only and (b) TE-only.

Spatially-Mapped Anisotropic Photonics platform.

=2;03 < =4 5 5 ,)" < =<83 < =4 5 5 ,)� (6.1)

An anisotropic material that satisfies these requirements can be created by alternating thin layers of

high and low refractive index materials to create a multilayer stack (MLS). From effective medium
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theory [113], the birefringence in the material indices can be described by (6.2), where � and !

denote the high- and low-index material, respectively, and 5 is the fill fraction of the high-index

material. These equations apply since the thickness of the layers (on the order of 20 nm) is much

less than the wavelength.

6.4 Platform Design

The materials used to create the MLS are silicon dioxide (SiO2) (low-index material) and silicon

nitride (Si3N4) (high-index material). The isotropic material is silicon oxynitride (SiON), the

refractive index of which is tuned to be between the values of the TE and TM effective indices by

adjusting the material composition during deposition. For this work, the MLS has a TE effective

index of 1.715 and a TM effective index of 1.65, and the refractive index of the SiON is 1.68,

when measured with 633 nm light. Fig. 6.4 shows an updated diagram of the TE- and TM-only

waveguides, now showing the MLS as the anisotropic material.
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!

(6.2)

6.4.1 Simulation

Lumerical MODE Solutions™ simulations have been run to confirm these waveguides are single-

polarization over a broad bandwidth. As expected, the waveguide structures only guide one

polarization, and nomodes are returned for the orthogonal polarizations. This confirms polarization

selectivity, giving confidence to continue developing the platform. Figure 6.5 shows these TE and
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(a)

(b)

Figure 6.4: Waveguide materials configuration for (a) TM-selective device and (b) TE-selective
device containing MLS as the anisotropic material.

TM mode profiles in the waveguide structures shown in Fig. 6.4.

65



(a)

(b)

Figure 6.5: Mode profiles in the waveguide structures of Fig. 6.4.

6.4.2 Fundamental States

The TM- and TE-only waveguides make up the fundamental states of the spatially-mapped

anisotropic photonics platform, along with a bipolarized waveguide formed by a SiON core and a

SiO2 side cladding, which guides both TE and TM light. These fundamental states are shown in

Fig. 6.6.
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Figure 6.6: Fundamental states showing single-polarization and bipolarized waveguide material
configurations.

6.4.3 Hybrid States

The fundamental states can be combined to create hybrid states that contain two waveguide cores

(both MLS and SiON), with a SiO2 cladding. When the two different cores are beside each other,

TE-polarized light favors the MLS core, and TM light favors the SiON core. These hybrid states

are shown in Fig. 6.7. Also shown is a mode simulation showing how the TE and TM modes

are split in space for the Asymmetric Coupled Hybrid state, where the MLS and SiON cores are

adjacent.

6.5 Platform Fabrication

The fundamental and hybrid states that make up this platform are fabricated as described below.

The process starts with an oxidized silicon wafer. The wafer is cleaved down to sample size,

and the MLS is deposited by plasma-enhanced chemical vapor deposition (PECVD), alternating

between the SiO2 and Si3N4 layers. The sample is coated with ZEP 520-A electron-beam resist, and
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Figure 6.7: Hybrid states showing waveguide material configuration for transitions used in devices,
along with a mode simulation for one of the hybrid states

patterned by electron-beam lithography using a Leica EBPG5000+ writer. The MLS is dry-etched

to form trenches for the SiON regions. The trenches are refilled with SiON by PECVD. S1805

photoresist is spun onto the sample to planarize the surface, and a etch-back process flattens the

top surface of the sample. The sample is coated with ZEP 520-A and patterned with electron-beam

lithography a second time to define trenches for the SiO2 regions, and these areas are dry-etched

Lastly, SiO2 is deposited by PECVD to refill the trenches and to form a top cladding. The full

fabrication process is detailed in Appendix A, and the dry-etch and PECVD recipe parameters are

listed in Appendix B. Figure 6.8 summarizes this fabrication process.

6.6 Device Design and Characterization

These fundamental and hybrid states can be combined in variousways to createmultiple polarization-

selective devices. The simulation, design, and measurement results for these devices are discussed
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(a)

(b)

(c)

Figure 6.8: Summarization of the fabrication process for the spatially-mapped anisotropic photonics
platform, showing (a) the deposition, patterning, and etching of the MLS material, (b) the refill,
planarization, and etchback of the SiON material, and (c) the patterning, etching, and deposition
for the SiO2 cladding material.

in this section.

