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ABSTRACT

In the last decade, lithium niobate (LiNbO3) electro-optic (EO) modulators have

emerged as an attractive alternative to III-V and silicon (Si) plasma dispersion and

free-carrier absorption based modulation platforms. Commercially available bulk single-

crystal LiNbO3 modulators demonstrate high optical power-handling capability, low

optical absorption, zero chirping, high spurious-free dynamic range (SFDR), satisfactory

environmental stability and low insertion loss. However, these devices rely on low index

contrast (� n < .02) titanium (Ti)-di�used waveguides (Ti:LiNbO 3) that produce a

large optical mode in the EO medium. Consequentially, bulk-LiNbO3 devices su�er from

large optical bending-radii and unfavorable voltage-bandwidth performance. Moreover,

these devices require individual tuning through micro-machining to enable broadband

operation that precludes e�cient mass-production. Recently, the commercial availability

of crystal-ion sliced (CIS) thin-�lm LiNbO 3 on insulator (TFLNOI) has paved the way

for the development of the TFLNOI modulator, representing a technological leap that

rivals the transition from Si to bulk LiNbO 3 modulators.

TFLNOI devices use a ridge-etched or integrated strip-loaded waveguide to con�ne

an optical mode that is nearly 20 times smaller than that of their bulk counterparts.

With this, dense integration with tight optical bending radii leads to the realization

and implementation of compact optical splitters, crossings, combiners, rings and grating

couplers. A number of discrete devices including Mach-Zehnder modulators (MZM),

phase modulators, EO and thermo-optic (TO) optical switches, ring resonators and

optical frequency comb (OFC) generators have already been demonstrated on the

TFLNOI platform. These devices show improved voltage-bandwidth performance, lower

half-wave voltages and substantially smaller footprints than bulk LiNbO3 modulators.
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This work focuses on the development, fabrication and characterization of

TFLNOI photonic devices and investigates techniques to increase operational band-

width, lower optical and RF insertion loss and reduce the overall device footprint of

Mach-Zehnder intensity modulators. In this, discrete optical components are designed

and used to demonstrate a compact, folded, modular broadband intensity modulator

in the hybrid silicon nitride (Si3N4)-LiNbO 3 material platform. The device is then

modi�ed for dual-output operation and improved optical extinction ratio to facilitate

use in an RF photonic link that uses a balanced photo-diode (PD) receiver pair to

eliminate common-mode noise for an extremely low noise �oor and high spurious-free dy-

namic range (SFDR). Finally, RF slow-wave electrodes are investigated on the TFLNOI

platform for RF and optical index matching and state-of-the-art voltage-bandwidth

performance.
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Chapter 1

INTRODUCTION

As global data tra�c outgrows the capability of the world's networking systems,

existing infrastructure becomes ine�cient, unreliable and costly [1]. Cellular data tra�c

has grown by an order of magnitude over the last �ve years alone, where the average

smartphone consumes nearly 12 GB of data per month [2]. As an increasing number of

high-speed devices are added to the grid, networking hubs, data centers, and cell towers

must be upgraded to support the demand. Current infrastructure uses coaxial cables or

copper (Cu) transmission lines to enable long distance data transport for everything

from telephone lines to broadband internet connectivity. These cables are heavy, lossy

and require periodic repeater stations to amplify the signal over long distances. Moreover,

they are extremely susceptible to noise and interference, and can be monitored by third

parties wishing to read or change the signal they carry. Finally, coaxial cables and

the high-power RF ampli�ers that drive them are band-limited by their TE11 cuto�

frequency, after which point the TE11 and TEM modes begin to interfere, causing

re�ections along the cable.

The need then arises to modernize the world's communication systems so they

may support the bandwidth of the future. Existing transmission lines must be replaced

with lightweight, low loss �ber-optic cables to increase e�ciency, lower cost, and eliminate

the need for constant retro�tting of the present architecture. Optical �bers used in

communications are substantially smaller than coaxial cables, do not limit RF bandwidth,

provide signal security against outside intrusion, and can be densely packed for extremely

high data throughput. Where a conductive transmission line propagates a TEM mode

through a dielectric clad between a signal and a ground conductor, an optical �ber

transmits light through a strand of glass. While some high-performance networks use
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digital optical �ber communications with silicon-based modulators, the shift towards an

analog regime where information can be imparted on the intensity, phase and polarization

of the optical signal further increases the maximum bandwidth. To interface with an

optical �ber, an optical modulator is required; a device that can be used to manipulate a

beam of light. In this case, an RF signal is converted to an intensity and phase variation

in an infra-red carrier signal to be sent through an optical �ber.

The optical modulator is an integral part of active and passive millimeter wave

imaging systems, modern telecommunications networks and data communication, and is

widely used in on-chip RF photonic devices, frequency comb generation, on chip signal

splitting, sensing, and quantum photonics [1,3�21].

If an optical modulator is to be integrated with existing systems, it should main-

tain a small device footprint, feature a wide RF bandwidth and remain environmentally

stable for reliable operation in any environment [11� 13, 18, 22]. Moreover, the ideal

optical modulator boasts a high (>35dB) extinction ratio to promote signal �delity and

must be speci�cally tailored for high-frequency, low-voltage operation to support the

needs of present and future networks [4,6,11,23,24]. Finally, the device must remain

compact and low-cost to remain an attractive alternative to heavy, high power and

costly upgrades to RF ampli�ers and coaxial transmission lines.

1.1 Silicon Photonics

Silicon (Si) is ubiquitous as the optical medium of choice for optical communica-

tions, signal processing and photonic integrated circuits (PIC). Semiconductor foundries

throughout the world have become pro�cient in the fabrication of Si photonic devices

with sub-micrometer precision, and process design kits (PDK) allow PIC designers to

build devices from an established set of on-chip optical components to meet speci�c goals.

Silicon is nearly transparent in the infrared, and as such, most Si photonic components

operate at the 1550 nm wavelength. Typically, a layer of Si is bonded or deposited

onto a layer of silica, coined silicon on insulator (SOI). Considering Si's optical index

(nog) of nearly 3.5 at 1550 nm compared to roughly 1.48 of SiO2, an optical mode can
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be tightly con�ned in an optical waveguide, promoting tight bending radii and dense

on-chip integration. The Si layer will then be manipulated through techniques including

etching, doping and annealing to form discrete optical components that work together

to form a greater whole.

Through wafer bonding or active fabrication processes, it is possible to integrate

active RF and optical components into a single, hybrid layout. As such, Si PICs are

of great interest to the photonic community as a means to bridge the gap between

electronic and optical signal processing. This might enable a hybrid computer processor

that uses optical interconnects to facilitate high-speed data transfer within and between

a microchip to mitigate resistive, capacitive and inductive e�ects that limit the frequency

and throughput of today's microchips.

Through its exhibition of nonlinear optical phenomena such as the Kerr e�ect,

Raman e�ect, two-photon absorption and the interaction between photons and free

charge carriers, Si facilitates the interaction of light with light [25]. Waveguides made

from Si can enable soliton propagation, where under speci�c conditions, the nonlinearities

of Si promote spatial and temporal solitons that balance the di�raction and dispersion

of an optical pulse [26].

Nevertheless, silicon's inherent nonlinearities limit its usefulness in some applica-

tions; namely high power, high frequency operation. To that end, alternative material

systems remain an attractive alternative to Si-based PICs.

1.1.1 Plasma Dispersion and Free-Carrier Absorption

Due to its inversion symmetry Si cannot exhibit a linear EO e�ect, making

it a less than ideal candidate for EO modulation. Instead, Si-based modulators take

advantage of the interaction of photons with free-carriers within the semi-conductor.

