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Abstract

The research presented in this thesis deals with enhancing the performance of an

optical modulator in Si photonics platform using device-level engineering tech-

niques. The thesis starts with an introduction to the field ofSi photonics, followed

by a comprehensive theory of modulation techniques and metrics used to char-

acterize the modulation efficiency. A chapter on optical waveguides is presented

elaborating on determining the waveguide characteristics, viz., mode, loss, and dis-

persion, using a Ge-doped Si strip waveguide for multimodalapplication over the

whole optical telecom band. A PN phase shifter, which is an integral part of an

MZM, is modeled, taking into account the 2D nature of carrierdistribution and

mode field. The proposed model can be used to design and optimize a PN phase

shifter with multiple design parameters viz., wavelength,waveguide dimension,

core and cladding material, doping concentration, and junction offset. The model

is validated with numerical TCAD simulation. The performance of a Si MZM with

quasi-TM mode propagation is evaluated and shown to achieve>100 Gbps trans-

mission over a single channel. Material engineering to improve the performance

is studied by designing a multi-layer SiGe phase shifter. The equivalent electrical

circuit of the proposed multi-layer PN phase shifter is presented. A process sim-

ulation study to create the multi-layer structure by a single Ge implantation in Si

is done and, both lateral and vertical PN phase shifter performance is evaluated.

The high-speed characteristics of Ge-doped Si MZM are compared with a Si MZM

and shown to achieve better performance in terms of higher modulation bandwidth,

receiver tolerance, and fiber transmission. The designed Ge-doped Si MZM can be

used for 400G datacom applications with>100 Gbps per channel.
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1. Introduction

1.1 Silicon Photonics

Silicon photonics is the study of technology that involves the transmission, manipulation,

and detection of light by or through a silicon-based media. Silicon-based media incorporates

everything from different forms of silicon viz. crystalline silicon [1], amorphous silicon [2],

polycrystalline silicon [3], porous silicon [4], silicene[5], to different compounds and alloys

with silicon constituents such as silicon dioxide [6], silicon carbide [7], silicon nitride [8],

silicon-germanium [9], silicon-germanium-tin [10], etc.Silicon photonics also involves any hy-

brid technology involving silicon or its alloys, for example, graphene [11], lithium niobate [12],

III-V semiconductors [13], barium titanate [14], etc. Silicon photonics was started by Richard

Soref in the early 1990s and had since then evolved into a whole new area of study. Applica-

tions of silicon photonics range from astronomy [15], medicine [16,17], communications [18],

to high energy physics [19,20]. The vast study and applications of silicon photonics have been

brought about by the numerous advantages it provides, the foremost being abundant availability

and mature low-cost manufacturing. The already established electronics industry uses silicon,

thereby giving the possibility of monolithic electronic-photonic integration. From an optical

viewpoint, silicon has a high index contrast with its oxide,i.e. silicon dioxide, thereby hav-

ing a larger bending radius and allowing sub-wavelength device dimensions. It also has good

thermo-optic properties and non-linear properties [1]. Silicon is an excellent material to realize

passive photonic devices. However, the main disadvantage of silicon is its indirect band-gap

due to which efficient light sources cannot be realized. Instead, III-V semiconductor lasers are

flip-chip bonded to silicon for heterogeneous integration on a silicon substrate [21]. Over the

years, numerous studies have been done to realize efficient silicon light sources, some notable

technologies being zone folding technique [22, 23], poroussilicon [22, 24], erbium implanta-

tion [25], tensile-strained germanium [26], silicon-germanium-tin [27, 28], Raman lasers [29],

etc. However, silicon-based light sources are still at the research stage due to efficiency and

stability issues and are far from commercialization. Another disadvantage of silicon is the ab-

sence of the Pockels effect, which is the linear electro-optic effect, due to its centrosymmetric
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structure. Studies have shown that strained silicon exhibit the Pockels effect by breaking the

crystal symmetry [30, 31]. Efficient modulation in silicon,however, is achieved using the free

carrier plasma dispersion effect [32].

1.2 Market Scenario

Today, silicon photonics is a huge area of study with academic as well as industry-driven

research to realize low cost, energy-efficient photonic devices using silicon. The four key areas,

viz. low cost, low power, low footprint, and high speed, are realizable using silicon. Key indus-

tries focussed on silicon photonic products are Infinera Corporation, Cisco Systems Inc., Intel

Corporation, IBM Corporation, FLIR Systems, and Finisar Corporation in the United States;

Mellanox Technologies Ltd. in Israel; Hamamatsu PhotonicsK.K. and AIO Core Co. Ltd.

in Japan; S.T. Microelectronics NV in Switzerland; NKT Photonics in Denmark; SICOYA in

Germany; and DAS Photonics in Spain. The global market valueof silicon photonics is pre-

dicted to reach USD 2518.59 Million by 2024 with a 22.93% compound annual growth rate

(source: [33]). In 2019, Cisco acquired Luxtera Inc., whichwas a leader in silicon photonics

and optical transceivers. Intel provides silicon photonics 4 fiber lane optical transceiver for

100G networks in the QSFP28 module with each of the 4 lanes capable of handling up to 28G

data rate. There have been multiple startups in silicon photonics, some notable being Ayar

Labs in California and France based fabless Scintil Photonics. Nokia has recently, in February

2020, acquired the United States based silicon photonics startup Elenion. The major focus to-

day is to provide high-speed connectivity using photons instead of electrons to carry data. The

high-frequency lightwaves provide far greater bandwidth than traditional copper cables.

1.3 National Status

Silicon photonics research in India is academic driven withsome notable research being

carried out by the Photonics Research Group in the Department of Electronics and Electrical

Engineering at the Indian Institute of Technology Guwahati, Assam; the Integrated Optoelec-

tronics Research Group in the Department of Electrical Engineering at the Indian Institute of

3
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Technology Madras, Tamil Nadu; the Centre for Nano Science and Engineering at the Indian

Institute of Science, Karnataka; the Nanophotonics Research Group at the Indian Institute of

Technology Delhi, Delhi; the Optoelectronic Nanodevice Research Laboratory in the Depart-

ment of Electrical Engineering at the Indian Institute of Technology Indore, Madhya Pradesh;

and, the Integrated Photonics Research Lab in the Department of Physics at the Indian Institute

of Technology Roorkee, Uttarakhand.

1.4 International Status

The academic research groups outside India are the Silicon Photonics Group at the Uni-

versity of Southampton, England; the Silicon Photonics Group at the Centre for Nanoscience

and Nanotechnology, Université Paris-Sud, France; the Photonics Research Group at Ghent

University, Belgium; the Emerging Computing Systems and Design Automation Lab in the

Department of Electrical and Computer Engineering at the Colorado State University, United

States; University of California, Santa Barbara, United States; and the University of California

San Diego, United States.

1.5 Thesis Organization

This thesis is organized in the following chapters:

Chapter 2 presents the theory and working of optical modulators for data communication

applications. The different types of modulation and how efficient modulation is done in silicon

platform are described. The different types of structures,analysis, and characterization of the

modulator are given. The last section of this chapter focuses on the techniques to improve the

modulator performance.

Chapter 3 gives an introduction to optical waveguides and their analysis. The mode, loss,

and dispersion characteristics of a graded-index silicon-germanium strip waveguide for hybrid

multiplexing applications over the coarse wavlength division multiplexing band are presented.

The usable number of guided modes at different wavelengths is shown to depend on the mode

confinement, propagation loss, and dispersion length.
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Chapter 4 presents a 2D model of a silicon PN phase shifter, which can be used to design

and optimize the phase shifter performance without any commercial tools. The model takes

into account the widening of the depletion region at the core-cladding interface, and a detailed

description of the model algorithm is given.

Chapter 5 investigates the performance of a silicon Mach-Zehnder modulator (MZM) em-

ploying quasi-TM mode propagation with dual-arm push-pulldrive using on-off keying. The

quasi-TM MZM can achieve>100 Gbps transmission over a single channel. Performance com-

parison with state-of-the-art is given.

Chapter 6 introduces a multi-layer graded-index silicon-germanium phase shifter, which

exhibits enhanced performance compared to a silicon phase shifter. A process simulation study

has been done to emulate a fabricated device using both lateral and vertical PN junction profiles.

The designed phase shifters are compared with the state-of-the-art.

Chapter 7 investigates the high-speed characteristics of aprocess simulated germanium-

doped silicon MZM for dual-arm quadrature drive. The proposed MZM is compared with

recently reported results, and can achieve>100 Gbps data rate over a single channel, and can

be used for 400G data communications.

Chapter 8 provides a brief summary of the work carried out during the doctoral tenure.
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2. Silicon Optical Modulator: Theory and Working

2.1 Introduction

The high bandwidth requirement of current data communication due to the increasing num-

ber of end-users have paved the way for photonics to replace electronics. A viable solution

to the “interconnect bottleneck” problem is to use optical interconnects instead of the metallic

interconnects [34–36]. However, such a scheme suffers fromhigh costs and a large device foot-

print. The cost is mainly determined by the fabrication process, while the device size is limited

by the wavelength of light and material being used. Silicon photonics with low-cost CMOS

compatible fabrication and sub-micron device size due to high index contrast aims at realizing

efficient photonic devices [1]. Integrated optics deal withmultiple active and passive optical

components on a single substrate. Large bandwidth of an optical communication link is needed

for high-speed data transmission, with optical modulatorsat the core of such a data link, used

to encode electrical information in light. The optical modulator is thus an integral component

of an optical communication link.

2.2 Overview of an Optical Communication System

The basic block diagram of a communication system is shown inFig. 2.1. It consists of

three blocks — the transmitter, channel, and receiver. For an optical communication system

that employs light as a data carrier, the transmitter consists of the light source, modulator, and

multiplexer; the channel is either fiber optic cable, free-space, or planar waveguides for on-chip

integrated circuits; and the receiver consists of demultiplexer and photodetector. In addition,

both the transmitter and receiver side contains electricalsignal processing and conditioning cir-

cuits to handle the electrical data bits. The electrical data bits are integrated into light using

the modulator. Instead of an external modulator, the light source itself can be modulated by an

electrical driver circuit. However, the direct modulationof light sources is slower than exter-

Fig. 2.1: Block diagram of a communication system.
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2.2 Overview of an Optical Communication System

nal modulation techniques. At a higher frequency of switching, the laser heats up, leading to

an increase in the threshold current and corresponding signal distortion [37]. The multiplexer

is used to combine multiple channels carrying different data streams. Data can be carried by

different wavelengths, both polarizations of each wavelength, and multiple modes of each po-

larization. Such a scheme is known as hybrid multiplexing. The demultiplexer at the receiver

side does the opposite of the multiplexer and separates different channels into different paths

to a photodetector, which converts the optical signal to a corresponding electrical signal. The

channel either fiber, planar waveguides, or free-space has different effects on the signal. Optical

fiber has low attenuation and dispersion owing to a very smallindex contrast between the core

and cladding. The core has a circular cross-section and is larger than the wavelength of light.

Optical fibers are used for long-distance communication. Planar waveguides have a rectangular

cross-section, and the index contrast is relatively high. Such waveguides have large loss and

dispersion and are used for short-distance communication typically for intra-chip applications.

Miniaturization of electronic chips to ensure high operating frequency, according to Moore’s

law, leads to a decrease in the cross-section of the metallicinterconnect layers and the distance

between the successive layers. In electronic integrated circuits, the metallic interconnect layers

form multiple floors with local interconnects at the bottom (example, connections within a logic

gate) and global interconnects at the top (example, the connection between different logic gates

within a chip). As the device dimensions decrease, the resistance and capacitance increase,

thereby increasing the time constant and hence, the propagation delay. This can be overcome

by replacing the metallic interconnect layers by optical interconnects, which are basically pla-

nar waveguides. Though the optical interconnect dimensions are larger than the correspond-

ing metallic interconnects, multiple floors are not required since a single optical interconnect

can carry different data without any crosstalk. However, the need for electrical-to-optical and

optical-to-electrical conversion at each device connection (since the base devices are electronic)

increases the complexity. Instead, photonic devices with data being processed by manipulating

light instead of electrons are preferred and are the major reason for the drive towards realiz-

ing photonic chips. For example, logic operations can then be performed using optical logic
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gates [38] rather than by electronic logic gates. The processing of light is much faster, and the

bandwidth of photonic devices is greater owing to their highfrequency. The free-space channel

uses spatial multiplexing and vector modes to increase the transmission bandwidth [39,40], and

follows line-of-sight transmission.

2.3 Optical Telecom Bands

The optical telecom band represents the range of wavelengths over which fiber optic com-

munication takes place, and are given in Table 2.1. The O-, E-, S-, C-, L-, and U-bands represent

the original (O), extended (E), short (S), conventional (C), long (L), and ultra-long (U) wave-

length bands, respectively.

Table 2.1: Optical telecommunication bands.

Band Wavelength range (nm)
O 1260 – 1360
E 1360 – 1460
S 1460 – 1530
C 1530 – 1565
L 1565 – 1625
U 1625 – 1675

Currently, long-haul fiber optic communication uses the C-band centered at 1550 nm wave-

length due to the advent of the erbium-doped fiber amplifier (EDFA). Data is carried using

multiple wavelengths of an optical telecom band, known as wavelength division multiplexing

(WDM). The two types of WDM generally used are the dense wavelength division multiplex-

ing (DWDM) and coarse wavelength division multiplexing (CWDM). DWDM supports up to

80 channels over a single fiber and uses 0.4 nm (0.8 nm) channelspacing for a 50 GHz (100

GHz) grid. Currently, DWDM is used over only C- and L-band. CWDM, on the other hand,

utilizes multiple optical bands, from O- to L-band, and allows up to 18 channels with chan-

nel spacing of 20 nm. DWDM is expensive compared to CWDM due tothe requirement of

sophisticated transceivers.
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2.4 Types of modulation

An optical modulator modulates light according to a messagesignal. The message signal is

encoded in light by changing its properties, such as amplitude, phase, frequency, or polarization.

In a broad sense, modulation can be of two types — direct modulation and external modulation.

In direct modulation, the light source itself is modulated according to a message signal,

which is in electrical form. Direct modulation of a laser source is simple and, thus, cost-

effective. In direct modulation, the current input to the laser is varied. However, direct mod-

ulation suffers from carrier induced frequency drift knownas chirping, and heating issue at

high-frequency operation [41].

In external modulation, a device is used, which changes the property of light according to

the message signal, which can be in any form. External modulators are preferred for high-

speed operation and to extend the life of the light source. There are various types of external

modulation, such as mechanical, acousto-optic (AO), thermo-optic (TO), magneto-optic (MO),

all-optical, and electro-optic (EO). In mechanical modulation, a mechanical shutter or chopper

is used, which blocks the path of light [42]. The mechanical modulators are basically discs

with slits that are rotated by means of a motor. These are usedfor sub-kHz modulation and

suffers from the diffraction of light beams around the slit edges. AO modulators change the

optical properties of a light beam using acoustic waves. Light is passed through an AO crystal

subjected to RF signal. There are two different types of AO modulation mechanisms — Raman-

Nath regime [43] and Bragg regime [44]. AO modulators can reach speeds up to the MHz

range. In TO modulators, the optical property, namely the refractive index, is varied by varying

the temperature. Silicon has a TO coefficient of 1.86× 10−6 K−1. Silicon TO modulators have

been realized and can achieve modulation up to lower GHz range [45]. MO modulators use the

magnetic field to vary the property of a light beam. The left and right circular polarizations travel

at different speeds when subjected to a quasi-static magnetic field [46]. The polarization of light

when passed through a MO material change which is known as theFaraday rotation. All-optical

modulators can be used to circumvent electrical-to-optical and optical-to-electrical conversions

11

TH-2420_156102009



2. Silicon Optical Modulator: Theory and Working

by using a light beam to modulate another light beam [47]. This type of modulation is faster and

less noisy. However, the main drawback is the requirement ofa controlling light beam. In EO

modulators, light is passed through a material subjected toan electric field. The electric field

is varied to change the property of the light beam. Differenttypes of EO modulation are the

Pockels effect, Kerr effect, Franz-Keldysh effect (FKE), quantum confined stark effect (QCSE),

and the free-carrier plasma dispersion (FCPD) effect.

The Pockels effect is the fastest EO effect, but occurs in non-centrosymmetric materials,

i.e., crystals which do not have a center of symmetry. The most widely studied crystal is the

man-made LiNbO3 [48]. The Pockels effect is known as the linear EO effect as itis directly

proportional to the applied electric field. Silicon, however, does not exhibit the Pockels effect

due to its centrosymmetric structure. However, strain applied to silicon breaks the crystal sym-

metry and has been shown to have the Pockels effect [30, 31]. The Kerr effect occurs in all

materials but is weak. The Kerr effect is the second-order EOeffect and is proportional to the

square of the electric field [49]. In the FKE, an applied electric field is used to shift the optical

absorption edge to lower energies [50]. Thus, light is absorbed even if the photon energy is less

than the band-gap. QCSE describes light absorption in quantum-well structures, where the ab-

sorption differs depending upon the direction of the applied electric field relative to the quantum

wells [51]. The FCPD effect uses an applied electric field to modulate light by changing the

carrier concentration across a junction device [32]. Sincethe Pockels effect is absent in silicon,

the FCPD effect is preferred for high-speed modulation. This thesis focusses on FCPD based

silicon modulators, and thus a separate section is dedicated to describing the FCPD effect in

detail.

2.5 The FCPD effect

The FCPD effect is the most effective EO effect used in silicon for modulation. In the FCPD

effect, an electric field is applied across a junction deviceto change the carrier concentration,

which in turn changes the refractive index as seen by the light beam. The refractive index is a

complex quantity given as
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n′ = n+ ik (2.1)

wherek is related to the absorption coefficient as [52]

k =
αλ

4π
(2.2)

The Drude model gives the relation between the change inn′ and the change in carrier

concentration which is [52]

∆n = − e2λ2

8π2c2ǫ0n

(

∆Ne

m∗ce

+
∆Nh

m∗ch

)

(2.3a)

∆α =
e3λ2

4π2c3ǫ0n













∆Ne

m∗2ceµe
+
∆Nh

m∗2chµh













(2.3b)

However, an empirical fit to (2.3) was given by Soref and Bennett by experimentation for

1550 nm wavelength as [32]

∆n = −
[

8.8× 10−22
∆Ne + 8.5× 10−18(∆Nh)

0.8
]

(2.4a)

∆α = 8.5× 10−18
∆Ne + 6.0× 10−18

∆Nh (2.4b)

where the change in carrier concentrations∆Ne, ∆Nh are in cm−3. The coefficients in (2.4a)

and (2.4b) have units of cm3 and cm2 respectively. Applying an electric field changes bothn

andα, as they are related by the Kramers-Kronig dispersion relation [53]. However, the use

of either one primarily for modulation specifies whether themodulator is electrorefraction type

or electroabsorption type. In electrorefraction modulators, change in∆n is used to change the

phase of light. Thus, the integral part of an eletrorefraction modulator is the phase shifter, and

such modulators are referred to as phase modulators. In contrast, electroabsorption modulators

use the change in∆α to modulate light. While electroabsorption modulator structures employ

a single wire waveguide across which an electric field is applied to change the absorption co-

efficient, in electrorefraction modulators, an interferometer and resonator structures are most
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commonly used.

2.6 FCPD phase modulator structures

There are mainly two types of structures used viz. the Mach-Zehnder interferometer (MZI)

and the micro-ring resonator (MRR) for FCPD based phase modulators. MZI and MRR struc-

tures are passive and are made active by integrating phase shifters in the arms of the MZI and

the ring cavity of MRR and are called the Mach-Zehnder modulator (MZM) and the micro-ring

modulator (MRM), respectively. The bird’s-eye view of an MZM and MRM are shown in Fig.

