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ABSTRACT

Lithium niobate (LN) has emerged as an outstanding material in photonics due
to its exceptional optical and physical properties. Its high Pockels' coe cient, broad
transparency window from visible to IR, low optical loss, and excellent thermo-optic
and acousto-optic characteristics make it uniquely well suited for high-speed modu-
lation, frequency conversion, and nonlinear optical applications. Compared to I11-V
materials and silicon-based devices that rely on plasma dispersion e ects, lithium nio-
bate enables higher modulation speeds with lower loss. However, traditional bulk
lithium niobate devices are constrained by large optical mode sizes and low refractive
index contrast, resulting in large bending radii, low modulation e ciency, and limited
integration density. The advent of thin- Im lithium niobate (TFLN) has addressed
these limitations. Recent advancements in smart-cut technology have facilitated the
realization of crystal ion-sliced thin- Im lithium niobate on insulator (TFLNOI). This
development enables more highly con ned optical modes, thus reducing the electrode
gap separation, which enhances modulation e ciency, increases bandwidth, and re-
duces the footprint of the device.

Recent developments in the TFLNOI material platform have employed diverse
waveguide platforms, including ridge-etched and strip-loaded with materials such as
silicon (Si), silicon nitride (SiN), and indium phosphide (InP). These approaches have
e ectively reduced waveguide loss and optical mode size compared to traditional bulk
lithium niobate. The versatility of TFLN has led to the development of various opti-
cal devices on TFLNOI platforms, such as Mach-Zehnder modulators (MZMs), phase
modulators, electro-optic (EO) and thermo-optic (TO) optical switches, optical I-
ters, and optical frequency comb generators. Compared to their bulk lithium niobate

counterparts, these devices exhibit signi cant improvements in optical waveguide loss,
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drive voltage, and 3-dB bandwidth. However, with the increasing demand for lower
power consumption and higher operational bandwidth, signi cant challenges remain in
further advancing TFLNOI devices.

The work presented in this dissertation focuses on the design, simulation, fabri-
cation, and characterization of TFLNOI photonics to realize state-of-the-art modula-
tors featuring low waveguide loss, high 3-dB bandwidth, and low power consumption.
A TiO ,-on-TFLN etchless hybrid waveguide has been developed to achieve high mode
con nement and low propagation loss of 1.2 dB/cm. To address the trade-0 between
V and 3-dB bandwidth, capacitive loaded traveling wave electrodes (CLTWES) on
guartz were utilized to develop low waveguide optical propagation loss of 0.25 dB/cm,
low-loss radio-frequency (RF) electrode of 0.21 dB/(cmGHz*?) and broadband index
matching. The device demonstrates a Vof 1 V, a 3-dB bandwidth of approximately
100 GHz, in a dual output con guration, and a high extinction ratio (more than 40
dB). Based on the optimized electro-optic modulator design, a multifold structure was
designed and fabricated, resulting in a phase modulator with an ultra-low Vof 0.52

V.
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Chapter 1
INTRODUCTION

As mobile communications and wireless networks progress from 5G to 6G [72],
there is a concomitant expansion of radio frequencies (RF) into the millimeter wave
(mmW) region of the electromagnetic spectrum [34]. This transition enables higher
data rates, increased capacity, and lower latency, which are essential for supporting
advanced applications. The mmW spectrum ranges from 30 GHz to 300 GHz, which
o ers broader bandwidths compared to the sub-6 GHz spectrum used in earlier gen-
erations. The existing infrastructure, heavily dependent on copper wires and coaxial
cables, struggles to keep pace with this surge. These legacy systems are constrained
by signi cant limitations, such as limited bandwidth, high signal attenuation, exces-
sive energy consumption, and vulnerability to noise and interference. Additionally,
the physical properties of copper and coaxial cables require frequent repeater stations
to preserve signal integrity over long distances, further increasing the complexity and
cost of maintaining such networks [15]. As demand for high-speed, high-capacity data
transmission continues to escalate, modern technologies such as ber optics [2] and
wireless communication alternatives are emerging as vital solutions to overcome these
bottlenecks and ensure future scalability.

To address the issues in traditional communication systems, there has been re-
newed interest in RF-over-Fiber (RoF) [104] and Microwave Photonics Links (MPLSs)
[39], which leverage the low-loss advantages of optical bers to e ectively mitigate
signal attenuation and bandwidth limitations at millimeter wave frequencies. These
technologies o er e cient solutions by using electro-optic modulators (EOMS) to con-
vert RF signals into optical signals for transmission, signi cantly reducing signal loss

and enhancing data transfer capacity. To support the current and future demands of



network systems, compact high-performance EOMs with high 3-dB bandwidth, high

conversion e ciency, low insertion loss, and high extinction ratio are required.

1.1 Silicon Photonics

Silicon has become a preferred material for photonic integrated circuits (PICs)
[69], because compared to other materials, it is readily available, cost-e ective, and
has very appealing physical and optical properties. One important reason for the
rapid development of silicon photonics is its ability to leverage existing very-large-scale
integration (VLSI) [14] electronic circuit processing techniques. In addition, it can
be integrated with electronic circuits, addressing functional gaps in optical integrated
circuits. Mature foundry process design kits (PDKs) pave the way for fabless sili-
con photonics, enabling more contributors to engage in silicon photonics development.
Silicon-On-Insulator (SOI) is a mainstream material platform for silicon photonics [62],
bene ting from the high refractive index contrast between silicon and silicon dioxide.
This contrast enables tighter mode con nement, resulting in smaller waveguide sizes
and bending radii, and making low-loss, high-density, and low-interference optical in-
tegration possible. Due to these advantages, a variety of silicon photonic devices have
been developed and reported, including lasers [48], switches [65], Iters [50], modu-
lators [90], and detectors [57]. However, in terms of performance for speci c device

categories, silicon may not always outperform other materials.