Here, an applied electric �eld changes the real and imaginary refractive index in the

crystal through modi�cation of the density of free carriers within the material. This in

turn modi�es optical absorption, per the Kramers-Kronig relation, and refractive index

in the medium, making both phase and intensity modulation possible. The Drude-Lorenz
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system of equations can be used to relate the change in electro-absorption (� � ) and

the electro-refraction (� n) to the change in the density of electrons (� Ne) and holes

(� Nh) in the region [27,28]:

� � =
e3� 2

0

4�c 3� 0n

�
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� e(m�
ce)2

+
� Nh
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ch)2

�
(1.1)
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8� 2c3� 0n

�
� Ne

m�
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� Nh

m�
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�
: (1.2)

Here, the variablese, � , � 0, c, n, � e, � h, m�
ce and m�

ch represent electric charge, free-space

wavelength, the speed of light, the index of crystalline Si, electron mobility, hole mobility,

the conductive mass of electrons and the conductive mass of holes, respectively. Since the

introduction of the Drude-Lorenz model, Soref and Bennett went on to experimentally

characterize the index and absorption of Si at telecom wavelengths and found that the

model does not accurately describe the e�ects of hole density. They proposed a new

set of modeling expressions for the 1550 nm wavelength that are widely used today to

model plasma dispersion in an Si crystal [28,29]:

� n = � ne + � nh = � [(8:8E � 22)� Ne + (8 :5E � 18)� N 0:8
H ] (1.3)

� � = � � e + � � h = (8 :5E � 18)� Ne + (6 :0E � 18)� N 0:8
H : (1.4)

It is shown that the change in both absorption and refractive index in Si modulators

relies on the �nite mobility of the free-carriers within the crystal which inherently limits

the maximum bandwidth of the device. When a Si plasma-dispersion modulator is

operated at high frequencies, the power and current required to manipulate the free

carriers grows substantially, limiting the operational bandwidth to below 60 GHz for

current devices [29].

1.1.2 The Kerr E�ect

Silicon photonics is further hampered by the material's absence of a linear EO

e�ect, or second order non-linearity (� (2) ), and the presence of a strong third-order
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non-linearity (� (3) ), leading to a strong Kerr e�ect. The e�ect describes a change in

the real refractive index of a material when an applied electric �eld is present. The

e�ect can be induced from an external RF �eld or from the electric �eld that comes

from the light itself. In either case, the change in the refractive index of the medium

is proportional to the square of the applied electric �eld. In Si, the Kerr coe�cient

(n2) is roughly 5� 10� 18 m2/W compared to 0.25� 10� 18 m2/W for SiN x and roughly

3.5� 10� 19 m2/W for LiNbO 3 [30,31]. The e�ect can be used to for optical lensing and

self focusing, but is generally detrimental to linear EO modulation.

The DC, or electro-optic Kerr e�ect occurs when a slow-varying electric �eld is

present across the optical medium as in an EO modulator, where a metal electrode is

used to apply a voltage to the EO layer. The change in refractive index with respect to

the Kerr coe�cient and the applied voltage is then [31]:

� n = � 0n2jE j2: (1.5)

Here, � n represents the change in the refractive index,� 0 is the free-space optical

wavelength,n2 is the Kerr coe�cient and E is the applied electric �eld. From this, it

can be seen that whilen2 may be small, the e�ect scales with the square of the electric

�eld and grows quickly. At high optical powers, the light itself can induce third-order

optical non-linearities and cause a localized change in refractive index in the vicinity of

the �eld, given by [32]:

n = n0 + n2I = n0 +
3� (3)

8n0
jE ! j2: (1.6)

Here, n is the optical intensity-dependent refractive index of the medium,n0 is the

refractive index when no �eld is present,n2 is the Kerr coe�cient, I is the optical

intensity, � (3) is the third-order non-linearity and E ! is the amplitude of the electric

�eld of the optical wave. This can negatively a�ect �ber coupling and causes sideband

instability where optical components with di�erent wavelengths and intensities will

propagate at di�erent speeds, reinforced by the optical Kerr e�ect. This results in a

feedback loop allowing the e�ect to grow exponentially, halted only by multi-photon
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ionization when the intensity of the optical �eld becomes extremely high [33]. Ultimately,

a CW waveform will eventually be split into smaller pulses, making EO modulation

impossible [34, 35]. It is then desirable to choose a material with a low third-order

non-linearity for e�cient EO modulation.

In summary, at �rst glance Si-based free carrier plasma dispersion-based mod-

ulators would seem the ideal candidate, but their low cost and excellent scalability

is overshadowed by poor extinction ratio and bandwidth; an inherent limitation of a

dispersion-based modulation scheme [14,36,37]. Si-based modulation is further blighted

by high intrinsic absorption loss, narrow transmission spectrum and dopant di�usion

at high temperatures [11, 14]. Finally, because Si is a centrosymmetric material, it

demonstrates a high third-order non-linearity and a low second-order non-linearity,

which prevents e�cient operation at high optical powers [38]. While the integration of

organic electro-optic polymers with the Si platform has been shown to mitigate some

of its inherent drawbacks, the organic nature of the platform does not lend itself to

long-term environmental stability [7,19,39].

1.2 Lithium Niobate Photonics

Lithium niobate (LiNbO 3) is a synthetically-grown salt used in photonic devices

including sensors, waveguides, frequency doubling, optical oscillators, and optical switches.

LiNbO3 has a trigonal crystal lattice with de�ned crystal planes X, Y and Z. The structure

lacks inversion symmetry, shows a strong linear electro-optic e�ect and is consequentially

capable of linear electro-optic modulation. The material is optically transparent between

roughly 300 and 5000 nm wavelengths, and is commonly doped with magnesium oxide

(MgO) to increase resistance to optical damage, or erbium (Er) to act as an optical gain

medium. LiNbO3 is birefringent, where the index of the extraordinary, or optical axis is

ne = 2.138, while the index of the ordinary axis isno = 2.21. Here,ne corresponds to

light polarized along the Z-axis, whileno corresponds to light polarized along the X

and Y-axis.
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Historically, LiNbO 3 photonic devices were among the �rst commercially available

devices, as LiNbO3 shows some attractive characteristics for a low-voltage, broadband

and environmentally-stable modulation platform. The material has a strong linear electro-

optic (Pockels) e�ect, low RF and optical absorption loss, high power handling, pure

phase modulation, zero chirping, high thermo-optic response, and can be used in standard

nanofabriciation equipment and processes. Moreover, LiNbO3 o�ers a third-order non-

linearity, � (3) , which is roughly three magnitudes lower than Si, allowing spurious-free

high-power, high frequency operation. With this in mind, Si plasma dispersion-based

modulation is ruled out in favor of LiNbO3 electro-optic modulation [9,18].

1.2.1 Bulk Lithium Niobate Modulators

Commercially-available bulk LiNbO3 modulators use a homogeneous X or Z-cut

LiNbO3 material system with titanium (Ti)-di�used waveguides to con�ne and guide

an optical mode within the medium. Generally, the optical index contrast (� n) between

the Ti-di�used region and the surrounding LiNbO3 is less than 0.02. This results in

a loosely-con�ned optical mode with a mode �eld diameter (MFD) of roughly 10� m

such that metal electrodes must be placed far from the optical waveguides to avoid

metal absorption losses. In turn, the �eld strength of the RF mode will be relatively low,

adversely a�ecting the half-wave voltage (V� ) and the minimum optical bending radius

of the device. O�-the-shelf bulk LiNbO3 modulators show a voltage-length product

(V � -L) of roughly 12-32 V-cm, and minimum bending radii over 1 cm [4,11,22]. Finally,

these devices require mechanical thinning of the substrate to achieve velocity matching

between the RF and optical mode for broadband operation.