6.6.1 Polarization Beam Splitter

The first device realized is a polarization beam splitter (PBS). By starting with a bipolarized

waveguide and transitioning first into the asymmetric coupled hybrid state and finally into the

asymmetric split hybrid state, a device is created where TM-polarized light remains in the SiON

core and TE-polarized light is pulled away from the SiON core and into the MLS core, as shown
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in Fig. 6.9. Top-view Lumerical MODE Solutions™ eigenmode expansion (EME) simulation

results for TE- and TM-polarized input light are also shown in Fig. 6.9. These simulations show

an extinction ration (ER) between the polarizations greater than 12.7 dB and with an insertion loss

less than 0.26 dB across a nearly 480 nm wavelength span, as detailed in Table 6.2.

Figure 6.9: Device design and top view PBS simulations showing broadband operation.

Table 6.2: PBS ER and Loss Simulations

Wavelength (nm) Insertion Loss (dB) Extinction Ratio (dB)
TM TE TM TE

633 0.03 0.26 21.47 12.7
850 0.13 0.04 17.0 19.3
1110 0.20 0.10 13.8 16.4

The device is designed to start with a single input, which is then split into a reference arm and a

device arm through a 50:50 Y-junction splitter. The reference arm continues straight to the end of

the die. The device arm contains the PBS, which splits into a TM arm and a TE arm. The TM
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arm keeps the SiON core of the input waveguide. The TE arm is formed by introducing a wedge of

MLS material that pulls the TE mode away from the SiON core. This region where the MLS and

SiON are adjacent is long enough to sufficiently separate the polarizations, and then a wedge of

SiO2 is introduced to separate the cores. Finally, to minimize propogation losses of the TE mode

in the MLS, the waveguide of the TE arm is switched back to a SiON core and SiO2 cladding. At

the end of the die there are three output ports, one for each of the TE, TM, and reference arms, and

each arm is routed to its respective output port. Figure 6.10 shows this PBS device layout, along

with extra detail of the polarization-splitting region.

Figure 6.10: PBS device layout. Insert: detail of polarization-splitting region.

The PBS devices are measured with free-space laser sources of multiple wavelengths: _ = 633,

780, 855, 976, and 1117 nm. The light is passed through a Glan-Taylor polarizer, and then coupled

into the waveguide using a 20X objective lens. The input side of the sample is partially diced

and cleaved to create facets. The output contains a partially etched top facet to provide consistent

out-coupling, important for relative intensity measurements. The light at the output facets is imaged

using a top-view camera that imaged all three of the output ports per device simultaneously. A

neutral density (ND) filter is used to reduce the amount of light, and camera settings are adjusted

to further reduce the brightness and avoid saturating the camera pixels. Figure 6.11a shows this

top-view look at the device region itself, along with images of device operation with TE- and

TM-input light. Figure 6.11b shows a detailed view of the ports during measurement with both

71



(a)

(b)

Figure 6.11: Images from measuring a PBS: (a) Top-view look at fabricated device, and images
while measuring with TM- and TE-polarized input light. (b) Top-view look at (saturated) output
ports while measuring with TM- and TE-polarized input light.

TM and TE light. The light shown in the ports is saturated solely for demonstration purposes.

The extinction ratio (ER) and device insertion loss are measured measured for each wavelength by

comparing the relative intensity of light in the output ports. The ER is calculated by comparing

the intensities in the TE and TM output ports, and the insertion loss is calculated by comparing the

intensity of light in each device arm to the intensity of the light in the reference arm. Figure 6.12

shows the ER and loss results for each wavelength. Across a wavelength span of 337 nm (from

_ = 780 to 1117 nm) which represents a fractional bandwidth of 0.52 octaves, a minimum ER of 16
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(a)

(b)

Figure 6.12: PBS experimental results, (a) insertion loss and (b) extinction ratio)

dB and maximum device loss of 1.4 dB is achieved. The ER improves at longer wavelengths. This

represents the broadest bandwidth for an integrated PBS, and has a 6 dBminimumER improvement

over the current best technology [56].
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(a)

(b)

Figure 6.13: PSBT design and top view simulation for (a) TM-selective and (b) TE-selective
devices, with top-view simulations of the coupling regions.

6.6.2 Polarization-Selective Beam Taps

The fundamental and hybrid states from Figs. 6.6 and 6.7 can also be combined to create other

devices. One such device is the polarization-selective beam taps (PSBT) [114]. A diagram of the

PSBT is shown in Fig. 6.13. As shown, only one polarization of light is coupled into the tapped-off

arm, and the orthogonal polarization continues straight. This device could be useful if a small

amount of a single polarization needed to be routed elsewhere on a chip.