1.1.1 Electro-Optic Modulator in Silicon

Based on the advantages of silicon photonics mentioned above, silicon is a good
choice for modulators. However, it also has several limitations that prevent silicon-
based electro-optic modulators (EOMs) from fully meeting the demands of commu-
nication systems. In the following, | explain the principles and limitations of silicon
modulators. Silicon modulators typically operate by controlling the free carrier density

near the silicon optical waveguide to change the refractive index and absorption of the



optical waveguide [68]. The change in the refractive index and absorption in a silicon

waveguide can be expressed as:

n= :
2 H
8 2¢2 4yn Mo mg,

wheree is the electronic charge, o is the permittivity of free space,n is the refractive
index of crystalline silicon,m_, and m, are the e ective masses of electrons and holes,
respectively, and Ne and Ny, represent the changes in electron and hole densities.
The change in the absorption coe cient can be expressed as:

- eg 2 Ne + I\lh
4¢3 on e(mce)2 h(mch)2

where . and | present the mobility of electrons and holes, respectively. Silicon has
relatively low carrier mobility compared to materials like 111-V semiconductors. This
limits the speed at which free carriers (electrons and holes) can respond to changes in
the electric eld. The parasitic resistance R) and capacitance C) associated with the
silicon modulator structure, particularly in the p-n junctions or other charge injection
mechanisms, create RC) time constants that limit the speed of the device. High
(RC) time constants slow the rate at which the device can change. The presence of
free carriers in the waveguide also causes absorption and scattering of light, leading
to additional optical losses. At higher modulation frequencies, these losses become
more signi cant. Such disadvantages a ect the high-frequency performance of silicon

modulators.

1.2 Lithium Niobate Photonics

The initial discovery of lithium niobate crystals (LN) in the early 1960s was
driven by the need for a strong electro-optic material. R.C. Miller and W.L. Smith at
Bell Labs were the rst to successfully synthesize and grow lithium niobate crystals
circa 1965 [7], exploring their potential in electro-optic modulators. In the following

decades, the application of lithium niobate developed rapidly, as its excellent nonlinear



properties were used in frequency doubling [6] and parametric oscillation. The piezo-
electric properties of lithium niobate were utilized for Surface Acoustic Wave (SAW) de-
vices [97] that are routinely integrated into Iters and sensors for telecommunications.
All of these applications accelerated the development of lithium niobate photonics.
Once LN was established as a foundation for PICs, lithium niobate became a popular
choice to combine optical and electronic properties in silicon or silicon nitride photonics
[10]. These hybrid platforms can take advantage of the mature fabrication processes of
silicon photonics and the unique properties of lithium niobate. However,bulk lithium
niobate typically has a large mode size and relatively high propagation loss because
of the use of Ti-di used waveguide structures [93]. This has signi cantly limited the
development of LN photonics. The optical index contrast between the Ti-di used
LiINbO3 region and the surrounding non-di used LiNbQ is less than 0.02, resulting in
weak optical mode con nement with a mode eld diameter (MFD) of around 10 m.
As a result, the RF electrode has to be placed next to the optical waveguide with a
large gap to avoid metal absorption loss. The large gap reduces the strength of the
electric eld, resulting in V L around 12-32 Vcm and minimum bending radii over
1 cm. Achieving a driving voltage below 1 V is unrealistic for bulk lithium niobate.
Moreover, bulk lithium niobate modulators also require thinning of the substrate to
avoid substrate modes and maintain index matching for high-frequency operation.
Due to the drawbacks of bulk lithium niobate, the smart cut process was de-
veloped to form thin- Im lithium niobate (TFLN) [30]. As shown in Fig. 1.1, bulk
lithium niobate can be implanted with helium and bonded to a buried oxide on an
insulator wafer. The implanted region is then disconnected from the bulk lithium nio-
bate, followed by an annealing and polishing process. The bonded lithium niobate
can also be erbium-doped [54], which can be introduced as a gain medium for erbium-
doped waveguide ampli er applications, or magnesium oxide (MgO)-doped to increase
the threshold for optical damage [9]. The thickness of the TFLN can vary from 300
nm to 700 nm, with handle materials including silicon, quartz (Qz), and lithium nio-

bate (LN) for di erent applications. For various design requirementsx-cut and z-cut



TFLN wafers can be made from this process. The advent of TFLN has reduced the
original 10- m optical mode size to approximately 1 m and the bending radius to
around 100 m. This reduction allows for the fabrication of various optical compo-
nents within the TFLN optical integrated circuit system, including low-loss waveguides
[16], multi-mode interferometers (MMIs) [43], microring resonators (MMRs) [96], and
inverse tapers [23], among others. This advancement has greatly propelled the develop-
ment of advanced photonic devices. Furthermore, the mass production of high-quality
8-inch TFLNOI wafers has led to the rise of numerous TFLNOI foundries, making the

commercialization of lithium niobate photonics feasible.

Figure 1.1: The smart cut process for TFLN wafer.



1.3 Contributions of This Work

In this work, the development of high-performance TFLN photonic devices is
presented. This work addresses the issue of high waveguide losses in TFLN by em-
ploying hybrid waveguides and optimizing ridge-etched TFLN waveguides. Many re-
ported TFLN modulators su er from limited bandwidth due to higher RF losses and
phase mismatching, which arise from the silicon handle and the use of conventional
coplanar waveguides (CPW). To address these challenges, this work explores the use
of ultra-low RF loss Qz substrates and capacitive loaded traveling wave electrodes
for index matching. These strategies aim to achieve state-of-the-art performance in
TFLN electro-optic modulators (EOMs) for sub-THz operation. This work examines
ultra-high-performance photonic and RF devices based on the ridge-etched TFLN ma-
terial system and experimentally demonstrates a high-performance TFLN modulator
with low optical propagation loss, low driving voltage, high 3-dB bandwidth, and high
optical extinction ratio. The remainder of this dissertation is structured as follows.
Chapter 2 introduces the fundamental theory of electro-optic (EO) modulators, outlin-
ing the key challenges in achieving high conversion e ciency and broadband operation.
Chapter 3 presents the simulation design, fabrication, and characterization of an etch-
less, low-propagation-loss Tiggon-TFLN phase modulator. Chapter 4 discusses the
simulation, design, and characterization of capacitive-loaded traveling wave electrodes
optimized for sub-THz operation. Chapter 5 focuses on the design, fabrication, and
characterization of a dual-output TFLN Mach-Zehnder Modulator (MZM) with a 1 V
V and a 3-dB bandwidth of 100 GHz. Chapter 6 details a compact, ultra-lowv of
0.52 V folded TFLN phase modulator. Finally, Chapter 7 concludes the dissertation

and explores potential directions for future advancements in TFLN photonics.
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Chapter 2
THE FUNDAMENTALS OF ELECTRO-OPTIC MODULATOR

In this chapter | discuss the properties of the lithium niobate crystal, di erent
types of lithium niobate waveguide structures, the theory behind the lithium niobate
phase modulator and MZM, the design and characterization of the TFLN modulator

for high-frequency operation.

