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Abstract

The research presented in this thesis deals with enharntoengerformance of an
optical modulator in Si photonics platform using deviceeleengineering tech-
niques. The thesis starts with an introduction to the fiel&igihotonics, followed
by a comprehensive theory of modulation techniques andiceaiised to char-
acterize the modulation efficiency. A chapter on optical ®@audes is presented
elaborating on determining the waveguide characteristizs mode, loss, and dis-
persion, using a Ge-doped Si strip waveguide for multimagalication over the
whole optical telecom band. A PN phase shifter, which is @egral part of an
MZM, is modeled, taking into account the 2D nature of cardestribution and
mode field. The proposed model can be used to design and aptarf’N phase
shifter with multiple design parameters viz., wavelengtlaveguide dimension,
core and cladding material, doping concentration, andtjon®ffset. The model
is validated with numerical TCAD simulation. The perfornoarof a Si MZM with
guasi-TM mode propagation is evaluated and shown to achi#&@8 Gbps trans-
mission over a single channel. Material engineering to owerthe performance
is studied by designing a multi-layer SiGe phase shiftele &guivalent electrical
circuit of the proposed multi-layer PN phase shifter is préed. A process sim-
ulation study to create the multi-layer structure by a @k implantation in Si
is done and, both lateral and vertical PN phase shifter pedace is evaluated.
The high-speed characteristics of Ge-doped Si MZM are coedpaith a Si MZM
and shown to achieve better performance in terms of highdumaton bandwidth,
receiver tolerance, and fiber transmission. The designeddped Si MZM can be

used for 400G datacom applications with0O0 Gbps per channel.
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1. Introduction

1.1 Silicon Photonics

Silicon photonics is the study of technology that involvies transmission, manipulation,
and detection of light by or through a silicon-based medi#icé-based media incorporates
everything from different forms of silicon viz. crystalénsilicon [1], amorphous silicon [2],
polycrystalline silicon([3], porous silicon [4], siliceriB], to different compounds and alloys
with silicon constituents such as silicon dioxide [6], ®in carbide[[7], silicon nitridel[8],
silicon-germanium [9], silicon-germanium-tin [10], eilicon photonics also involves any hy-
brid technology involving silicon or its alloys, for exaneplgraphene [11], lithium niobate [12],
l1I-V semiconductors[[13], barium titanate [14], etc. &dn photonics was started by Richard
Soref in the early 1990s and had since then evolved into aevinelv area of study. Applica-
tions of silicon photonics range from astronorny![15], mewd16/17], communications [18],
to high energy physics [19, 20]. The vast study and appboatdf silicon photonics have been
brought about by the numerous advantages it provides, teefust being abundant availability
and mature low-cost manufacturing. The already estalalistectronics industry uses silicon,
thereby giving the possibility of monolithic electronityqonic integration. From an optical
viewpoint, silicon has a high index contrast with its oxide, silicon dioxide, thereby hav-
ing a larger bending radius and allowing sub-wavelengthogestimensions. It also has good
thermo-optic properties and non-linear properties [1jc&n is an excellent material to realize
passive photonic devices. However, the main disadvanthgiieon is its indirect band-gap
due to which efficient light sources cannot be realized.eldt I11-V semiconductor lasers are
flip-chip bonded to silicon for heterogeneous integratiaracsilicon substrate [21]. Over the
years, numerous studies have been done to realize effidienhdight sources, some notable
technologies being zone folding technique![22, 23], porsilison [22)24], erbium implanta-
tion [25], tensile-strained germanium |26], silicon-gamume-tin [27| 28], Raman laselis [29],
etc. However, silicon-based light sources are still at gmearch stage due to efficiency and
stability issues and are far from commercialization. Arottisadvantage of silicon is the ab-

sence of the Pockels effect, which is the linear electrocagdfect, due to its centrosymmetric
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1.2 Market Scenario

structure. Studies have shown that strained silicon ekthibi Pockels effect by breaking the
crystal symmetry [30, 31]. Efficient modulation in silicdmwever, is achieved using the free

carrier plasma dispersion effect [32].

1.2 Market Scenario

Today, silicon photonics is a huge area of study with acadesiwell as industry-driven
research to realize low cost, energy-efficient photoni¢adsvusing silicon. The four key areas,
viz. low cost, low power, low footprint, and high speed, aalizable using silicon. Key indus-
tries focussed on silicon photonic products are Infinergp@ation, Cisco Systems Inc., Intel
Corporation, IBM Corporation, FLIR Systems, and Finisargoation in the United States;
Mellanox Technologies Ltd. in Israel; Hamamatsu Photoids. and AIO Core Co. Ltd.
in Japan; S.T. Microelectronics NV in Switzerland; NKT Porats in Denmark; SICOYA in
Germany; and DAS Photonics in Spain. The global market vafuglicon photonics is pre-
dicted to reach USD 2518.59 Million by 2024 with a 22.93% connpd annual growth rate
(source:[[33]). In 2019, Cisco acquired Luxtera Inc., whigdis a leader in silicon photonics
and optical transceivers. Intel provides silicon photsnicfiber lane optical transceiver for
100G networks in the QSFP28 module with each of the 4 lanesbtaf handling up to 28G
data rate. There have been multiple startups in silicongficé, some notable being Ayar
Labs in California and France based fabless Scintil Phosorhlokia has recently, in February
2020, acquired the United States based silicon photoracgiptElenion. The major focus to-
day is to provide high-speed connectivity using photontesus of electrons to carry data. The

high-frequency lightwaves provide far greater bandwidtimttraditional copper cables.