Figure 6.13 also shows Lumerical MODE Solutions™ EME simulation results for the coupling
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(a)

(b)

Figure 6.14: (a) Diagram of PSBT design (b) Top-view image of fabricated device

region of the PSBT device. For TM-selective devices, TM-polarized light is coupled into the

SiON core, and TE-polarized light remains in the straight waveguide. For TE-selective devices,

TE-polarized light is coupled into the MLS core and TM-polarized light is unaffected.

Figure 6.14 shows a diagram of the final PSBT design, and an image of the fabricated device.

Similar to the PBS design, the PSBT splits between a reference arm and a device arm. The device

arm contains a second 50:50 splitter and splits into TE and TM arms. Each arm then has two output

ports, one from the bus waveguide and one from the tapped-off waveguide.

The PSBT devices are measured in a similar way as the PBS, using wavelengths _ = 780 and 855

nm. The results for the PSBTs are interpreted in terms of the polarization-dependent coupling ratio

(PDCR). Table 6.3 summarizes the coupling coefficient and PDCR results for both wavelengths.

The PDCR is the ratio of the coupling coefficient of power coupled into the tap-off port for
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Table 6.3: Experimental PSBT performance

Wavelength (nm) Device type PDCR, dB (±1)

780 TE-selective 6.5
TM-selective 14

855 TE-selective 5.5
TM-selective 9.4

one polarization state divided by the coupling coefficient into the tap-off port for the orthogonal

polarization. Although the TM-selective devices have better performance, these results confirm

polarization selectivity for both TE- and TM-selective devices.

6.6.3 Polarization-Selective Microring Resonators

A third type of device that can be made on this platform is the polarization-selective mircroring

resonator (PSMR) [114]. The PSMR design is similar to the PSBT, except the loop is closed to

form a ring rather than continuing as a waveguide. As before, only one polarization is coupled

into the microring, and the ring is essentially invisible to the orthogonal polarization. The PSMR

could be useful if orthogonal polarizations of light needed to be filtered separately. Instead of first

passing through a PBS and then entering a standard microring resonator, a PSMR could be used,

thus decreasing the footprint size of the device, and removing any extra loss introduced by the PBS.

A diagram of the PSMR is shown in Fig. 6.15. As shown, only one polarization of light is coupled

into the microring, and the orthogonal polarization continues straight.

The Lumerical MODE Solutions™ EME simulation results of the coupling regions of the PSBTs

in Fig. 6.15 are the same as those for the PSMR devices. As with the PSBTs, for TM-selective

devices, TM-polarized light is coupled into the SiON core, and TE-polarized light remains in the

straight waveguide. For TE-selective devices, TE-polarized light is coupled into the MLS core and
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(a)

(b)

Figure 6.15: PSMR design and top view simulation for (a) TM-selective and (b) TE-selective
devices.

TM-polarized light is unaffected.

Figure 6.16 shows a diagram of the final PSMR design, and an image of the fabricated device.

Similar to the PSBT design, the PSMR splits between a reference arm and a device arm. The device

arm contains a second 50:50 splitter and splits into TE and TM arms.
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(a)

(b)

Figure 6.16: (a) Diagram of PSMR design (b) Top-view image of fabricated device

The PSMR devices are measured with a vertical-cavity surface-emitting laser (VCSEL) centered at

_ = 855 nm. As with the other devices, the input light is polarized with a Glan-Taylor polarizer and

lens coupled into the input facet of the die. The VCSEL is thermally tuned from room temperature

to 50 °C, which corresponds to approximately a sweep in wavelength of 1 nm. The intensity in

the output ports is recorded throughout the sweep, and plotted versus wavelength in a transmission

plot. These transmission plots are shown in Fig. 6.17. The results are interpreted in terms of

quality factor and ER. The transmission plot for the TM-selective device shows resonances for

TM-polarized light, with an extinction ratio (ER) of 11 dB. There are no visible resonances for

TE-polarized light, resulting in a large PDCR for the TM-selective device. The peak loaded quality

factor for the TM-selective device is approximately 47,000. The transmission plot for the TE-

selective device shows resonances for both TE- and TM-polarized input light, but the resonances

for the TE-polarized light are much more pronounced. The difference between the ERs of the
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resonances (Δ ER = 8.9 dB) is large enough to confirm a distinct selectivity towards TE-light.

These results are consistent with the reduced PDCR measured for the TE-selective PSBT device.