2.1 Lithium Niobate Crystal Properties

LiNbO3 is a versatile electro-optic material prized for its unique combination of
properties, making it highly valuable for high-performance photonics and optoelectron-
ics. It exhibits a high electro-optic coe cient, wide transparency window, spanning
from the ultraviolet (UV) to the infrared (IR) regions, robust mechanical strength,
high power handling, and relatively low dielectric loss. LiNb@ also boasts excellent
piezoelectric and pyroelectric properties, enhancing its functionality in acoustic wave

devices and thermal sensors.

2.1.1 Anisotropic Properties
In an isotropic material system, such as LN, the relationship between the electric

eld E and the electric displacemenD is given by:

D= E= , (E (2.1)

where o is the permittivity of free space and | is the relative permittivity of the

medium. The relative permittivity is related to the refractive indexn by:

n=" .. (2.2)



In contrast, in an anisotropic medium, the relationship betweel® and E becomes a

tensor equation:

D= E; (2.3)

where is a 3 3 permittivity tensor that relates each component of the electric
displacement to the three Cartesian components of the electric eld. For anisotropic
materials, the Cartesian axes are typically chosen so that the permittivity tensor
can be expressed as a diagonal matrix, allowing the components of b&hand D to
coincide with the principal crystal axes.

The refractive indices in the principal coordinate system can be geometrically

represented by the following equation:

XZ y2 22

—+ T+ =1 2.4
ng nz nZ (2:4)

where ny, ny, and n, are the principal refractive indices along thex, y, and z axes,
respectively. As shown in Fig. 2.1, the principal indices, also known as the index

ellipsoid, are represented in the principal coordinate system.

Figure 2.1: Index ellipsoid in the principal coordinate system.



2.1.2 Pockels Electro-Optic E ect

The mechanism of the electro-optic e ect in lithium niobate (LN) is that the
refractive index of the material changes when an external electric eld passes through
it. When an electric eld passes through an electro-optic material such as LN, the
crystal orientation is no longer aligned with the principal axes. Thus, Equation 2.4 can

be generalized as:

1 2 1 ) 1 1 1 1
— X+ = + =t = z+ — 2xXz+ —  Xy=1; (25
nz n2 2y nz . n2 42y n2 . nz y (2:3)

1

where .

x?, & ,y% and = .z represent the modi ed index changes from the
original, and the last three terms account for the refractive index changes. When no
electric eld is applied, the last three terms are zero, as described in Equation 2.4.
The relationship between the electric eld and the change in refractive index can be
expressed as:

x3
= rEj; (2.6)
i =1
wherer; and E; are the electro-optic coe cients and the electric eld components
along the j -axis of the material, respectively, and i = 1...6. With three electric eld
components oriented along to the principal axes, the refractive index change in lithium

niobate is given by:

i1 ri2 ris
21 T2 T23

0
1 _ Bfa1 I3 I3 %
= =
n=

1
Ey§ : (2.7)
Fa1 Taz 43
E
51 sz I's3
le1 le2 I'63
For LN crystals that have a 3n crystal symmetry, the electro-optic coe cientisa 6 3

matrix. The actual values of the tensor components are:
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Recall Equation 2.5. After applying an electric eldE = ( Ex; Ey; E;), the equation 2.6

can be expressed as:

1

2 2
—  IpEy+risE; x°+ +rpEy+ri3E;, Y
Ng

5 (2.9)

1
+ o +ryE, Z2+ 2r51Eyyz +2r51ExXz 2rpExXy = 1:
e

In a 3m symmetry system [83], wheren, and ny are ordinary indice, andn,
is extraordinary indice, the refractive indices of LN at 1550 nm areg = 2:214 and
ne = 2:138. The values of the linear electro-optic coe cients in LN are;3 = 9:6 pm/V,
r,, = 6:8 pm/V, rzz = 30:9 pm/V, and rs; = 28 pm/V. The largest linear electro-
optical coe cient is rs3. Therefore, in the subsequent LN waveguide and electrode
design, the optical waveguide is polarized along theaxis and an electric eldE, is
applied to utilize the electro-optic e ect. When onlyE, is applied to the LN waveguide,

with Ex = E, =0, equation 2.9 can be written as:

1 1
+ri3E, Y2+ PR z2=1: (2.10)

1
= +rpE, X2+ S
n2 13-z n% 2

0
Since no mixed terms are present, this indicates that the principal axes are not shifted

in this case. The lengths of the new semi-axes of the ellipsoid as modi ed by the
applied E eld can be represented as:
1r13

nd = ny+ én—gEz; (2.11)
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2.2 Optical Waveguide

Waveguide design is a critical aspect of photonic integrated circuits (PICs) as
it directly in uences performance parameters such as optical con nement, propagation
loss, and modal characteristics. The design process typically begins with the selec-
tion of suitable materials for the core and cladding, ensuring that the refractive index
contrast is su cient to achieve total internal re ection (TIR). This index contrast is
fundamental for con ning the optical mode within the waveguide core, minimizing
losses, and maximizing the e ciency of light propagation. LN waveguide designs often
incorporate di used, rib, or strip-loaded structures, which allow ne-tuning of mode
con nement and dispersion properties, as shown in Fig.2.2. Additionally, the geometry
of the waveguide, such as width, height, and etch angle, must be carefully optimized
through numerical simulations based on Maxwell's equations to achieve desired per-
formance metrics, including minimal propagation loss and tailored mode pro les. For
hybrid structures, such as those involving materials like Si, §\4, TiO,, and LiNbOs3,
the waveguide design must also account for the interaction between di erent material
layers, balancing their contributions to the overall optical mode and ensuring e cient
nonlinear interactions. Without causing addtional loss, the higher the mode con ne-
ment in the LN layer, the better. For the hybrid waveguide, the mode con nement

factor in LINbO 3 can be expressed as:

RR
_ ReDDE H dALN .
Re E H dAga '

where Ay represents the e ective area of the LINb@ region, E, H, E and H s

(2.14)

LN

the electric eld vector, magnetic eld vector, complex conjugate of the electric eld
vector and complex conjugate of the magnetic eld vector, the electric and magnetic

eld representing the distribution and the strength of the electric and magnetic eld
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Figure 2.2: (a) Conventional Ti-di used bulk LN waveguide; (b) proton-exchanged
TFLN waveguide; (c) strip-loaded TFLN waveguide; (d) ridge-etched
TFLN waveguide.

in the waveguide,Aa denotes the total area over which the optical mode is con ned,
encompassing contributions from strip loaded material and LiNb© As illustrated in

Fig. 2.2, there are several common types of lithium niobate-based waveguide designs:
Ti-di used LN waveguides, proton-exchange waveguides, strip-loaded waveguides, and
ridge-etched waveguides. Each type of waveguide has its own advantages and disadvan-
tages. Comparatively, Ti-di used LN waveguides and ridge-etched TFLN waveguides
exhibit relatively low waveguide loss, which is crucial for high-performance devices.
However, the mode size of Ti-di used LN waveguides is relatively large, resulting in
a poor overlap between the optical mode and the electromagnetic eld, which signif-
icantly reduces the modulation conversion e ciency. The advantage of strip-loaded
TFLN waveguides lies in their ability to avoid the need for etching lithium niobate.