1.2.2 Thin-Film Lithium Niobate Modulators

In the last decade, there has been great academic and commercial interest in

the use of sub-micron �lms of LiNbO3 on an insulating substrate to tightly con�ne an

optical mode [4,12,13,22,40,41]. This material system, coined 'thin-�lm lithium niobate

on insulator' (TFLNOI) has raised the technological ceiling for low-voltage, broadband
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EO modulators. Through use of strip-loaded or ridge-etched waveguides, optical bending

radii can be reduced to less than 100� m with an optical MFD less than 1 � m,

promoting compact, low-voltage, photonic-integrated circuit (PIC)-compatible devices

that incorporate meandering optical waveguides, waveguide crossings, compact optical

splitters and combiners, and on-chip �ber couplers [42� 46]. The TFLNOI modulator has

then taken the crown from Si plasma dispersion-based modulators for it's exceptionally

low optical and RF loss, broadband operation, compact footprint, environmental stability,

and high extinction ratio. Challenges remain to bring thin-�lm lithium-niobate electro-

optic modulators into the world's networks. Fiber-couplers are investigated to lower

optical coupling loss, while slow-wave electrodes are introduced to improve voltage-

bandwidth performance. It is paramount to engineer the LiNbO3 on Si material system

so that high-performance LiNbO3 electro-optic modulators may not only meet, but

exceed the industry needs of tomorrow. In Chapter 6, an EO modulator made in the

TFLNOI material system is reported that shows a V� of 3.75 V, 3 dB bandwidth of 95

GHz, extinction ratio over 45 dB and a �ber-to-�ber insertion loss of roughly 7.5 dB.

1.2.3 Silicon Nitride

Amorphous silicon nitride (Si3N4) can be deposited and patterned on TFLNOI

to act as a wave-guiding structure that does not require the direct etching of the LiNbO3

layer. Si3N4 does not possess a linear electro-optic (Pockels) e�ect and can be used in

conjunction with LiNbO 3. The material has an optical index similar to LiNbO3, supports

high-optical powers, and can be used in any equipment capable of processing Si. The

devices presented in this work are designed and fabricated in the hybrid SiNx -LiNbO3

material system. The hybrid integration of non-stoichiometric SiNx deposited through

plasma-enhanced chemical vapor deposition (PECVD) promotes the eventual fabrication

of TFLNOI PICs in established Si-based foundries that cannot directly etch LiNbO3,

and enables the use of an on-chip �ber coupler to minimize optical coupling loss [42� 46].
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1.3 Motivation and Dissertation Outline

In this work, the development of thin-�lm LiNbO 3 niobate photonic devices is

reported. Discrete photonic components which can be used to build a high-performance

electro-optic modulator are designed, fabricated and characterized to increase overall

performance of modulator. The objective of this work is investigate compact photonic

devices made in the hybrid SiNx -LiNbO3 material system and to demonstrate their

state-of-the-art performance in low-voltage operation, optical insertion loss, broadband

EO response and optical extinction ratio.

In Chapter 2, I discuss the fundamentals optical modulators, and compare and

contrast thermo-optic and electro-optic based modulation schemes. The challenges of

broadband, low-voltage operation are presented, followed by details on the measurement,

characterization and validation of device parameters.

In Chapter 3, I detail fabrication methods used to create photonic devices in

the hybrid SiNx -LiNbO3 material system. A complete fabrication �ow is presented and

each step described in detail. Moreover, the chapter includes a brief literature review of

fabrication methods not used in this work.

In Chapter 4, I cover the design, fabrication and characterization of a compact

folded Mach-Zehnder modulator using a waveguide crossing and a 1x2 multimode

interference splitter/combiner. This is the �rst traveling-wave modulator in the SiNx -

LiNbO3 material system with a waveguide crossing, which is demonstrated to be an

e�ective method of creating a compact footprint modulator. I compare various methods

of increasing the RF index of the CPW to achieve optical and RF velocity matching for

broadband operation.

In Chapter 5, I demonstrate a dual-output, ultra-high extinction ratio folded

TLFNOI modulator using a waveguide crossing and introduce the design and fabrica-

tion of the 2x2 multimode interference splitter/combiner. An in-depth analysis of the

mechanism by which this modulator achieves its high extinction ratio is presented.

In Chapter 6, I discuss the design, fabrication and characterization of a high-

performance electro-optic modulator with slow-wave electrodes on the TFLNOI platform.
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The device notably shows a 95 GHz 3 dB bandwidth with a 3.75 V V� , and an extinction

ratio over 45 dB. The device uses micro-structured electrodes to promote broadband

operation. An in-depth review of capacitively-loaded micro-structured electrodes is

presented.

Finally, Chapter 7 concludes this research with a summary of my work at the

University of Delaware. A path for future research is presented which may lead to

improvements in device performance, particularly in improving optical extinction ratio,

compactness and broadband operation.
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Chapter 2

MODULATOR FUNDAMENTALS

In Chapter 2, I discuss the fundamentals of optical modulators, and detail thermo-

optic and electro-optic based modulation schemes. The challenges of broadband, low-

voltage operation are presented, followed by details on the measurement, characterization

and validation of device parameters.

2.1 Lithium Niobate Electro-Optic Modulation

In this work, the hybrid SiNx -LiNbO3 material system is used to demonstrate

high-performance electro-optic modulators and photonic devices made possible by

LiNbO3's attractive non-linear optical properties. LiNbO3 is an anisotropic synthetic

crystalline salt grown using the Czochralski growth technique that shows thermo-optic

and electro-optic tunability.

2.1.1 Lithium Niobate Crystal Properties

Unlike crystalline Si as discussed in Chapter 1, LiNbO3 does not exhibit a

centrosymmetric crystal structure, but a trigonal structure and is classi�ed in the

3m trigonal crystal group. As such, LiNbO3 is birefringent and shows a large linear

electro-optic (Pockels) coe�cient and a small non-linear electro-optic (Kerr) coe�cient,

making it ideal for linear electro-optic modulation. The Pockels coe�cient of LiNbO3

is strongest along the extraordinary optical axis, when both the optical and external

electrical �eld is polarized along the crystalline Z-axis. LiNbO3 has a high melting point,

roughly 1250� C, making it environmentally stable. LiNbO3 can be grown and sliced

according to its crystal axis, X, Y and Z. This is generally referred to as the X, Y,

and Z-cuts, where, for example, an X-cut crystal is cut such that the wafer plane is
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perpendicular to the X-axis of the crystal. In this work, thin-�lms of X-cut LiNbO 3 are

used as the electro-optic medium for electro-optic modulators. LiNbO3 has an extremely

wide optical transparency window of roughly 300 nm to 5000 nm. The thermo-optic,

electro-optic, ferro-electric, RF and optical properties of LiNbO3 are presented in Table

2.1 [47�49].