6.7 Conclusions

In conclusion, the novel spatially-mapped anisotropic photonics platform was developed as a

solution to the lack of methods to achieve broadband polarization diversity in silicon photonics. An

explanation of the need and applications for broadband polarization diversity is given, along with

a review of the current-best technology in use for meeting this need. Challenges and disadvantages

with current approaches are discussed, prompting the development of a new platform. The spatially-

mapped anisotropic photonics platform avoids some of these challenges faced by these other

implementations. The platform makes use of a MLS of layers of non-birefringent materials to form

a birefringent material. When paired with an isotropic material with a carefully-tuned refractive

index, polarization-selective waveguides can be created.

By mapping this anisotropic material across a chip to form specific hybrid states, polarization-

selective devices can also be formed, including PBS, PSBT, and PSMR. The fabrication, de-

sign, simulation, and characterization processes of these three devices are presented. The high-

performingPBSexhibits highERand low insertion loss across a record-breaking 337 nmbandwidth.

The PSBTs show strong polarization selectivity as given by the high PDCR. The PSMRs also show

strong polarization selectivity, as shown by the high extinction ratio between the resonances of the

polarizations.
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(b)

Figure 6.17: Transmission plots for (a) TM-selective, and (b) TE-selective PSMR.
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CHAPTER 7: CONCLUSION AND FUTURE DIRECTIONS

This dissertation has discussed work proposed to address two limitations of the SOI platform:

thin-film PPLN waveguides for harmonic generation to compensate for silicon’s zero second-order

nonlinearity, and the spatially-mapped anisotropic photonics platform to compensate for the lack of

methods to achieve broadband polarization diversity with silicon waveguides. The results achieved

on each of these platforms is summarized below.

7.1 Thin-Film PPLN for Nonlinear Frequency Conversion

Due to silicon’s centrosymmetric crystal structure, it has no j(2) nonlinearity. Thus, other solutions

are required for second-order nonlinear frequency conversion processes such as SHG and SFG. This

work looked at the heterogeneous integration of thin-film lithium niobate with silicon. Lithium

niobate has strong second-order nonlinearity leading to efficient frequency conversion processes.

When implemented as the thin-film PPLN on silicon platform, this efficiency is enhanced by

the sub-micron, high-contrast waveguides with tightly-confined optical modes possible with the

platform.

7.1.1 High-Efficiency Second Harmonic Generation

Thin-filmPPLNon siliconwaveguides for SHGhave shown a record-breaking conversion efficiency

of 4,600 %,−12<−2. These waveguides are formed by directly etching the LN, and are poled

using an actively-monitored iterative poling process to maximize the effectiveness of the poling

procedure, to thus maximize the generation of the SH. Additional measurements with a pulsed

source have shown small amounts of THG and FHG, suggesting the possibility of fabricating
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devices to maximize these high-order frequency conversion processes.

7.1.2 Cascaded Harmonic Generation

Building on these high-efficiency SHG PPLN waveugides, cascaded thin-film PPLN on Si devices

have been presented and demonstrate efficient SHG and SFG processes, generating the second-

, third-, and fourth-order harmonics of 1550 nm. Cascaded SHG and SFG processes generate

the TH, and two cascaded SHG processes generate the FH. Pulsed-source measurements indicate

strong conversion efficiencies, though the spectrally-rich bandwidth of the pulsed source makes

quantifying the conversion efficiency values difficult.

7.1.3 Modeling Pulsed-Input Harmonic Generation

Due to difficulties in quantifying the conversion efficiencies of PPLN segments whenmeasuredwith

a pulsed source, a numerical model has been developed that simulates the harmonic-generation that

occurs when pumped with a pulsed source. The model solves the nonlinear Schrödinger equation

for coupled modes with second-order nonlinearity for SHG and SFG, and allows the conversion

efficiencies of the PPLN segments to be extracted. The simulated conversion efficiencies are

28.8±8.5%/W for the SFG conversion process for generating the TH, and 10.0±1.2%/W for the

SHG conversion process for generating the FH.

7.2 Polarization Diversity

SOI waveguides are sensitive to polarization due to the large modal birefringence in the ultra-

compact waveguides. As an alternative to attempts to decrease this sensitivity, the polarizations
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can instead be split apart and processed separately, using PBS or PSRs. Although several imple-

mentations have been demonstrated by taking advantage of the modal birefringence of the material,

the methods are not particularly broadband. Thus, a new platform is developed to overcome this

challenge by instead manipulating the anisotropy of the material itself.