1.3 National Status

Silicon photonics research in India is academic driven witime notable research being
carried out by the Photonics Research Group in the Depattaidfiectronics and Electrical
Engineering at the Indian Institute of Technology Guwaghasisam; the Integrated Optoelec-

tronics Research Group in the Department of Electrical Begjiing at the Indian Institute of
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1. Introduction

Technology Madras, Tamil Nadu; the Centre for Nano SciemceEngineering at the Indian
Institute of Science, Karnataka; the Nanophotonics Reke@roup at the Indian Institute of
Technology Delhi, Delhi; the Optoelectronic Nanodevices&ech Laboratory in the Depart-
ment of Electrical Engineering at the Indian Institute o€fAieology Indore, Madhya Pradesh;
and, the Integrated Photonics Research Lab in the DeparthPhysics at the Indian Institute

of Technology Roorkee, Uttarakhand.

1.4 International Status

The academic research groups outside India are the SilibotoRics Group at the Uni-
versity of Southampton, England; the Silicon Photonicsuprat the Centre for Nanoscience
and Nanotechnology, UniversitParis-Sud, France; the Photonics Research Group at Ghent
University, Belgium; the Emerging Computing Systems andi@® Automation Lab in the
Department of Electrical and Computer Engineering at thimi@do State University, United
States; University of California, Santa Barbara, Uniteat&t; 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 modtgdbr data communication
applications. The different types of modulation and howcedfit modulation is done in silicon
platform are described. The different types of structuaesilysis, and characterization of the
modulator are given. The last section of this chapter fagusethe techniques to improve the
modulator performance.

Chapter 3 gives an introduction to optical waveguides aed malysis. The mode, loss,
and dispersion characteristics of a graded-index silgamanium strip waveguide for hybrid
multiplexing applications over the coarse wavlength darisnultiplexing band are presented.
The usable number of guided modes at different wavelengtilsawn to depend on the mode

confinement, propagation loss, and dispersion length.
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1.5 Thesis Organization

Chapter 4 presents a 2D model of a silicon PN phase shiftechwdan be used to design
and optimize the phase shifter performance without any ceroia tools. The model takes
into account the widening of the depletion region at the -@aelding interface, and a detailed
description of the model algorithm is given.

Chapter 5 investigates the performance of a silicon Madimder modulator (MZM) em-
ploying quasi-TM mode propagation with dual-arm push-puive using on-off keying. The
qguasi-TM MZM can achieve 100 Gbps transmission over a single channel. Performamoe co
parison with state-of-the-art is given.

Chapter 6 introduces a multi-layer graded-index silicenaganium phase shifter, which
exhibits enhanced performance compared to a silicon plfsersA process simulation study
has been done to emulate a fabricated device using bothllatet vertical PN junction profiles.
The designed phase shifters are compared with the stdtefrt.

Chapter 7 investigates the high-speed characteristicspsbeess simulated germanium-
doped silicon MZM for dual-arm quadrature drive. The pramb$1ZM is compared with
recently reported results, and can achied®0 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 ouinduthe doctoral tenure.
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2. Silicon Optical Modulator: Theory and Working

2.1 Introduction

The high bandwidth requirement of current data commurooadue to the increasing num-
ber of end-users have paved the way for photonics to replaectr@nics. A viable solution
to the “interconnect bottleneck” problem is to use opticéiconnects instead of the metallic
interconnects [34—36]. However, such a scheme suffersffiigimcosts and a large device foot-
print. The cost is mainly determined by the fabrication @sx; while the device size is limited
by the wavelength of light and material being used. Silicbotpnics with low-cost CMOS
compatible fabrication and sub-micron device size duegb imdex contrast aims at realizing
efficient photonic devices [1]. Integrated optics deal withltiple active and passive optical
components on a single substrate. Large bandwidth of anadgommunication link is needed
for high-speed data transmission, with optical modula#&bithe core of such a data link, used
to encode electrical information in light. The optical méatar 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 showfign[2.1. It consists of
three blocks — the transmitter, channel, and receiver. Rav@ical communication system
that employs light as a data carrier, the transmitter ctssisthe light source, modulator, and
multiplexer; the channel is either fiber optic cable, freaee, or planar waveguides for on-chip
integrated circuits; and the receiver consists of demleltgr and photodetector. In addition,
both the transmitter and receiver side contains electsigalal processing and conditioning cir-
cuits to handle the electrical data bits. The electricahdats are integrated into light using
the modulator. Instead of an external modulator, the lightese itself can be modulated by an

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

Transmitter —— Channel —_ Receiver

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 switghithe laser heats up, leading to
an increase in the threshold current and correspondingistiystortion [37]. The multiplexer
is used to combine multiple channels carrying differenaddteams. Data can be carried by
different wavelengths, both polarizations of each wavgtlenand multiple modes of each po-
larization. Such a scheme is known as hybrid multiplexinge @emultiplexer at the receiver
side does the opposite of the multiplexer and separatesreliff channels into different paths
to a photodetector, which converts the optical signal toraesponding electrical signal. The
channel either fiber, planar waveguides, or free-spaceifiasett effects on the signal. Optical
fiber has low attenuation and dispersion owing to a very simdéx contrast between the core
and cladding. The core has a circular cross-section andgsrighan the wavelength of light.
Optical fibers are used for long-distance communicatioan& waveguides have a rectangular
cross-section, and the index contrast is relatively highchSvaveguides have large loss and
dispersion and are used for short-distance communicatmaeailly for intra-chip applications.
Miniaturization of electronic chips to ensure high opergtfrequency, according to Moore’s
law, leads to a decrease in the cross-section of the mataiiconnect layers and the distance
between the successive layers. In electronic integratedits, the metallic interconnect layers
form multiple floors with local interconnects at the bottaergmple, connections within a logic
gate) and global interconnects at the top (example, theextiam between different logic gates
within a chip). As the device dimensions decrease, theteggis and capacitance increase,
thereby increasing the time constant and hence, the propagkelay. This can be overcome
by replacing the metallic interconnect layers by optic&ioonnects, which are basically pla-
nar waveguides. Though the optical interconnect dimessawa larger than the correspond-
ing metallic interconnects, multiple floors are not reqdisgnce a single optical interconnect
can carry different data without any crosstalk. Howeveg, rieed for electrical-to-optical and
optical-to-electrical conversion at each device conoedsince the base devices are electronic)
increases the complexity. Instead, photonic devices vath bdeing processed by manipulating
light instead of electrons are preferred and are the mapgwore for the drive towards realiz-
ing photonic chips. For example, logic operations can thempdrformed using optical logic
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gates|[38] rather than by electronic logic gates. The pingof light is much faster, and the
bandwidth of photonic devices is greater owing to their Higlquency. The free-space channel
uses spatial multiplexing and vector modes to increasednsinission bandwidth [39,40], and

follows line-of-sight transmission.