2.2.

(a)

(b)

Fig. 2.2: Bird’s-eye view of (a) MZM and (b) MRM.

The MZM consists of an input 1× 2 3 dB power splitter, two bus waveguides connected to

the output of the power splitter, and a 2× 1 output combiner whose input are the bus waveguides.

The phase shifter is integrated into the bus waveguides. An applied electric field is used to

change the phase of light either in one or both arms. The relative phase difference between

the two arms at the combiner side determines the output lightintensity. The MZM is used

as an intensity modulator. If the relative phase differencebetween the two arms is an even

multiple of π, constructive interference takes place, and ideally (considering loss is zero), the

output intensity is equal to the input intensity. This represents the bit ‘1’. If the relative phase
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difference is an odd multiple ofπ, destructive interference takes place, and the output light

intensity is ideally zero. This represents the bit ‘0’. It should be kept in mind that zero intensity

doesn’t mean that the light vanishes. Rather the mode leaks to the cladding.

The MRM operates on the principle of resonance. It consists of a bus waveguide and a

ring cavity. The cavity is shown to be circular, but, can be shaped like a racetrack to improve

light coupling. The phase shifter is integrated in the ring waveguide. The ring is so designed

such that when light couples, the round-trip phase difference is an even multiple ofπ. In this

case, the ring is said to be in resonance, and the output intensity is ideally (considering full

light coupling) zero. Applying an electric field to the phaseshifter changes resonant condition

(round-trip phase difference), and the zero transmission point changes to a different wavelength.

Both the MZM and MRM have been extensively studied [54–59], and the advantages and

disadvantages of both are given in Table 2.2.

Table 2.2: Comparison of MZM and MRM.

Metrics MZM MRM
Fabrication tolerance High Low
Temperature sensitive Less More
Power consumption High Low

Footprint Large Small

Most studies prefer MZMs to MRMs due to its high fabrication and temperature tolerance

and use various techniques to optimize the phase shifter to have lower power consumption and

small device footprint.

2.7 MZM architecture

The MZM cannot be driven as a lumped element due to the relatively long phase shifter

length required to obtain aπ phase shift. The phase shifter length can be reduced by usinga

larger drive voltage but at the cost of higher power consumption. A transmission line model is

employed, and a traveling wave electrode (TWE) is used to overcome the bandwidth limitation

of the MZM. This occurs due to the inductive impedance of the transmission line electrode,

which cancels the phase shifter capacitive load [60]. The MZM configuration with ground–

signal–ground–signal–ground (G-S-G-S-G) TWE for the dual-arm drive is shown in Fig. 2.3.
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Fig. 2.3: MZM configuration with CPW TWEs in both arms.

Each of the phase shifter arms is treated as a coplanar waveguide (CPW) structure [61]. The

PN phase shifters are kept reverse-biased using DC voltage sourcesVDC1 andVDC2, as shown

in Fig. 2.3. The inductorL and capacitorC at the source side are used to block the RF and DC

voltages, respectively. The termination capacitanceCT is used to block the DC signal, which

drops across the PN diode. The capacitancesC andCT offer very low (ideally zero) impedance

to the RF source, which travels along the signal electrode inthe same direction as the optical

wave. The RF source has an associated impedance denoted in Fig. 2.3 asRS which is typically

50 Ω. The resistanceRT is used at the termination side and is also taken to be 50Ω. The

MZM is driven by applying the high-frequency voltagesVRF1 andVRF2 across the two PN phase

shifters. The partial capacitance and conformal mapping techniques [62, 63] are used to obtain

the electrical equivalent circuit of the phase shifter. Themodulation bandwidth depends on

three major factors, viz. the impedance mismatch between the source, TWE, and termination

resistance; velocity mismatch between the optical mode andthe traveling RF signal; and the

RF loss. The TWE should be designed such that the optical modegroup index is equal to the

RF microwave refractive index to reduce the adverse effect of velocity mismatch. A TO phase

shifter is used in one or both arms of the MZM (not shown in Fig.2.3) to set the operating

point.
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2.8 MZM transfer characteristics

2.8 MZM transfer characteristics

The MZM bias and driving voltage are determined from the modulator transfer characteris-

tics, which gives the relation between the output light intensity and the input light intensity. In

terms of the electric field, the input light intensity can be written as

I i = |Eie
− jωt|2 (10)

The 3-dB splitter at the input side splits the input light into equal halves, each with intensity

I i/2. Table 2.3 shows the notations used in terms of the electricfield for the corresponding

intensity.

Table 2.3: Intensity and corresponding electric field notation.

Intensity I i I i/2 α

Electric field Ei Ei/
√

2 α/2

The output electric field of the two arms are given by

Eo1 =
Ei√

2
e−
α1L1

2 e− j(ωt + β1L1+φ1(V)L1) (11a)

Eo2 =
Ei√

2
e−
α2L2

2 e− j(ωt + β2L2+φ2(V)L2) (11b)

For a symmetric MZM,β1 = β2 andL1 = L2. The output electric field and corresponding

output light intensity is

Eo =
1
√

2
(Eo1 + Eo2) (12a)

Io = |Eo|2 (12b)

For a single-arm drive with the other arm grounded, the output intensity is

Io =
I i

4

[

e− j
(

φ1(V1)− j
α1(V1)

2

)

L
+ e− j

(

φ1(0)− j
α1(0)

2

)

L
]2

(2.7)

For the dual-arm drive in quadrature, the output intensity is
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Fig. 2.4: PN phase shifter cross-section.

Io =
I i

4

[

e− j
(

φ1(V1)− j
α1(V1)

2

)

Le− j π2 + e− j
(

φ1(V2)− j
α1(V2)

2

)

L
]2

(2.8)

The factore− j π2 in the first term on the right-hand side of (2.8) is used to set the MZM in

quadrature operation using a TO phase shifter.

2.9 Characterizing the MZM

The phase shifter performance affects the high-speed modulator characteristics. Both the

phase shifter and modulator performance metrics are listedbelow.

2.9.1 Phase shifter performance metrics

The phase shifter is basically a junction device, with the most common being the PN junc-

tion [64], the PIN junction [65], and the MOS capacitor [66].The PN junction is the fastest

as it works in reverse bias by depletion of majority charge carriers. However, the length of the

PN phase shifter is longer. In contrast, the PIN is used in forward bias by injection of minority

carriers. The advantage is that the length of the PIN phase shifters is less. The MOS-capacitor

based phase shifters work in accumulation mode.

The cross-section of a PN phase shifter is shown in Fig. 2.4. The PN phase shifter is

created on a silicon-on-insulator (SOI) wafer. The underlying silicon substrate (not shown in the

figure) is comparatively thick and provides mechanical strength. The rib is created by etching

the top silicon layer and is suitable for realizing active devices since the contact electrodes
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2.9 Characterizing the MZM

can be formed far away from the modal region. The buried oxide(BOX) layer is sufficiently

thick to prevent mode leakage to the underlying silicon substrate. The top cladding is the pre-

metal dielectric (PMD) layer. Silicon dioxide (SiO2) has been used as both the BOX and PMD

material. The contact electrodes are formed by creating vias in the PMD layer and depositing

metal. The electrodes are formed over heavily doped P++ and N++ regions to ensure they are

ohmic in nature. The waveguide height (width) is along ˆx (ŷ) direction. The mode propagates

alongẑ direction.

The phase shifter is characterized by the

(i) Phase shift:

The phase shift is calculated as [67]

∆φ =
2πL
λ

∫

x̂

∫

ŷ
∆n(x̂, ŷ) |Ey(x̂, ŷ)|2 dx̂ dŷ (2.9)

(ii) Absorption loss:

The absorption loss is determined as [67]

α = αscat+

∫

x̂

∫

ŷ

[

(

αFCA(x̂, ŷ) − ∆α(x̂, ŷ)
)

× |Ey(x̂, ŷ)|2
]

dx̂ dŷ (2.10)

The calculation ofαscat andαFCA can be found in Appendix A along with different types

of loss components.

(iii) Modulation efficiency:

The modulation efficiency is the product of voltage (Vπ) and length (Lπ) required to

achieveπ phase shift and is calculated as

VπLπ = |V| ×
π

∆φ(V)
(2.11)

(iv) αVπLπ:

This is a FOM defined as the total absorption at any voltage forπ phase shift.

(v) Insertion loss:

The insertion loss of a device is defined as the loss in signal power when the device is
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inserted into a communication link and can be calculated as [67]

IL = 4.34× α(0V) Lπ (2.12)

A higher∆φ, lower α, lower value ofVπLπ, lower IL, and lowerαVπLπ corresponds to a

better phase shifter.

2.9.2 MZM performance metrics

The MZMs are characterized by

(i) 3 dB modulation bandwidth:

The 3 dB modulation bandwidth is described as the frequency range in which the modu-

lation sensitivity is within 3 dB of the peak value. TheRC-limited bandwidth of the phase

shifter is given as

fRC =
1

2πRCd
(2.13)

whereR is the series resistance of the PN phase shifter andCd is PN junction depletion

capacitance.

(ii) Extinction ratio (ER):

The ER is the ratio of the output intensity for‘on’ and‘off ’ state of the modulator, or in

other words, the ratio of light intensity to represent bit ‘1’ and bit ‘0’. ER is determined

from the modulator transfer characteristics.

(iii) Bit-error-rate (BER):

The BER represents the ratio of error bits to the total bits received. BER ranges from 0 to

1.

(iv) Speed:

The speed of the modulator represents how fast the modulatorcan modulate light with

the electrical data bits.

(v) Energy per bit (Eb):

TheEb represents the energy efficiency of the modulator and is given as
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Eb =
P

Bit Rate
(2.14)

The total power consumption (P) is determined by summing the power consumption of

all the TWE arms that are driven. The dynamic power consumption of each TWE arm is

given as [68]

PTWE =
(VTWE/2)2

Z0
(2.15)

A high modulation efficiency,ER, speed, and lower BER andEb corresponds to a better

modulator.

2.10 Improving MZM performance

The increasing demand for high bandwidth devices to decrease latency has given rise to nu-

merous techniques to realize high-speed devices. The performance can be improved by broadly

two techniques – system-level engineering and device-level engineering.

2.10.1 System-level engineering

Low-bandwidth modulators can be used to achieve high-speedoperation using system-level

engineering, which focusses on modulator driving configurations and modulation formats. The

bandwidth can be enhanced by using a series push-pull operation, which lowers the diode capac-

itance [69]. Higher modulation speed can be achieved by using advanced modulation formats

such as pulse amplitude modulation (PAM) and quadrature amplitude modulation (QAM). Four

silicon MZMs with an average modulation bandwidth of 30 GHz at -3 V have been shown to

achieve 106 Gbps per lane using PAM-4 [70]. Two MZMs with 3 dB bandwidth of 36 GHz

at -4 V have been used in in-phase quadrature (IQ) modulator configuration with series push-

pull operation and shown to achieve up to 232 Gbps operation using 16-QAM [71]. While

the simple on-off keying (OOK) was the choice of modulation for 100G networks, the IEEE

802.3bs specifies PAM-4 modulation for 400G networks [72]. The 100G network uses 4-lane

25G modulators, while 400G network uses either 4-lane 100G modulators or 8-lane 50G mod-
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ulators. Though advanced modulation formats can lead to higher data speeds, the overall chip

power increases due to the increased complexity in realizing the electrical driver circuitry. A

DAC-less PAM-4 modulator is reported in [73], which lowers the power consumption by using

two OOK electrical drivers to generate PAM-4 signal in the optical domain.

2.10.2 Device-level engineering

Device-level engineering focusses on increasing the modulation bandwidth using material

engineering and junction optimizations instead of using advanced modulation formats. The

modulation bandwidth can be increased by designing the phase shifter either to have lower

capacitance per unit length or to have a higher phase shift per unit length resulting in lower

length. The modulation efficiency is an important metric to measure the modulator efficiency.

SmallVπ will result in lower drive voltage required for light extinction and result in lowEb. The

phase shifter design and optimization is the main focus of device-level engineering. The phase

shifter metrics depend on the modal overlap with the depletion region. The waveguide, material,

and junction parameters play an important role in the designof a phase shifter to improve the

overall device performance. The waveguide parameters include the waveguide dimensions,

which determines the mode confinement and scattering loss. The material parameters include

the carrier effective mass, mobility, lifetime, and material absorption. The junction parameters

include the type of junction, junction profile, dopant species, doping concentration, and the

junction offset. It is crucial to select appropriate parameter values for optimum performance

as there are numerous trade-offs involved that affects the device performance and can be found

in [74–78].

Numerous optimizations based on waveguide dimensions [67,79,80], materials like strained

silicon-germanium [81, 82], hydrogenated amorphous silicon [83, 84], silicon slot waveguide

with ITO [85], junction parameters like use of PN [64, 75, 86,87], PIN [65], PIPIN [88], inter-

leaved/interdigitated PN [77, 89], and doping optimizations like restricted depth doping [90],

U-shaped junction [91], S-shaped junction [92], L-shaped junction [93], including optimization

of ion-implantation conditions [94], etc., have been reported over the years to enhance the phase

shifter performance.
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2.11 Summary

A basic overview of an optical communication system is provided with the optical telecom

bands used for communication. The different types of modulation techniques are defined with

special attention to the FCPD effect, which is used for efficient modulation in silicon. The

phase modulator structures are shown with emphasis on the MZM, which is used throughout this

thesis. The phase shifter is defined as an integral part of a phase modulator, and the performance

metrics of the phase shifter and MZM are defined. Lastly, techniques to improve the modulator

performance are briefly discussed.
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3. Optical Waveguides: Basic Building Block of Photonic Devices

3.1 Introduction

An optical waveguide is a structure that guides light along aparticular direction, which is

known as the propagation direction. A waveguide consists ofa core that has a high index of

refraction surrounded by a cladding with a low index of refraction. The most common type

of optical waveguide is the optical fiber, which has a cylindrical cross-section. The optical

fiber transmits light by the mechanism of total internal reflection. Optical fibers can be either

single-mode or multimode. Multimode optical fibers use a graded-index structure to reduce

modal dispersion. Integrated photonic chips have rectangular waveguide structures due to the

feasibility of planar fabrication. Planar photonic chips employ nanowire waveguides to real-

ize active and passive photonic devices. Optical waveguides are used as a channel for data

transmission. To increase the information rate, differentwavelengths, both polarization of each

wavelength, and multiple modes of each polarization are used as channels. Based on specific

applications, waveguide design is crucial, and their analysis is necessary for optimum device

performance. For a given material system and waveguide dimension, the channel length de-

pends on the dispersion-loss characteristics of each lightmode and is related to its effective

index. The mode, loss, and dispersion characteristics depend on waveguide core-cladding ma-

terial and waveguide dimensions. Planar rectangular cross-sectional waveguide uses high index

contrast core-cladding materials as opposed to optical fibers in order to reach sub-wavelength

dimensions. However, such planar waveguides suffer from high modal dispersion due to their

high index contrast and are suitable for short-distance communication typically in the range of

few micrometers to few millimeters. Silicon-on-insulator(SOI) wafers are commonly used for

planar photonic devices due to their low-cost CMOS processing with an index contrast of∼2

over the whole coarse wavelength division multiplexing (CWDM) band. Optical waveguides

can be formed by etching the top silicon layer to create rib (partially etched) or strip (fully

etched) waveguides, putting two waveguide cores close to each other to create slot waveguides,

or by drilling holes in the top silicon layer to create a photonic crystal waveguide. The most

commonly used optical waveguide for passive applications is the channel/strip waveguide.
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3.2 Waveguide structure

Waveguide analysis involves the parametric study of the effect of core-cladding materials

and waveguide dimensions on the number of supported modes, mode group velocity, birefrin-

gence effects, modal dispersion, mode confinement, propagation losses, etc. Multiple literature

studies exist that focus on the analysis of different types of waveguides. Single-mode condi-

tion in SOI rib waveguides was given by Sorefet. al. [95] and later corrected by Pogossian

et. al. [96]. The same was analyzed by Huanget. al. [97] for SOI rib waveguides at 1550 nm

using FEM simulations. Hocker and Burns analyzed mode dispersion of isotropically diffused

channel waveguides using EIM [98]. Dulkeithet. al. [99] studied the group index and GVD

of single-mode SOI strip waveguides. Tanet. al. [100] studied the group velocity dispersion

(GVD) and self-phase modulation (SPM) in Si3N4 waveguides. Leeet. al. [101] investigated

the effect of waveguide size and surface roughness on the transmission losses of a silicon strip

waveguide and used the Payne-Lacey (P-L) model [102] for thescattering loss. Vlasov and

McNab [103] measured the propagation and bending losses of submicron single-mode silicon

strip waveguides. Daniel and Agrawal [104] studied the effect of waveguide dimensions on the

dispersion and birefringence properties. Maset. al. [105] investigated the chromatic disper-

sion of silicon slot waveguides and showed that the dispersion properties could be tailored by

the waveguide geometrical parameters. Hammaniet. al. [106] performed experimental studies

on the linear and non-linear optical properties of silicon-germanium waveguides with varying

cross-sectional areas. Apart from these, multiple studieson waveguide dispersion can also be

found in literature [107–112].

3.2 Waveguide structure

The graded-index SiGe strip waveguide is process simulatedusing SynopsysR© SPROCESS

2D [113]. The starting material is an SOI wafer with 250 nm topsilicon thickness and 2µm

BOX. The graded-index structure is formed by germanium (Ge)doping with a dose of 1.35×

1017 cm−2 at 165 keV energy followed by rapid thermal annealing (RTA) at 1100◦C for 5 sec-

onds. Then, a 250 nm anisotropic etch is done to form a strip waveguide of a cross-sectional

area 500 nm× 250 nm. The final step is 2µm top oxide deposition to form a buried strip waveg-
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Fig. 3.1: (a) 3D view of the buried strip waveguide (the silicon substrate is not shown) and (b) Germa-
nium concentration and mole fraction across waveguide height.

uide. The waveguide structure is shown in Fig. 3.1 along withthe germanium concentration

and mole fraction distribution across the waveguide height.

3.3 Waveguide Analysis

The quasi-vectorial finite difference method (QV-FDM) [114] has been used for mode anal-

ysis of the proposed waveguide at different wavelengths. A mesh size of 120× 100 cells with

a uniform cell size of 12.5 nm in each direction has been used with the Neumann boundary

condition. The refractive index of silicon and oxide at different wavelengths are calculated

from [115] and [116] respectively. The refractive index of Si1−xGex is calculated as [117]

nS iGe(x, λ) = nS i(λ) + (1.16− 0.26λ) x2 (3.1)

The maximum Ge mole fraction (x) obtained from the given germanium dose is∼0.31.

Ge doping results in material absorption loss if the band-gap energy of the graded Si1−xGex is

lower than the corresponding photon energy. The band-gap energy of the proposed structure

along waveguide height is calculated as [118]

Eg(x) = 1.0905− 0.962x+ 0.4306x2 − 0.1672x3 (3.2)

The band-gap energy across waveguide height along with the photon energy at different

wavelengths is shown in Fig. 3.2. The minimum band-gap energy is ∼0.83 eV denoted by the
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Fig. 3.2: Band-gap and photon energy across waveguide height and photon wavelength respectively.