Table 2.1: LiNbO 3 Material Properties

Property Value
Formula LiNbO3

Crystal Structure Trigonal
Crystal Point Group 3m
Optical Transparency 300 nm - 5000 nm

Melting Point 1253� C
Refractive Index @ 1550 nm ne = 2.138, no = 2.214

Permittivity � xx = � yy = 83.2, � zz = 29.4
Coe�cient of Thermal Expansion (CTE) @ 25� C 15.7E-6 K� 1 k X, 4E-6 K� 1 ? X

Bulk Resistivity >1014 
 -cm

2.1.2 Non-Linear Wave Equation

The wave equation relates change in time to change in position of an electromag-

netic (EM) wave, ~E. By taking the cross product of Faraday's law,r � ~E = � @~B=@t,

and substituting Ampere's law,r � ~H = ~J + @~D=@t, the wave equation can be written:

r � r � ~E + � 0
@2

@t2
D = 0: (2.1)

With the vector relation r � (r � ~A) = r (r � ~A) � r 2 ~A, and Gauss's law,r � ~D = 0

when � = 0, ~J = 0, and ~M = 0, that is charge, current density, and magnetization is

zero, the linear wave equation can be reduced to

r 2 ~E � � 0
@2

@t2
~D = 0 (2.2)
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wherer 2 = r � r is the spatial Laplacian operator. The non-linear wave equation builds

on this to include the e�ect of non-linearities on the relation. Considering~D = ~P + � ~E,

the equation can be expanded to include the non-linear term:

r 2 ~E � � 0

�
� 0

@2

@t2
~E +

@2

@t2
~P

�
= 0: (2.3)

Here, the component

r 2 ~E �
n2

c2

@2

@t2
~E (2.4)

is a second order partial di�erential equation in the time domain and yields normal

electromagnetic wave solutions. However, the component

1
� 0c2

@2

@t2
~PNL (2.5)

represents the polarization density; the contributions of the non-linear material proper-

ties, and is a source term in a now inhomogeneous di�erential equation with known source

terms. This represents frequency-independent wave-mixing, resulting in electro-optic

modulation.

2.1.3 Electro-Optic E�ect

The electro-optic e�ect occurs when an applied external electric �eld induces

a non-linear change in the polarization of a non-linear, or electro-optic material. The

polarization of a non-electro-optic, or linear material as a result of an applied electric

�eld is given by:

~P = ~D � � 0
~E = � 0� e

~E: (2.6)

In this, the electric susceptibility, � e, is a unitless value. This can be expanded into

powers of the electric �eld to model a non-linear material:

~PNL = � 0� ej ~E j + � 0� (2) j ~E j2 + � 0� (3) j ~E j3 + ::: (2.7)

Each power has a corresponding chi-coe�cient (� (N )). While an in�nite number of

powers can be used, it is uncommon to need more than� e, � (2) , and � (3) to describe an
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electro-optic material. Considering the relation� r = (1 + � e) and ~D = (1 + � e)� 0
~E, the

substitution ~P = (1 + � e)� 0
~E � � 0

~E can be made and expanded to:

~PNL = [(1 + � e) + � (2) j ~E0j + � (3) j ~E0j2 + :::]� 0j ~E ! j � � 0j ~E ! j: (2.8)

The electric �eld, ~E, is expanded into the electric �eld imparted by the optical �eld,

~E ! , and the externally-applied AC or DC �eld, ~E0. Knowing the relation ~D = � r � 0
~E,

the relative permittivity is:

� r = (1 + � e) + � (2) j ~E0j + � (3) j ~E0j2 + ::: (2.9)

The relation between the optical index of refraction (no) and the relative and absolute

permittivity, assuming a perfect dielectric such that� = � 0, is no =
p

� r � 0. The binomial

expansion must be used to �nd
p

� r . Applying the binomial expansion

(1 + x)n = 1 + nx +
n(n � 1)

2
x2 + ::: (2.10)

to Eq. 2.9 and keeping only the �rst two terms yields:

p
� r = 1 +

1
2

�
� e + � (2) j ~E0j + � (3) j ~E0j2

�
: (2.11)

It is now evident that the optical group index,nog is linearly proportional to the applied

external electric �eld, ~E when � (2) is much larger than� (3) , where

neo =
p

� r � 0 =
�
1 +

1
2

�
� e + � (2) j ~E0j + � (3) j ~E0j2

� �
p

� 0: (2.12)

To de�ne the linear (Pockels) and non-linear (Kerr) coe�cients, two terms denoting the

permittivity of the material when an external �eld is and is not present (� reo) and (� rx ),

respectively, are introduced such that:

� reo = � rx +
1


 j ~Ej
+

1

sj ~Ej2
: (2.13)

Here, 
 and s are the Pockels and Kerr coe�cients with units m=V and m2=V2, re-

spectively. By combining Eq. 2.13 with the relationneo =
p

� reo, and considering the
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relation n2
x = � rx = � e + 1, Eq. 2.12 can be written in terms of the optical index when

an external �eld is and is not present, (neo) and (nx ), respectively,

neo = nx

�
1 �

1
2


n 2
x j ~E j �

1
2

sn2
x j ~E j2

�
: (2.14)

It is again shown that neo scales linearly with ~E when the Pockels coe�cient, 


is much larger than the Kerr coe�cient, s. Non-centrosymmetric materials that exhibit

a strong Pockels e�ect include LiNbO3, lithium tantalate (LiTaO 3), � -barium borate

(BBO), potassium titanium oxide phosphate (KTP), potassium di-deuterium phosphate

(KD*P), gallium arsenide (GaAs), and indium phosphide (InP). In this work, I leverage

the Pockels e�ect in LiNbO3 to design high-performance EO modulators.

The Pockels e�ect can be described as the deformation of the optical index

ellipsoid of the crystal. The index ellipsoid in the principle coordinate system is shown

in Fig. 2.1. The index ellipsoid is de�ned mathematically as:

Figure 2.1: (a) Vector directions de�ned for the X-cut material system. (b) The index
ellipsoid showing optical index vectors. (c) Vector directions de�ned for
the Z-cut material system.

�
1
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�
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�
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z2+2
�

1
n2

�

4

yz+2
�

1
n2

�

5

xz+2
�

1
n2

�

6

xy = 1: (2.15)

By de�ning an electro-optic tensor with componentsr ijk , the outside in�uence of an

electric �eld on the optical index in the i direction can be de�ned as:

�
�

1
n2

�
=

X
r ijk Ek : (2.16)
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This gives a 3x3x3 matrix that holds constants related to the index deformation

for optical and external �eld polarization in each crystal direction. Because physical

symmetry exists in any crystal and some terms in the 3x3x3 matrix must be identical,

this can be reduced to a 3x6 matrix with 18 elements. Usingr ijk = @�ij =@Ek , where

� = � 0=�reo, the same relation can be written:

�
�

1
n2

�

i

=
3X

j =1

r ij E j : (2.17)

In the reduced form, the index termi corresponds tox, y, z, yz, xz and xy components

and runs from 1-6. Considering the 3m crystal symmetry of LiNbO3, r12 = - r22 = - r61,

r13 = r23 and r42 = r51. The electro-optic tensor of LiNbO3 is de�ned:

2
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: (2.18)

In LiNbO 3, the r33 coe�cient has the largest value of 31.8pm=V and is thus used for

electro-optic modulation. For this, a TE-polarized optical mode must propagate in the

Y-crystal direction in an X-cut TFLNOI wafer, such that it's electric �eld is polarized

along the Z-axis. The external electric �eld applied by electrodes running along the

waveguide is then also polarized in the Z-crystal direction.