2.3 Optical Telecom Bands

The optical telecom band represents the range of wavelsmgtr which fiber optic com-
munication takes place, and are given in Tablé 2.1. The QS£€-, L-, and U-bands represent
the original (O), extended (E), short (S), conventional (€)g (L), and ultra-long (U) wave-

length bands, respectively.

Table 2.1: Optical telecommunication bands.
Band | Wavelength range (nm)
1260 — 1360
1360 — 1460
1460 — 1530
1530 — 1565
1565 - 1625
1625 - 1675

cCroOownmmo

Currently, long-haul fiber optic communication uses theaDécentered at 1550 nm wave-
length due to the advent of the erbium-doped fiber amplifi@R&). Data is carried using
multiple wavelengths of an optical telecom band, known agelength division multiplexing
(WDM). The two types of WDM generally used are the dense vength division multiplex-
ing (DWDM) and coarse wavelength division multiplexing (OM). DWDM supports up to
80 channels over a single fiber and uses 0.4 nm (0.8 nm) chapaeing for a 50 GHz (100
GHz) grid. Currently, DWDM is used over only C- and L-band. OW, on the other hand,
utilizes multiple optical bands, from O- to L-band, and aifoup to 18 channels with chan-
nel spacing of 20 nm. DWDM is expensive compared to CWDM duth#&requirement of

sophisticated transceivers.
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2.4 Types of modulation

An optical modulator modulates light according to a messigyeal. The message signal is
encoded in light by changing its properties, such as ang@itphase, frequency, or polarization.
In a broad sense, modulation can be of two types — direct natidaland external modulation.

In direct modulation, the light source itself is modulatet@ding to a message signal,
which is in electrical form. Direct modulation of a laser smiis simple and, thus, cost-
effective. In direct modulation, the current input to thedais varied. However, direct mod-
ulation suffers from carrier induced frequency drift knoas chirping, and heating issue at
high-frequency operation [41].

In external modulation, a device is used, which changes ityepty of light according to
the message signal, which can be in any form. External moaislare preferred for high-
speed operation and to extend the life of the light sourcesrdlare various types of external
modulation, such as mechanical, acousto-optic (AO), tbeoptic (TO), magneto-optic (MO),
all-optical, and electro-optic (EO). In mechanical modiola, a mechanical shutter or chopper
is used, which blocks the path of light [42]. The mechanicadmators are basically discs
with slits that are rotated by means of a motor. These are fmseslib-kHz modulation and
suffers from the diffraction of light beams around the stiges. AO modulators change the
optical properties of a light beam using acoustic waveshtig passed through an AO crystal
subjected to RF signal. There are two different types of A@utation mechanisms — Raman-
Nath regime([43] and Bragg regime [44]. AO modulators carchespeeds up to the MHz
range. In TO modulators, the optical property, namely tfi@active index, is varied by varying
the temperature. Silicon has a TO coefficient of 2860° K-1. Silicon TO modulators have
been realized and can achieve modulation up to lower GHz2rjH]. MO modulators use the
magnetic field to vary the property of a light beam. The left aght circular polarizations travel
at different speeds when subjected to a quasi-static miadgiedd [46]. The polarization of light
when passed through a MO material change which is known &tfaglay rotation. All-optical

modulators can be used to circumvent electrical-to-op#ind optical-to-electrical conversions
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2. Silicon Optical Modulator: Theory and Working

by using a light beam to modulate another light beam [47]s Type of modulation is faster and
less noisy. However, the main drawback is the requiremeatanntrolling light beam. In EO
modulators, light is passed through a material subjectethtelectric field. The electric field
is varied to change the property of the light beam. Diffetgpes of EO modulation are the
Pockels effect, Kerr effect, Franz-Keldysh effect (FKE)agtum confined stark effect (QCSE),
and the free-carrier plasma dispersion (FCPD) effect.

The Pockels effect is the fastest EO effect, but occurs ingeairosymmetric materials,
i.e,, crystals which do not have a center of symmetry. The moséhyistudied crystal is the
man-made LINb@ [48]. The Pockels effect is known as the linear EO effect as directly
proportional to the applied electric field. Silicon, howewdoes not exhibit the Pockels effect
due to its centrosymmetric structure. However, strainiaggb silicon breaks the crystal sym-
metry and has been shown to have the Pockels effect [30, 31§. KErr effect occurs in all
materials but is weak. The Kerr effect is the second-ordereE€xrt and is proportional to the
square of the electric field [49]. In the FKE, an applied eledteld is used to shift the optical
absorption edge to lower energies|[50]. Thus, light is disdeven if the photon energy is less
than the band-gap. QCSE describes light absorption in goamtell structures, where the ab-
sorption differs depending upon the direction of the ampéiectric field relative to the quantum
wells [51]. The FCPD effect uses an applied electric field mdaolate light by changing the
carrier concentration across a junction device [32]. StheePockels effect is absent in silicon,
the FCPD effect is preferred for high-speed modulation.sThesis focusses on FCPD based
silicon modulators, and thus a separate section is dedi¢atdescribing the FCPD effect in

detail.