A-A’ line of Fig. 3.2. This corresponds to a photon wavelength of∼1500 nm denoted by the

line B-B’ . Beyond 1500 nm, the waveguide becomes transparent, and thus material absorption

does not occur. The material absorption depends on both photon wavelength as well as the Ge

mole fraction and is calculated as [118]

αm =



















































0 if hν ≤ Eg − kBθp

Aa
(hν−Eg+kBθp)2

eθp/T−1
if Eg − kBθp ≤ hν ≤ Eg + kBθp

Aa
(hν−Eg+kBθp)2

eθp/T−1
+ Ae

(hν−Eg+kBθp)2

1−e−θp/T
if hν ≥ Eg + kBθp

(3.3)

The real and imaginary part of the refractive index across the waveguide height at different

wavelengths are given in Fig. 3.3(a) and 3.3(b) respectively. The refractive index and the

(a) (b)

Fig. 3.3: (a) Refractive index and (b) extinction coefficient across the waveguide height at different
wavelengths.
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(a) Ey
00 mode (b) Ex

00 mode

(c) Ey
10 mode (d) Ex

10 mode

Fig. 3.4: Supported mode profiles of the proposed graded-index strip waveguide at 1310 nm.

extinction coefficient profile across the waveguide height have the same Gaussian-like shape

similar to the Ge implantation profile with the refractive index having a square dependency on

the mole fraction, as evident from (3.1). The extinction coefficient is negligible after 1500 nm.

The number of modes supported by the waveguide, mode profile,mode effective index,

and 2D mode confinement is determined by QV-FDM using the refractive index and extinction

coefficient profile across the waveguide height at differentwavelengths. For short-range optical

communication, the O-band is preferred, which is centered at 1310 nm [119]. The mode profile

of the supported modes at 1310 nm is shown in Fig. 3.4. The quasi-TE (quasi-TM) mode is

characterized by discontinuity along the waveguide width (height) and is denoted byEy
mn (Ex

mn)

or HEmn (EHmn), wheremandn represents the mode zero-crossing along waveguide width and

height respectively.

Different modes of each polarization of each wavelength travel along the waveguide with
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different velocities. The mode velocity increases with themode order while the mode con-

finement deceases. Due to this, different modes will take different time to reach a particular

distance, which leads to dispersion. The material is itselfdispersive as the refractive index is

a function of the wavelength. The proposed graded-index waveguide can be approximated as

a multi-layer waveguide with each layer having different dielectric properties. Since the mesh

size used in QV-FDM is 12.5 nm, the graded-index waveguide isapproximated as a 20-layered

waveguide with each layer thickness equal to 12.5 nm. Also, it should be noted that the quasi-

TE (quasi-TM) modes are directed parallel (perpendicular)to the layer interfaces along the ˆy (x̂)

axis respectively. The effective material refractive index for the quasi-TE and quasi-TM modes

are given as [120]

n2
mat =






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


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
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∑
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∑

j=1

h j

j=N
∑

j=1

h j

ǫ j
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mn mode

(3.4)

The group velocity dispersion also known as waveguide dispersion is the second-order dis-

persion and its coefficient given as [110]

β2 =
∂2β

∂ω2
(3.5)

The GVD is then calculated from

DGVD = −
2πc
λ2
β2 (3.6)

The mode GVD compensates the material dispersion, and the total dispersion is calculated

by adding both. The material dispersion is calculated using(3.5) and (3.6) by replacing the
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effective refractive indices of the mode by the effective material refractive index determined

from (3.4) [110]. Since the waveguide acts as a data channel,it is important to carefully assign

a particular channel to a particular mode. This is because the propagating pulse broadens due

to dispersion. The dispersion length is a measure of the distance the pulse travels before it

broadens by a factor of
√

2 and is calculated as [99]

LD =
2πc
λ2

t2
w

D
(3.7)

For high data rate signals, the pulse width (tw) is small, and such signals should be assigned

to a mode with low dispersion to reduce the pulse broadening.

3.4 Results and Discussions

The effective index and 2D mode confinement of the proposed waveguide as a function

of wavelength are shown in Fig. 3.5(a) and (b) respectively.The effective index and mode

confinement of all the supported modes decrease with wavelength. The mode confinement of

the Ey mode is greater than theEx mode, which is due to the fact that the waveguide width is

greater than the waveguide height.

The total material absorption loss of each propagating modeas a function of wavelength was

determined from the imaginary part of the effective index and is shown in Fig. 3.6. The material

absorption decreases exponentially with wavelength and isnegligible after 1500 nm. A larger
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Fig. 3.5: (a) Mode effective indices and (b) Mode confinement.
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Fig. 3.6: Intrinsic material absorption.

Ge implantation dose would result in the right shift of the material absorption curve. From Fig.

3.6, it can be seen thatEy mode has a higher loss thanEx mode. Also, the first order modes

of each polarization have a higher loss compared to the fundamental mode. The reason for the

first is that both the fundamental and first-orderEy mode has larger confinement compared to

the correspondingEx modes, respectively. Since the first-order mode has two lobes compared

to one lobe of the fundamental mode, larger material absorption occurs for first-order modes.

The scattering loss of the fundamental and first-order modesof both polarization as a func-

tion of wavelength is shown in Fig. 3.7(a) and 3.7(b) respectively. The scattering loss is cal-

culated using standard deviation (σ) = 2 nm and correlation length (Lc) = 50 nm [121]. The

scattering loss ofEy
00 mode is more or less constant with wavelength, whereas thoseof other
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Fig. 3.7: Scattering loss of (a) fundamental modes and (b) first order modes.
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Fig. 3.8: Propagation loss of (a) fundamental modes and (b) first ordermodes.

modes decrease. This is due to the fact that theEy
00 mode has very good confinement, and the

mode intensity at the rough sidewalls does not vary much withwavelength. The confinement of

other modes decreases with a greater slope, as evident from Fig. 3.5(b).

The mode propagation losses are determined from the scattering and absorption losses of

each mode as a function of wavelength. For the fundamental modes of both polarization, the

quasi-TM propagation loss is higher than the quasi-TE propagation loss below 1350 nm, as

shown in Fig. 3.8(a). For the first-order modes, as seen in Fig. 3.8(b), the contribution of

material absorption to the total loss is negligible compared to the scattering loss. The high

propagation loss of the higher-order modes results in a lower waveguide length for multimodal

applications.

The dispersion coefficient of the modes and material is shownin Fig. 3.9(a). The GVD of

the different supported modes takes into account the material dispersion. The GVD coefficient

of the modes for O-band is shown in Fig. 3.9(b) and shows the zero-dispersion wavelength

(ZDWL) of the different modes. For the designed graded-index strip waveguide, ZDWL occurs

in the O-band, which is suitable for multimodal operation. The Ey
00 mode does not have any

ZDWL, and the calculated dispersion in the O-band is in the range of -2450 ps/nm.km to -850

ps/nm.km. The ZDWL for theEx
00, Ey

10, andEx
10 modes are 1353.3 nm, 1313.2 nm, and 1270.0

nm respectively. The O-band has three mode-dispersion crossovers, which are labeled in Fig.

3.9(b). The comparable GVD coefficients of different modes will result in a lower intermodal
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Fig. 3.9: (a) Mode and material GVD coefficient over CWDM band, (b) modeGVD showing ZDWL
and mode-dispersion crossovers, and (c)LD andL1/e for different supported modes.

delay for mode-division multiplexing applications. Fig. 3.9(c) shows the propagation length of

different modes as a function of wavelength in 1270 nm to 1390nm range. Two propagation

lengths are shown in the figure.LD (solid line) is the dispersion length andL1/e (dashed line)

is the mode propagation length at which the mode power drops to 1/e of its input power.LD is

a measure of the dispersion, whereasL1/e is a measure of the propagation loss. The effective

waveguide length is limited by both the mode propagation loss and the mode dispersion and

is determined asLe f f = min(LD, L1/e). The pulse width used to calculateLD in Fig. 3.9(c)

is 100 fs. For data rates of a few hundred gigabits per second (Gbps),LD is in metres, and

the length is limited by the propagation loss. Since planar waveguides are used for intra-chip

communication, the length ranges from few micrometres to few millimetres. This allows for
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sub-picosecond pulse usage resulting in terabit per second(Tbps) communication.
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Fig. 3.10: (a) Waveguide, material, and total dispersion ofEy
00 mode over the CWDM band and (b) The

corresponding propagation length ofEy
00 showingL1/e andLD for input pulses with differnt pulse width.

The dispersion characteristic of the fundamental quasi-TEmode is shown in Fig. 3.10(a),

which shows the waveguide, material, and the total dispersion as a function of wavelength. At

1306 nm and 1561 nm, the waveguide dispersion is zero. Between these two wavelengths, the

waveguide dispersion compensates the material dispersion. However, for the designed graded-

index waveguide parameters, theEy
00 mode does not have a ZDWL over the entire CWDM

wavelength range. TheEy
00 dispersion is normal and remains in the negative dispersionregion.

The lowest dispersion of -197 ps/nm.km occurs at a wavelength of 1460 nm. The propagation

length of the same is shown in Fig. 3.10(b) for three different pulse widths,tw = 50 fs, 75 fs,

and 100 fs. Fortw = 50 fs, the waveguide length forEy
00 excitation across the CWDM band

is limited by dispersion. Fortw = 75 fs and 100 fs, the waveguide length is limited by the

propagation loss in the wavelength range of 1400-1500 nm and1370-1530 nm, respectively.

TheEy
00 mode dispersion is negative for the chosen waveguide parameters and results in pulse

compression [122].

The total number of modes that can be used depends on the specific application. Not only do

propagation loss and dispersion limit the usable number of modes, but the mode confinement

should also be taken into account. For example, at 1270 nm, ifall four modes are used as

channels,Le f f is∼ 0.83 mm with lowest mode confinement of∼ 47.8%. At 1490 nm,Le f f is∼
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Fig. 3.11: Number of usable modes of the designed graded-index strip waveguide for different mode
cut-off values.

1.43 mm but the lowest mode confinement is only∼ 18.4%. To determine the usable number of

modes, a mode cut-off can be set depending on the applicationand then, the waveguide length

can be determined from the mode with the highest propagationloss or dispersion. Fig. 3.11

shows the usable number of modes when the mode-cutoff is set at 30%, 40%, and 50%.

Long-range optical communication takes place in the C-bandcentered at 1550 nm while

the O-band centered at 1310 nm is preferred for short-haul datacenter applications. At 1550

nm, the higher-order modes are cut-off. The mode confinementof the quasi-TE mode is∼

75% compared to the quasi-TM mode confinement of∼ 31%. The waveguide is essentially

single-mode at 1550 nm. The material absorption is absent and theEy
00 mode dispersion is∼

-737 ps/nm.km. At 1310 nm, the waveguide supports four modeswith |D| < 5200 ps/nm.km

and mode confinement > 42%. However, the lowest dispersion and highest mode confinement

occurs at 1290 nm with|D| < 3000 ps/nm.km and mode confinement > 45%.

For the graded-index structure shown here or for any multi-layer waveguides in general,

the effective material refractive index depends on the individual refractive indices and on the

layer thicknesses. Also, since the grading is along one direction only, the effective index seen

by the quasi-TE and quasi-TM modes are different, and the material becomes birefringent.

The quasi-TE refractive index is higher compared to the quasi-TM mode refractive index as

calculated from (3.4). The birefringence (nT E − nT M) varies linearly from∼ 4.20× 10−4 at

1270 nm to∼ 3.25× 10−4 at 1670 nm. However, the similar slope of the quasi-TE and quasi-
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TM mode refractive index results in equal quasi-TE and quasi-TM material dispersion. The

modal group velocity dispersion can be tailored to obtain any desired ZDWL by varying the

waveguide dimensions [110] or by using multi-layer cladding [123]. The mode, dispersion, and

loss characteristics can also be tailored by varying the germanium dose and energy, keeping the

waveguide dimensions the same.

3.5 Summary

A graded-index buried strip waveguide on the SOI platform has been designed, and the

mode, dispersion, and loss characteristics have been determined for CWDM wavelengths. Mode

parameters such as the number of propagating modes and mode confinement of each mode

at different wavelengths for the proposed waveguide have been calculated. The material and

scattering loss components of different modes over the CWDMband have been determined. The

material and mode dispersion characteristics for short-wavelength multimode transmission and

CWDM single-mode transmission have been discussed. The designed waveguide has higher-

order zero-dispersion wavelengths in the O-band, and the fundamental quasi-TE mode has the

lowest dispersion of -197 ps/nm.km at 1460 nm. For any waveguide dimension, the number

of modes that can be used is limited by the mode confinement. The waveguide is suitable for

sub-picosecond pulse propagation, and the waveguide length is shown to be limited by both the

propagation loss and the mode dispersion.

38

TH-2420_156102009



4
Silicon Optical Modulator: A 2D Model

Contents
4.1 Introduction 40

4.2 Model flowchart 41

4.3 Calculating the mode field 42

4.4 Modeling the phase shifter 43

4.5 Performance Metrics 50

4.6 Model validation and device optimization 51

4.7 Summary 55

39

TH-2420_156102009



4. Silicon Optical Modulator: A 2D Model

4.1 Introduction

The design of the phase shifter is crucial for optimum modulator performance. The phase

shifter performance depends on multiple parameters like waveguide dimensions, core and cladding

refractive index, the wavelength of light, and doping concentration. It is important to do a

parametric study and optimize the performance before fabrication, as multiple trade-offs are in-

volved. The phase shifter is usually designed using commercial tools [124–127] which use nu-

merical methods that are iterative in nature, e.g., finite-difference time-domain (FDTD) [128–

130], beam propagation method (BPM) [131–133], finite element method (FEM) [134–136],

Newton (fully-coupled) [137–139] and/or Gummel (de-coupled) [140–142] iterations etc., for

solving the mode parameters and/or device transport equations. Multiple optimizations are

involved in minimizing the simulation runtime by reducing the number of iterations, which de-

pend on the structure complexity and mesh size. However, such commercial tools are expensive,

and the alternative is to code the numerical algorithms, which require an in-depth knowledge

of the iterative methods. An easy way is to use analytical formulas that give fast and reliable

results under a certain set of conditions as these are derived, taking into account multiple ap-

proximations.

A rigorous model till now is not present to the best of the authors’ knowledge, which takes

into account the 2D carrier distribution and 2D electric field effects. Rasigadeet. al. [79] used

a 1D diode model, and the index change is analytically calculated by approximating the optical

intensity as a gaussian law. In [67], Rasigadeet. al., approximated the optical intensity by a

Pearson VII distribution to achieve a better fit of the evanescent waves for strong light confine-

ment. Pérez-Galachoet. al. [76] presented a simplified model using 1D electrical simulation

and calculated the overlap with the optical mode, which was calculated using finite-element or

finite-difference methods with smaller mesh size, requiring large simulation runtime. However,

such 1D models assume that the depletion width along the waveguide height is uniform, which

is not the case in practice. The dielectric change at the core-cladding interface leads to a fring-

ing electric field, which causes the depletion width to widenat the interface [143]. This effect

40

TH-2420_156102009



4.2 Model flowchart

Fig. 4.1: 2D electric field distribution across the rib waveguide showing widening of the depletion region
at the top and bottom interfaces (TCAD simulation). The waveguide dimensions are,Wrib = 500 nm,Hrib

= 250 nm,Hslab = 100 nm, with PN doping of 5× 1017 cm−3 each, and at a reverse bias of 5 V.

is more pronounced at higher reverse bias voltages and smaller waveguide cross-section. To

show the importance of 2D modeling of a rib phase shifter, theTCAD simulation of a PN phase

shifter is shown in Fig. 4.1, which shows the widening of the depletion width at the interface

and the fringing electric field. The simulation parameters of TCAD simulation are given in the

figure caption. The fringing electric field gives rise to fringe capacitances, and the total PN

depletion capacitance increases [143].

4.2 Model flowchart

The block diagram of the 2D modeling approach used is shown inFig. 4.2. The 2D mode

field is constructed using the effective index method (EIM).EIM is also used to calculate the

Fig. 4.2: Block diagram of the 2D PN phase shifter model.
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4. Silicon Optical Modulator: A 2D Model

scattering loss by the Payne-Lacey (P-L) model given in Appendix A. The 2D PN depletion

width is determined from analytical equation using an algorithm to discretize the same. A 2D

mesh is created to emulate the waveguide structure. The phase shifter performance metrics are

then determined from the modal overlap with the waveguide rib.

4.3 Calculating the mode field

The first requirement is to design a single-mode rib waveguide. EIM is used to calculate

the number of modes, mode effective indices, and to construct the 2D mode electric field across

the waveguide. To make the waveguide single-mode, smallerHrib is used such that quasi-TM

mode is cut-off. To ensure that the waveguide supports only fundamental quasi-TE mode (Ey
00)

propagation,Wrib andHslab is adjusted accordingly. A largerWrib requires largerHslab so that

higher-order modes leak to the slab. Single-mode propagation is possible with large cross-

section waveguide by adjusting the waveguide dimensions [95]. EIM divides the 2D cross-

sectional rib waveguide into three slab waveguides with thicknessHrib , Hslab, andWrib. To solve

theEy (Ex) modes of the rib waveguide, TE (TM) analysis is performed for the slab waveguides

with thicknessHrib and Hslab followed by the TM (TE) analysis of the slab waveguide with

thicknessWrib using the effective index of the first two TE (TM) slab waveguides as the core and

cladding refractive index. The detailed analysis of slab waveguide and EIM is given in [144].

The refractive index of silicon and oxide is a function of wavelength and is calculated from [115]

and [116] respectively, which can be used for the optical telecom band. The 2D quasi-TE (quasi-

TM) mode of the rib waveguide is calculated from the TE (TM) and TM (TE) fields of the slab

waveguide with thicknessHrib andWrib as [115]

Ey
2D = Ey

1D.E
x
1D (4.1a)

Ex
2D = Ex

1D.E
y
1D (4.1b)

The 2D mode confinement (M) is calculated as

42

TH-2420_156102009



4.4 Modeling the phase shifter

(a) Ey
00 mode (b) Ey

10 mode (c) Ex
00 mode

Fig. 4.3: Mode profile showing the normalized mode power (color bar). The simulation area is 2.00µm
(width) × 1.75µm (height).

M(%) =

Hrib
∫

0

Wrib
∫

0

E2 dx dy

∞
∫

−∞

∞
∫

−∞
E2 dx dy

× 100 (4.2)

The supported modes of a 500 nm× 250 nm rib waveguide with 50 nm slab at 1550 nm

wavelength calculated using EIM is shown in Fig. 4.3 which shows the normalized mode power

across the waveguide. The waveguide supports two quasi-TE modes and one quasi-TM mode.

TheEy
00 propagates along the waveguide with mode confinement of 71.66%. TheEy

10 andEx
00

modes are cut-off with a mode confinement of 13.42% and 30.71%respectively. Thus, the

waveguide is essentially single-mode. Though the EIM assumes the fields to be separable, the

error with respect to numerical techniques is very less [115]. To show the effectiveness of

EIM to accurately describe the mode field of a waveguide, EIM is compared with numerical

quasi-vectorial finite difference method (QV-FDM) [114], and is shown in Section 4.6.

4.4 Modeling the phase shifter

In modeling the 2D depletion region, the rib is divided into four sections, as shown in Fig.