7.2.1 Spatially-Mapped Anisotropic Photonics Platform

The Spatially-Mapped Anisotropic platform has been presented as a new platform for achieving

robust, broadband polarization diversity. The platform consists of layering thin alternating layers

of non-birefringent materials to form a birefringent MLS, and mapping this anisotropy across

a chip. An additional isotropic material with a carefully-tuned refractive index completes the

polarization-selectivity. The fabrication methods of this platform have been discussed, as well as

devices realized with this platform.

Polarization beam splitters have been demonstrated and shown to have low loss and high extinction

ratios over a record-breaking bandwidth. Polarization-selective devices, including polarization

beam taps and microring resonators, have also been demonstrated and show strong polarization

selectivity.

7.3 Future Directions

Much research in the areas of nonlinear frequency conversion and polarization diversity has been

perform and discussed in this dissertation. However, there is room for even further research in these

areas. This section discusses these avenues for further research. Some amount of initial theory,

design, and simulation work has been done in each of these areas, and this work is also presented.
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7.3.1 Nonlinear Frequency Conversion

In this work, SHG and SFG through thin-film PPLN-on-Si have been used to demonstrate the

generation of higher-order frequencies. However, these PPLN segments could also be used for

DFG for the generation of longer wavelengths.

Looking at further nonlinear applications, third-order nonlinear processes can also be integrated.

The integration of j(2)-j(3) nonlinearities is another research area of interest for thin-film LN.

These two areas of research are further discussed in the following sections.

Difference Frequency Generation with Thin-film PPLN

Mid-infrared (mid-IR) (2-5 `m) light sources are useful for a variety of applications including

chemical sensing, surgery, medical diagnostics, and infrared countermeasures. Recently, mid-

IR laser technologies, including bulk solid-state [115], fibers [116], waveguides [117, 118], and

quantum cascade lasers (QCLs) [119] have significantly improved. Fiber and waveguide devices

have the benefit of containing less free-space optical components, which alleviates misalignment

and improves reliability.

Mid-IR nonlinear frequency conversion, another viable route to mid-IR light generation, could be

realized usingQPMmethods, such as PPLN. Previously, DFGwas proposed for zinc selenide (ZnSe)

MSM waveguides, however, implementing DFG with PPLN-on-Si allows the phase-matching

condition to bemet through the likelymore efficient and easier to implement periodic polingmethod

as opposed to MSM-QPM. Currently QCL lasers generate these desired mid-IR wavelengths, but

an implementation with PPLN on Si has the potential to be easier to implement.

In order to generate light in the mid-IR (3.5`m), two input pump signals with wavelengths of 1.6
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and 1.1 `m can be used. This is shown in Fig. 7.1, where the output follows from Fig. 2.1.

Figure 7.1: PPLN waveguide schematic for DFG.

With such a large difference in mode size between these wavelengths, designing a waveguide that

will support all three modes while remaining low-loss for each will be challenging. Waveguides

will not be single-mode across the wavelength range, so the presence of higher-order modes will

add complexity to the phase-matching of the nonlinear conversion process.

The fabrication process will be similar to that described for the SHG and SFG PPLN-on-Si imple-

mentations in Chapters 3 and 4, including patterning with electron-beam lithography, depositing

gold electrodes, and etching lithium niobate. The periodicity of the electrodes for QPM will be

calculated using (2.10).

Challenges will arise in requiring a deeper LN etch to confine the lower- frequencymodes. A deeper

LN etch will produce additional etch-material redeposition in the etched-trench areas, which can

affect the waveguide sidewall angle and roughness, as well as overall waveguide loss. An improved

etching and cleaning process will need to be developed to produce such a device.
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Integration of Second- and Third-Order Nonlinearities

Third-order nonlinear processes can also benefit from being implemented with integrated ap-

proaches. Although silicon has a large j(3) , two-photon absorption and free-carrier absorption

occur at high intensity, and these high intensities are necessary for j(3) nonlinear processes

[6, 17, 120]. Thus, heterogeneous integration with other, better-suited materials is again the

solution. Chalcogenide glass has a large nonlinear refractive index, no free-carrier absorption,

and a negligible two-photon absorption. These advantages, along with its ability to be easily

deposited via thermal evaporation onto silicon wafers, makes chalcogenide a good material choice

for integrated j(3) processes.