Etching lithium niobate has consistently been a challenging issue, as will be discussed

13



in detail in Chapter 3. Furthermore, the materials used for strip-loaded TFLN waveg-
uides can vary; for example, LPCVD SiN can be employed to achieve lower loss, while
materials such as Er-doped SiN, AD3, and TiO, can be utilized to con ne the mode
while introducing gain media, potentially enabling the integration of waveguide ampli-
ers into LN photonics, since doping LN with such materials is currently unfeasible.
Ridge-etched TFLN waveguides o er high mode con nement and low loss compared to
other platforms; however, there are currently very few foundries capable of processing
lithium niobate, which is a signi cant factor in realizing low-cost and high-volume LN
photonic applications. Chapter 5 will thoroughly discuss the etching and processing of
LN waveguides, while Chapter 3 will speci cally address strip-loaded waveguides and
present a strip-loaded TFLN waveguide phase modulator. The devices described in
the following chapters all utilize ridge-etched waveguides, which o er superior overall

performance.

2.3 TFLN Phase Modulator

Electro-optic (EO) phase modulators are essential components in photonic sys-
tems, playing a crucial role in the manipulation of light in various applications. These
modulators are vital in optical communication, where they encode information onto
light waves, and in signal processing, where phase shifts are fundamental to functions
such as beam steering and lItering. In optical communication systems, EO modula-
tors (EOMSs) enable high-speed data transmission by allowing precise control over the
phase of the light. This capability supports advanced modulation formats, including
phase-shift keying (PSK) and quadrature amplitude modulation (QAM) [40].

The operating principle of an EO phase modulator involves altering the phase
of an optical signal through controlled variations in the refractive index of a material,
typically induced by an applied electric eld via the electro-optic e ect. As illustrated
in Fig. 2.3, applying a voltage across the upper and lower electrodes generates a strong

electromagnetic eld between them. This eld causes changes in the refractive index of

14



lithium niobate due to its electro-optic e ect. As incident light passes through lithium

niobate, where the refractive index is varying, the phase of the output light changes.

Figure 2.3: lllustration of electro-optic phase modulation ofz-cut LINbO ;.

In phase only EOMSs, the phase change of the light is given by:

2 1
= Kko(ne + n)L:_O ne+§n§r33EZ L; (2.15)

where kg is the propagation constant, ( is the wavelength in free spacen, is the
e ective refractive index, rs;3 is the Pockels coe cient, E, is the applied electric eld,
and L is the length of the interaction region.

For LINbO 3, the maximum Pockels coe cient isrz;. By applying the same DC
power, to achieve the maximum phase shift due to the Pockels e ect, the light must be
polarized with transverse electric (TE) polarization for X-cut LINbO; and transverse
magnetic (TM) polarization for z-cut LINbO 3. Only the TE polarization is considered
in X-cut LINbO 3, which aligns with the extraordinary z-axis. The phase shift from the
output light can be expressed as:

1 n2r332 LE , .
2 0 '

(2.16)

At low-frequency operation, the applied voltage/ =dproduces an electrical eld
E,, whereV is the applied voltage andd is the electrode gap. Thus, the relative phase

shift can be rewritten as:
1 ngr332 LV .
2 od )

(2.17)
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Figure 2.4: lllustration of 180 phase shift of incident light after going through
LINbO 3 phase modulator with Vpi DC bias.

The simpli cation E, = % is valid when the wavelength of the applied electric
eld is much larger than the length of the interaction region. As shown in Fig. 2.4.
The simplest expression fo can be obtained by solving Equation 2.17 for =
The optical phase change can be rewritten as a function of the voltage:

s NeraV _ V.
0 Td L ot

(2.18)

where ¢ is the initial phase andV is the half-wave voltage, which represents the DC
bias required to induce a phase shift of 180
The half-wave voltageV is a critical performance metric for phase modulators

and can be derived from:
d
0

= m: (2.19)
This equation is not accurate for practical situations because a 100% overlap
between the optical mode and the electric eld cannot be achieved in practice. Some
portion of the optical mode will be outside the LN material. In optimized ridge-etched
LN waveguides, this overlap typically reaches around 89%, whereas strip-loaded LN

waveguides exhibit lower con nement. To develop a more accurate theoretical model,
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the con nement of the optical mode within the LN layer should also be considered.

The overlap integral factor ,, is de ned as:
au 3NET3306 2)Enm (X 2)JEo(X; 2)2 DA
e Vo . IEo(X;2)j?dA ’

whereV, is the applied voltage required to produce the el (x;z), and the integral is

(2.20)

performed over the cross-section of the optical mode. For the X-cut LiNgQvaveguide,
the optical mode cross section is the plane perpendicular to the optical propagation

direction. Taking equation 2.20 into 2.19, it can be rewritten as

d
v =% . 2.21
ne3r33|— mo ( )

2.3.1 Low-Frequency Operation

To study the performance of LINbQ at low frequencies, optical sidebands are
the primary focus of research. Sidebands typically appear on either side of the car-
rier signal, and their positions are directly related to the electric eld's modulation
frequency, while their intensity is related to the launched RF power and the device's
conversion e ciency. In devices with higher conversion e ciency, the signal intensity
approaches that of the carrier signal. To derive the expression of the phase modulator
optical sideband, | assume the modulating electric eld to be a sinusoidal wave in the
time domain and constant across the device's electrode lendthof the interaction re-
gion at low frequency. The mathematical derivation of the optical sidebands generated
by the phase modulator is as follows. Since the electric eld is a sinusoidal wave in

time, the phase of the optical signal can be expressed as:
(t)y= o+ nrL sin(! ht); (2.22)

where! , is the modulation frequency, also called the angular frequency of the sinu-
soidal electric eld.
The electric eld component of the modulated optical carrier signal can be

derived as:
E = Eoé I ot+ ot —one3r33%L sin(! mt)