4.4. The vertical line (A− A′) represents the PN junction and divides the waveguide into P-rib

and N-rib. The horizontal line (B − B′) divides the P-rib and N-rib into top and bottom equal

halves. The P-rib top, N-rib top interface, is the PMD-silicon interface, and the P-rib bottom,

N-rib bottom is the silicon-BOX interface. The intersection of theA − A′ andB − B′ line is

taken as the axis origin, as shown in Fig. 4.4. The PN diode phase shifter is modeled using 1D
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Fig. 4.4: Rib waveguide partition.

diode equations and then extended to 2D by incorporating the2D depletion width. The built-in

voltage is

Vb = Vt ln

(

NaNd

n2
i

)

(4.3)

The 1D depletion width is given as [143]

W1D
D =

√

2ǫ0ǫS i(Na + Nd)
qNaNd

(Vb − V − 2Vt) (4.4)

The 1D depletion width of the P-rib and N-rib is

W1D
Dp =

Nd

Na + Nd
W1D

D (4.5a)

W1D
Dn =

Na

Na + Nd
W1D

D (4.5b)

The 2D depletion width as given in [143] is calculated for thefour rib sections as follows

P-rib top:

W2D
Dpt =

4W1D
Dpt

π
sin2

(

θ

2

)

−
2W1D

Dpt

π
−W1D

Dp (4.6a)

xpt =
Hrib

2
+

2W1D
Dpt

π

{

ln
[

tan
(

π

4
+
θ

2

)]

− sinθ
}

(4.6b)

P-rib bottom:

W2D
Dpb =

4W1D
Dpb

π
sin2

(

θ

2

)

−
2W1D

Dpb

π
−W1D

Dp (4.7a)
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xpb =
2W1D

Dpb

π

{

sinθ − ln
[

tan
(

π

4
+
θ

2

)]}

−
Hrib

2
(4.7b)

N-rib top:

W2D
Dnt =

2W1D
Dnt

π
+W1D

Dn −
4W1D

Dnt

π
sin2

(

θ

2

)

(4.8a)

xnt =
Hrib

2
+

2W1D
Dnt

π

{

ln
[

tan
(

π

4
+
θ

2

)]

− sinθ
}

(4.8b)

N-rib bottom:

W2D
Dnb =

2W1D
Dnb

π
+W1D

Dn −
4W1D

Dnb

π
sin2

(

θ

2

)

(4.9a)

xnb =
2W1D

Dnb

π

{

sinθ − ln
[

tan
(

π

4
+
θ

2

)]}

−
Hrib

2
(4.9b)

where the subscriptst, b, p, n refers to top PMD-silicon interface, bottom silicon-BOX

interface, P-rib, N-rib respectively.W2D
D is the 2D depletion width andx is the distance along

the rib height.W1D
Dp(n)t

andW1D
Dp(n)b

are the P (N) depletion widths calculated using (4.4)-(4.5)

by replacing the silicon permittivity with PMD and BOX permittivity respectively. (4.6)-(4.9)

traces the 2D depletion width along the rib height and depends onθ which varies from−π/2 to

0. W2D
D andx lie along they andx axis of Fig. 4.4. The parameterθ correlates the 2D depletion

width (W2D
D ) to the 1D depletion width (W1D

D ) and defines the widening of the depletion width

near the top and bottom interfaces.θ = 0 corresponds to the value ofW2D
D andx at the core-

cladding interface whileθ = -π/2 corresponds to the value towards the middle of the rib away

from the interface. The factorHrib/2 in (4.6b)-(4.9b) ensures that the axis origin lies in the

middle of the rib as shown in Fig. 4.4. The 2D depletion width along the rib height of the four

sections are shown in Fig. 4.5 forNa = Nd = 5 × 1017 cm−3 andHrib = 250 nm at 0 V. The PN

junction is at the middle of the rib width at 0 nm. The rib height and width are shown along the

x̂-axis and ˆy-axis directions of the plots. Negative ˆy-axis indicates P region and positive ˆy-axis

indicates N region. The widening of the depletion width nearthe interfaces can be seen from

Figs. 4.5(a)-(d).
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Fig. 4.5: 2D depletion width of (a) P-rib top, (b) N-rib top, (c) P-rib bottom, and (d) N-rib bottom. The
‘blue’ and ‘red’ lines trace the P and N depletion edges respectively.

Both the depletion width and the distance along rib height have non-linear relation withθ

and the distance traced by (4.6)-(4.9) depends on the numberof θ points (Nθ) taken. The 2D

depletion region for the P-rib top is shown in Fig. 4.6 for different values ofNθ. It can be seen

that larger values ofNθ results in larger rib height traced. For the sameNθ, greater rib height

distance is traced for higher reverse bias voltages, as shown in Fig. 4.7(a) for P-rib top atNθ

= 5000. Fig. 4.7(b) shows the P-rib top 2D depletion width with oxide and air as the PMD

material. The fringing field effect is more prominent for oxide PMD and leads to greater carrier

depletion at the interface compared to air.

The rib is modeled by creating 2D cells with uniform cell size∆x. TheWrib × Hrib will be

represented byWrib

∆x ×
Hrib

∆x cells. It should be noted that∆x should also be the increment used

in EIM so that modal overlap with the rib can be calculated. Toform the 2D depletion region,
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Fig. 4.6: 2D depletion width (‘blue’ line) of P-rib top for different values ofNθ.
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Fig. 4.7: 2D depletion width (colored lines) of P-rib top (a) for different reverse bias voltages (Hrib =
480 nm) and (b) for different PMD material (Hrib = 100 nm).

cells along the rib width across the junction for the P-rib and N-rib should be initialized to zero.

The number of depletion cells will be the depletion width divided by the cell size∆x. Since the

depletion width varies along the rib height, the number of depletion cells along the rib width for

each cell along the rib height needs to be calculated. The method to do this is presented below

for the P-rib top and can be easily extended to other sections.
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Since the rib height distance varies withNθ and with voltage for the sameNθ, the number of

rib height cells is not knowna priori. The increment in the rib height distance corresponding to

the increment inθ is

∆xpt =

xpt

(

θ = −π2

)

− xpt (θ = 0)

Nθ
(4.10)

Sincex = −∞ at θ = −π2 , Nθ − 1 values are used and (4.10) is written as

∆xpt =

xpt

(

θ = π(1−Nθ)
2Nθ

)

− xpt (θ = 0)

Nθ − 1
(4.11)

The∆xpt values are smaller than the cell size∆x, since the value ofNθ is much greater than

the number of rib height cells. Therefore, multiple points will lie inside a single cell. Since a

single cell can only be represented by a single value, the mean values of allxpt andW2D
Dpt points

that lie inside the single cell will be calculated to obtain asingle value for the 2D depletion

region and rib height. The number ofxpt points that occupies a single cell is

N∆xpt =
∆x
∆xpt

(4.12)

The total number of cells along the rib height from the interface for which the depletion

cells along the rib width will be calculated is

Nxpt =
Nθ − 1
N∆xpt

(4.13)

The algorithm for calculating the mean values ofxpt andW2D
Dpt is shown in Fig. 4.8. The

number of depletion cells and the corresponding rib height cells are

W2D
Dpt

∣

∣

∣

∣

cells
=

W2D
Dpt

∣

∣

∣

av.

∆x
(4.14a)

xpt

∣

∣

∣

∣

cells
=

xpt

∣

∣

∣

av.

∆x
(4.14b)

Once the 2D depletion cells and the corresponding rib heightcells are obtained, the next

48

TH-2420_156102009



4.4 Modeling the phase shifter

Initialize
i = 2

loop = 0

W2D
Dpt

∣

∣

∣

av.
=

1
N∆xpt

i+N∆xpt
∑

i

W2D
Dpt

xpt

∣

∣

∣

av.
=

1
N∆xpt

i+N∆xpt
∑

i

xpt

loop = loop+ 1i = i + N∆xpt

loop= Nxpt

Stop

False

True

Fig. 4.8: Algorithm for 2D depletion width

step is to construct the P-rib and N-rib depletion region. The W2D
Dpt

∣

∣

∣

∣

cells
and xpt

∣

∣

∣

∣

cells
hasNxpt

integer values. The absolute values of (4.14) are flipped so that the cell indexing starts from the

PMD-silicon interface. The value ofxpt

∣

∣

∣

∣

cells
at the interface is ‘0’ and needs to be changed to

‘1’ since it represents the cell number at the interface. Thecorresponding cells are put in an

array of sizeHrib

2∆x starting from the interface. The empty cells are initialized with the previous

cell value. The same procedure is followed for the other three rib sections. The P-rib (N-rib)

depletion is formed by joining the P-rib (N-rib) top and P-rib (N-rib) bottom cells. Finally, since

at lower reverse voltages and small values ofNθ, there are non-empty cells in the middle of the
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Fig. 4.9: 2D depletion width of P-rib top at different reverse bias voltages calculated using the model
and analytic formula given by (4.6);Hrib = 320 nm.

rib, which are initialized with the 1D depletion width calculated from (4.5). The 2D depletion

width calculated using the model for P-rib top is compared with the analytical form given by

(4.6) and is shown in Fig. 4.9 for different reverse bias voltages. A good fit of the 2D depletion

width calculated using the model with the analytical formula given in [143] can be observed.

The PN junction position is calculated as

ζ =
Wrib + ζ0

2∆x
(4.15)

whereζ0 is positive for wider P-rib and negative for wider N-rib.ζ0 = 0 implies that the

junction is in the middle. The cells to the left of the junction are made P-type by initializing the

cell values withNa. Similarly, the cells to the junction right are made N-type by initializing the

values withNd. The P (N) 2D depletion cells are subtracted (added) from (to) the junction and

initialized to zero to create the rib area.

4.5 Performance Metrics

The refractive index change at any reverse bias voltage and wavelength is calculated as [115]

∆n = −
(

8.8× 10−22
∆Ne + 8.5× 10−18 (∆Nh)

0.8
)

(

n1550
S i

nλS i

)

(

λ

1550

)2

(4.16)

The phase shift is calculated as
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4.6 Model validation and device optimization

∆φ =
2πL
λ

∑∑

area

∆n |Ey|2 (4.17)

where|Ey|2 is extracted from (4.1).

The change in free carrier absorption (FCA) at different bias voltages is given as

∆αFCA =

[

8.5× 10−18
∆Ne + 6.0× 10−18

∆Nh

]

(

n1550
S i

nλS i

)

(

λ

1550

)2

(4.18)

The total absorption is calculated as

α = αscat+

∑∑

area

αFCA |Ey|2 (4.19)

Other phase shifter metrics are determined as given in section 2.9.1

4.6 Model validation and device optimization

The 2D model is validated with TCAD simulation. A test structure is taken with waveguide

dimensionWrib × Hrib × Hslab = 500× 250× 50 (in nm× nm× nm),λ = 1550 nm, oxide PMD,

andJo = 0 nm. The model algorithm is written in MATLAB, and the simulation runtime of the

test structure withNθ = 5000 and∆x = 1 nm is∼66 seconds in 2nd Generation IntelR© XeonR©

server with 32 GB RAM. The EIM took∼56 seconds out of the total runtime to compute the

mode fields, and the scattering loss since multiple slab waveguides with varying thickness need

to be solved. For a particular waveguide dimension and wavelength, the mode parameters and

scattering loss can be saved and separately loaded to run themodel for PN diode parameter

variation, which reduces the runtime to below 15 seconds. The EIM can itself be optimized

by taking a lesser number of points to solve the transcendental equation of TE and TM slab

waveguides [144].

Numerical simulation has been done using SynopsysR© TCAD [125] with the same parame-

ter values as the test structure, and the comparison is shownin Fig. 4.10. The P and N doping

concentration are varied, and the phase shift and absorption loss per unit length are plotted as a

function of wavelength. In order to validate EIM for accurately describing the waveguide mode
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4. Silicon Optical Modulator: A 2D Model

field, both EIM and QV-FDM has been used to calculate the modaloverlap with the depletion

region in TCAD simulation and is shown in Fig. 4.10. The test structure with PN doping con-

centration 5× 1017 cm−3 is then compared with another phase shifter with dimension 400 ×

200×50,λ = 1310 nm, and PN doping 1× 1018 cm−3. All other parameters are the same as the

test structure. The phase and absorption curves are shown inFig. 4.11. It can be seen from both

Fig. 4.10 and Fig. 4.11, that EIM gives as good a result as thatof the numerical QV-FDM. The

model shows good agreement with TCAD simulation for the phase-voltage curve. In the case

of the absorption-voltage curve, the model overestimates the value of absorption loss at higher

doping concentrations compared to TCAD simulation, even though the same method has been

used to determine the loss. This is because the extracted carrier concentration from the TCAD
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Fig. 4.10: Comparison of 2D model and 2D TCAD simulation for different doping concentrations (a)
Phase shift per unit length and (b) Absorption loss per unit length (the P and N doping concentrations
are equal).
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4.6 Model validation and device optimization

simulation is lower than the doping concentration as an incomplete ionization model has been

taken. Overall, good agreement between the 2D model and TCADhas been observed.

The model is used to optimize the phase shifter. The first stepis to design a single-mode

waveguide. The PMD layer is oxide, and the wavelength is 1550nm. The top silicon thickness

of the SOI substrate (Hrib) is taken as 250 nm. The minimum required slab height for different

rib widths to attain single-mode operation is shown in Fig. 4.12(a) along with the corresponding

scattering loss. At largerWrib , largerHslab is required so that the higher-order modes leak to the

slab. The mode confinement is∼75% for allWrib and correspondingHslab. The scattering loss

increases with lowerWrib andHslab. This is because asWrib decreases, the mode becomes less

confined, and larger modal overlap with the sidewalls occur [145]. Also, asHslab decreases, the

rib sidewall height (Hrib − Hslab) increases, and scattering takes place over larger etch depth,
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Fig. 4.12: (a) Minimum slab height for varying rib width to achieve single mode propagation (left) and
corresponding scattering loss (right), (b) Phase shift perunit length (left) and absorption loss per unit
length (right) at -5 V, (c) Modulation efficiency (left) and insertion loss (right) at -5 V, and (d) Mode
confinement (left) and scattering loss (right) for varying slab height atWrib = 500 nm.
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4. Silicon Optical Modulator: A 2D Model

which leads to an increase in the scattering loss. From Fig. 4.12(a), it seems that a largerWrib

andHslab is better since the scattering loss is much lower. However, since the mode confinement

is nearly the same, the peak mode intensity is greater for smaller Wrib due to a smaller cross-

sectional area. This can be seen in Fig. 4.12(b) and (c) whichplots the phase shifter performance

metrics at -5 V with varyingWrib and correspondingHslab. The PN doping is 5× 1017 cm−3

with the junction in the middle. It can be seen that the phase shift per unit length increases with

decreasing rib width due to an increase in the peak mode intensity of the fundamental quasi-TE

mode. The absorption loss decreases with decreasingWrib due to less number of total carriers

over the rib area. The modulation efficiency and insertion loss both decrease, which is due to

smaller required phase shifter length forπ phase shift. Thus, a smaller rib width gives better

phase shifter performance. The rib width is selected as 500 nm, and to selectHslab, the mode

confinement and scattering loss are calculated with increasing slab height, as shown in Fig.

4.12(d). The slab height is varied from 10 nm to 240 nm, and it can be observed that the mode

confinement and scattering loss both decrease due to mode leakage to the slab, and smaller etch

depth, respectively. A trade-off between the mode confinement and scattering loss can be seen,

andHslab = 100 nm is selected with mode confinement of∼70% and scattering loss of∼1.66

dB/cm.

The waveguide is doped with 5× 1017 cm−3 boron and phosphorus, each with the junction

at the middle and the phase shifter metrics are calculated asshown in Fig. 4.13(a) and (b) for

varying reverse bias voltages. The phase shift per unit length increases and absorption loss per

unit length decreases with increasing reverse bias voltagedue to an increase in the depletion

width. The modulation efficiency increases and the insertion loss decreases with an increase

in the reverse bias voltage. Next, to optimize the structure, the junction offset is varied from

-100 nm (wider N-rib) to 100 nm (wider P-rib), and the phase shifter metrics are determined

as shown in Fig. 4.13(c) and (d). Atζ0 = 0 nm, the mode center coincides with the junction.

Moving the junction left (right) leads to peak modal overlapwith the N (P) depletion region.

Since holes cause larger refractive index variation compared to electrons as evident from (4.16),

the phase shift increases as the junction is moved from left to right. Moving the junction left
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Fig. 4.13:Phase shift per unit length (left), absorption loss per unitlength (right) [(a),(c)] and modulation
efficiency (left), insertion loss (right) [(b),(d)]; for varying V at ζ0 = 0 nm [(a),(b)] and varyingJo atV =
-5 V.

to right decreases the absorption loss. The insertion loss and modulation efficiency decrease

as the P-rib is made wider. As P-rib width continues to increase, the performance diminishes

since the mode overlap with the depletion region begins to decrease. Optimum performance is

achieved forJo = 50 nm with∼64◦/mm phase shift,∼0.88 dB/cm absorption loss,∼1.41 V.cm

modulation efficiency, and∼3.83 dB insertion loss at -5 V. Further optimization can be made by

varying the PN doping concentrations or by unequal doping inthe P and N regions to enhance

the phase shifter performance.

4.7 Summary

A 2D model is presented, which can be used for design, analysis, and optimization of a

silicon optical PN phase shifter with a lateral junction. The model is fast, efficient, and shows

good agreement with numerical TCAD simulation. The effect of design parameters on the

phase shifter performance can be studied, which includes operating wavelength, waveguide

dimensions, cladding material, doping concentrations, junction offset, and applied voltage. The
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4. Silicon Optical Modulator: A 2D Model

phase shifter performance metrics, viz., phase shift per unit length, absorption loss, modulation

efficiency, insertion loss, are calculated from the 2D modaloverlap with the waveguide area.

The modal parameters are determined using the effective index method. The model takes into

account the widened depletion region at the core-cladding interface, and the algorithm to model

the 2D nature of the depletion region is presented in detail.This can be extended to include

vertical junction phase shifters, different core-cladding materials, and modulator parameters

like bandwidth, extinction ratio, etc.
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5. Silicon Optical Modulator: Quasi-TM Mode Modulation

5.1 Introduction

Most of the studies present in literature utilize the quasi-TE mode for modulation with the

rib width kept larger than the rib height. Such waveguides are designed to have the quasi-

TM mode cut-off with only the fundamental quasi-TE mode propagating. For a quasi-TM

mode propagation with quasi-TE mode cut-off, the rib heightshould be larger than the rib

width. A quasi-TM mode modulator using hybrid silicon – vanadium dioxide slot waveguide is

reported in [146]. The rib width is 200 nm, with seven layers stacked on top of a silicon dioxide

substrate with a total height of 490 nm. Some studies have investigated both quasi-TE and

quasi-TM modulation, where the rib height is comparable to the rib width so that both modes

are supported [147,148].

5.2 Phase shifter structure

The rib height is made greater than the rib width to ensure thefundamental quasi-TM con-

finement is large, and the quasi-TE mode is cut-off. The cross-sectional view of the quasi-TM

mode PN phase shifter is shown in Fig. 5.1. The waveguide parameters are given in Table 5.1.

Hslab plays an important role. HigherHslab leads to mode leakage in the slab, thereby de-

creasing the mode confinement. Also,αscat decreases due to lower etch depth. On the other

Fig. 5.1: PN phase shifter cross-section (the figure is not to scale).
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5.2 Phase shifter structure

Table 5.1: Waveguide parameters

Description Symbol Value
Metal contact width Wm 5 µm

Metal layer thickness Hm 1 µm
PMD layer thickness HPMD 2 µm

P++/N++ contact width Wcont 1 µm
P+/N+ slab width Wslab 0.5µm

Rib width Wrib 0.25µm
Rib height Hrib 0.5µm

BOX layer thickness HBOX 2 µm
Silicon substrate thickness Hsub 500µm

P++ doping N++A 1 × 1020 cm−3

N++ doping N++D 1 × 1020 cm−3

P+ doping N+A 5 × 1018 cm−3

N+ doping N+D 5 × 1018 cm−3

P doping NA 5 × 1017 cm−3

N doping ND 5 × 1017 cm−3

hand, a largerHslab decreases the series resistance leading to a higherRC bandwidth. The

proper selection ofHslab is important and should take care of the trade-off between mode con-

finement andαscat. αscat in the designed waveguide cannot be neglected as the rib height is

larger, leading to a considerableαscat, which may be higher thanα f ca.