2.5 The FCPD effect

The FCPD effect is the most effective EO effect used in silifmy modulation. In the FCPD
effect, an electric field is applied across a junction deticehange the carrier concentration,
which in turn changes the refractive index as seen by the lighm. 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_a/l

= (2.2)

The Drude model gives the relation between the chang# and the change in carrier

concentration which is [52]

2 (AN. AN
An = — g ¢ — (2.3a)
8r2C?en \ Mg, N
e1? AN AN
Aa = e (2.3b)
Ar2C3eon \ Myute M, th

However, an empirical fit td (2.3) was given by Soref and Bénpg experimentation for

1550 nm wavelength as [32]

An = — 8.8 x 10°22AN, + 8.5 x 107%(ANy)**| (2.4a)

Ax = 85x 1078AN, + 6.0 x 107 18AN;, (2.4b)

where the change in carrier concentratiomé, AN, are in cnt. The coefficients in(2.4a)
and [2.4b) have units of chrand cn? respectively. Applying an electric field changes baoth
anda, as they are related by the Kramers-Kronig dispersionicgldb3]. However, the use
of either one primarily for modulation specifies whethertiedulator is electrorefraction type
or electroabsorption type. In electrorefraction moduktchange imn is used to change the
phase of light. Thus, the integral part of an eletrorefactnodulator is the phase shifter, and
such modulators are referred to as phase modulators. Inasprglectroabsorption modulators
use the change ina to modulate light. While electroabsorption modulator stowes employ
a single wire waveguide across which an electric field isiagplo change the absorption co-

efficient, in electrorefraction modulators, an interfegiar 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 Maghrder interferometer (MZI)
and the micro-ring resonator (MRR) for FCPD based phase ratas. MZI and MRR struc-
tures are passive and are made active by integrating phesssin the arms of the MZI and
the ring cavity of MRR and are called the Mach-Zehnder maduli@ZM) and the micro-ring
modulator (MRM), respectively. The bird’s-eye view of an M&Aand MRM are shown in Fig.
2.2.

Phase shifter

Phase shifter

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

The MZM consists of an input & 2 3 dB power splitter, two bus waveguides connected to
the output of the power splitter, and &2 output combiner whose input are the bus waveguides.
The phase shifter is integrated into the bus waveguides. ppfieal electric field is used to
change the phase of light either in one or both arms. Theivelphase difference between
the two arms at the combiner side determines the output ligansity. The MZM is used
as an intensity modulator. If the relative phase differebetveen the two arms is an even
multiple of &, constructive interference takes place, and ideally (censg loss is zero), the

output intensity is equal to the input intensity. This regamats the bit ‘1’. If the relative phase
TH-2420_156102009
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difference is an odd multiple of, destructive interference takes place, and the output ligh
intensity is ideally zero. This represents the bit ‘0". Ibsiid be kept in mind that zero intensity
doesn’t mean that the light vanishes. Rather the mode leak tcladding.

The MRM operates on the principle of resonance. It consikts lnus waveguide and a
ring cavity. The cavity is shown to be circular, but, can bapd like a racetrack to improve
light coupling. The phase shifter is integrated in the rirgvaguide. The ring is so designed
such that when light couples, the round-trip phase diffeeds an even multiple of. In this
case, the ring is said to be in resonance, and the outputsityas ideally (considering full
light coupling) zero. Applying an electric field to the phasefter changes resonant condition
(round-trip phase difference), and the zero transmissamt ghanges to a different wavelength.

Both the MZM and MRM have been extensively studied [54-58¢ the advantages and

disadvantages of both are given in Tdblg 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 fabricatiorddemperature tolerance
and use various techniques to optimize the phase shifteav® llower power consumption and

small device footprint.

2.7 MZM architecture

The MZM cannot be driven as a lumped element due to the relgtleng phase shifter
length required to obtain & phase shift. The phase shifter length can be reduced by asing
larger drive voltage but at the cost of higher power consionptA transmission line model is
employed, and a traveling wave electrode (TWE) is used tocovee the bandwidth limitation
of the MZM. This occurs due to the inductive impedance of amgmission line electrode,
which cancels the phase shifter capacitive load [60]. ThevMéonfiguration with ground—

signal-ground—signal—ground (G-S-G-S-G) TWE for the dural drive is shown in Fig._2.3.
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15



2. Silicon Optical Modulator: Theory and Working
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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 wiaee(fLPW) structure [61]. The
PN phase shifters are kept reverse-biased using DC voltageesVpc: andVpco, as shown
in Fig.[2.3. The inductoL and capacito€ at the source side are used to block the RF and DC
voltages, respectively. The termination capacitageas used to block the DC signal, which
drops across the PN diode. The capacitaficaadCy offer very low (ideally zero) impedance
to the RF source, which travels along the signal electrodbersame direction as the optical
wave. The RF source has an associated impedance denoted[th¥asRs which is typically
50 Q. The resistanc®; is used at the termination side and is also taken to b&50he
MZM is driven by applying the high-frequency voltagés-; andVgg, across the two PN phase
shifters. The partial capacitance and conformal mappicigigues![62, 63] are used to obtain
the electrical equivalent circuit of the phase shifter. Thedulation bandwidth depends on
three major factors, viz. the impedance mismatch betweemsalnrce, TWE, and termination
resistance; velocity mismatch between the optical modetlamdraveling RF signal; and the
RF loss. The TWE should be designed such that the optical memg index is equal to the
RF microwave refractive index to reduce the adverse effeetlocity mismatch. A TO phase
shifter is used in one or both arms of the MZM (not shown in F2g3) 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 ntaidu transfer characteris-
tics, which gives the relation between the output lightmsigy and the input light intensity. In

terms of the electric field, the input light intensity can betien as

l; = [Eje 1t (10)

The 3-dB splitter at the input side splits the input lighbiequal halves, each with intensity
li/2. Table 2.B shows the notations used in terms of the elegdit for the corresponding
intensity.

Table 2.3: Intensity and corresponding electric field notation.