2.1.4 Thermo-Optic E�ect

The thermo-optic e�ect states that the index of a material varies with the

temperature of the material. The e�ect can be used for either low-frequency (< 1

MHz) thermo-optic modulation, or for stable biasing of an electro-optic modulator

or ring-resonator. The magnitude of the e�ect depends on the coe�cient of thermal

expansion (CTE) of the material. The CTE for LiNbO3 is 15.7� 10� 6 K � 1 parallel to
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the X-axis and 4� 10� 6 K � 1 perpendicular to the X-axis at 25� C [49]. The thermal

expansion coe�cients near the 1550 nm wavelength of the ordinary and extraordinary

axis are [49]:
dno

dT
= � 0:9 + 3:0E � 3T(10� 5K � 1) (2.19)

dne

dT
= � 2:6 + 19:8E � 3T(10� 5K � 1): (2.20)

Moreover, the thermal expansion coe�cients for PECVD SiNx and SiO2 are [50]:

dnSiN

dT
= 2:51T(10� 5K � 1) (2.21)

dnSiO 2

dT
= 0:96T(10� 5K � 1): (2.22)

By placing a thermal source near the optical mode, it is then possible to locally adjust

the optical index. In this work, a thin-�lm metal resistive electrode is used to heat an

optical waveguide to adjust the bias condition of a Mach-Zehnder modulator.

2.2 Broadband Operation

Broadband, high-frequency operation is critical if an electro-optic modulator

is to be used in a high-speed communication system. At low frequencies, the gold

(Au) electrode used to carry the electrical (modulating) signal can be thought of as a

lumped element, where the electrical wavelength is much longer than the length of the

electrodes and the voltage is equal along the electrode. The LiNbO3 in the interaction

region is then excited with a constant electric �eld, shifting the phase of the optical

signal forward or backward as it travels through the interaction region. However, as the

frequency of the electric �eld increases, the electrode becomes a 'traveling wave' CPW.

In Chapter 4, an electro-optic modulator is presented with an RF index of roughly 2.09

and an electrode length of 16 mm; at 1 GHz, this electrode is already longer than one

electrical wavelength and the electrode is no longer a lumped element. This introduces

some non-trivial challenges that complicate the design and fabrication of a broadband

electro-optic modulator. These challenges are discussed below.
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2.2.1 Velocity Matching

To maintain RF and optical �eld overlap along the length of the interaction

region, the RF phase index (nRF ) along the CPW must be made to match the optical

group index (nog) in the waveguide. In other words, the RF and optical waves must

travel at the same speed through the modulator. It is worth noting that generally, the

RF group index is within 1% of the RF phase index, where the RF group index is

possible to measure and extract from the RF scattering parameters.

In this work, a hybrid strip-loaded SiNx -LiNbO3 optical waveguide is used. The

e�ective optical group index of the fundamental TE mode in the structure is roughly

2.138. However, a standard ground-signal-ground (GSG) CPW has a much lower RF

group index, near 1.85. For DC operation, this has no impact on the performance of the

modulator, but as the frequency increases and the modulator enters the traveling-wave

regime, the RF and optical �elds will not remain overlapped along the length of the

interaction region.

In Fig. 2.2. (a) and (b), the optical sidebands from 5 to 40 GHz are recorded

and plotted after being normalized to the optical carrier and RF input power. Fig. 2.2.

(a) shows a 10 mm EO modulator that does not employ any index-matching techniques.

Here, the averaged sideband power roll o� is nearly 0.3 dB/GHz, and the device has a

3 dB bandwidth just over 10 GHz. However, Fig. 2.2. (b) shows the same measurement

on a device that uses an index-matching �uid. Now, the sideband power roll o� is

reduced almost ten-fold to roughly 0.04 dB/GHz. The 3 dB bandwidth of this device is

over 40 GHz. Unfortunately, the application of an index-matching �uid can drastically

increase RF loss and optical loss. In Chapter 6, slow-wave, capacitively-loaded electrodes

are used to achieve RF and optical velocity matching and eliminate the need for an

index-matching �uid. In Fig. 2.3. (a), the measured S(2,1) parameter of a slow-wave

(segmented) CPW, a standard CPW and a UV15-clad CPW are compared. It is shown

that the UV15-clad device has nearly double the RF loss at 110 GHz for the same RF

path length.

Finally, the application of an index-matching �uid is not precise and it is not
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Figure 2.2: (a) An unmatched EO modulator using a standard CPW. (b) An index-
matched EO modulator using a UV15 cladding.

always possible to achieve the desired RF index. In Fig. 2.3. (b), the RF group index of

the UV15-clad CPW is roughly 2.09, while the RF group index of the segmented CPW

is roughly 2.134 at 110 GHz. The application and characterization of an index-matching

�uid as well as the design and fabrication of slow-wave electrodes is discussed later in

this work.

Figure 2.3: (a) Measured RF S(2,1) parameter of a standard CPW, segmented CPW
and UV15-clad CPW. (b) Measured RF group index of a standard CPW,
segmented CPW and UV15-clad CPW.
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2.2.2 Frequency Dependent Coplanar Waveguide Propagation Losses

The term 'coplanar waveguide' refers to a wave-guiding structure made up of

three conductive elements on the same plane. Generally, these elements are placed on top

of a thick dielectric substrate and organized in a 'ground-signal-ground' con�guration

such that a signal-carrying metallic strip is between two ground electrodes. A cross-

sectional and aerial view of a simple CPW is shown in Fig. 2.4. (a) and (b), respectively.

The critical, characteristic dimensions of a CPW are the width of the signal electrode

(WSIG), the width of the gap between the signal and ground electrodes (WGAP ), the

width of the ground electrode (WGND ) and the height of the coplanar conductive strips

(HCPW ) [51].

Figure 2.4: (a) Cross-sectional view of a coplanar waveguide with dimensions labeled.
(b) Aerial view of a coplanar waveguide with dimensions labeled.

There are three dominant forms of loss in a CPW operating at high frequencies:

dielectric losses (� d) with units dB
cm�GHz , conductor losses (� c) with units dB

cm�GHz1=2 , and

radiative losses (� r ) with units dB
cm�GHz3 [52, 53]. Here,� c and � d account for most of

the loss up to 200-300 GHz, depending on the design of the CPW and assuming a

smooth electrode, while� r must be considered above those frequencies. The total

frequency-dependent loss of a CPW (� (f CP W )) with units dB
cm can be written as [51]:

� (f CP W ) = � df CP W + � c

p
f CP W + � r f 3

CP W : (2.23)
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Dielectric loss occurs when an electro-magnetic �eld is partially dissipated while

passing through a dielectric material, usually resulting in heat [52]. Dielectrics are

generally used to support the conductors of a CPW, for index tuning or to act as an

optical wave-guiding structure, demonstrated later in this work. The dielectric loss

tangent (tan� ) describes the dissipation of energy in the RF �eld as it passes through the

dielectric as a result of free-charge conduction, bound-charge relaxation and dielectric

resonance. It is possible to derive tan� using the real and imaginary parts of the relative

permittivity ( � ) where � r = � 0
r � j� 00

r . The real part of the relative permittivity ( � 0
r )

represents the 'polarizability' of a material in response to an external electric �eld. If

� 0
r is high, the material will become more polarized and store more more of the �eld's

energy. The imaginary component (� 00
r ) represents the damping and dissipation of the

�eld within the material from various frequency-dependent dispersion processes that

prevent the material's polarization from reacting immediately to an applied electric

�eld [51,52].