Hslab is varied between zero (strip waveguide) andHrib (slab waveguide). The parameterr

is defined as the ratio of the slab height to the rib height (r = Hslab/Hrib) and ranges from 0

(strip waveguide) to 1 (slab waveguide). In quasi-TE phase shifters, the effect ofHslab on the

phase shifter performance metrics is more prominent since the value ofHrib is small, typically

between 220 nm to 300 nm [75, 76]. In the proposed quasi-TM phase shifter, the confinement
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Fig. 5.2: Mode confinement and scattering loss of the proposed phase shifter as a function of the param-
eterr.
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5. Silicon Optical Modulator: Quasi-TM Mode Modulation

(a) (b)

Fig. 5.3: Mode profile of fundamental (a) quasi-TM mode and (b) quasi-TE mode.

remains roughly constant at smallerHslab. This can be observed in Fig. 5.2, which shows the

quasi-TM mode confinement, quasi-TE mode confinement, and quasi-TM scattering loss as a

function of r. αscat decreases with an increase inr (or Hslab) due to reduced etch depth, as

seen from Fig. 5.2. The quasi-TM mode is well confined at lowerr and leaks to the slab asr

increases. The quasi-TE mode confinement is very less owing to lowerWrib compared toHrib

and is essentially cut-off. An optimum value ofr = 0.4 is chosen corresponding to 200 nm slab

height with∼70% mode confinement and 7.99 dB/cm scattering loss. The modeprofile of the

fundamental quasi-TM and quasi-TE mode forr = 0.4 at a wavelength of 1550 nm is shown in

Fig. 5.3. It can be observed that the quasi-TM mode is well confined, whereas, the quasi-TE

mode propagates as the slab mode with mode confinement of∼31%.

5.3 Phase shifter metrics

The phase shift per unit length and absorption loss per unit length of the designed quasi-TM

phase shifter is shown in Fig. 5.4. The quasi-TM phase shifter is compared with a quasi-TE

phase shifter of cross-section 500 nm (width)× 250 nm (height). The slab height of the quasi-

TE phase shifter is 100 nm, thereby keeping the value ofr the same as the quasi-TM phase

shifter. All other parameters shown in Table 5.1 are kept thesame for the quasi-TE phase

shifter. The comparison is made by altering the rib height and width of the quasi-TM and quasi-

TE phase shifters to obtain optimum performance for respective phase shifters. The quasi-TE

phase shifter has quasi-TE mode confinement of∼70% and quasi-TM mode confinement of
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5.3 Phase shifter metrics
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Fig. 5.4: Phase shift per unit length and absorption loss per unit length.

∼30%. Both the quasi-TM and quasi-TE phase shifter have the same mode confinement of the

corresponding guided mode.

The scattering loss of the quasi-TE phase shifter is 1.66 dB/cm, which is lower than the

corresponding scattering loss of the quasi-TM phase shifter. This is because the etch depth is

lower due to lowerHrib of the quasi-TE phase shifter. The FCA of the corresponding quasi-TM

and quasi-TE phase shifters at 0 V are 10.52 dB/cm and 12.47 dB/cm, respectively. Though

the FCA loss of the quasi-TM phase shifter is lower than the quasi-TE phase shifter, the total

loss is larger, due to higherαscat of the quasi-TM phase shifter. This can be seen from Fig. 5.4.

The phase shift per unit length of the quasi-TM phase shifteris higher than the quasi-TE phase

shifter. This is due to the waveguide structure employed forthe quasi-TM phase shifter. Both

the phase shifters have the same corresponding mode confinement and the same PN junction

doping concentration. The quasi-TM phase shifter has a modal overlap with the depletion region

over a larger area due to largerHrib. The phase shift increases non-linearly with reverse bias

voltage. At larger reverse bias, the depletion width widens, resulting in a larger phase shift.

The non-linear behavior is due to the square root dependencyof the depletion width on the bias

voltage. The absorption loss decreases at larger reverse bias voltage since carrier depletes over

larger width. TheLπ for the quasi-TM and quasi-TE phase shifters at -5 V are 2.03 mm and 2.88

mm, respectively. The correspondingVπLπ of the quasi-TM phase shifter at -5 V is 1.02 V.cm

compared to 1.44 V.cm of the quasi-TE phase shifter. Though the absorption per unit length

of the quasi-TM phase shifter is higher, the total absorption is lower due to smallerLπ. The
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5. Silicon Optical Modulator: Quasi-TM Mode Modulation

absorption loss at -5 V of the quasi-TM and quasi-TE phase shifters are 2.29 dB and 2.61 dB,

respectively. The insertion loss forπ phase shift at -5 V is 3.76 dB and 4.07 dB, respectively,

for the quasi-TM and quasi-TE phase shifters.

The phase shifter performance metrics of the quasi-TM phaseshifter is better compared to

the quasi-TE phase shifter. The advantage is due to the structure employed for the quasi-TM

phase shifter with the rib height larger than the quasi-TE making the interaction area of the

mode with the lateral PN depletion region larger. The same can be achieved with the quasi-TE

phase shifter by creating a vertical PN junction instead of alateral PN junction [149], however,

at the cost of complicated process flow. The quasi-TM phase shifter structure offers another

advantage compared to the quasi-TE phase shifter in terms ofthe bandwidth. The largerHslab

results in smaller series resistance. The depletion capacitance (Cd) per unit length is higher for

the quasi-TM phase shifter compared to the quasi-TE phase shifter due to the largerHrib . This

can be seen from Fig. 5.5. The capacitance of the quasi-TM phase shifter reduces from 8.60

pF/cm at 0 V to 3.62 pF/cm at -5 V.

5.4 MZM transfer characteristics

The Mach-Zehnder modulator (MZM) is driven in dual-arm push-pull configuration. The

intensity contour plot calculated using (2.8) as a functionof the MZM arm voltages is shown in

Fig. 5.6(a) for 1 mm phase shifter length. Two points along the diagonal of Fig. 5.6(a) namely

Fig. 5.5: Depletion capacitance.
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Fig. 5.6: Normalized output intensity (a) contour plot as a function of voltage change in both arms, (b)
line plot along the diagonalA – B, and (c) contour plot as a function of phase change in both arms.

A andB is used to plot the transfer characteristic line plot as shown in Fig. 5.6(b). The intensity

is the normalized output intensity. For single-arm drive, a2 mm phase shifter is required to

obtain full light extinction. However, since the drive is dual push-pull with the arms undergoing

+π/2 and−π/2 phase shift, a 1 mm phase shifter can be used, thereby enhancing the modulator

bandwidth. The modulator DC bias point and driving RF voltages are determined from the

linear region of Fig. 5.6(b). PointE is selected as the bias point withVDC1 = VDC2 = 2.5 V.

The driving RF voltages are selected as 1 Vpp (D – F) and 2 Vpp (C – G). It should be noted

that the voltages shown in Fig. 5.6(a) and (b) are the voltages applied to the cathode of the PN

phase shifter and are, therefore, positive values. For push-pull operation,VRF1 = −VRF2. The

corresponding phase shifts in the two arms for the pointsC to G of Fig. 5.6(b) is shown in Fig.

5.6(c). It can be observed that the phase change is not linearwith a linear change in voltage
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5. Silicon Optical Modulator: Quasi-TM Mode Modulation

points. The DC ER for 1 Vpp and 2 Vpp drive are 2.48 dB and 5.27 dB, respectively.

5.5 TWE analysis

The traveling wave electrode (TWE) is designed for the quasi-TM MZM in quadrature oper-

ation using the parameters given in Table 5.1. The detailed procedure is given in [61]. Different

TWE parameters at 2.5 V reverse bias are shown in Fig. 5.7(a)-(d). The MZM frequency re-

sponse (electro-optic EO S21) is shown in Fig. 5.7(a). The 3 dB bandwidth can be determined

from the EO S21 curve and represents the frequency where the phase shift is half of its DC

value [150]. The 3 dB bandwidth is 74 GHz at 2.5 V reverse bias denoted by the dotted line.

The electro-electro EE S-parameters (S11 and S21) are shown in Fig. 5.7(b). EE S11 indicates the

back reflection and is less than -7 dB over the simulated range. The EE S21 indicates the signal

transmission loss [151]. If the velocity mismatch between the optical mode and RF signal is nil,

(a) (b)

(c) (d)

Fig. 5.7: TWE parameters: (a) EO S21, (b) EE S11, (c) αTWE and microwave refractive index, and (d)
characteristic impedance (Z0).
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5.6 High-speed characteristics

the -6.4 dB EE S21 point gives the -3 dB EO S21 bandwidth [152]. The -6.4 dB EE S21 bandwidth

is 62 GHz denoted by the dotted line in Fig. 5.7(b). Fig. 5.7(c) shows the TWE attenuation

(αTWE) and microwave refractive index at different frequencies.The attenuation and microwave

index at 74 GHz is 3.68 dB/mm and 4.84, respectively. The optical group index of the quasi-TM

mode is 4.01. The characteristic impedance (Z0) of the TWE is shown in Fig. 5.7(d).Z0 at 74

GHz is 27.54 + 0.44i Ω. From the TWE graphs, it can be seen that the impedance matching of

the TWE withRS andRT is poor. This results in high back reflection. The design can be made

better by varying the TWE dimensions. However, the large ribheight of the quasi-TM phase

shifter reduces the flexibility of obtaining better performance. The bandwidth can be improved

by usingRT = 25Ω. The EO S21 -3 dB point increases to 141 GHz. The EE S11 falls below -10

dB and the -6.4 dB EE S21 bandwidth increases to 86 GHz. TheαTWE increases to 9.25 dB/mm

at 141 GHz.

5.6 High-speed characteristics

The high-speed characteristics have been simulated in OptiSystemR© v16.1.0. A dual-arm

dual push-pull drive is employed using the non-return-to-zero on-off keying (NRZ-OOK) mod-

ulation scheme. Both PN junctions are reverse biased at 2.5 VandVRF = 1 Vpp and 2 Vpp is

used. A 1550 nm laser with 10 dBm power is used without any amplification at any stage. A

pseudo random bit sequence (PRBS) with length 215-1 is used to generate the bit pattern. The

bit error rate BER is determined for different data rates over a 1550 nm zero-dispersion single-

mode fiber (SMF) of varying length and at different received power. The SMF attenuation is

Fig. 5.8: Block diagram representation of the simulation setup.
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Fig. 5.9: BER as a function of (a) SMF length and (b) received power, forVRF = 1 Vpp.

taken to be 0.18 dB/km. The simulation setup is shown in Fig. 5.8.

The change in BER with a change in fiber length and received power are shown in Fig.

5.9(a) and (b) at 1 Vpp drive for data rates varying from 40 Gbps to 80 Gbps. The SMF length

and the received power are varied from 30 km to 80 km and -8 dBm to 0 dBm, respectively. As

the data rate increases, the BER increases with fiber length and decreases with received power.

Two standard BER thresholds, the hard-decision forward error correction (HD-FEC) (BER =

3.8× 10−3) and the KP4-FEC (BER = 2.2× 10−4) are shown in Fig. 5.9. For 1 Vpp drive with

BER below HD-FEC threshold, 40 Gbps transmission over SMF length< 48 km is possible and

80 Gbps transmission over SMF length< 35 km. The open eye diagrams at 1 Vpp drive over

30 km SMF transmission is shown in Fig. 5.10 for different data rates. The received power for

BER below the HD-FEC should be greater than -2.8 dBm (-0.5 dBm) for 40 Gbps (80 Gbps)

operation.

(a) (b) (c)

Fig. 5.10: Eye diagram forVRF = 1 Vpp over 30 km fiber at (a) 20 Gbps, (b) 40 Gbps, and (c) 60 Gbps.
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Fig. 5.11: BER as a function of (a) SMF length and (b) received power, forVRF = 2 Vpp.

The change in BER with SMF length and received power for 2 Vpp drive are shown in

Fig. 5.11(a) and (b) respectively. The data rate is varied from 80 Gbps to 160 Gbps. The

SMF length and received power sweep are the same as before. The BER improves with higher

drive voltage as expected, and thus higher data rates can be achieved. With BER below the

HD-FEC threshold, 80 Gbps transmission over SMF length< 65 km is possible and 160 Gbps

transmission over SMF length< 40 km. The open eye diagrams at 2 Vpp drive over 50 km SMF

transmission is shown in Fig. 5.12 for different data rates.The received power for BER below

the HD-FEC should be greater than -4.5 dBm (-1.35 dBm) for 80 Gbps (160 Gbps) operation.

The received power tolerance increases with an increase in the drive voltage, as can be expected.

The effect of fiber dispersion is studied by varying the dispersion from 0 ps.nm−1 to −100

ps.nm−1 for different SMF length at 2 Vpp drive and 100 Gbps operation. The BER versus

(a) (b) (c)

Fig. 5.12: Eye diagram forVRF = 2 Vpp over 50 km fiber at (a) 80 Gbps, (b) 100 Gbps, and (c) 120
Gbps.
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Fig. 5.13: Bit-error rate for varying fiber dispersion at 2 Vpp and 100 Gbps operation.

fiber dispersion is shown in Fig. 5.13. For BER less than the HD-FEC threshold at 100 Gbps

transmission, the dispersion tolerance is∼ −1.73 ps.nm−1.km−1, ∼ −1.08 ps.nm−1.km−1, and

∼ −0.60 ps.nm−1.km−1 for SMF lengths of 30 km, 40 km, and 50 km, respectively.

The power consumption for 1 Vpp drive and 2 Vpp drive is 18.15 mW and 72.62 mW,

respectively. For 160 Gbps operation at 2 Vpp drive over 30 km SMF, the energy per bit (Eb)

is 0.45 pJ/bit. It should, however, be noted that the above figure does not include the power

consumption of the TO phase shifter.

The performance comparison of the designed MZM with recent literature is given in Table

5.2. The high performance of the designed modulator is due tothe use of quasi-TM mode for

propagation, instead of the quasi-TE mode. The large phase shift per unit length, along with

the high bandwidth of the quasi-TM phase shifter, results inhigher performance compared to

a quasi-TE phase shifter. The series resistance of the quasi-TM phase shifter is lower due to

largerHslab, largerHrib, and a smallerWrib than a corresponding quasi-TE phase shifter with

same cross-section and proportion. Also, the larger phase shift per unit length of the quasi-TM

phase shifter results in a lower length.
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Table 5.2: Mach-Zehnder modulator performance comparison

Ref. Mode VπLπ IL Bandwidth Mod. Vpp (Vbias) L Speed ER Eb

(V.cm) (dB) (GHz) (V) (mm) (Gbps) (dB) (pJ/bit)
[148]∗ TE 11 (-6 V) 7.7 27 (6 dB) OOK 6 (-3) 1.35 40 6.5 4.5

TM 14 (-6 V) 5.4
[153]∗ TE 2.7 (-9 V) 3.6 30 OOK 1.6 (0) 3 40 3.1 0.64
[91]∗ TE 0.94 (-2 V) 2.7 13 OOK 2.88 (-2.4) 2 24 2.2 -
[154]∗ TE 1.4 (-4 V) 4.4 58 OOK 5 (-6) 2 90 3.3 -

PAM-4 0.5, 0.25 (-6) 2 112 2.7 -
This work∗∗ TM 1.02 (-5 V) 3.76 74 OOK 2 (-2.5) 1 160 2.3 0.45

∗ Experimental result;∗∗ Simulation result.
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5.7 Summary

A silicon traveling-wave Mach-Zehnder modulator with quasi-TM mode propagation is

studied for high-speed data communication. The quasi-TM PNphase shifter is shown to have

better performance compared to a quasi-TE PN phase shifter of the same cross-section and

parameters. The designed modulator is operated in quadrature using a dual-arm push-pull con-

figuration. The modulation bandwidth is enhanced by using a traveling-wave electrode. The

quasi-TM modulator has a bandwidth of 74 GHz at−2.5 V. The BER at different data rates

are determined over single-mode fiber transmission and received power levels. The designed

modulator achieves 160 Gbps OOK operation at 2 Vpp drive over 30 km fiber with an extinction

ratio of 2.3 dB and BER of 2.77× 10−06. A dispersion tolerance up to−1.73 ps.nm−1.km−1 for

100 Gbps operation over 30 km fiber transmission has been observed.
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6. Silicon Optical Modulator: Enhancing Performance UsingSiGe

6.1 Introduction

As stated in chapter 2, the free-carrier plasma dispersion (FCPD) effect results in the change

in the refractive index, which leads to a change of phase and absorption coefficient. Decreasing

the carrier concentration across a PN junction lowers the refractive index. In addition to carrier

concentration change, the change in the refractive index depends on the material refractive

index, the wavelength of light, and carrier effective mass.The absorption also depends on

the carrier mobility. Introducing germanium (Ge) lowers the carrier effective mass, leading to

enhanced FCPD effect. A higher Ge concentration will lead toa higher phase shift, which in

turn decreases the phase shifter length required forπ phase shift. This enhances the modulation

bandwidth.

The efficiency of using Ge to enhance the FCPD effect depends on multiple factors. The

maximum Ge mole fraction (x) that can be used depends on the wavelength of operation. For

1550 nm operation, the maximum mole fraction should be less than 0.33 to avoid material

absorption. For Si1−xGex/Si, the critical layer thickness decreases with increasingx, where

the critical layer thickness is defined as the thickness beyond which strain relaxes by forming

defects, leading to losses [155]. The layer is said to be pseudomorphic below the critical layer

thickness. A defect-free thicker strained layer of larger mole fraction can be ensured by using

multiple layers with a small step-index between successivelayers. The mode maxima should

coincide with the maximum Ge mole fraction layer.

The change in refractive index and absorption coefficient at1550 nm for silicon is given in

(2.4) which has been modified for the proposed structure by using the obtained strained layer

parameters as given below:

∆n = −
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6.2 Multi-layer SiGe phase shifter

Fig. 6.1: Graded rib structure. The grading is along the x-axis with each layer doped P and N to form
the PN phase shifter shown in Fig. 2.4. Layer 1 being relatively long and supported by the BOX and
silicon substrate is unstrained while layers 2, 3, and 4 experiences biaxial compressive strain and layers
5, 6, and 7 biaxial tensile strain.

6.2 Multi-layer SiGe phase shifter

6.2.1 Graded-index rib structure

The PN phase shifter structure is similar to Fig. 2.4, withWrib = 500 nm,Hrib = 250 nm,

andHslab = 50 nm. The strained Si1−xGex layers are grown along the (001) direction (x̂-axis)

one over the other with different mole fractions to form the graded-index structure. Fig. 6.1

shows the graded rib structure along with the mole fraction and thickness of each layer. Germa-

nium mole fraction of 0.1, 0.2, and 0.3 have been used for the graded layers to avoid material

absorption at 1550 nm, with the thickness of each layer kept below the critical layer thickness.