Intensity l; l,/2 a
Electric field | E; | B/ V2 | «/2

The output electric field of the two arms are given by

- E\/_ize—$e—j(wt+ﬁlLl+¢l(V)Ll) (11a)
E, = E\/_ize—$e—j(wt+ﬁsz+¢z(V)Lz) (11b)

For a symmetric MZMpB; = B, andL; = L,. The output electric field and corresponding

output light intensity is

1
Eo = ﬁ (Eol + EOZ) (128)
lo = |Eof? (12b)

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

lo = ﬁ[e—i(%(vﬂ-i%ﬁ + g0 2.7)
4
For the dual-arm drive in quadrature, the output intensity i
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2. Silicon Optical Modulator: Theory and Working
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Fig. 2.4: PN phase shifter cross-section.

|: ) L a1(Vy) x . ca1(V9) ), 12
l, = Z'[e_l(¢1(vl)—l ) L B e—1(¢1(vz)—1%)L] (2.8)

The factore 1z in the first term on the right-hand side 6f (2.8) is used to BetNMIZM in

guadrature operation using a TO phase shifter.

2.9 Characterizing the MZM

The phase shifter performance affects the high-speed ratmifutharacteristics. Both the

phase shifter and modulator performance metrics are listémiv.

2.9.1 Phase shifter performance metrics

The phase shifter is basically a junction device, with theshoommon being the PN junc-
tion [64], the PIN junction([65], and the MOS capacitor [6G]he PN junction is the fastest
as it works in reverse bias by depletion of majority chargeiees. However, the length of the
PN phase shifter is longer. In contrast, the PIN is used wdod bias by injection of minority
carriers. The advantage is that the length of the PIN pha#tershs less. The MOS-capacitor
based phase shifters work in accumulation mode.

The cross-section of a PN phase shifter is shown in 2He AN phase shifter is
created on a silicon-on-insulator (SOI) wafer. The undedgilicon substrate (not shown in the
figure) is comparatively thick and provides mechanicalrgjtle. The rib is created by etching

the top silicon layer and is suitable for realizing activevides since the contact electrodes
TH-2420_156102009
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2.9 Characterizing the MZM

can be formed far away from the modal region. The buried of@&{@X) layer is sufficiently
thick to prevent mode leakage to the underlying silicon gals. The top cladding is the pre-
metal dielectric (PMD) layer. Silicon dioxide (Siohas been used as both the BOX and PMD
material. The contact electrodes are formed by creatingjinithe PMD layer and depositing
metal. The electrodes are formed over heavily doped P++ andriBigions to ensure they are
ohmic in nature. The waveguide height (width) is alon(y) direction. The mode propagates
alongZdirection.
The phase shifter is characterized by the
(i) Phase shift:

The phase shift is calculated as|[67]

2rL o o 6 (A2 NS
ao =25 [ [ ankg) R 9 29)
% Jy

(i) Absorption loss:

The absorption loss is determined as [67]

o =asut [ [[(arca®9) - sa@9) xPGPEdkey  @10)
% Jy

The calculation ofrscas andarca can be found in Appendix]A along with different types
of loss components.

(iif) Modulation efficiency:
The modulation efficiency is the product of voltagé X and length I;) required to

achiever phase shift and is calculated as

T

VL, = V| X )

(2.11)

(iv) aV,L,:
This is a FOM defined as the total absorption at any voltage furase shift.
(v) Insertion loss:

The insertion loss of a device is defined as the loss in sigmakpwhen the device is
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2. Silicon Optical Modulator: Theory and Working

inserted into a communication link and can be calculate®ak |
IL = 4.34% (OV) L, (2.12)

A higher A¢, lower «, lower value ofV,L,, lowerIL, and loweraV,L, 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 frequesiage in which the modu-
lation sensitivity is within 3 dB of the peak value. TRE-limited bandwidth of the phase

shifter is given as

(o 1
RC_Z:TRQ

(2.13)
whereR is the series resistance of the PN phase shifterGynid PN junction depletion
capacitance.

(ii) Extinction ratio (ER):

The ER is the ratio of the output intensity fan’ and‘off’ state of the modulator, or in
other words, the ratio of light intensity to represent bitahd bit ‘0’. ER is determined
from the modulator transfer characteristics.

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

The BER represents the ratio of error bits to the total biteikeed. BER ranges from 0 to
1.

(iv) Speed:

The speed of the modulator represents how fast the modwatomodulate light with
the electrical data bits.

(v) Energy per bitEy):

The E,, represents the energy efficiency of the modulator and isgige
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2.10 Improving MZM performance

P

— 2.14
Bit Rate ( )

=

The total power consumptior) is determined by summing the power consumption of
all the TWE arms that are driven. The dynamic power conswngf each TWE arm is

given asl|[68]

_ (Vrwe/2)?
Zo

A high modulation efficiencyER, speed, and lower BER artg}, corresponds to a better

Prwe (2.15)

modulator.

2.10 Improving MZM performance

The increasing demand for high bandwidth devices to deer@ssncy has given rise to nu-
merous techniques to realize high-speed devices. Therpafwe can be improved by broadly

two techniques — system-level engineering and devicd-&ngineering.