Using � r = � 0
r � j� 00

r , and assuming an alternating �eld, ~E = ~E0ej!t , Ampere's

law can be used to derive the sources of dielectric loss in a material. Ampere's law is

given by:

r � ~H = ~Jf ree +
@~D
@t

: (2.24)

The electric �ux density ( ~D) and the free current (~Jf ree ) can be written with ~E using

the relation ~D = � r � 0
~E = � r � 0

~E0ej!t and ~Jf ree = � ~E, where� is the conductivity of the

material. This gives:

r � ~H = � ~E + � r � 0
@~E0ej!t

@t
: (2.25)

Taking the partial derivative @ej!t =@tand combining like terms gives:

r � ~H = ~E(� + j!� 0� 0
r + !� 0� 00

r ): (2.26)

The term j!� 0� 0
r
~E represents the lossless permittivity of the medium, while the terms

~E(� + !� 0� 00
r ) represent the dielectric loss of the medium from the phenomena described
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above. Now, the dielectric loss tangent, tan� , is the ratio of the two terms [51,52]:

tan@=
!� 00

r + �
!� 0

r
: (2.27)

Ohmic, or conduction loss arises from two frequency-dependent phenomena;

the skin-e�ect and the proximity e�ect [54]. The skin e�ect, or skin depth, is the

depth that the �eld penetrates into the conductor. As frequency increases, the skin

depth decreases. The skin depth of any conductor is de�ned only by frequency (f ),

conductivity ( � ), permeability (� ), permittivity ( � ) and the geometry of the conductor.

Any conductor with �nite conductivity will have a non-zero surface impedance, or the

internal impedance per unit length and width, that is de�ned [51,54]:

Zsurf = Rsurf + j!L surf =
1 + j

�@depth
: (2.28)

Here, Zsurf , Rsurf , L surf , � , and @depth are the surface impedance, surface resistance,

surface inductance, material conductivity, and skin depth. The frequency-dependent

skin-depth of a material is given by:

@depth =
1

p
�f ��

: (2.29)

Now, the surface impedance as a result of the skin e�ect can be simpli�ed as:

Zsurf =

r
�f �

�
(1 + j ): (2.30)

With f in the numerator, it is evident that Zsurf increases with frequency.

The proximity e�ect also contributes to conductive losses in a CPW and must be

accounted for to obtain the total external impedance (Zext ) of the CPW. The proximity

e�ect states that as the frequency increases, the current traveling along the electrode

will become non-uniform and concentrated at the edges of conductors. As the magnetic

�elds from the center conductor interact with those from the ground conductors they

create eddy currents on the surface of the adjacent conductor that redistribute the

current �owing along the conductor [51,54]. A visual representation is shown in Fig 2.5.

The majority of the induced eddy currents will exist on the inside-facing surfaces of
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the conductors where the electro-magnetic �eld is strongest. These currents are still

depth-limited by the skin e�ect, but the current is now non-uniform on the surface of

the conductor. As the gap between the inner and outer conductor decreases, the RF

loss increases. It is then necessary to account for the skin e�ect and the proximity e�ect

when calculatingZext .

Figure 2.5: The proximity e�ect in a CPW.

In this work, traveling-wave CPWs are fabricated on TFLNOI with a Si handle,

where the dielectric loss from the Si handle and the conductive losses from the proximity

e�ect are dominant.

2.2.3 Slow-Wave Mode

At low frequencies, an RF mode may exist between the CPW and the backside

metallization of the device, depicted in Fig. 2.6. This can also occur if the device is

placed on a conductive holder, where the holder now becomes a �oating ground [55].

The slow-wave mode occurs when the magnetic �eld is able to completely

penetrate the substrate, while the electric �eld cannot. The intrinsic impedance (� ) of

the Si substrate at 2 GHz can be found using [55]

j� j =

�
�
�
�
�

s
j!�

� + j!� 0� r;Si

�
�
�
�
�
: (2.31)
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Figure 2.6: Cross-sectional view of a CPW with backside metallization.

With values ! = 4� � 109 rad/s, � = 4� � 10� 7 H/m, � = 2� 10� 2 S/m, the intrinsic

impedance of the Si substrate is roughly 108.8
 . Using Eq. 2.29, the skin depth of

the magnetic �eld is found to be roughly 79.5 mm, which is much thicker than the

Si substrate. With this, the electric �eld is stopped at the upper SiO2 layer while the

magnetic �eld penetrates the entire substrate. Since the electric �eld does not penetrate

past the SiO2 layer, a large capacitance is formed between the metal CPW electrodes

and the top of the Si layer while an inductance forms from the magnetic �eld reaching

the bottom of the Si substrate [55]. As the index (n) of the material follows

n = c
p

LC (2.32)

the large capacitance and inductance from the slow-wave mode greatly increase the

index of the material and slow the RF �eld. The slow-wave mode may be responsible

for elevated low-frequency (<10 GHz) RF group index and immediate RF transmission

roll-o� near 1 GHz.
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2.2.4 Calculating AC Half-Wave Voltage

The AC V � of an EO modulator can be calculated if the DC V� and the intensity

of the optical sideband at the frequency of interest are known. Here, the intensity of the

�rst sideband, I fsb is proportional to the conversion e�ciency, � mod and the intensity of

the carrier signal and the RF modulation signal,I c and I m , respectively. This can be

written

I fsb = � modI cI m : (2.33)

When the RF drive power is low enough such that�V g

V�
<< 1, whereVg is the amplitude

of the drive voltage, the modulator is operating in the small signal regime and the small

signal approximation can be used to relate the intensities of the �rst sideband and the

carrier signal as
I fsb

I c
=

1
4

�
�

Vg

V�

� 2

: (2.34)

Moreover, we can use Eq. 2.33 with the relation

I m =
V 2

g

2Zg
(2.35)

to �nd the relationship between the RF drive power (I m ), the drive voltage across the

CPW (Vg), the input impedance (Zg) and the conversion e�ciency (� mod). Here, � mod

for is given by:

� mod =
� 2Zg

8V 2
�

: (2.36)

Assuming the collected optical sidebands have been normalized to the RF power and

optical carrier power, the AC V� for an MZM can then be written for a phase modulator

as

V�;AC = �

s
Zg

2I fsb
: (2.37)

The AC V � for an MZM follows:

V�;AC = �

s
Zg

8I fsb
: (2.38)
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2.2.5 Voltage-Bandwidth Performance

The V� and operational bandwidth, or 3 dB bandwidth of an electro-optic

modulator are nearly inversely proportional to each other if the optical and RF indices

are matched and the RF loss scales linearly with CPW length. The frequency response

of an EO modulator follows Eq. 2.39 [56]

m(! ) =

�
�
�
�

2Z in

Z in + ZL

�
�
�
�

�
�
�
�

(ZL + Z0)F+ + ( ZL � Z0)F�

(ZL + Z0)e
 m L + ( ZL � Z0)e� 
 m L

�
�
�
� : (2.39)

Here,! is the applied microwave frequency andZ in is the input impedance of the CPW,

de�ned by [56]

Z in = Z0
ZL + Z0tanh(
 mL)
Z0 + ZL tanh(
 mL)

: (2.40)

Z0 is the characteristic impedance,ZL is the source load impedance,
 m is the complex

microwave propagation constant, andL is the CPW length. The termsF+ and F�

represent the forward and backward propagating RF waves, de�ned by [56]

F+ =
1 � e
 m L � j w

c nog L


 mL � j w
c nogL

(2.41)

F� =
1 � e� 
 m L � j w

c nog L

� 
 mL � j w
c nogL

: (2.42)

The complex microwave propagation constant,
 m is de�ned [56]


 m = � m + j
w
c

nRF : (2.43)

Here, � m is the loss rate Eq. 2.23 andnRF is the RF e�ective index.

With this, the relationship betweennog, nRF , the CPW loss and the EO response

can be determined. Put simply, the longer the CPW electrode, the lower the DC- V�

will be, but the 3 dB bandwidth of the device will su�er. It is therefore trivial to design

high-speed, high-bandwidth modulators if an increased half-wave voltage is allowable.