The cross-sectional mode profile and the refractive index along the ˆx-axis at 1550 nm are

shown in Fig. 6.2(a) and (b) respectively. The waveguide supports a singleEy mode propagation

with 2D mode confinement of 74.38%. TheEx mode is cut-off with a 2D mode confinement of

31.93%.
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Fig. 6.2: (a) Cross-sectional mode profile and (b) refractive index along waveguide height.
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6. Silicon Optical Modulator: Enhancing Performance UsingSiGe

6.2.2 Band diagram

The band diagram, along with the hole and electron densitiesin the P and N rib regions

across the waveguide height, is shown in Fig. 6.3(a)-(c) respectively. The valence band min-

imum and conduction band maximum lie in layer 4, which have the highest germanium mole

fraction. Each layer is doped with boron and phosphorus to form the P and N regions with

an equal doping concentration of 5× 1017 cm−3. However, due to the different energy levels

of each layer, the localized carrier density across the device differs with higher electron (hole)

concentration at layer with lower electron (hole) energy. The conduction and valence band dis-

continuities of different layers can be calculated using [156]. The boron and phosphorus-doped

layers behave as a P-P and N-N heterojunction due to different layer properties. The hetero-

junctions are formed by accumulation and depletion of carriers on either side of each interface
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Fig. 6.3: (a) Intrinsic band diagram showing valence and conduction band across multiple layers along
waveguide height, (b) Hole equilibrium density in P-rib along waveguide height, and (c) Electron equi-
librium density in N-rib along waveguide height. The dashedgreen lines in each figure demarcate the
different layer interfaces. The layers are shown in the upper x-axis.
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6.2 Multi-layer SiGe phase shifter

as seen from Fig. 6.3(b) and (c). For both P and N doped rib, a localized electric field exist

from layer 4 to 1 and from layer 4 to 7, which can be interpretedfrom the carrier type and

accumulation/depletion of carriers across each interface.

6.2.3 Material parameters

The material parameters of each graded layer have been extracted from the band structure

calculated using the non-local empirical pseudopotentialmethod (NL-EPM) and are shown in

Fig. 6.4. Other methods that can be used to calculate the material parameters could be found

in [157–160]. For the proposed device structure, strained layers are grown over strained layers
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Fig. 6.4: (a) Valence band energy atΓ (negative energy implies hole energy which increases downward),
(b) Strain components, (c) In-plane hole effective mass, and (d) Out-of-plane hole effective mass. The
plots are divided into three windows with green window representing unstrained material (Layer 1),
blue window representing biaxial compressive strained material (Layer 2, Layer 3, Layer 4), and red
window representing biaxial tensile strained material (Layer 5, Layer 6, Layer 7). The mole fraction
for compressive strain (blue window) increases from left toright, whereas that for tensile strain (red
window) increases from right to left as shown in the upper x-axis.
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6. Silicon Optical Modulator: Enhancing Performance UsingSiGe

having different germanium mole fractions with half the layers experiencing tensile strain and

the other half compressive strain. The pseudopotential form factors of silicon and germanium

were taken from [161]. The strain causes the 6-fold degeneracy of the conduction band minima

to separate into 2-fold and 4-fold degenerate bands. The effect of strain on the valence band is

to break the HH and LH degeneracy atΓ point and cause a shift in the SO splitting energy. The

shift in the energy of the LH and SO band along with the in-plane and out-of-plane strain and

valence band effective masses of different layers are shownin Figs. 6.4(a)-(d). The change in

material parameters for each strain type has been observed to be linear with mole fraction.

Fig 6.4(a) shows the valence band energies of the graded layers. The LH energy increases

for compressive strain and decreases for the tensile strainwith increasing mole fraction. The

SO energy increases with increasing mole fraction irrespective of the type of strain. For strained

Si1−xGex/strained Si1−yGey, strain is biaxial compressive for x> y and biaxial tensile for x< y

which is evident from Fig. 6.4(b). The in-plane strain is negative, and the out-of-plane strain

is positive for the compressive strain. The reverse is true for tensile strain. The effect of strain

on the in-plane and out-of-plane effective mass of the HH, LH, and SO band is shown in Fig.

6.4(c) and (d) respectively. The in-plane and out-of-planeeffective mass of all three valence

bands decrease with increasing mole fraction for both strain type. A decrease and increase in

the in-plane HH mass from unstrained to compressive strain and from compressive to tensile

strain respectively, can be observed from Fig. 6.4(c). The opposite can be observed for the

in-plane LH mass. The scenario for the HH and LH out-of-planeeffective mass is opposite to

the in-plane case, as shown in Fig. 6.4(d). The behavior of both in-plane and out-of-plane SO

effective mass is similar to the LH mass.

6.2.4 Electrical equivalent circuit

The 3 dB modulation bandwidth can be determined from the phase shifter resistance and ca-

pacitance. The depletion width at the top and bottom oxide/semiconductor interface is widened,

leading to a fringing electric field, which can be modeled as acapacitance in parallel to the

junction capacitance. Apart from the PN junction depletioncapacitance, the carrier accumu-

lation/depletion across each layer interface can be modeled as a capacitance in parallel with
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Fig. 6.5: Equivalent circuit model of the proposed phase shifter. Thevertical dashed lines denotes each
layer starting from layer 1 on the left and the horizontal dashed line separates the P and N doped regions.
The P(N) region resistance and capacitances are denoted by subscript ‘p(n)’. The PN junction depletion
capacitance of each layer is denoted by the subscript ‘pn’. The contact and slab resistance is denoted by
the superscripts ‘contact’ and ‘slab’ respectively. Superscripts ‘i’ and ‘ij ’ represents the layer and layer
interfaces respectively.

resistance as carriers have to cross multiple layers to get collected by the end electrodes when

a reverse bias is applied. The equivalent circuit of the multi-layer graded-SiGe phase shifter is

shown in Fig. 6.5.

The contact resistance (Rcontact) and slab resistance (Rslab) of the proposed structure can be

calculated analytically using the approach given in [143] as

Rcontact
= Rcontact

p + Rcontact
n =

1
qHslabL

[

WP++

Ncontact
a µcontact

h

+
WN++

Ncontact
d µcontact

e

]

(6.2a)

Rslab
= Rslab

p + Rslab
n =

1
qHslabL

[

WPslab

Nslab
a µ

slab
h

+
WNslab

Nslab
d µ

slab
e

]

(6.2b)

The layer and interface resistances can be similarly calculated as

Ri
p =

Wpi

rib −Wpi

D

qNi
aµ

i
hhiL

(6.3a)

Ri
n =

Wni

rib −Wni

D

qNi
dµ

i
ehiL

(6.3b)

Ri j
p =

hi j

qNi j
a µ

i j
h L(Wp

rib −Wpi j

D )
(6.3c)
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Ri j
n =

hi j

qNi j
d µ

i j
e L(Wn

rib −Wni j

D )
(6.3d)

The total phase shifter resistance is

R= Rcontact
+ Rslab

+ Rrib
p + Rrib

n (6.4)

The calculation of the heterojunction interface capacitance is not straightforward. From Fig.

6.3(b) and (c), it can be observed that the carriers in each layer do not reach their equilibrium

values as the layer thickness is smaller than the space charge width in either side. The capac-

itance can be calculated as|dQ/dV|, whereQ is the charge accumulated/depleted determined

from the carrier slope in Fig. 6.3(b)-(c) andV is the voltage. For a small amount of charge

accumulated/depleted, the interface capacitance can be ignored without any appreciable error.

The depletion capacitance can be calculated as [143]

Cd = C‖ +C f +Ct
CPS +Cb

CPS (6.5)

where,C‖ is the parallel plate diode depletion capacitance, and,C f andCt
CPS (Cb

CPS) are

the fringe capacitances due to charges in the center of the diode and due to widened depletion

width at the top (bottom) oxide/semiconductor interface respectively. Since the depletion width

of the different layers are different for a given voltage dueto different material properties,C‖ is

calculated for each layer and added due to their parallel configuration which can be written as

C‖ = ǫ0

layer
∑

1

ǫlayerhlayer

Wlayer
D

(6.6)

The calculation ofC f , Ct
CPS, andCb

CPS is given in [143]. For the proposed structure, the

average depletion width is given by

WD,av = ǫ0ǫav
Hrib

C‖
(6.7)

where
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ǫav =

∑layer
1 hlayerǫlayer
∑layer

1 hlayer

(6.8)

Since carriers travel in different layers with different effective mass and energy, the band-

width of the proposed phase shifter can be limited by the timetaken by the carriers to arrive

from the top layer to the bottom layer under an applied reverse bias. The carrier transit time

from layer 7 to layer 1 can be calculated as [162]

τe =

i=2
∑

i=7





















√

2πm∗iceh
2
i

kT
exp















∆Eci − q~Eihi

kT



































(6.9a)

τh =

i=2
∑

i=7





















√

2πm∗ichh
2
i

kT
exp














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































(6.9b)

τ = max(τe, τh) (6.9c)

The band offset, and the electric field is positive if the bandenergy of the next layer is higher

and the electric field aids in carrier transit, respectively. The 3 dB modulation bandwidth of the

proposed phase shifter is calculated as [162]

f3dB =

(

f −2
τ + f −2

RC

)−0.5
(6.10)

where, fτ and fRC are the transit time limited andRC limited bandwidth given in [143,162]

as

fτ =
0.55
τ

(6.11a)

fRC =
1

2πRCd
(6.11b)
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6.2.5 Phase shifter metrics

The proposed PN optical phase shifter has been simulated in Sentaurus TCAD to obtain the

2D carrier concentration profiles at reverse bias voltages from 0 to 5 V with a P and N doping

of 5× 1017 cm−3 each. The 2D carrier profile across the rib area at -5 V is shownin Fig. 6.6(a).

Boron and phosphorus have been used as the acceptor and donor, respectively. The P++ (N++)

contact regions have been doped with 1× 1020 cm−3 Boron (Phosphorus). The junction is kept

at the center of the rib waveguide, coinciding with the mode center. A total of 800 sample

points across the rib area was selected for each reverse biasvoltage to extract the electron and

hole density profiles. Fig. 6.6(b)-(f) shows the performance metrics of the proposed optical

phase shifter as a function of voltage along with a silicon and Si0.7Ge0.3 phase shifter of same

doping and cross-section for comparison. It should, however, be noted that for the Si0.7Ge0.3

phase shifter, the thickness of the Si0.7Ge0.3 layer was kept 12.5 nm to keep the layer strained

and prevent lattice defects [155].

The phase shift per unit length,VπLπ, andαVπLπ increase with reverse bias voltage, whereas

the absorption loss per unit length and the insertion loss decreases. From Fig. 6.6, it can be ob-
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Fig. 6.6: (a) 2D carrier profile in the rib area at -5 V, (b) Phase shift per unit length, (c) Absorption loss
per unit length, (d) VπLπ product, (e)αVπLπ product, and (f) Insertion loss in dB.
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served that the phase shift per unit length is higher, and theVπLπ, αVπLπ, insertion loss is lower

for the proposed structure compared to silicon and Si0.7Ge0.3. The effective mass (mobility) of

strained Si1−xGex layers decreases (increases) with mole fraction. However,the absorption loss

has an inverse square dependency on effective mass and only inverse dependency on mobility,

as seen from (6.1b) resulting in a higher absorption loss perunit length of the proposed structure

compared to the silicon and Si0.7Ge0.3 phase shifter. A more reasonable figure-of-merit is the

αVπLπ, from which it can be seen that although the absorption per unit length is higher for the

proposed phase shifter, the total absorption is lower due tolower Lπ because of higher phase

shift per unit length. A 1.77 (1.24) times higher phase shift, 0.57 (0.39) times lowerVπLπ, 0.67

(0.83) times lowerαVπLπ, and 0.66 (0.87) times lower insertion loss have been obtained for the

proposed optical phase shifter compared to the silicon (Si0.7Ge0.3) phase shifter at -5 V.

The proposed phase shifter capacitance is shown in Fig. 6.7(a). The capacitance decreases

with an increase in the reverse bias voltage as expected for areverse-biased diode. The inter-

face capacitance has been neglected as the error between theanalytically calculated depletion

capacitance and total device capacitance obtained from Sentaurus TCAD is less than 5%. The

resistance at each reverse bias voltage has been calculatedfrom (6.2) - (6.4) by using the ex-

tracted carrier concentration profiles. The 3 dB bandwidth of the phase shifter along with the

RC and transit time-limited bandwidth is shown in Fig. 6.7(b). The RC limited bandwidth at

-5 V is ∼45 GHz. The hole (electron) transit time is 15.79 (4.05) ps. The x̂-directed electric

field obtained from TCAD is the same at all voltages as the applied bias essentially creates a

ŷ-directed field. The transit time-limited bandwidth is thusconstant at 34.83 GHz. The overall

3 dB bandwidth is∼27.5 GHz at -5 V. The bandwidth increases with reverse bias and can be

further improved by higher doping so as to reduce the device resistance or by using smaller

layer thickness to decrease the carrier transit time. The transit time of electrons is small mainly

because of lower conduction band offset compared to the valence band due to the small dif-

ference in the electron affinity of silicon (4.05 eV) and germanium (4.00 eV). The hole transit

from layer 7 to layer 1 is pictorially depicted in Fig. 6.7(c). The hole travel from layer 7 to 4

is from a higher energy level to lower one against the built-in junction electric field. The travel
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Fig. 6.7: (a) Total capacitance, (b) 3-dB modulation bandwidth, and (c) Transit of hole from layer 7 to
layer 1; the layers are denoted at the top in blue and the red arrows represent the built-in electric field at
the interfaces.

from layer 4 to 1 is aided by the built-in field, but the hole hasto go from a lower energy level

to a higher energy level. The transit of the electron is similar except the fact that in going from

layer 7 to 1, the electron first has to travel to a higher energylevel (layer 4) aided by the built-in

junction electric field and then to a lower energy level (layer 1) against the field. Using a smaller

value of mole fraction will decrease the total valence band offset but at the cost of lower phase

shift and higher loss. Though the bandwidth is limited by thetransit time, it is better compared

to [91,163–166].

Since the hole concentration difference causes a larger change in the refractive index com-

pared to the corresponding electron concentration difference as evident from (6.1a), coinciding

the mode center with the hole depletion region leads to a higher phase shift. The junction was

shifted towards the N region, and the phase shifter performance at 5 V reverse bias was calcu-

lated and is shown in Fig. 6.8(a) and (b). The maximum phase shift occurs when the junction

is shifted by 60 nm, where the maximum overlap of the P depletion region with the mode oc-
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Fig. 6.8: (a) Phase shift (left y-axis); Absorption loss (right y-axis) and (b) VπLπ (left y-axis); αVπLπ
(right y-axis). The lower and upper x-axis represents the P and N region rib width respectively.

curs. Higher phase shift leads to a lowerLπ and thus lowerVπLπ. The phase shift increases

to 137◦/mm from 122◦/mm, theVπLπ decreases to 0.66 V.cm from 0.74 V.cm. However, the

absorption loss (αVπLπ) increases to 0.81 dB (4.07 V-dB) from 0.68 dB (3.41 V-dB). This is

because the hole effective mass and mobility is lower than that of the electron. Since the junc-

tion shift towards N region results in a larger interaction of the mode with the P region, the

absorption and thusαVπLπ increases. Moving the junction towards the P region will result in

lower absorption andαVπLπ although at the expense of lower phase shift and higherVπLπ.

6.3 Process simulation study

The fabrication of the proposed multi-layer SiGe phase shifter can be done using molecular

beam epitaxy (MBE) [167] to grow thin layers of Si1−xGex/Si1−yGey with varying germanium

content followed by ion implantation to form the P and N regions. The complexity lies in

the growth of the thin heterojunction layers. The effectivecontrol on concentration of dopant

species, growth rate, and growth temperature can be the limiting factors that could result in

variation of the phase shifter metrics. A more practical wayto form the graded-index profile

is to implant Ge on Si. This section focus on the process simulation study of a graded-index

lateral and vertical PN phase shifter to emulate a fabricated device.

6.3.1 Ge implantation

The strained graded-SiGe phase shifter is created using Synopsys SPROCESS 2D [113]. An

SOI wafer is used with 250 nm top Si<100> thickness. To form the graded-index structure, Ge
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Fig. 6.9: Ge mole fraction.

with a dose of 1.35× 1017 cm−2 is implanted at 165 keV energy. The resulting Ge mole fraction

profile along the waveguide height is shown in Fig. 6.9.

6.3.2 Material parameters

Ge doping results in the formation of strain across the waveguide rib. The in-plane direction

is denoted by‖, whereas the out-of-plane direction is denoted by⊥. The strain components can

be calculated as [156]:

ǫ‖(x) =
a‖(x)

a0(x)
− 1 (6.12a)

ǫ⊥(x) =
a⊥(x)
a0(x)

− 1 (6.12b)

wherea‖ = aS i
0 , anda⊥ changes along the rib height. The material parameters of Si and Ge

have been taken from [156,168,169] and are listed in Table 6.1. The lattice constant of relaxed

Si1−xGex is [161]

aS iGe
0 (x) = aS i

0 + 0.200326x(1− x) + (aGe
0 − aS i

0 )x2 (6.13)

The out-of-plane lattice constant as a function of the germanium mole fraction is given

Table 6.1: Material Parameters

Material Lattice Elastic Spin-Orbit Electron mass Hole mass
Constant Constants Splitting (/m0) (/m0)

a0 (Å) c11 c12 c44 ∆so (eV) m∗l m∗t m∗hh m∗lh m∗so

Si 5.43 1.675 0.650 0.801 0.044 0.92 0.197 0.48 0.16 0.24
Ge 5.65 1.315 0.494 0.684 0.29 1.64 0.082 0.28 0.044 0.08
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Fig. 6.10: In-plane and out-of-plane strain.

as [156]:

a⊥(x) = a(x)

[

1− 2
c12(x)
c11(x)

ǫ‖(x)

]

(6.14)

In calculatinga⊥, linear interpolation ofc11 andc12 given in Table 6.1 have been used. The

in-plane and out-of-plane strain along the waveguide height is shown in Fig. 6.10 which shows

that strain is in-plane biaxial compressive.

The biaxial compressive strain causes tetragonal lattice distortion, which causes the in-plane

components (ǫyy andǫzz) to be negative and the out-of-plane component (ǫxx) to be positive [168].

The off-diagonal components are zero. The tetragonal strain is given as

ǫT = ǫ⊥ − ǫ‖ (6.15)

The strain tensor is

ǫ =


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(6.16)

The conduction band of Si1−xGex for 0 ≤ x ≤ 0.75 remains Si-like [168]. The shape of the

constant energy surfaces does not change. However, the 6-fold degenerate band splits into a

4-fold (∆4) and a 2-fold (∆2) band. The∆4 band shift downwards in energy and the∆2 band

shift upwards [170]. This results in a higher electron population in the∆4 band compared to the
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Fig. 6.11: Valence band energy.

∆2 band and causes the lobe size to increase. The lower electron-electron scattering between

the∆2 band and the∆4 band results in a smaller effective electron mass.

The effect of the strain on the valence band is to break the heavy- light-hole degeneracy

and cause shift in energy of the spin-orbit band [168]. The valence band energies along the

waveguide height is shown in Fig. 6.11 from which it can be observed that strain causes the

heavy-hole band to move down in energy while the light-hole and spin-orbit band move up-

wards. It should be kept in mind that the hole energy is the opposite of electron energy and

increases downwards. The valence band energies are calculated using [168]:

Ehh(x) = ǭ(x) (6.17a)

Elh(x) = −
1
2

[ǭ(x) + ∆so(x)] +
1
2

√

9ǭ2(x) + ∆2
so− 2ǭ(x)∆so (6.17b)

Eso(x) = −
1
2

[ǭ(x) + ∆so(x)] −
1
2

√

9ǭ2(x) + ∆2
so− 2ǭ(x)∆so (6.17c)

where,∆so(x) is calculated by linearly interpolating the values for Si and Ge listed in Table

6.1 and ¯ǫ(x) is the strain energy given in [168].