2.23
= Eoe| (! ot+ o)ej 70n83r33%|‘ sin(t mt). ( )
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where! ( is the angular frequency of the optical mode. We can introducing the modu-
lation index |, as the relative phase shift given an applied voltagé to the device,
Vv Vv
m = _One~-"?‘r336L = V_: (2.24)

This de nition can be inserted into Equation 2.23, and the equation of the electric eld

component can be simpli ed to the following:

E = Egdlotr o¢ men(n; (2.25)

This equation contains a sinusoidal function inside the exponential, where the
phase of the optical signal varies sinusoidally with time due to the modulation frequency
I . Here we introduce the Jacobi-Anger expansion, which allows us to express this
term as a series of Bessel functions that provides a more tractable form for analyzing

the optical signal, especially when studying the sidebands in the frequency domain:

o R :
g msin(tmt) — Jn( m)em mt: (2.26)

n=1

where J,( ) are the Bessel functions of the rst kind of ordern. This expansion
decomposes the modulated signal into a series of frequency components (sidebands) at
integer multiples of the modulation frequency . Using this expansion, the electric
eld E can be expressed as a sum of di erent frequency components that correspond
to the carrier and its sidebands:

Xl

E = Eqe(‘ot* 0 Jn( m)e™ mt: (2.27)

n=1
Considering the applied voltage is low and the modulation index is small. Only the

zeroth and rst-order Bessel functions are non-negligible. Thus 2.27 can be simpli ed
to:

n Xl #

E=Eee © Jo( m)€' '+  Jo( ) o Mmity( pynglorntm)t - (2 28)

n=1
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E=Ege ° Jo( m)e '+ Jy( o) €lotmt  dlotimit (2.29)

E = EoJo m)ei(!ot+ o) + EoJdi( m)ei o glo tmt gltortm)t - (2.30)

Now we introduce an arbitrary phase constant, , into the modulating signal as fol-

lows:
glmt m): (2.31)

into the general expression, which can be expressed as:
E = Eodo( m)€V o 9D+ Egdy( )€ © o 'mt i m gllorim)t¥d m - (5 39)

Up to this point, the new sidebands have been imprinted onto the original optical
carrier. As shown in Fig.2.5, these sidebands, namely the upper sideband and the
lower sideband, are located at frequency o sets of the modulating frequency , of
the optical carrier! 3. Since the RF signal applied to the modulator during testing is
typically 0 dBm, J;( ) can be approximated as ,=2, while the power of the optical
carrier remains nearly unchanged, withdo( ) 1. Thus, the power of the carrier
signal can be expressed as:

Pearier = JE0j?3§( m); (2.33)

and the powers of the upper and lower sidebands are:

Pupper sideband = Plower sideband = jEOjZ‘le( m)- (2.34)

Note, this does not account for external losses such as cable loss and probe loss, or the
frequency-dependent losses of the electrodes.Now if we assume a perfect matching of
the RF phase index with the optical group index at each modulating frequency, the

power of the sidebands relative to the carrier power is given by:

PSBRC = Jli( m) —ﬁ": (2.35)
J5( m) 4
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Figure 2.5: The intensity of the modulated output optical signal as a modulating
frequency! biased with a small voltage. The lower sideband and upper
sideband are located at an o set of +/- the bias frequency.

2.3.2 High-Frequency Operation

While the above analysis is for low frequency operation, no longer holds at high
frequencies. In this case, when the wavelength of the modulating frequency becomes
shorter than the length of the electrode-interaction region, the electric eld applied
to the electrodes can no longer be considered uniform and must be evaluated as a
traveling wave. In the design of thin- Im lithium niobate devices, in order to achieve a
relatively low V < 1, the length of the electrodes is often over 2 cm. This means that
at frequencies above 15 GHz, the electric eld is no longer uniform and needs to be
evaluated as a traveling wave. At such high frequencies, the electric eld propagates
at a dierent speed than the optical waveguide. This necessitates more advanced
electrode designs, such as traveling-wave electrodes or capacitive-loaded traveling-wave

electrodes, which allow the RF phase index and optical group index to match at speci c
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frequencies. The design details will be elaborated in the following chapters. At high-

frequency operation, the electric eld along they-axis can be expressed as:
E,(fm;y;t)= Eqge m(mlyd2imt. (2.36)

where f, is the modulating frequency applied to the RF electrodes is the spatial
frequency of the modulating signal in free space, and, is the frequency-dependent
propagation loss. Considering that only the RF wave propagates along the electrode of
length L, the phase mismatch between the RF signal and optical mode as represented

in the phase change equation 2.17 can be rewritten as:
z L

Eeg2fmt e mmygy: (2.37)
0

1 ngr332

( fm)=3

By selecting a single time slotg, the driving voltage can be written as:
V(fm:y) = Voe m(fm)yg ik(nm no)yg2f mtO; (2.38)

wherek, np,, and ng represents the angular wavenumber in free space, the RF phase
index, and the optical group index, respectively, antfy is the amplitude of RF signal for
device under testing (DUT). We can introduce the relative mismatch term,, between

the RF phase index and optical group index:

_ ., No.
=1 (2.39)

which can be inserted into the phase mismatch equation 2.38:
V(fmy)= Ve mm¥e knmyg2fmto. (2.40)

By considering the voltage along a length L for the traveling wave electrode, the change
of the RF phase can be expressed as:

Z
3 L
}ne rss 2 Voeizf mto g mm)yg jknmy dy: (2.41)
2 d 0 0

The phase change equation can be simplied by recalling the mode overlap factor

( fm)=

equation 2.20 as:

2 . 1 e L(m(m)tjknm)
f - = Ve|2fmto i
( Tm)= =V o (frm) + Tk 7

(2.42)
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Here we de ne the electrode-optic responsea(f,), also known as the modulation
depth, as a function of the modulating frequencyf,,, as the high-frequency phase

change (fy) normalized to the DC phase change (0):
r

- m (Fm)L C 2 Knm L
sinf? nGm)t 4gjn?2 koo b

J(C fm)i _m(fm)L 2
m(f =— - e 2 . 243
(fm) INOR m(fm)l 2, kgL 2 (2.43)
2

From the derived equation, it is clear that the modulation depth mainly depends on
three variables: the RF loss coe cient ,,(f), the index matching between the op-
tical mode and the RF phase index, and the length of the RF electrode. To achieve
ultra-wideband operation, all three parameters need to be optimized simultaneously.
Besides the bandwidth of the modulator, the driving voltage at high-frequency is also
important. Here, we can calculate the RFV (f,) by de ning the induced DC phase

change:

©0) = 2 LVo; (2.44)
0

and the phase change at high-frequency can be expressed as:
2
( fm)= - LVom(fy): (2.45)

Assuming the phase change is, the half-wave voltage as a function of modulating

frequency is rewritten as:

o 1 VvV (DO,
V)= o i mtty ~ mtn)

For high-performance modulator design, we aim to achieve a Iow and high band-

(2.46)

width. However, from this equation, we can see that to achieve a lowsr, a longer
device length is often required. This leads to increased RF loss and makes phase

matching much more challenging.
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2.3.3 Broadband Operation

Broadband high-frequency operation of electro-optic modulators is crucial for
applications in high-speed communication systems. In recent years, due to the devel-
opment of CIS technology, most lithium niobate modulators are based on TFLN-on-
silicon. Recently, a lithium niobate phase modulator with an operating bandwidth of
up to 500 GHz has been demonstrated [56]. This device uses UV15 to tune the RF
phase index to match the optical group index. However, because of the short inter-
action region of the device and the additional loss caused by UV15, the conversion
e ciency of the modulator is very poor, with a driving voltage of 40 V at 500 GHz.
Although this ultra-high bandwidth is impressive, the challenge of achieving a lower
driving voltage without reducing the bandwidth remains a challenge. As we know from
the derivations in the previous sections, achieving high-frequency operation with low
driving voltage requires low electrode loss and good index matching. Next, these two

parameters impact bandwidth will be discussed in more detail.

2.3.4 Frequency Dependent RF Electrode Losses

To maximize the conversion e ciency in the interaction region throughout the
device length, low-loss electrodes are needed. At low frequencies, the electrode losses
are minimal, so here we only consider the high-frequency dependent CPW propagation
loss, which can be expressed as three dominant mechanisms:

P —
(fm)= ¢ fm+ ofm+ rfr%; (2.47)

where (fn), ¢ ¢ and . are the cumulative frequency-dependent CPW loss, con-
duction loss, dielectric loss, and radiation loss, respectively. The units foff ), ¢ d

and , are dB/cm, dB/(cm GHz*2), dB/(cm GHz), and dB/(cm GHz 3), respectively.
Under 300 GHz, the radiation loss can be neglected, so only conduction and dielectric
losses are considered here. The dielectric loss is the inherent loss of the material, which

occurs when an electromagnetic eld passes through a non-conductive material and is
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dissipated as heat. The factor representing this loss is the dielectric loss tangent, also

known as the dissipation factor. The loss tangent can be expressed as:

— Imaginary part of the pern?lt.tlwty ; (2.48)
Real part of the permittivity

where is the loss angle, and permittivity (') is the material's ability to store electrical
energy in an electric eld. The real part of the permittivity ("9 represents the stored
energy, while the imaginary part (°y represents the energy lost as heat. Since the loss
tangent is more about the physical properties of the material and is di cult to change
through design, choosing the right material platform becomes very important. In
TFLN applications, the LN layer and silicon dioxide layer are relatively thin, which has
some impact on dielectric loss, but the greater impact comes from the substrate. The
table below lists the dielectric loss tangents of materials included in TFLN modulators:

Considering the signi cant di erence in loss tangent between silicon handle and Quartz

Material Loss Tangent
Lithium Niobate (LINbO 3) | 10 “to 10 °
Silicon Dioxide (SiQ,) 10 “to 10 3

Silicon (Si) 10 3to 10 ?
Quartz (Qz) 10 °to 10 #
Air 10 °

Table 2.1: Loss tangent of materials in TFLN modualtors

(Q2z) handle, as shown in Fig. 2.6, several possible designs can be applied to these two
types of substrates. One option is to use traditional silicon handle, which would result
in higher RF losses. Alternatively, using a Qz handle can minimize the impact of
dielectric loss to the greatest extent. Another option is to use silicon handle but with
a cavity beneath the electrodes where the electric eld passes through. It allows the
electric eld to pass through air, which has an ultra-low loss tangent.

For the conduction loss, the CPW can be considered using the resistance of a

wire:
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Figure 2.6: Three di erent modulator designs with di erent substrates. (a) Conven-
tional TFLN phase modulator design on a silicon substrate. (b) TFLN
phase modulator on Qz substrate. (¢) TFLN phase modulator on silicon
with substrate removal.

R= —: (2.49)

where is the conductivity of the material, L is the length of the wire, andA is the
cross-sectional area of the wire. For the RF CPW, the loss is also in uenced by the
frequency-dependent skin depth. Skin depth describes how deep the electric eld can
penetrate from the surface of the electrode, which can be expressed as:

r
skin depth =

; (2.50)
f m 0

wheref, is the modulation frequency, o is a constant equal to 4 10 7, and is

the conductivity of the electrode material. For conventional CPW design, the thick-
ness of the electrode needs to be at least three times greater than the skin depth to
avoid loss caused by this e ect. Since the skin depth is inversely proportional to the
modulation frequency, as the modulation frequency increases, the depth of penetration
of the electric eld into the electrode decreases, leading to an increase in resistance, as

shown in Fig. 2.7. When combined with the previous analysis of the CPW resistance
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Figure 2.7: The skin depth of gold electrode as a function of frequency.

as a function of electrode length and cross-sectional area, it is evident that thicker
and wider signal electrodes result in lower conduction loss. A larger gap between the
signal and the ground electrodes will disperse the RF signal, resulting in less inter-
actions of the RF mode with the electrode per unit area, which will decrease the RF
loss. This concept is e ectively applied in the design of capacitor-loaded traveling wave
electrodes, which will be discussed in detail in the following chapters, along with design

speci cations and experimental data.

Metal Conductivity (S/m at 20 °C)
Silver (Ag) 6:30 10
Copper (Cu) 596 10
Gold (Au) 410 10
Aluminum (Al) 377 10
Nickel (Ni) 143 10
Molybdenum (Mo) 1:.87 10
Tungsten (W) 179 10
Platinum (Pt) 9:43 10
Titanium (Ti) 238 10°

Table 2.2: Conductivity of metals used for electrode design
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The choice of electrode material is also important. Considering performance
stability and long device lifetime, most of our devices use gold. However, as shown in
Table 2.2, silver o ers better conductivity. To achieve ultra-low electrode losses, silver
could be used as an electrode material, and additional isolation layers could be added

to prevent oxidation.