However, such a device is not feasible for real-world needs. A hypothetical MZM with

a 1 THz 3 dB bandwidth and a V� of 30 V could not be integrated into any system

without much ampli�cation of the drive signal. The ideal optical modulator should
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maintain a low V� to eliminate this need. Moreover, a 1 THz modulator cannot be

driven continuously from DC to 1 THz with a single feed network. DC to 133 GHz

drive frequencies can be achieved with a 1 mm coaxial cable, but a variety of banded

RF waveguides are needed to support higher frequencies. It is then very rare that any

system will require a modulator that works continuously from DC to 1 THz. It is more

appropriate to design a device that works most e�ciently within an RF band and

maintains a low V� within that band. In this work, high-performance EO modulators

are designed for operation from DC to 110 GHz.

2.3 Device Characterization

Here I present the methods and techniques used to measure and characterize an

EO modulator. Device characteristics are extracted from the measured RF scattering

parameters of the CPW, the measured optical output power and the measured optical

sideband response. If the method to collect these parameters is known, the device can

be fully characterized.

2.3.1 RF Scattering Parameters

Scattering parameters (S-parameters) describe the response of an electrical system

to external steady state stimuli. The S-parameters use matched-load terminations to

measure the amplitude and phase of a traveling-wave in an electrical circuit. Through the

measured real and imaginary S-parameters it is possible to extract the propagation loss,

group index, load impedance, return loss, voltage standing wave ratio (VSWR), re�ection

coe�cient, and frequency response of a circuit. In this work, a 2-port S-parameter

measurement is used to characterize the frequency response of a traveling-wave CPW.

A 2-port measurement yields a 2x2 matrix of parameters, S(1,1), S(1,2), S(2,1), and

S(2,2). Here, S(1,1) and S(2,2) represent the re�ection from ports 1 and 2, respectively,

while S(2,1) and S(1,2) represent the transmission from port 1 to port 2, and from port

2 to port 1, respectively.
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Figure 2.7: (a) Measuring S-parameters of an electro-optic modulator. (b) Equipment
overview. (c) A diagram of a GSG CPW with probes attached. (d) A
GSG probe on a CPW electrode viewed through an optical microscope.

A Keysight high-speed vector network analyzer (VNA) is used with W-band

(Keysight N5293A) range extenders to measure the 2-port S-parameters from 10 MHz

to 110 GHz. A 50-
 110 GHz GSG probe (Picoprobe 110H-GSG-125-P) is used to

interface between the 1 mm coaxial cable and the GSG CPW. This setup is shown in

Fig. 2.7. (a) and (b).

A short-open-load-through (SOLT) calibration is performed on a standard cali-

bration substrate (CS-5) to calibrate the test setup and remove losses and re�ections

from the coaxial transmission lines and probes. Port 1 and 2 are independently connected

to a known short circuit (
 = 0), open circuit ( 
 = 1 ) and load (
 = 50). The ports

are then connected together through a 200� m GSG CPW with known S-parameters.

Upon completion of the calibration, the measured S(1,1) and S(2,2) should show total

re�ection, while S(1,2) and S(2,1) should show no through transmission. In Fig. 2.8. (a),

the di�erence between an ideal and a poor calibration is shown. Excess movement of

coaxial cables, poor probe contact during the calibration, or changing equipment after

the calibration can result in a poorly-calibrated measurement setup.

When the calibration is complete, a 2-port measurement of the GSG CPW can
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Figure 2.8: (a) RF scattering parameters showing an ideal calibration and a poor
calibration. (b) Measured S(2,1) and S(1,1) parameters of a 1 cm CPW.

be performed. To do so, each GSG probe is connected to one side of the CPW electrode

as shown in Fig. 2.7. (c) and (d). The live measurement data should now look similar

to Fig. 2.8. (b). The data can then be saved in the format 'real/imaginary' such that

the real and imaginary component of each S-parameter is saved.

2.3.1.1 Impedance Extraction

The characteristic impedance (Z0) of a transmission line at a frequency (w) is

the ratio of the voltage and current of a sine-wave at the same frequency to that of the

wave traveling along the transmission line. In a real-world case, the interference between

the forward and backward-propagating re�ections along the �nite-length transmission

line change the ratio of the voltage and current at the input and output port of the

transmission line. This is called the 'input impedance' of the line. The impedance of

any transmission line that has a real and an imaginary (reactive) component suggests

that energy is stored and released in the line with each wave-cycle. With this, the input

impedance of a transmission line is a�ected by the length and geometry of the line,

while the characteristic impedance depends only on the geometry. The geometry of the

line controls the shunt capacitance per unit length and the series inductance per unit

length.

Put simply, the impedance of a transmission line or N-port network is a parameter

considered at any port of the network, not within the network. If the network was
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removed from the source and replaced with a resistor of the same impedance, it would

seem to behave the same to an outside observer (in this case, the source). However, where

a resistor would dissipate the applied power, the network (in this case the transmission

line) moves the power.

To extract the RF impedance from the measured real and imaginary scattering

parameters, I �rst convert the experimentally-measured S-matrix to an ABCD matrix.

The following equations can be used to convert the S-matrix to an ABCD matrix:

A =
(1 + S11)(1 � S22) + S12S21

2S21
(2.44)

B = Z0
(1 + S11)(1 + S22) � S12S21

2S21
(2.45)

C =
1

Z0

(1 � S11)(1 � S22) � S12S21

2S21
(2.46)

D =
(1 � S11)(1 + S22) + S12S21

2S21
: (2.47)

Where an S-matrix characterizes the voltage at each port, the ABCD matrix describes

the voltage and current where in a 2-port system withV1, V2, I 1 and I 2, the following

relations are established:
2

4
V1

I 1

3

5 =

2

4
A B

C D

3

5

2

4
V2

I 2

3

5 : (2.48)

Solving for A, B , C and D gives:

A =

�
�
�
�
V1

V2

�
�
�
�
I 2=0

; B =

�
�
�
�
V1

I 2

�
�
�
�
V2=0

; C =

�
�
�
�
I 1

V2

�
�
�
�
I 2=0

; D =

�
�
�
�
I 1

I 2

�
�
�
�
V2=0

: (2.49)

The CPW transmission line is a symmetric and reciprocal network such thatA = D

and AD � BC = 1, respectively, and the ratio of voltage and current at the input and

output port is equal; that is, V1
I 1

= V2
I 2

, or Z11 = Z22. It is now possible to solve for the

input impedance of the two-port series circuit in terms of the ABCD matrix:

Z in =

r
B
C

=

r
V1

I 1
�

V2

I 2
: (2.50)
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Since V1
I 1

= V2
I 2

, Eq. 2.50 gives the input impedance at the input and output of the CPW,

which are equal.

2.3.1.2 Group Index Extraction

Once the real and imaginary S-parameters are obtained, it is trivial to extract

the group index of the RF wave using MATLAB. The ABCD matrix can be used to

compare the voltage at the input and output ports to �nd the complex propagation

constant (
 ) by taking the inverse hyperbolic cosine ofA where:


 = cosh� 1(A): (2.51)

The free-space wave-vector (k0) can be calculated with units radians per meter:

k0 =
2�f
c0

(2.52)

The 'unwrap' function can be used on the imaginary part of
 to compute a matrix

with a cumulative unwrapped phase angle (� UW ). Finally, dividing � UW by the wave-

vector and the length of the line gives the RF group index (here,l is the length of the

transmission line):

nRF =
� UW

k0l
: (2.53)

2.3.1.3 Capacitance and Inductance Extraction

The capacitance and inductance can be extracted fromZ in and nRF following

the relation:

Z in =

r
L
C

; nRF = c0

p
LC: (2.54)

With this, the capacitance is

C =
nRF

c0Z in
(2.55)

and the inductance is

L =
Z in nRF

c0
: (2.56)
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2.3.2 Optical Power and Loss Measurement

The optical power output of a modulator or photonic device can be used to

characterize the extinction ratio, insertion loss, propagation loss, splitting balance and the

half-wave voltage of an electro-optic modulator. In this work, a Luna optical backscatter

re�ectometer (OBR), an APEX Optical Spectrum Analyzer (OSA), a ThorLabs PM400

handheld optical power meter and a ThorLabs InGaAs DET08CFC photodetector are

used to measure the optical power of photonic devices.