The effective mass components of electrons and holes can be calculated as [171]:

1

m∗S iGe

j

=
1− x

m∗S i

j

+
x

m∗Ge

j

(6.18a)

where, j refers to longitudinal (l), transverse (t), heavy-hole (hh), light-hole (lh), and spin-

orbit (so) components given in Table 6.1. The density-of-state (DOS)and conductivity effective
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Fig. 6.12: DOS and conductivity effective mass of electrons and holes.

mass of electrons and holes are calculated as [169]

m∗de = 62/3
[

m∗
2

t m∗l
]1/3

(5a)

m∗ce = 3

(

2
m∗t
+

1
m∗l

)−1

(5b)

m∗dh =

[

(

m∗hhe
−Ehh

kT

)3/2

+

(

m∗lhe
−Elh
kT

)3/2

+

(

m∗soe
−Eso

kT

)3/2
]2/3

(5c)

m∗ch =
(m∗hhe

−Ehh
kT )3/2

+ (m∗lhe
−Elh
kT )3/2

+ (m∗soe
−Eso

kT )3/2

(m∗hhe
−Ehh

kT )1/2 + (m∗lhe
−Elh
kT )1/2 + (m∗soe

−Eso
kT )1/2

(5d)

where subscriptsde, dh, ce, andch represent the effective masses of DOS electron, DOS

hole, conductivity electron, and conductivity hole, respectively. The DOS and conductivity

effective mass of electrons and holes along the waveguide height is shown in Fig. 6.12.

The electron and hole mobility is calculated from [170,172,173].

6.3.3 Lateral PN phase shifter

To form the PN junction, boron and phosphorus have been used for implantation. Since

the implanted species have a Gaussian distribution, three-step implantation followed by rapid

thermal annealing (RTA) at 1100◦C for 5 seconds was done to ensure uniform concentration

across the waveguide height. The species dose and implantation energy of each step for boron

and phosphorus are shown in Table 6.2 and Table 6.3, respectively. The corresponding doping

profile after each implantation step for boron and phosphorus can be seen in Fig. 6.13(a) and
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Table 6.2: Dose and energy of boron implantation
Step Dose (cm−2) Energy (keV)

I 1 × 1013 20
II 2 × 1012 10
III 2 × 1012 3

Table 6.3: Dose and energy of phosphorus implantation
Step Dose (cm−2) Energy (keV)

I 2 × 1013 85
II 5 × 1012 25
III 1 × 1012 02
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Fig. 6.13: Implanted distribution of (a) Boron and (b) Phosphorus.

(b), respectively, where RTA is depicted as step IV. To form a500 nm× 250 nm rib waveguide

with 50 nm slab thickness, a 200 nm anisotropic etch is done. The 50 nm thick P++ (N++)

end contacts are formed by implanting boron (phosphorus) with a dose of 1× 1015 (1 × 1015)

cm−2 at an energy of 3 (20) keV. This is followed by 500 nm top oxide deposition and 500 nm

anisotropic oxide etch over the P++ and N++ contacts for metal deposition.

6.3.3.1 Phase shifter metrics

The rib waveguide supports only fundamental quasi-TE mode with mode confinement of

73.8%. The quasi-TM mode has confinement of 31.2% and is cut-off. The scattering and FCA

losses are calculated to be 2.15 dB/cm and 4.13 dB/cm, respectively. The performance metrics

of the graded Si1−xGex phase shifter as a function of the reverse bias voltage is shown in Fig.

6.14(a)-(c) along with a Si phase shifter for comparison, simulated using the same process flow

without the Ge implantation. The phase shift per unit length, VπLπ, andαVπLπ increase with

reverse voltage, whereas, the absorption loss per unit length and insertion loss decrease. The
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Fig. 6.14: (a) Phase shift and absorption loss per unit length, (b) VπLπ product and phase shifter length,
and (c)αVπLπ product and insertion loss.

increase in phase shift with voltage is non-linear, and a larger phase shift corresponds to a

smaller phase shifter length required forπ phase shift. The absorption loss per unit length of

Si1−xGex phase shifter is higher compared to Si, as seen from Fig. 6.14(a). This is because of the

inverse square dependency on the effective masses. Although the absorption loss per unit length

is higher for the Si1−xGex phase shifter, the total absorption loss at any voltage is lower than Si,

as evident from Fig. 6.14(c) due to the lower phase shifter length required. The insertion loss

of the Si1−xGex phase shifter is also lower than its Si counterpart. Higher mole fraction can be

obtained by increasing the Ge implantation dose, which willresult in a larger phase shift and

lower VπLπ although at the expense of higher absorption as the intrinsic material absorption

will set in. Higher doping also leads to a larger phase shift and smallerVπLπ but at the cost of

higher FCA. The junction of the designed phase shifter is kept in the center of the rib waveguide

coinciding with the mode maxima. Shifting the junction to the right such that the mode maxima

overlaps with the P-depletion region will lead to a higher phase shift as holes cause a larger
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change in the refractive index than electrons. The graded-layer formation leads to larger mode

overlap with the strained Si1−xGex region and ensures that the material remains strained. For

a Si1−xGex/Si, the critical layer thickness decreases with increasing Ge mole fraction, where

the critical layer thickness is defined as the thickness below which the material is strained and

without any defects [155]. The graded layer results in a gradual increase of the mole fraction as

opposed to a step increase, thereby keeping the layer strained.

6.3.4 Vertical junction phase shifter

The cross-section of the proposed vertical junction PN phase shifter is shown in Fig. 6.15.

The graded-index formation is the same as described in section 6.3.2. The formation of the ver-

tical junction structure requires multiple etching and deposition steps and is complex compared

to a lateral junction structure. Boron (phosphorus) has been used to form the P (N) rib, P+ (N+)

slab, and the P++ (N++) contact region. The implantation dosages and energies used to create

the doping regions are given in Table 6.4. For defect annihilation, RTA was done at 1100◦C

for 5 seconds. Before contact formation, 500 nm oxide deposition was done, which will act as

the top cladding. The doping concentration across the waveguide height is shown in Fig. 6.16.

The mode profile of the designed phase shifter at 1550 nm is shown in Fig. 6.17. The quasi-TE

mode (Ey) has mode confinement of 73.84%, and the quasi-TM mode (Ex) is cut-off with mode

Fig. 6.15: Cross-section of the vertical junction phase shifter (the silicon substrate is not shown).

Table 6.4: Implantation dose and energy

Region P N P+ N+ P++ N++
Dose (cm−2) 1 × 1013 1 × 1013 5× 1013 5× 1013 1× 1015 1× 1015

Energy (keV) 13 70 03 20 03 20
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Fig. 6.16: PN doping profile.

Fig. 6.17: Mode profile.

confinement of 31.19%.

The free carrier absorption loss of the designed phase shifter is calculated to be 7.33 dB/cm.

6.3.4.1 Phase shifter metrics

The phase shifter is simulated in SynopsysR© SDEVICE, and the 2D carrier distribution

across the waveguide rib for different reverse bias voltages have been extracted to calculate

the phase shifter performance metrics. The phase shift and absorption loss per unit length

are shown in Fig. 6.18(a) and (b) respectively. The phase shift and absorption loss curve are

non-linear with voltage, which affects the modulator transfer function at higher drive voltages.

For comparison, a silicon phase shifter has been simulated with the same waveguide structure,

dimension, doping profile, and process flow, but without the germanium implantation. More

than 3× increase in phase shift per mm at -5 V can be observed from Fig.6.18(a) for germanium

doped silicon phase shifter compared to silicon. The absorption loss per unit length, however, is
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Fig. 6.18: (a) Phase shift per unit length, (b) Absorption loss per unitlength, (c) VπLπ, (d) αVπLπ,
(e)Total absorption, and (f) Insertion loss.

much greater than silicon. A vertical junction results in carrier change with applied bias over a

greater length (waveguide width) compared to a lateral junction, where carrier change is over the

waveguide height. TheEy mode maxima and the germanium concentration maxima coincide

with the P depletion region. Also, the P doping concentration is larger than the corresponding

N concentration. This results in the larger phase shift of the proposed device since holes cause

a better phase shift than electrons. Also, the hole conductivity mass is lower than the electron,

which results in a larger absorption loss per unit length. The junction region can be modeled as

a graded-junction, as evident from Fig. 6.16. This limits the FCA loss due to fewer carriers near

the junction. Fig. 6.18(c) and (d) shows theVπLπ andαVπLπ which increases with an increase

in the reverse bias voltage. The total absorption and insertion loss are shown in Fig. 6.18(e)

and (f) respectively. Though the absorption loss per unit length is greater for germanium doped

phase shifter compared to silicon, the total absorption andthe insertion loss are lower due to

the higher phase shift of the former, which corresponds to a lesser required length to achieveπ

phase shift. Also, the absorption is mainly due to holes as the N rib is fully depleted at higher

92

TH-2420_156102009



6.3 Process simulation study

-5 -4 -3 -2 -1 0
0

5

10

15

20

25

30

35

40

3-
dB

 B
an

dw
id

th
 (G

H
z)

Voltage (V)

 Ge-doped Silicon
 Silicon

Fig. 6.19: 3 dB bandwidth.

reverse voltages.

The 3 dB bandwidth is shown in Fig. 6.19. The bandwidth of the germanium doped phase

shifter is greater than silicon, although slightly. The largest bandwidth difference is 11 GHz at

-3 V. The bandwidth has been calculated from the admittance matrix obtained from the small-

signal analysis of the phase shifter using SynopsysR© SDEVICE. The frequency normalized

susceptance has been used to calculate the bandwidth [143].The bandwidth of germanium

doped phase shifter is larger because of lower resistance due to higher mobility of Si1−xGex

compared to silicon.

Multiple factors result in better performance of the germanium doped silicon phase shifter

compared to silicon, though both have the same waveguide structure, dimension, and doping

profile. These factors are directly related to material properties of Si1−xGex. The phase shift

per unit length is directly proportional to the carrier concentration and inversely proportional

to the refractive index and the carrier effective masses, asevident from (6.1). The phase shift

also depends on the modal overlap with the depletion region,and thus the mode confinement

plays an important role. The fundamental quasi-TE mode confinement of the germanium doped

phase shifter is 73.84%, and that of silicon is 73.15%. The improvement in performance due to

confinement is thus negligible. The main contribution comesdue to the lower carrier effective

masses of strained Si1−xGex. The effective masses decrease with an increase in the germanium

concentration, as can be seen from Fig. 6.12. For a germaniummole fraction of 0.3, the electron
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effective mass decrease by a factor of 1.38 and hole by 4.55. The localized DOS changes across

the rib height due to the introduction of germanium and results in carrier redistribution. The

hole carrier density is more for larger germanium concentrations.

The performance of the proposed vertical junction germanium doped silicon phase shifter

can be further improved by various parameter optimizations, including waveguide dimensions,

dopant species concentration, doping profile shape, junction placement, etc. Larger waveguide

dimensions will result in greater mode confinement and higher phase shift, although at the cost

of higher absorption loss. Increasing the germanium implantation dose will result in a larger

phase shift but at the cost of higher material absorption. Higher doping densities will result in

larger phase shift but again at the cost of larger FCA loss. The bandwidth can be increased by

using higher P and N doping, reducing the slab cross-sectional length, etc. Thus, multiple trade-

offs are present and careful optimization, and design amongall the parameters are required to

enhance the device performance.

6.4 Comparison

The comparison of the multi-layer SiGe phase shifter, process simulated lateral SiGe phase

shifter, and process simulated vertical SiGe phase shifterwith recently reported PN optical

phase shifters are given in Table 6.5.
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Table 6.5: Comparison of different phase shifters

Ref Material Device Junction Wrib Hrib Hslab L V πLπ IL f3dB

(nm) (nm) (nm) (mm) (V.cm) (dB) (GHz)
[174]∗ Silicon PN Lateral 500 220 90 0.5 0.72 4.7 13.3
[86]∗ Silicon PN Lateral 400 220 100 1 1.9 4 -
[119]∗ Silicon PN Lateral 400 300 50 1 1.15 3.6 18
[91]∗ Silicon PN U-shaped 700 150 65 5.2 2.6 - 13.5
[175]∗ Silicon PIN Lateral 480 220 90 0.95 0.19 2.25 20
[176]∗∗ Silicon MIS Vertical 500 220 50 0.775 0.278 3.2 22.2
[177]∗ #SISLG Capacitor - 480 220 60 0.3 0.28 7.08 5
[178]∗ p-Si0.6Ge0.4/Si PN Lateral 400 220 - 0.5 0.81 2 12

Authors’∗∗ ##Si1−xGex PN Lateral 500 250 50 1.48 2.5 4 27.5
Authors’∗∗ Ge doped Silicon PN Lateral 500 250 50 1.75 0.87 3.49 -
Authors’∗∗ Ge doped Silicon PN Vertical 500 250 50 2.3 0.23 2.22 37

∗ Experimental result;∗∗ Simulation result.
# Silicon-insulator-SLG, SLG = Single Layer Graphene;##Multi-layer.
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6.5 Summary

A strained SiGe PN optical phase shifter has been designed and analyzed with a graded-

index structure having multiple strained layers of different mole fractions. The proposed struc-

ture has the advantage of having a thicker strained layer of higher mole fraction due to the

graded structure, which results in greater overlap with themode and thus greater change in re-

fractive index. A phase shift of 122◦/mm, VπLπ of 0.74 V.cm,αVπLπ of 3.4 V-dB and insertion

loss of 4 dB was obtained along with a 3-dB modulation bandwidth of 27.5 GHz at -5 V and a

doping of 5× 1017 cm−3. A 15◦/mm increase in phase shift and 0.08 V.cm decrease in VπLπ with

only 0.13 dB increase in the total absorption loss was observed when the junction was moved

by 60 nm towards the N region. A process simulation study has been done to form the graded-

index profile by Ge implantation. Both lateral and vertical junction PN phase shifters have been

process simulated. For the Ge-doped lateral PN phase shifter, 1.84× higher phase shift, 1.27×

lower absorption loss, and 1.50× lower insertion loss have been observed compared to silicon.

For the Ge-doped vertical PN phase shifter, phase shift of∼141◦/mm, VπLπ of ∼0.64 V.cm,

insertion loss of∼1.23 dB, and 3-dB bandwidth of∼37 GHz has been obtained at -5 V.
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7. Silicon Optical Modulator: SiGe MZM High-Speed Characteristics

7.1 Introduction

In the previous chapter, a multi-layer silicon-germanium (SiGe) phase shifter has been

shown to exhibit enhanced free-carrier plasma dispersion (FCPD) effect compared to silicon (Si)

phase shifter. The proposed graded-index SiGe phase shifter can also be created by implanting

Ge in Si. This chapter presents the high-speed characteristics of the graded-SiGe Mach-Zehnder

modulator (MZM) and is shown to have better performance compared to a Si MZM.

7.2 Phase shifter structure

The phase shifter cross-section is shown in Fig. 7.1. The PN phase shifter is process sim-

ulated using SilvacoR© Athena. The waveguide parameters are given in Table 7.1. Thegraded-

index profile is created using the same process steps, as described in section 6.3.2. However, the

Ge dose and energy used are 1.7× 1017 cm−2 and 220 keV, respectively. The Ge concentration

along the waveguide height is shown in Fig. 7.2. The implantation energy has been so chosen

to have maximum Ge concentration in the middle of the waveguide where the mode maxima

occurs. The Ge implantation dose leads to a maximum mole fraction of 0.313 and is kept so

as to avoid material absorption at C-band operation. The PN junction is formed by single im-

plantation of each boron and phosphorus. Since an implantation profile is Gaussian-like, the

implantation energy is chosen to ensure that the peak is in the middle of the waveguide. The

Fig. 7.1: Cross-section view of the PN phase shifter (the figure is not to scale).
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Table 7.1: Waveguide parameters

Description Symbol Value
Metal contact width Wm 3.2µm
Metal layer thickness Hm 0.8µm
PMD layer thickness HPMD 0.6µm

P++/N++ contact width Wcont 0.5µm
P/N slasec: 6.3.1b width Wslab 0.5µm

Rib width Wrib 0.50µm
Rib height Hrib 0.25µm
Slab height Hslab 0.05µm

BOX layer thickness HBOX 2 µm
Silicon substrate thickness Hsub 500µm

Fig. 7.2: Ge mole fraction across rib height.

boron (phosphorus) implantation dose and energy to form theP (N) region is 2.0× 1013 (2.0×

1013) cm−2 and 25 (70) keV. The boron (phosphorus) implantation dose and energy to form the

P++ (N++) region are 1.0× 1015 (1.0× 1015) cm−2 and 3 (20) keV respectively. Each of the

implantation steps is followed by a rapid thermal annealing(RTA) step at 1100◦C for 5 seconds

to recrystallize the structure and annihilate any defects.All other steps are similar to what is

described in section 6.3.3. For comparison, a silicon PN phase shifter is also process simu-

lated with the same steps described above, excluding the germanium implantation step. The

stress-strain analysis and calculation of different material parameters can be found in section

6.3.2.

7.3 Phase shifter metrics

The process simulated PN phase shifter is analyzed using SILVACO R© Atlas. The change

in refractive index and absorption coefficient with the change in carrier concentration is deter-
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(a) (b)

Fig. 7.3: (a) Phase shift per unit length and (b) absorption loss per unit length.

mined from (6.1). The phase shift and absorption loss per unit length are shown in Fig. 7.3

for SiGe and Si phase shifter. The SiGe phase shifter has a larger phase shift per unit length

compared to Si. This is due to the lower carrier effective mass of SiGe. The phase shift per

unit length of SiGe (Si) is 108◦ (45◦) at -5 V. The absorption loss consists of the free-carrier

loss due to doping and the sidewall scattering loss. The scattering loss is calculated using the

Payne-Lacey model and is 2.54 dB/cm (2.52 dB/cm) for SiGe (Si) phase shifter. There is a

negligible difference in the scattering loss of the two phase shifters since the mode confinement

of the two is comparable. The free-carrier loss at 0 V is 4.64 dB/cm (1.09 dB/cm) for SiGe (Si)

phase shifter. The larger phase shift per unit length of the SiGe phase shifter results in better

modulation efficiency (VπLπ). TheVπLπ of the SiGe (Si) phase shifter is 0.83 V.cm (2.01 V.cm)

at -5 V. Although the absorption loss per unit length of the SiGe phase shifter is larger than the

Si phase shifter, the total absorption is lower due to smaller Lπ. The phase shifter is integrated

into both arms of an MZM, and dual-arm drive is analyzed for both SiGe and Si phase shifters.

Vπ is chosen to be -5 V. The phase shifter length for SiGe and Si MZM is 0.8 mm and 2.0 mm,

respectively. For dual arm drive, push-pull at quadrature operation is used, and thus the phase

shifter length is kept half of that required for the single-arm drive. The small-signal analysis is

done using TCAD, and the frequency normalized admittance matrix is extracted. The depletion

capacitance of SiGe and Si phase shifter is shown in Fig. 7.4.The depletion capacitance per

unit length of the SiGe phase shifter is found to be greater than the Si phase shifter. However,

due to the lowerLπ of SiGe phase shifter, the total capacitance of both phase shifters are similar.
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7.4 MZM transfer characteristics

Fig. 7.4: Phase shifter capacitance as a function of applied voltage.

Fig. 7.5: Transfer characteristics of SiGe and Si MZM.

The capacitance at -5 V for the SiGe and Si phase shifter is 0.11 pF and 0.13 pF.

7.4 MZM transfer characteristics

The phase shifter bias point is chosen from the MZM transfer characteristics, which gives

the ratio of output to input light intensity. The normalizedoutput intensity is shown in Fig. 7.5

for the SiGe and Si MZM. The MZMs are driven in the linear region of the transfer characteristic

plot, and the bias point is selected as 2 V. Both MZMs are driven by 2 Vpp drive voltage. In both

MZMs, a TO phase shifter is kept in series with the EO PN phase shifter in one of the arms and

tuned to quadrature operation. The DC extinction ratio of the SiGe (Si) MZM is 3.73 dB (3.81

dB). The insertion loss of SiGe (Si) MZM is 2.14 dB (2.44 dB), which includes 1 dB loss of the

input 3-dB splitter and output combiner.