2.10.1 System-level engineering

Low-bandwidth modulators can be used to achieve high-sppertion using system-level
engineering, which focusses on modulator driving configong and modulation formats. The
bandwidth can be enhanced by using a series push-pull apgnatich lowers the diode capac-
itance [69]. Higher modulation speed can be achieved bygusitvanced modulation formats
such as pulse amplitude modulation (PAM) and quadraturdiarde modulation (QAM). Four
silicon MZMs with an average modulation bandwidth of 30 GHz3&V have been shown to
achieve 106 Gbps per lane using PAM-41[70]. Two MZMs with 3 dihtwidth of 36 GHz
at -4 V have been used in in-phase quadrature (IQ) modulatdiguration with series push-
pull operation and shown to achieve up to 232 Gbps operasomgul6-QAM [71]. While
the simple on-off keying (OOK) was the choice of modulation 100G networks, the IEEE
802.3bs specifies PAM-4 modulation for 400G networks [74)e TO0G network uses 4-lane

25G modulators, while 400G network uses either 4-lane 100@utators or 8-lane 50G mod-
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2. Silicon Optical Modulator: Theory and Working

ulators. Though advanced modulation formats can lead toehidata speeds, the overall chip
power increases due to the increased complexity in reglithe electrical driver circuitry. A
DAC-less PAM-4 modulator is reported in [73], which loweng tpower consumption by using

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

2.10.2 Device-level engineering

Device-level engineering focusses on increasing the nadidul bandwidth using material
engineering and junction optimizations instead of usingaaded modulation formats. The
modulation bandwidth can be increased by designing theepblaster either to have lower
capacitance per unit length or to have a higher phase shiftielength resulting in lower
length. The modulation efficiency is an important metric teasure the modulator efficiency.
SmallV, will result in lower drive voltage required for light extition and result in lowg,,. The
phase shifter design and optimization is the main focus wvicdeevel engineering. The phase
shifter metrics depend on the modal overlap with the demtetegion. The waveguide, material,
and junction parameters play an important role in the desfgnphase shifter to improve the
overall device performance. The waveguide parametersidecthe waveguide dimensions,
which determines the mode confinement and scattering ldss.nlaterial parameters include
the carrier effective mass, mobility, lifetime, and maakebsorption. The junction parameters
include the type of junction, junction profile, dopant sgscidoping concentration, and the
junction offset. It is crucial to select appropriate paréenealues for optimum performance
as there are numerous trade-offs involved that affectselieee performance and can be found
in [74-78.

Numerous optimizations based on waveguide dimensiong9680], materials like strained
silicon-germanium([81, 82], hydrogenated amorphousaili[83/84], silicon slot waveguide
with ITO [85], junction parameters like use of PN [64][75,88], PIN [65], PIPIN [88], inter-
leaved/interdigitated PN _[7[7, 89], and doping optimizasidike restricted depth doping [90],
U-shaped junction [91], S-shaped junction![92], L-shapagtfion [93], including optimization
of ion-implantation conditions [94], etc., have been régdover the years to enhance the phase

shifter performance.
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2.11 Summary

2.11 Summary

A basic overview of an optical communication system is paled with the optical telecom
bands used for communication. The different types of mdduidechniques are defined with
special attention to the FCPD effect, which is used for effitimodulation in silicon. The
phase modulator structures are shown with emphasis on tiv,MHEich is used throughout this
thesis. The phase shifter is defined as an integral part cisgamodulator, and the performance
metrics of the phase shifter and MZM are defined. Lastly,napkes to improve the modulator

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

3.1 Introduction

An optical waveguide is a structure that guides light alonzpsicular direction, which is
known as the propagation direction. A waveguide consist adre that has a high index of
refraction surrounded by a cladding with a low index of refian. The most common type
of optical waveguide is the optical fiber, which has a cyliodlr cross-section. The optical
fiber transmits light by the mechanism of total internal m&ften. Optical fibers can be either
single-mode or multimode. Multimode optical fibers use adgthindex structure to reduce
modal dispersion. Integrated photonic chips have rectanguaveguide structures due to the
feasibility of planar fabrication. Planar photonic chipamoy nanowire waveguides to real-
ize active and passive photonic devices. Optical waveguitie used as a channel for data
transmission. To increase the information rate, diffevestelengths, both polarization of each
wavelength, and multiple modes of each polarization are asechannels. Based on specific
applications, waveguide design is crucial, and their aislis necessary for optimum device
performance. For a given material system and waveguiderdiioe, the channel length de-
pends on the dispersion-loss characteristics of each igltte and is related to its effective
index. The mode, loss, and dispersion characteristicsrdepe waveguide core-cladding ma-
terial and waveguide dimensions. Planar rectangular <esonal waveguide uses high index
contrast core-cladding materials as opposed to opticaisfilmeorder to reach sub-wavelength
dimensions. However, such planar waveguides suffer fragh modal dispersion due to their
high index contrast and are suitable for short-distancenconication typically in the range of
few micrometers to few millimeters. Silicon-on-insula{®Ol) wafers are commonly used for
planar photonic devices due to their low-cost CMOS proogssiith an index contrast of2
over the whole coarse wavelength division multiplexing (CM) band. Optical waveguides
can be formed by etching the top silicon layer to create rdut{glly etched) or strip (fully
etched) waveguides, putting two waveguide cores closedo @er to create slot waveguides,
or by drilling holes in the top silicon layer to create a photocrystal waveguide. The most

commonly used optical waveguide for passive applicatisiise channel/strip waveguide.

TH-2420_156102009

26



3.2 Waveguide structure

Waveguide analysis involves the parametric study of thece®f core-cladding materials
and waveguide dimensions on the number of supported modee group velocity, birefrin-
gence effects, modal dispersion, mode confinement, préipadasses, etc. Multiple literature
studies exist that focus on the analysis of different tydesaveguides. Single-mode condi-
tion in SOI rib waveguides was given by Soedf al.[95] and later corrected by Pogossian
et. al.[96]. The same was analyzed by Huagtg al.[97] for SOI rib waveguides at 1550 nm
using FEM simulations. Hocker and Burns analyzed mode dispe of isotropically diffused
channel waveguides using EIM [98]. Dulkeigh. al.[99] studied the group index and GVD
of single-mode SOI strip waveguides. Tan al.[100] studied the group velocity dispersion
(GVD) and self-phase modulation (SPM) i8S waveguides. Leet. al.[101] investigated
the effect of waveguide size and surface roughness on thentiasion losses of a silicon strip
waveguide and used the Payne-Lacey (P-L) madell[102] fostag¢tering loss. Vlasov and
McNab [103] measured the propagation and bending lossasbofisron single-mode silicon
strip waveguides. Daniel and Agrawal [1.04] studied theafté waveguide dimensions on the
dispersion and birefringence properties. Mas al. [105] investigated the chromatic disper-
sion of silicon slot waveguides and showed that the dispensroperties could be tailored by
the waveguide geometrical parameters. Hamreanal.[106] performed experimental studies
on the linear and non-linear optical properties of siligermanium waveguides with varying
cross-sectional areas. Apart from these, multiple studliewaveguide dispersion can also be

found in literature([107-112].