The integration of j(2) and j(3) nonlinearities on the same chip is advantageous for applications

including frequency-stabilized optical comb generation based on supercontinuum generation (SCG)

[121, 122, 123]. SCG is essentially the conversion of input pump light to light with a broad

spectral bandwidth, and is realized by pumping a nonlinear device with pulsed-input light. Further

heterogeneous integration of chalcogenide with the LN on silicon platform has been proposed

and demonstrated for this j(2)-j(3) integration [121]. This integration includes the thin-film LN

platform introduced previously in this dissertation, with layers of Si3N4 and chalcogenide deposited

on top to form rib-loaded waveguides and vertical mode tapers to adiabatically transition the mode

from the chalcogenide and into the Si3N4 and LN. A schematic of this implementation, along

with Lumerical MODE Solutions™ simulations of the adiabatic optical mode transition at various

cross-sections of the vertical tapers, is shown in Fig. 7.2.

Measurements of these waveguides have shown reasonable loss values and have demonstrated

wavelength conversion through four-wave mixing, showing promise for further research on this

platform [121].
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Figure 7.2: Schematic of LN and chalcogenide j(2)-j(3) integration waveguides, with optical mode
profile simulations at cross-sections of the vertical taper [121].

This further research includes development of a j(2)-j(3) integration chip on which SHG and SCG

are both demonstrated. This is towards the final goal of demonstrating frequency-stabilized optical

comb generation based on octave-spanning SCG, with the SHG providing stabilization by 5 -to-2 5

carrier-envelope offset (CEO) locking [121, 122, 123]. The SHG occurs in Si3N4 rib-loaded PPLN

structures, and the SCG occurs in the chalcogenide waveguides. Lumerical MODE Solutions™ on

structures similar to those pictured in 7.2 have been performed towards this end, and are detailed

in [124, 125].

With the recent success of etching LN demonstrated with the devices in Chapters 3 and 4, this

integration implementation has been redesigned to remove the Si3N4 and instead form an etched-LN

ridge waveguide under the chalcogenide. This has the advantages of increasing the second-order
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nonlinearmode overlap by having themode confined completely in LN for the SHGPPLN segments,

and simplifying the fabrication process by removing the Si3N4 deposition step. This waveguide

structure has been optimized and simulated to show octave-spanning SCG. The electrode period

for the SHG segments has also been calculated through additional mode simulations, and these

waveguides and devices have been fabricated.

The PPLN and chalcogenide waveguides are placed separately to verify success of the SHG and

SCG independently for this initial implementation, before eventually being combined into one

device. CWmeasurements of the PPLN waveguides have shown SHG. Pulsed-input measurements

of the SCG waveguides are ongoing. Measuring strong octave-spanning SCG in these devices will

show additional promise towards reaching the goal of j(2)-j(3) integration for frequency-stabilized

optical comb generation.

7.3.2 Polarization Diversity

The spatially-mapped anisotropic photonics platform has demonstrated broadband, high-ER, low

loss polarization beam splitters, and highly-selective polarization selective beam taps andmicroring

resonators at near-infraredwavelengths. However, in order to demonstrate full polarization diversity,

it must be capable of polarization rotation. Additionally, although high performance is observed for

the current wavelength range, it is also important to have devices that can function at wavelengths

in the telecommunication band (_ = 1550 nm) and where the silicon photonic platforms operate.

Work is being done to address both of these current limitations.
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Polarization Rotation

In order to achieve full polarization diversity on this integrated photonics platform, polarization

rotationmust be possible. As discussed previously, in order to rotate a polarization state, asymmetry

is essential [72]. The current platform contains asymmetry in the refractive index, but physical,

structural asymmetry is also necessary. Multiple polarization rotator (PR) designs have been

explored [95, 126, 101, 127, 79] to find a device that best translates to this platform, and whose

functionality is enhanced by the inherent refractive index asymmetry of the platform. Fig. 7.3

shows a diagram of the PR design [95] that currently shows the most promise for successfully being

integrated with the current platform (the device shown was designed for Si waveguides, and so

dimensions for actual fabricated waveguide will be much larger).

Figure 7.3: Polarization rotator design [95]

89



LumericalMODESolutions™ simulations have been performed tomeasure the amount of expected

rotation of TE-polarized light to TM-polarized for a given device length. Figure 7.4 shows this

transmission plot. However, due to the low refractive index contrast in the materials available on

the platform, the device is required to be several hundred microns long in order to achieve full

rotation to the orthogonal polarization.

Figure 7.4: Transmission plot for rotating TE-polarized light to TM-polarized light

The PR will be fabricated through SiON PECVD depositions, aligned electron-beam lithography

writes, and dry-etching. The vertical asymmetry of this PR design requires two dry-etch processes

(and thus two aligned eletrcon-beam lithography patterning steps). Any slight misalignment

between these two lithography steps could introduce loss or error to the device.