2.3.5 Index Matching

In addition to RF loss, index matching is another crucial variable for LiINb@
modulator to achieve broadband operation. In a traveling-wave LiNb9phase mod-
ulator design, the group index of the optical waveguide for x-cut LiNb®can be ap-
proximately 2.2. The etch depth and oxide cladding can a ect the optical group index,
as shown in Fig. 2.8. To ensure good mode con nement and minimal interaction
between the mode and waveguide sidewall, we xed the etch depth at 300 nm. The
thickness of the cladding can adjust the optical group index from 2.20 to 2.25, showing
the in uence of the cladding layer on the LINbQ group index. However, this range of
tuning is not su cient, and altering the oxide thickness also a ects the mode overlap
between the optical mode and the RF mode. Thus, tuning the index by changing the
oxide thickness is an option, but it is not the optimal method. Another approach is
to x the optical group index and then adjust the RF phase index to match it. Here,
we utilize a capacitor-loaded traveling wave electrode design, which allows the phase
index of the electrode to be altered by changing the capacitance of the electrode with-
out introducing additional RF loss. Detailed simulations and experimental data will
be thoroughly discussed in Chapter 4. As seen in Fig. 2.9, the roll-o of the sideband
becomes much atter for the index-matched device, when the length and loss of the

electrode are almost the same.

2.4 Mach-Zehnder Interferometer Intensity Modulator
Building upon this fundamental principle of a phase modulator, the Mach-

Zehnder modulators (MZM) o er a more advanced and versatile approach to optical
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Figure 2.8: (a): Optical mode for TFLN with 500 nm silicon dioxide cladding in
linear scale. (b): Optical mode for TFLN with 500 nm silicon dioxide
cladding in log scale to see the 3 dB point. (c): The optical group index
as a function of silicon dioxide cladding thickness.

modulation. Unlike simple phase modulators, MZMs utilize two interferometer arms
to achieve amplitude modulation through interference e ects. By applying voltages to
these arms through a GSG probe, the MZM introduces phase di erences that result
in constructive or destructive interference (peak to null). In the optical domain, the
optical power is evenly split into a 50:50 ratio by devices such as Multi-Mode inter-
ference (MMI) devices, bidirectional couplers, or Y-branches. Each design has its own
advantages and disadvantages. MMI devices are noted for their relatively stable prop-
erties, lower loss, and better tolerance to fabrication errors. In contrast, directional

couplers and Y-branches are more sensitive to variations in the fabrication process,
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Figure 2.9: The optical response for same electrode length and almost same RF loss
with di erent RF phase index.

such as the gap in directional couplers and the pitch in Y-branches. Notably, the same
splitter design can also work as a combiner, and the electric eld at the output can be

expressed as:

1 . .
Eou = E1+ E2 = EEin € *+¢€ 2. (2.51)

The power is proportional to the square of the amplitude of the electric eld, so the

output power P, is given by:

Pout /] Eouj® = %Em d 1+ 2 (2.52)
Expanding this yields:
1_
Pout / Z]Einj (2+2cos( 1 2)) (2.53)
Pout = Pin CO$ 172 : (2.54)
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whereP;, is the input optical power. For an MZM, the phase change of both arms can

be expressed as 5 = , SO:

Pout = Pin cOS > : (2.55)

Figure 2.10: The schematic of the MZM push-pull con guration, with the optical
domain indicated in blue and the RF domain represented in orange.

As shown in Fig. 2.10, a push-pull con guration, the voltages applied to the
two arms of the MZM are opposite in polarity. IfV is applied to one arm, then V is
applied to the other. Assume that each of the arms can be treated as a phase modulator
with a half-wave driving voltage ofV as discussed above. The phase shifts in the two
arms are then:

1= V—V; (2.56)

The total phase dierence  between the two arms is:

vV =2V (2.58)

<|N

vV
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This equation shows that the phase di erence is doubled in the push-pull con guration,
which improves the modulation e ciency. When = , the half-wave voltage of the

Mach-Zehnder modulator can be rewritten as:

Vv
Vvzm = 7: (259)

2.4.1 Bias Condition for MZM

Figure 2.11: Sinusoidal transfer function of the MZM for di erent bias conditions.

To achieve maximum modulation depth, thereby ensuring a linear modulation
response, maintain balanced operation, and enhance the dynamic range, the MZM
must be biased at the quadrature point. This point of quadrature bias corresponds to
a phase di erence of; between the two modulating arms of the MZM. As shown in
Fig. 2.11, at the quadrature bias point, the modulated signal experiences the highest
extinction ratio between peak and null with the most linear response, resulting in the

highest modulation depth.
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2.5 DC and High-frequency Characterization
2.5.1 DC Characterization

As discussed previouslyV is one of the key performance parameters for an
EOM. There are several di erent methods to tes¥ , which can generally be categorized
into DC and RF. Under DC conditions, the loss of the electrode is minimal, and index
matching does not signi cantly a ect modulation e ciency. Because of this,V under
DC conditions is often lower, but this does not represent thg' of the device at high
frequencies. However, the advantage of this test is that it allows the study of various
variables in modulator design, such as the impact of the electrode gap, silicon dioxide,
and high-index cladding onV L, without considering issues related to electrode loss
and index matching. This makes it a useful approach for optimizing modulators. The
same method can also be used for high-precision testing of micro-ring resonators, which

will be explained in subsequent chapters.

Figure 2.12: Diagram showing the DCV test setup for TFLN modulator.

For phase modulators and MZMs, in most designs, the phase modulator has
only one modulation arm. In this case, we use an external ber splitter and combiner

to create a reference arm, which e ectively turns the waveguide section of the phase
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modulator into a Mach-Zehnder interferometer (MZI) con guration. In the following
tests, we will use the MZM as an example to illustrate the process. As shown in Fig.
2.12, the input laser is connected to a lensed ber and butt coupled to a device. The
DC source is provided by a low-frequency signal generator with a sawtooth waveform
at a frequency of 10 kHz and peak-to-peak voltage of 10-20 V. The frequency here
can vary, at the lower driving frequency where the charge relaxation of silicon dioxide
and TFLN may supress the modulation. The driving voltage can be adjusted based
on the estimatedV of the device to reach full sinusoidal wave. The signal generator
is triggered with an oscilloscope to maintain the same time-domain scale. In practice,
the DC signal can be launched through either DC needle probe, GS and GSG probe
based on the electrode design and type of modulator under testing. The output light
is coupled with another lensed ber and directed onto an InGaAs photodetector that
converts the optical signal into photocurrent with high responsivity (1 A/W) at 1550
nm. Since the tunable laser only provides around 20 mW of optical power, taking
into account the coupling loss and waveguide propagation loss, the output signal can
be relatively low. The photocurrent is then converted into voltage and ampli ed by

a trans-impedance ampli er (TIA). The ampli ed voltage signal is then fed into the
oscilloscope, where both the driving voltage trace from the function generator and the
amplitude modulation trace are displayed. The driving voltage can be extracted by

measuring the voltage of the peak and null for phase shift for a sinusoidal wave.