To use any of these devices, an optical waveguide must �rst be aligned to the

input and output waveguide facet of the on-chip device to couple the optical signal into

the device. Polarization maintaining (PM) lensed �bers are used in this work during

device characterization steps. After device end facet preparation, the PM lensed �ber

must be moved near the optical waveguide on the input and output of the device. The

output �ber should be connected to the handheld power meter and the input �ber

connected to an active 1550nm laser source. With the laser switched on, the �ber and the

end-facet should be viewed under an infrared (IR) camera where a bright 'spot' should

be visible on the end-facet of the chip. Now, the input �ber can be moved such that the

spot overlaps the waveguide, and an output spot can be seen on the output end facet.

The output �ber should then be visibly aligned until the power meter indicates power

is being coupled into the output �ber. Both �bers should then be carefully adjusted in

sub-micron increments to maximize the transmitted optical power. The output �ber can

then be carefully disconnected from the power meter and used with other equipment.

The Luna OBR can be used to measure the propagation loss and back-scatter of

an optical waveguide or photonic device. The instrument detects the re�ected power at

a calculated distance from its source. In this work, the OBR is used to measure the

propagation loss of optical waveguides in EO modulators, where the general downward

trend of the measurement corresponds to propagation loss in the medium. The OBR is

unique in that it does not require an output �ber to be present. After �ber alignment,

the OBR can be connected to the input �ber, and the e�ective optical index of the

waveguide can be entered into the instrument's user interface. The device will begin
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the measurement by illuminating the waveguide with an optical source and measuring

the re�ected power. It will then plot the re�ected power against the distance from the

source, from which the optical waveguide can be found and measured. In Fig. 2.9, an

optical waveguide with a propagation loss of 0.64 dB/cm is shown.

Figure 2.9: The Luna OBR used to measure optical propagation loss.

The APEX OSA is used to measure optical power when an extremely low noise

�oor is required. The device has an operational noise �oor under 78 dBm at 1550nm

with a resolution of 0.16 pm. In Fig. 2.10 an optical signal of -55.795 dBm is resolved

well above the noise �oor near -80 dBm. The APEX OSA requires the user to set the

center wavelength, span and resolution. After this step is complete, the output �ber

can be connected to the front of the instrument to collect the data.

The ThorLabs handheld power meter is perhaps the most versatile method of

measuring the total optical power output. With a response time of roughly 1 second, it

cannot detect fast-changing signals, but has a relatively low noise �oor and is usually

adequate to measure the optical extinction ratio of a device. The power meter can be also

be used to record the optical power over time. This is useful for accurate measurement

of optical extinction ratio when the expected extinction ratio is less than roughly 50

dB. The measured bias response from a dual-output modulator is shown in Fig. 2.11.
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Figure 2.10: The APEX OSA used to measure a small optical signal.

Figure 2.11: The ThorLabs PM400 used to measure optical power output to verify
thermal bias response of a modulator.

Finally, a photodetector can be used with an oscilloscope to analyze optical

signals with intensity oscillations. This technique can be used to measure the half-wave

voltage ( V� ) of an MZM up to roughly 1 MHz. The optical output �ber should be

connected to an InGaAs photodetector to convert optical power to a current. The current

varies proportionally to the optical intensity and can be used with a trans-impedance

ampli�er (TIA) to amplify the signal and convert it to a voltage. The output of the

TIA is connected to the oscilloscope where the data can be collected and saved. The
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measured response of a 2x2 MMI while the relative input phase di�erence is swept from

0 to 2� using this method is plotted in Fig. 2.12.

Figure 2.12: The ThorLabs InGaAs DET08CFC photodetector used to measure the
response of a 2x2 MMI to an input phase sweep.

2.3.3 Optical Sideband Characterization and Measurement

Figure 2.13: (a) The input RF signal containing data and information. (b) The
amplitude modulated optical signal.

An optical sideband is a band of wavelengths higher or lower than the optical

carrier wavelength that results from optical modulation. The optical sidebands contain

the information contained in the applied RF modulating signal as a result of an amplitude

modulated signal, shown in Fig. 2.13. Both the upper and lower sidebands (USB) and

(LSB), respectively, should be mirror images of each other. The response of an optical
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intensity modulator to an applied RF signal can be described mathematically. The

optical carrier signal can be expressed as

c(t) = Asin(2�f ct) (2.57)

wherec(t) is the optical carrier signal,A is the carrier amplitude andf c is the frequency.

On the other hand, the applied RF signal containing data is expressed

mod(t) = Bcos(2�f m t + � ) = Akcos(2�f m t + � ): (2.58)

Here, mod(t) is the RF signal,B is the modulation amplitude, f m is the frequency

and � is the phase constant of the RF wave. The amplitudeB is written Ak, where

k denotes the modulation index and is de�nedk = B
A . To avoid distortion, k should

be <= 1. If k > 1, more than 100% of the carrier power could be used. The intensity

modulated signal is then:

y(t) =
�
1 +

mod(t)
A

�
c(t) = sin(2 �f ct)[1 + kcos(2�f m t + � )]: (2.59)

This can be expanded to

y(t) = Asin(2�f ct) + Aksin(2�f ct)cos(2�f m t + � ): (2.60)

The trigonometric identity

sin(a)cos(b) =
sin(a + b) + sin( a � b)

2
(2.61)

can be used to expand Eq. 2.60 to a sum of three sine waves comprised of the carrier

signal, the upper sideband and the lower sideband:

y(t) = Asin(2�f ct) +
1
2

Ak[sin(2� [f c + f m ]t + � ) + sin(2 � [f c � f m ]t � � )]: (2.62)

The carrier is de�ned by Asin(2�f ct), the upper sideband is de�ned by1
2Aksin(2� [f c +

f m ]t + � ), and the lower sideband is de�ned by1
2Aksin(2� [f c � f m ]t � � ).

A laser source, RF source and OSA is required to characterize and measure

the optical sidebands and modulation response of an EO modulator. The schematic is
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Figure 2.14: The test schematic for measuring optical sidebands.

shown in Fig. 2.14. First, RF probes should be connected to a continuous wave (CW)

signal generator, and then to the GSG probing pads as shown in Fig. 2.7. (d). For

measurements over 40 GHz, a Keysight PNA-X with range extenders to reach 110 GHz

is used while a Keysight MXG analog signal generator can be used for measurements

up to 40 GHz. After �ber alignment and con�rmation that the optical waveguide is

guiding light, the output �ber should be connected to the input of the OSA and the

OSA should be set to analyze the optical spectrum. Now, LabView code can be used

to sweep the RF frequency through the desired measurement range in discrete, 1 GHz

steps. At each step, the optical spectrum including the carrier, upper sideband and

lower sideband is recorded in the OSA and saved through the LabView program. After

completion of the sweep, the RF probe should be removed from the GSG probing pads

and the coaxial cable disconnected from the probe. The cable should then be connected

to an RF power meter to record the applied RF power for each discrete frequency point.

Finally, Matlab code can be used to normalize the upper and lower sideband at each

frequency step to the optical carrier power and the applied RF power. With this method,

the EO response is independent of carrier power and RF power drift throughout the
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