If initial results are not promising, the design choice will be reconsidered, potentially moving to a

PSR that does not require vertical asymmetry, similar to that discussed in [102]. Future work will
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include designing a better and more efficient PR that is enhanced by the anisotropy of the platform

and is simpler to integrate with the other devices, while simultaneously choosing to fabricate the

chosen design in order to test its functionality and optimize its output.

Operation at Telecommunication Band Wavelengths

While the spatially-mapped anisotropic photonics platform has shown high extinction ratios and

low insertion losses for PBS and other devices over a broad bandwidth, operation at wavelengths

in the telecommunication band is important. As discussed at the beginning of Chapter 6, the

implementations that require broadband polarization diversity include, among others, polarization

division multiplexing for communications applications. Additionally, this platform was presented

as a solution for the lack of broadband polarization diversity methods for silicon photonics. As this

platform currently operates below the transparency range of silicon, the platform as-is cannot be

integrated with existing silicon photonic technologies that operate at these longer wavelengths.

Expanding this platform for operation at longer wavelengths and easier integrability with silicon

photonics platforms requires a modification to the materials used to increase the effective indices.

While the overall design concept will remain unchanged, the materials used for the MLS will likely

be formed by alternating layers of Si3N4 and amorphous-Si, and the isotropic material will be

silicon-rich Si3N4, increasing the effective indices and removing the platform dependence on SiO2.

Updating the materials will cause slight design modifications as the parameters for waveguide core

size, taper lengths, coupling gaps, and interaction lengths will all change, but the overall design

concept will remain as presented above.

The fabrication process will remain largely unchanged, apart from updating the etching and de-

position recipes. The most time-intensive recipe change will be the planarization and etch-back

process, as the etch rate of the isotropic refill material, in this case silicon-rich Si3N4, must match
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the etch rate of the planarization photoresist material. Additionally, the PECVD depositions will

require careful tuning of the deposition parameters to tune the refrative indices of the materials in

order to achieve a birefringent MLS material, and an isotropic material whose refractive index is

sandwiched between the TE- and TM-effective indices of the MLS.

Characterization of these devices will use input and output fiber coupling, with the output powers

measured by photodetectors and power meters, instead of the top view camera used to characterize

the previous implementation. The top view camera is not sensitive at these longer wavelengths, thus,

the visual intensity measurement method cannot be scaled up for this implementation. Additionally,

having exact values for the input and output powers, rather than relying on relative intensity

measurements, will be beneficial in analyzing the results.

7.4 Conclusion

The areas of research discussed in this dissertation are presented as solutions to the current limita-

tions of silicon photonics. These heterogeneous integration implementations combine the advan-

tages and widespread usage of silicon photonics with the benefits of the materials best suited to

overcome the challenges discussed, namely thin-film PPLN on silicon for second-order noninear

frequency conversion and spatially-mapped anisotropic photonics for broadband polarization di-

versity. These devices realized on these platforms include high-efficiency SHG PPLN waveguides,

cascaded PPLN waveguides - complete with numerical model for quantifying conversion efficien-

cies for devices measured with a pulsed source - for higher-harmonic generation to the third- and

fourth-order harmonics, and broadband PBS and polarization-selective devices. These research

topics further progress the field of silicon photonics, and as such also enhance the technology that

makes up the field of integrated photonics.
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APPENDIX A: FABRICATION PROCESSES
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This section details the fabrication methods of the samples discussed in the main body of work.

The fabrication steps are given to allow for easier future replication.

A.1 Periodically-Poled Lithium Niobate on Silicon

This section details the steps used to fabricate the lithium niobate harmonic generation devices.

1. Coat an --cut 300 nm lithium niobate (LN) on silicon wafer with a thick layer of Shipley

S1813 photoresist to protect surface while cleaving.

2. Cleave wafer to desired die size.

3. Thoroughly rinse the die with acetone, IPA, water and again IPA, and dry with nitrogen.

4. Coat sample with ZEP e-beam lithography resist in two steps, each spun at 1500 rpm.

5. Pattern electrodes and alignment markers with e-beam lithography.

6. Develop die in ortho-xylene - time determined by feature size and dose - and rinse with IPA.

7. Deposit layer of 10 nm chrome and 100 nm gold using e-beam evaporation, and perform

liftoff in N-Methyl-2-pyrrolidone heated to 120 °C.

8. Perform alignment e-beam lithography to pattern thewaveguides, with same resist preparation

and development as before.

9. Dry-etch 100 nm of LN in argon plasma with RIE using recipe B.1.1.

10. Clean with soft oxygen plasma and dilute hydrofluoric acid (HF) solution (1:100 49%

HF:H2O)

11. Coat the sample with a thick layer of Shipley S1813 photoresist to protect the surface.
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12. Dice both ends to form facets, and polish to a smooth finish.