3.2 Waveguide structure

The graded-index SiGe strip waveguide is process simulaied) Synopsy8 SPROCESS
2D [113]. The starting material is an SOI wafer with 250 nm $ilgcon thickness and 2m
BOX. The graded-index structure is formed by germanium @gping with a dose of 1.3%
10" cm2 at 165 keV energy followed by rapid thermal annealing (RTA)B00°C for 5 sec-
onds. Then, a 250 nm anisotropic etch is done to form a strippguaide of a cross-sectional

area 500 nnx 250 nm. The final step is/2m 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 sudigtris not shown) and (b) Germa-
nium concentration and mole fraction across waveguideheig

uide. The waveguide structure is shown in Hig.] 3.1 along withgermanium concentration

and mole fraction distribution across the waveguide height

3.3 Waveguide Analysis

The quasi-vectorial finite difference method (QV-FDM) [1b4s been used for mode anal-
ysis of the proposed waveguide at different wavelengths.eshsize of 12k 100 cells with
a uniform cell size of 12.5 nm in each direction has been usédtiwe Neumann boundary
condition. The refractive index of silicon and oxide at diffnt wavelengths are calculated

from [115] and[116] respectively. The refractive index of 3Ge, is calculated as [117]

NsicdX ) = Nsi(1) + (1.16 — 0.262) X2 (3.1)

The maximum Ge mole fractionx) obtained from the given germanium dose~8.31.
Ge doping results in material absorption loss if the banalaygergy of the graded SiGe, is
lower than the corresponding photon energy. The band-gemgrf the proposed structure

along waveguide height is calculatedlas [118]

Ey(X) = 1.0905- 0.962x + 0.4306¢° — 0.1672¢ (3.2)

The band-gap energy across waveguide height along withhbeop energy at different

wavelengths is shown in Fi§._3.2. The minimum band-gap gnierg0.83 eV denoted by the
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Fig. 3.2: Band-gap and photon energy across waveguide height andrptvat/elength respectively.

A-A' line of Fig.[3.2. This corresponds to a photon wavelengtk 1500 nm denoted by the
line B-B’. Beyond 1500 nm, the waveguide becomes transparent, asdrierial absorption

does not occur. The material absorption depends on botlophavelength as well as the Ge

mole fraction and is calculated as [118]

0 if hy < Eq — kgflp

am = | A, L Sartel) if Eq— kafp < hv < Eg + kgf, (3.3)

(hv—Eq+kebp)® (hv—Eg+kgp)?
Aa e&p/T_l + Ae l_e_gp/T If hV Z Eg ar kBep

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

wavelengths are given in Fig._3.3(a) andl]3.3(b) respegtiv@he refractive index and the

1.6

1.5
1.4 )
1. W - e\e“gt\\ w

(b)

Fig. 3.3: (a) Refractive index and (b) extinction coefficient acrdss waveguide height at different
wavelengths.
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(a) Ej, mode (b) EX, mode
(c) E}, mode (d) E}, mode

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

extinction coefficient profile across the waveguide heightenthe same Gaussian-like shape
similar to the Ge implantation profile with the refractivelex having a square dependency on
the mole fraction, as evident fron_(8.1). The extinctionfficent is negligible after 1500 nm.
The number of modes supported by the waveguide, mode profiele effective index,
and 2D mode confinement is determined by QV-FDM using thecéfre index and extinction
coefficient profile across the waveguide height at diffevemtelengths. For short-range optical
communication, the O-band is preferred, which is centetd880 nm[[119]. The mode profile
of the supported modes at 1310 nm is shown in 3.4. The-qagquasi-TM) mode is
characterized by discontinuity along the waveguide witigight) and is denoted W, (EX,)
or HEn (EHmn), Wherem andn represents the mode zero-crossing along waveguide width an
height respectively.

Different modes of each polarization of each wavelengtheiralong the waveguide with
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3.3 Waveguide Analysis

different velocities. The mode velocity increases with thede order while the mode con-
finement deceases. Due to this, different modes will takiergift time to reach a particular
distance, which leads to dispersion. The material is idisibersive as the refractive index is
a function of the wavelength. The proposed graded-indexeg@ide can be approximated as
a multi-layer waveguide with each layer having differergléctric properties. Since the mesh
size used in QV-FDM is 12.5 nm, the graded-index waveguid@psoximated as a 20-layered
waveguide with each layer thickness equal to 12.5 nm. Atshould be noted that the quasi-
TE (quasi-TM) modes are directed parallel (perpendicutate layer interfaces along tlgé€X)

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

are given as [120]

j=N
€ih;
-
= : EY.,,mode
h;
=1
2
Nmat = (3.4)
j=N
hj
=1 - EX d
= : EX,,mode
h;
=1 €

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

persion and its coefficient given as [110]

0B
B2 = e (3.5)
The GVD is then calculated from
2nc
Dgvp = —?ﬁz (3.6)

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

by adding both. The material dispersion is calculated u§ig) and [(3.6) by replacing the
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3. Optical Waveguides: Basic Building Block of Photonic Deices

effective refractive indices of the mode by the effectivetenal refractive index determined
from (3.4) [110]. Since the waveguide acts as a data chaimelmportant to carefully assign
a particular channel to a particular mode. This is becaus@itbpagating pulse broadens due
to dispersion. The dispersion length is a measure of thardistthe pulse travels before it
broadens by a factor of/2 and is calculated as [99]