2.5.2 High-frequency Characterization

At low frequencies,V can be measured using the method described above.
However, this method has a signi cant limitation: the arbitrary waveform generator
(AWG) can only provide signals up to a few kHz. The 3-dB bandwidth is also cru-
cial for evaluating a modulator's performance. With the recent rapid development of
TFLN modulators, the 3-dB bandwidth has nearly exceeded 100 GHz [99]. As shown
in Fig. 2.13, using the same coupling approach, the input voltage can use a vector

network analyzer (VNA) as the source, which can increase the RF signal frequency up
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Figure 2.13: Diagram showing the high-frequency/ test setup for TFLN modulator.

to 110 GHz. In this regard, the VNA can provide signals at higher frequencies, even
reaching THz with frequency extender heads. However, it is dicult to get PDs at
these frequencies. Currently, typtical PDs are limited to bandwidths around 100 GHz.
This method can directly measure the EO response by feeding the signal from TIA
back to VNA. In his case, the cable loss needs to be normalized before the measure-
ment. This approach is suitable for testing most modulators, but in the subsequent
chapter, we have overcome the 100-GHz limit of the 3-dB bandwidth and pushed the
limit to THz operation. The method of using a PD for testing is not feasible here, as
it is di cult to meet the THz requirements. This led to the use of an optical spectrum
analyzer (OSA) for direct EO response measurement and calculation of the modula-
tion e ciency or RF V through the power ratio between the sidebands and carrier, as
shown in Fig. 2.14. When using an OSA to directly measure the optical response by
collecting sidebands, there are several things to consider. The rst is how to set up the
high-frequency bandwidth using a Keysight VNA. The Keysight VNA has a built-in
frequency range that can reach up to 67 GHz. With the Keysight mmW broadband
test kit, this range can be extended to 110 GHz. Within this range, the RF power can

provide an output power of 20 dBm, which is helpful for measuring sidebands at high
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Figure 2.14: Diagram showing the high-frequency test setup for TFLN modulator
by using OSA.

frequencies. For frequencies exceeding 110 GHz, a frequency extender head is required.
Currently, there are only two commercially available frequency extender heads: one
from OML Inc. and another from VDI Inc. This work use a set of OML frequency
extender heads covering the range from 110 to 325 GHz. Addtionally, VDI's frequency
extender heads were also used for the range from 325 GHz to 1.1 THz.

To use the frequency extender head, we need to connect the N5292A test set
and the frequency extender head with an N5290A304 cable, and the corresponding
multiplier should be set within the appropriate bandwidth. The VNA power should
be set to 10 dBm, which is su cient to operate the frequency extender head without
damaging the system. Although this power level is well below the damage threshold,
increasing the VNA RF power will not increase the output power from the frequency
extender head. This is due to the saturation of the extender's internal components,
such as mixers and ampli ers, which limits the output power despite higher input levels.
To normalize the sideband power later, it is crucial to know how much RF power is
transmitted to the device. The available RF power needs to be measured in advance.
As shown in Fig. 2.15, the output of the frequency extender head is connected to a

straight RF waveguide, then to a transition waveguide, and nally detected by a VDI

35






	Table of Contents
	List of Tables
	List of Figures
	Abstract
	1 Introduction
	1.1 Silicon Photonics
	1.1.1 Electro-Optic Modulator in Silicon

	1.2 Lithium Niobate Photonics
	1.3 Contributions of This Work
	1.4 List of Publications
	1.4.1 First Author Journal Papers
	1.4.2 Co-author Journal Papers
	1.4.3 Conference Papers


	2 The Fundamentals of Electro-optic Modulator 
	2.1 Lithium Niobate Crystal Properties
	2.1.1 Anisotropic Properties
	2.1.2 Pockels Electro-Optic Effect

	2.2 Optical Waveguide
	2.3 TFLN Phase Modulator
	2.3.1 Low-Frequency Operation
	2.3.2 High-Frequency Operation
	2.3.3 Broadband Operation
	2.3.4 Frequency Dependent RF Electrode Losses
	2.3.5 Index Matching

	2.4 Mach-Zehnder Interferometer Intensity Modulator
	2.4.1 Bias Condition for MZM

	2.5 DC and High-frequency Characterization
	2.5.1 DC Characterization
	2.5.2 High-frequency Characterization


	3 Titanium dioxide on thin film lithium niobate Phase Modulator
	3.1 Introduction
	3.2 Material Deposition and Characterization
	3.3 Device Design and Simulation
	3.4 Fabrication
	3.5 Device Characterization
	3.6 Conclusion

	4 Capacitive loaded Traveling wave electrode on Thin film lithium niobate
	4.1 Introduction
	4.2 CLTWEs Theory
	4.3 Fabrication
	4.4 Device Characterization and Discussion
	4.5 RF Phase Index Tuning
	4.5.1 THz Operation

	4.6 Conclusion

	5 Dual-Output Thin film lithium Niobate Intensity Modulator
	5.1 Introduction
	5.2 Device Design and Simulation
	5.2.1 Electrical-Optic Trade-off Studying
	5.2.2 12 Splitter Design
	5.2.3 22 Splitter Design

	5.3 Fabrication
	5.4 Characterization
	5.4.1 Optical Loss Characterization
	5.4.2 Electrode S-parameter Characterization
	5.4.3 DC Response and ER Characterization
	5.4.4 High-Frequency Response

	5.5 Conclusion

	6 Folded Sub-1V V Thin Film Lithium Niobate Phase Modulator
	6.1 Introduction
	6.2 Device Design and Simulation
	6.3 Fabrication
	6.4 CLTWE Characterization
	6.4.1 Optical Loss Characterization
	6.4.2 DC V Characterization
	6.4.3 High Frequency Characterization
	6.4.4 Frequency Comb Generation

	6.5 Conclusion

	7 Conclusion and future work
	7.1 Thesis Conclusion
	7.2 Future work
	7.2.1 Waveguide Loss
	7.2.2 Coupling Loss
	7.2.3 VL Reducation
	7.2.4 THz Modulator


	Bibliography
	Table of Contents
	A Copyright
	A.1 OSA copyright
	A.2 IEEE copyright
	A.3 SPIE copyright