101

TH-2420_156102009



7. Silicon Optical Modulator: SiGe MZM High-Speed Characteristics

7.5 TWE analysis

The TWE characteristics of the SiGe and Si MZMs are shown in Fig. 7.6. The EO S21 curve

is shown in Fig. 7.6(a). The 3 dB modulation bandwidth of SiGe(Si) MZM is 77.48 GHz (59.96

GHz). The higher modulation bandwidth of the SiGe MZM can be attributed to its lower length.

The EE S-parameters are shown in Fig. 7.6(b). EE S11 represents the back reflection, and EE

S21 gives an indication of the signal transmission loss [151]. The EE S11 is below -15 dB for the

SiGe MZM over the whole simulated range. The EE S11 of the Si MZM is greater compared

to the SiGe MZM till 16 GHz, indicating higher back reflection, after which it improves and

falls below that of the SiGe EE S11. The -6.4 dB EE S21 gives the 3 dB modulation bandwidth

when there is no velocity mismatch [152]. The -6.4 dB EE bandwidth of the SiGe (Si) MZM is

58.16 GHz (85.99 GHz). The -6.4 dB EE bandwidth of the SiGe (Si) MZM is lower (higher)

than the -3 dB EO bandwidth. The TWE attenuation per unit length (αTWE) of both MZMs are

shown in Fig. 7.6(c). The SiGe MZM has higher attenuation than the Si MZM. At the -3 dB

(a) (b)

(c) (d)

Fig. 7.6: (a) EO S21, (b) EE S11 and EE S21, (c)αTWE andnm, and (d)Z0.
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EO bandwidth,αTWE is 4.45 dB (2.64 dB) for the SiGe (Si) MZM. The lower transmission loss

of the Si MZM leads to the higher EE bandwidth compared to SiGeMZM. The optical group

index of SiGe and Si MZM is 4.07 and 4.02, respectively. The microwave index (nm) is shown

in Fig. 7.6(c) from which it can be seen that the mismatch is more in the case of Si compared to

SiGe. The characteristic impedance (Z0) of both MZMs are shown in Fig. 7.6(d). At the -3 dB

EO bandwidth,Z0 of SiGe (Si) MZM is 42.18 + 4.52i (51.36 - 3.91i). The impedance matching

is better in the case of Si MZM compared to SiGe MZM and resultsin lower back reflection, as

seen from Fig. 7.6(b). Though the signal transmission loss is less and the impedance matching

is better, the 3 dB modulation bandwidth of the Si MZM is lowerthan the SiGe MZM due to

its longer length and higher velocity mismatch. At the -3 dB EO bandwidth, the characteristic

impedance is inductive for the SiGe MZM and capacitive for the Si MZM.

7.6 High-speed characteristics

The high-speed characteristics are evaluated using OptiSystemR© v.16.1.0. A 1550 nm

laser of 10 dBm output power is used as the input to the MZM. TheMZM is driven by a

pseudo-random bit sequence (PRBS) of length 215-1 and a non-return-to-zero (NRZ) modula-

tion scheme. The output of the MZM is connected to a single-mode fiber (SMF) with zero-

dispersion at 1550 nm and 0.2 dB/km attenuation. The detector is a PIN diode with 1 A/W

responsivity. The bit-error-rate (BER) is defined as the ratio of error bits to the total bits re-

ceived. The BER as a function of SMF length for different modulation speeds is shown in Fig.

(a) (b)

Fig. 7.7: BER as a function of SMF length for (a) SiGe MZM and (b) Si MZM.
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Fig. 7.8: BER as a function of the received power at 80 Gbps operation.

(a) ER: 2.97 dB, BER:∼ 10−30 (b) ER: 2.67 dB, BER:∼ 10−10

Fig. 7.9: Eye diagram at 80 Gbps of (a) SiGe MZM and (b) Si MZM (the ER and BER of each MZM is
given in the subcaptions).

7.7(a) and (b) for the SiGe and Si MZM, respectively. The datarates are taken to be 70 Gbps,

80 Gbps, and 90 Gbps. The SMF length is varied from 0 to 50 km. Itcan be seen that for any

SMF length, the SiGe MZM shows better performance compared to the Si MZM. The BER

increases with data rate and fiber length. Higher data rate transmission can be achieved with the

same BER using SiGe MZM compared to the Si MZM. For error-freeoperation (BER = 10−12),

the SMF length at 70 Gbps is 22.5 km and 13.6 km for SiGe and Si MZM, respectively. The

BER also varies with the received power. The change in BER with received power at 80 Gbps

operation is shown in Fig. 7.8. It can be seen that the SiGe MZMhas higher received power

tolerance than the Si MZM to achieve the same BER performance. The eye diagram of both

MZMs is shown in Fig. 7.9 from which it can be observed that SiGe MZM has a wider eye

opening compared to Si MZM. Also, the asymmetricity of the eye can be observed. This is due

to the non-linear phase-voltage relation of FCPD based Si modulators [179].
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7.7 Performance comparison

Table 7.2: Performance metrics of the MZMs over 50 km fiber transmissionwith BER below HD-FEC
threshold.

MZM Pt Bit Rate Eb

(mW) (Gbps) (pJ/bit)
SiGe 47.4 80 0.59

Si 38.9 53 0.73

Fig. 7.10: BER as a function of modulation speed for the dual-arm drivenSiGe MZM.

Energy per bit (Eb) of both MZMs are determined for 50 km SMF transmission at thehard-

decision forward-error-correction (HD-FEC) threshold (BER = 3.8× 10−3). The speed, power,

and energy per bit of SiGe and Si MZM are shown in Table 7.2. Thepower consumption of the

SiGe MZM is more compared to the Si MZM due to the lower characteristic impedance of the

SiGe TWE arm. However, the higher speed of the SiGe MZM results in lowerEb compared to

the Si MZM.

In Fig. 7.7, the data rate is limited to 90 Gbps due to the high BER of the Si MZM. However,

beyond 100G transmission over a single channel is possible using the SiGe MZM. The BER as

a function of the modulation speed is shown in Fig. 7.10. The BER increases from 1.96× 10−10

at 100 Gbps to 2.20× 10−06 at 150 Gbps. TheEb at 150 Gbps is 0.32 pJ/bit. Beyond 100G NRZ-

OOK modulation over a single channel can be achieved using dual-arm driven SiGe MZM, and

is suitable for 400G applications without the requirement of higher-order modulation formats.

7.7 Performance comparison

The SiGe MZM is compared with recent literature and is given in Table 7.3 from which it

can be observed that the proposed SiGe MZM achieves better overall performance with OOK

drive compared to the state-of-the-art silicon modulators.
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7. Silicon Optical Modulator: SiGe MZM High-Speed Characteristics

Table 7.3: Comparison of MZM performance metrics
Ref. VπLπ IL f3dB Modulation Speed BER ER Eb

(V.cm) (dB) (GHz) (Gbps) (dB) (pJ/bit)
[180]∗ 1.4 8 28 (EE 6dB) QPSK 64 2.1× 10−05 – 7.1
[181]∗ – 5 (on-chip) 38 PAM-8 114 < HD-FEC – 7.7
[154]∗ 1.4 4.4 58 OOK 90 – 3.3 –

PAM-4 112 – 2.7 –
[182]∗ 2.2 2.5 70 OOK 100 – 5.0

This work∗∗ 0.83 2.14 77.48 OOK 150 2.2× 10−06 2.6 0.32
∗ Experimental result;∗∗ Simulation result.

Table 7.4: Comparison of the designed MZM with other material platforms.
Ref. Material Structure VπLπ IL f3dB Speed ER Eb

(V.cm) (dB) (GHz) (Gbps) (dB) (pJ/bit)
[183]∗ Graphene MOS 25 V, 30µm 0.9 35 (25 V) – – 1.4
[184]∗ InGaAsP MOS 0.09 (250µm) 1.0 2.6 (dep.) 32 3.1 –
[185]∗ InGaAsP PN 0.4 4.5 – 40 (error-free) – –
[186]∗ InP n-i-p-n 2 V, 3 mm 2 67 100 >10 –

This work∗∗ Ge-doped Si PN 0.83 2.14 77.48 150 2.6 0.32
∗ Experimental result;∗∗ Simulation result.

To show the effectiveness of silicon photonic modulators, Table 7.4 gives the comparison of

the designed modulator with modulators realized in other material platforms.

7.8 Summary

The performance of a Si traveling-wave MZM is enhanced by implanting Ge to form a

graded SiGe profile. The SiGe PN phase shifter is process simulated and compared with a Si

PN phase shifter created using the same process flow. The SiGephase shifter has 2.4× higher

phase shift and better modulation efficiency at -5 V. The lesser length of the SiGe phase shifters

results in 1.29× higher 3 dB modulation bandwidth compared to Si. The BER performance is

evaluated for varying SMF lengths and received power levels. For the same fiber transmission

length and bit rate, lower BER is achieved for SiGe MZM compared to Si MZM. Also, SiGe

MZM has more received power tolerance compared to Si MZM for the same BER level. For 50

km transmission below the HD-FEC threshold, the SiGe MZM has1.24× lower energy per bit

(Eb) at 1.51× higher speed compared to Si MZM. The SiGe MZM can achieve beyond 100G

operation over a single channel with a BER of 2.2× 10−06 andEb of 0.32 pJ/bit at 150 Gbps

data rate. The graded SiGe traveling-wave MZM is suitable for 400G applications without the

requirement of higher modulation formats.
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8. Summary and Future Work

8.1 Summary of contributions

In this section, a summary and list of the findings during thisthesis work are presented. This

thesis presents

(i) Mode, dispersion, and loss characteristics of a graded-index SiGe strip waveguide

In this study, the mode, loss, and dispersion characteristics of a buried strip waveguide

have been calculated for CWDM wavelengths. Process simulation has been used to form

the graded-index core by Ge implantation in Si. QV-FDM has been used to calculate the

number of propagating modes, effective indices, material absorption, mode confinement,

and dispersion parameters. The scattering loss has been determined from the P-L model.

The zero dispersion for higher-order modes occurs in the O-band, which is suitable for

short-reach multimodal applications. The usable waveguide length and the number of

modes have been characterized and are limited by the mode with the highest propagation

loss/dispersion and lowest mode confinement, respectively.

(ii) A 2D model of Si PN phase shifter

A 2D model of a silicon lateral PN optical phase shifter is presented, which can be used

for multiple parameter study and optimization of the deviceperformance without the

need of any commercial numerical tools. The model shows goodagreement with TCAD

simulation and can be used to calculate the phase shift, absorption loss, modulation ef-

ficiency, and insertion loss of the phase shifter. Multiple parameter study includes the

waveguide dimensions, operating wavelength, cladding material, doping concentrations,

junction offset, and applied voltage. The model employs theeffective index method to

determine the mode properties and construct the 2D mode field. The PN diode is mod-

eled by taking into account the fringing electric field at thecore-cladding interface, which

results in a wider depletion region near the interface. Multiple loss components are dis-

cussed, and the scattering loss and free-carrier absorption are modeled using P-L and

Soref model, respectively. The model uses the 2D modal overlap with the 2D carrier

distribution across the waveguide to calculate the phase shifter performance metrics. The

algorithm used to model the 2D nature of the PN diode depletion region is presented
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in detail and uses mathematical and analytical formulas instead of numerical methods,

making the model faster and easy to implement, with accuracyin par with commercial

tools.

(iii) Performance analysis of a quasi-TM mode Si optical MZM

A Si MZM with quasi-TM mode propagation is investigated for NRZ-OOK modula-

tion. The quasi-TM PN phase shifter phase-loss characteristics have been determined and

shown to exhibit better performance compared to quasi-TE phase shifter with the same

waveguide cross-sectional area and device parameters. Thephase shifter modulation ef-

ficiency is 1.02 V.cm with RC limited bandwidth of 46 GHz at 5 V reverse bias. The

MZM transfer characteristics are determined for the dual-arm push-pull driving scheme,

and a TWE structure is employed to enhance the device bandwidth. A 3 dB bandwidth of

74 GHz is obtained at 2.5 V reverse bias. The high-speed modulator characteristics are

studied for different data rates over SMF transmission. A 30km fiber transmission with

an open eye at 160 Gbps with 2 Vpp drive is obtained with an extinction ratio of 2.3 dB,

BER of∼2.77× 10−06, and energy per bit of 0.45 pJ/bit. The effect of fiber dispersion on

the BER shows dispersion tolerance from 0 ps.nm−1.km−1 to -1.73 ps.nm−1.km−1 for 30

km fiber transmission below the HD-FEC threshold at 100 Gbps operation.

(iv) Designing a multi-layer SiGe PN phase shifter

A graded-index strained Si1−xGex optical PN phase shifter with multiple strained layers

has been proposed for high-speed data modulation at 1550 nm with low device footprint.

The QV-FDM, NL-EPM, and the P-L model have been used to analyze the proposed

device. A phase shift of 122◦/mm, VπLπ of 0.74 V.cm, and insertion loss of 4 dB at 5 V

reverse bias with a 3-dB modulation bandwidth of 27.5 GHz hasbeen obtained for a 500

nm× 250 nm cross-section rib waveguide with 50 nm slab. A 15◦/mm increase in phase

shift and 0.08 V.cm decrease in VπLπ has been observed when the junction is shifted by

60 nm towards the N side.

(v) Process simulation study of a lateral junction Ge-doped Si PN phase shifter

This study analyzes the effect of Ge doping on the performance of an optical PN phase
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8. Summary and Future Work

shifter in silicon photonics platform. The fabrication process flow is defined using a 2D

process simulation tool to create the phase shifter structure. The mode, material, and loss

parameters of the designed phase shifter are calculated, and the performance is compared

with a Si phase shifter. A 1.84× higher phase shift, 1.27× lower absorption, and 1.50×

lower insertion loss is obtained for the SiGe phase shifter compared to Si.

(vi) Process simulation study of a vertical junction Ge-doped SiPN phase shifter

The performance of a Ge-doped Si optical phase shifter with vertical PN junction has been

investigated. The proposed phase shifter is simulated using a process simulation tool,

and the 2D carrier distribution has been used to calculate the phase shifter performance

metrics. The proposed phase shifter has a phase shift of∼141◦/mm, VπLπ of ∼0.64 V.cm,

insertion loss of∼1.23 dB and 3-dB bandwidth of∼37 GHz at 5 V reverse bias.

(vii) Performance analysis of a Ge-doped Si optical MZM

The performance of a Si MZM is enhanced by using device-levelengineering techniques

that involve material engineering and junction optimizations. The FCPD effect, which is

used for modulation in Si, is enhanced by implanting Ge in Si,forming a graded SiGe

core. Comparison of the process simulated SiGe phase shifter with a Si phase shifter

shows 2.4× higher phase shift at -5 V for 1550 nm wavelength operation. Both single-

arm and dual-arm drive are investigated for both SiGe and Si MZMs. A TWE is used

to enhance the modulation bandwidth. Both single-arm and dual-arm driven SiGe MZM

achieves better performance in terms of modulation bandwidth, modulation speed, fiber

transmission length, and energy per bit, compared to the corresponding Si MZM. The

BER performance over SMF transmission and received power levels are simulated. The

dual-arm driven SiGe MZM can achieve 150 Gbps transmission at BER of 2.2× 10−06

and energy per bit of 0.32 pJ/bit with a 3 dB bandwidth of 77.48GHz at -2 V and 2 Vpp

drive voltage using NRZ-OOK modulation.
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8.2 Future work

This thesis focusses on the performance enhancement of silicon optical modulators using

device-level engineering technique, specifically using Geto enhance the modulation efficiency.

The thesis also includes the study of a Ge-doped Si strip waveguide for multimodal applications

in the CWDM band and the modeling of a silicon PN optical phaseshifter. Since the study is

simulation-based, there are many inherent assumptions, and further study is necessary. Some

possible directions in which the present work can be extended are

(i) Inclusion of semiconductor physics model to improve theaccuracy of the silicon PN

phase shifter model at higher doping concentrations.

(ii) The silicon PN phase shifter model can be extended to determine the performance of a

silicon-germanium PN phase shifter.

(iii) Further improvement in performance can be made by process simulation optimization.

The effect of different ion implantation conditions and thenumber of steps for each ion

species need to be analyzed.

(iv) The fabrication and characterization of the proposed graded-SiGe MZM may be followed

and validated with the simulation work presented in this thesis.
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A
Appendix: Waveguide Losses

The mode suffers loss while propagating through the waveguide. The main contributions

to the propagation loss comes from the intrinsic material absorption, free carrier absorption

(FCA), substrate leakage loss, polarization dependent loss (PDL), and sidewall scattering loss.

The intrinsic material absorption loss can be calculated from (3.3). The FCA is due to dopant

ions and can be calculated as [187]:

αFCA =

∫

x̂

∫

ŷ

q3λ2

4π2c3ǫ0n





















Ne(x̂, ŷ)
[

m∗ce(x̂, ŷ)
]2
µe(x̂, ŷ)

+
Nh(x̂, ŷ)

[

m∗ch(x̂, ŷ)
]2
µh(x̂, ŷ)





















dx̂ dŷ (A.1)

The electron and hole mobility as a function of doping can be determined from [172,188].

FCA is absent if the waveguide is intrinsic, and no carrier dopants are introduced. The

substrate leakage loss occurs when the BOX (lower cladding)is sufficiently thin such that

mode leaks to the underneath silicon substrate. This loss can be substantial since higher-order

modes are poorly confined and leak to a much greater depth in the cladding. Proper design

should ensure sufficient cladding layer thickness such thatthe evanescent field decays within

the cladding. The substrate leakage can be determined either analytically and/or numerically if

required [189]. For small waveguide length, the mode polarization does not change, and thus
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PDL can be neglected without any appreciable error. The sidewall scattering loss occurs due

to sidewall roughness as a result of etching and is proportional to the mode intensity at the

sidewalls. The scattering loss of each supported mode at different wavelengths can be deter-

mined from the P-L model [102], which decomposes the 2D cross-section waveguide into 1D

slab waveguides. The scattering loss is characterized by standard deviation (σ) and correlation

length (Lc) and is shown below for theEy mode [145].

αscat=
f .g.γ.Sw.σ

2

√
2k0ncore

(A.2)

where

k0 =
2π
λ

(A.3)

Sw, g, f , andγ are calculated as

Sw =

δnr
e f f

δw
δns

e f f

δw

(A.4)

where superscripts ‘r ’ and ‘s’ denotes rib and strip waveguide of the same cross-section,

andw represents the waveguide width.

g =
k4

0(n
2
core− n2

e f f)(n
2
core− n2

clad)
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w.k0

√

n2
e f f−n2

clad

2

(A.5)
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a
√
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√
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√

(1+ a2)2 + 2a2b2
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where the superscripts ‘‖’ and ‘⊥’ refers to the parallel and perpendicular interaction of

the mode electric field with the sidewalls corresponding to the Ex andEy mode of the planar

waveguide respectively. Since the scattering loss is directly proportional to the mode intensity

at the sidewalls,Sw given by (A.4) is a scaling ratio needed because of the reduction in the

sidewall height due to the slab layer. The perpendicular interaction of theEy mode with the

sidewalls is taken into account byγ. The value ofσ andLc are taken to be 2 nm and 50 nm,

respectively, which is valid for a waveguide with a small cross-section [121]. The sidewall

scattering loss ofEx mode can be similarly determined and does not depend onγ since theEx

mode direction is parallel to the waveguide sidewall.
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