A.2 Spatially-Mapped Anisotropic Photonic Polarization-Diversity

This section details the steps used to fabricate the PBS, PSBT, and PSMR devices.

1. Coat an oxidized silicon wafer with a thick layer of photoresist to protect the surface.

2. Cleave wafer into desired die size.

3. Thoroughly rinse the die with acetone, IPA, water and again IPA, and dry with nitrogen.

4. Coat die with photoresist, and pattern alignment markers with photolithography. Develop

with Toluene.

5. Deposit 10 nm chrome and 70 nm gold with e-beam evaporation to form alignment markers.

6. Deposit SiO2/Si3N4 mulilayer stack with PECVD, using recipe B.2.1.

7. Pattern trenches to be filled with SiON with e-beam lithography, coating the sample with

ZEP, and devolping in ortho-xylene.

8. Use RIE to etch completely through the multilayer stack, using B.1.2.

9. Clean resist using soft oxygen clean and acetone.

10. Refill the trenches with SiON using PECVD with recipe B.2.2.

11. Planarize the sample by spin-coating die with Shipley S1805 photoresist at 1000 rpm.

12. Use RIE to perform etch-back to the top of the multilayer stack using B.1.3.

13. Prepare sample for alignment e-beam lithography, and pattern areas for SiO2 cladding.
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14. Use RIE to again completely etch through the multilayer stack, using recipe B.1.2

15. Clean die and deposit 1 `< SiO2 cladding with PECVD, using recipe B.2.3.

16. Partially dice and cleave both ends of die to form waveguide facets.

96



APPENDIX B: FABRICATION RECIPES
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B.1 Apex SLR Etcher Recipes

This section details the process parameters for etch recipes with the Apex SLR Etcher.

B.1.1 Lithium Niobate Etch

This is a recipe for etching lithium niobate with the Apex SLR Etcher.

• Bias power: 50 W

• ICP power: 300 W

• Process pressure: 10 mT

• Argon flow: 20 sccm

• Etch rate: 30 nm/min

B.1.2 Multilayer Stack Etch

This is a recipe for etching the Si3N4/SiO2 multilayer stack with the Apex SLR Etcher.

• Bias power: 15 W

• ICP power: 750 W

• Process pressure: 6 mT

• CHF3 flow: 40 sccm

• SF6 flow: 10 sccm
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B.1.3 SiON Etch-Back

This is a recipe for etching SiON and S1805 resist at the same rate with the Apex SLR Etcher. This

planarizes the surface after SiON refill.

• Bias power: 20 W

• ICP power: 750 W

• Process pressure: 5 mT

• CHF3 flow: 25 sccm

• Etch rate: 230 nm/min

B.2 Vision 310 PECVD Recipes

This section details the process parameters for deposition recipes with the Vision 310 PECVD.

B.2.1 Multilayer Stack Deposition

This is a recipe for depositing the Si3N4/SiO2 multilayer stack with the Vision 310 PECVD. The

fill factors can be modified to adjust the refractive index. As given, this recipe produces a refractive

index of 1.72 for TE at _ = 633 nm. Each layer pair is about 47 nm.

1. Si3N4 layer

• Temperature: 300 °C

• Silane (SiH4) flow: 2000 sccm
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• Ammonia (NH3) flow: 40 sccm

• RF power: 30 W

• Pressure: 750 mT

• Run time: 2 minutes 14 seconds

2. SiO2 layer

• Temperature: 300 °C

• Silane (SiH4) flow: 400 sccm

• Nitrous oxide (N2O) flow: 1420 sccm

• RF power: 20 W

• Pressure: 800 mT

• Run time: 50 seconds

B.2.2 SiON Refill

This is a recipe for depositing SiON with the Vision 310 PECVD. As given, this recipe produces a

film with a refractive index of 1.68 for _ = 633 nm.

• Temperature: 300 °C

• Silane (SiH4) flow: 1450 sccm

• Nitrous oxide (N2O) flow: 115 sccm

• Ammonia (NH3) flow: 100 sccm

• RF power: 30 W
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• Pressure: 950 mT

• Deposition rate: 30 nm/min

B.2.3 SiO2 Deposition

This is a recipe for depositing SiO2 with the Vision 310 PECVD.

• Temperature: 300 °C

• Silane (SiH4) flow: 400 sccm

• Nitrous oxide (N2O) flow: 1420 sccm

• RF power: 20 W

• Pressure: 800 mT

• Deposition rate: 25 nm/min
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