_ 2ncty,

lo="55 (3.7)

For high data rate signals, the pulse widt}) (s 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 proposeckgade as a function
of wavelength are shown in Fig._8.5(a) and (b) respectiv@lge effective index and mode
confinement of all the supported modes decrease with wayleiThe mode confinement of
the EY mode is greater than tHe* 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 msdefunction of wavelength was
determined from the imaginary part of the effective indest Brshown in Fig[_36. The material

absorption decreases exponentially with wavelength anéggigible 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 thetengl absorption curve. From Fig.
[3.6, it can be seen th&' mode has a higher loss th&t mode. Also, the first order modes
of each polarization have a higher loss compared to the fuedtal mode. The reason for the
first is that both the fundamental and first-ord&rmode has larger confinement compared to
the corresponding* modes, respectively. Since the first-order mode has twaslobmpared
to one lobe of the fundamental mode, larger material absworpiccurs for first-order modes.
The scattering loss of the fundamental and first-order motibeth polarization as a func-
tion of wavelength is shown in Fid. 3.7(a) and]3.7(b) respeblt The scattering loss is cal-
culated using standard deviatian)(= 2 nm and correlation lengthL{) = 50 nm [121]. The

scattering loss oE}, mode is more or less constant with wavelength, whereas thfosther
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Fig. 3.7: Scattering loss of (a) fundamental modes and (b) first ordetas.
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Fig. 3.8: Propagation loss of (a) fundamental modes and (b) first oraeles.

modes decrease. This is due to the fact thaﬁé'&enode has very good confinement, and the
mode intensity at the rough sidewalls does not vary muchwaitbelength. The confinement of
other modes decreases with a greater slope, as evident fgpi.E(b).

The mode propagation losses are determined from the sogtind absorption losses of
each mode as a function of wavelength. For the fundamentdemof both polarization, the
quasi-TM propagation loss is higher than the quasi-TE pyapan loss below 1350 nm, as
shown in Fig.[3.B(a). For the first-order modes, as seen in Bi§(b), the contribution of
material absorption to the total loss is negligible comgaxethe scattering loss. The high
propagation loss of the higher-order modes results in araageguide length for multimodal
applications.

The dispersion coefficient of the modes and material is shovig. [3.9(a). The GVD of
the different supported modes takes into account the nahtispersion. The GVD coefficient
of the modes for O-band is shown in Fig._13.9(b) and shows the-dispersion wavelength
(ZDWL) of the different modes. For the designed graded-xstap waveguide, ZDWL occurs
in the O-band, which is suitable for multimodal operatiorhe E}, mode does not have any
ZDWL, and the calculated dispersion in the O-band is in tmgesof -2450 ps/nm.km to -850
ps/nm.km. The ZDWL for th&,, E},, andE}, modes are 1353.3 nm, 1313.2 nm, and 1270.0
nm respectively. The O-band has three mode-dispersiosavess, which are labeled in Fig.
[3.9(b). The comparable GVD coefficients of different moddsresult in a lower intermodal
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Fig. 3.9: (a) Mode and material GVD coefficient over CWDM band, (b) m&D showing ZDWL
and mode-dispersion crossovers, and(glndL, . for different supported modes.

delay for mode-division multiplexing applications. Hig9dg&) shows the propagation length of
different modes as a function of wavelength in 1270 nm to 13®0range. Two propagation
lengths are shown in the figurép (solid line) is the dispersion length arid . (dashed ling

is the mode propagation length at which the mode power dmpgetof its input power.Lp is

a measure of the dispersion, wheréag is a measure of the propagation loss. The effective
waveguide length is limited by both the mode propagatios krsd the mode dispersion and
is determined aefr = min(Lp, L1e). The pulse width used to calculatg in Fig. [3.9(c)

is 100 fs. For data rates of a few hundred gigabits per sed@hgs),Lp is in metres, and
the length is limited by the propagation loss. Since planaveguides are used for intra-chip

communication, the length ranges from few micrometres torf@llimetres. This allows for
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sub-picosecond pulse usage resulting in terabit per sgddop$) communication.

50 T
1000 T T T = 45 — Ly
. g —1L, (t=501s)
500 E 40— -751)
2 0o N\ | £ B L0
= §x=1306 nm i A =1561 nm 5 30 -
E -500 - 25 -
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& 1000 ] ,g 20
2 1500 - o &0 157
i —— waveguide ; g 10-
22000 - —— material g 5
4/ —— total A
-2500 l1 T T T T T T : T T 0 I % I ! I ! I !
1.27 1.35 143 1.51 1.59 1.67 1.27 1.35 143 1.51 1.59 1.67
Wavelength (pm) Wavelength (um)

(@) (b)

Fig. 3.10: (a) Waveguide, material, and total dispersiorEé(g mode over the CWDM band and (b) The
corresponding propagation IengthEﬁ0 showingL,e andLp for input pulses with differnt pulse width.

The dispersion characteristic of the fundamental quasi¥ibile is shown in Figl_3.10(a),
which shows the waveguide, material, and the total disperas a function of wavelength. At
1306 nm and 1561 nm, the waveguide dispersion is zero. Batthese two wavelengths, the
waveguide dispersion compensates the material dispeindmnever, for the designed graded-
index waveguide parameters, t&&, mode does not have a ZDWL over the entire CWDM
wavelength range. THE%O dispersion is normal and remains in the negative dispersgion.
The lowest dispersion of -197 ps/nm.km occurs at a waveteoy1460 nm. The propagation
length of the same is shown in Fig._3/10(b) for three diffemmnse widthst, = 50 fs, 75 fs,
and 100 fs. Fot, = 50 fs, the waveguide length fd&}, excitation across the CWDM band
is limited by dispersion. Fot, = 75 fs and 100 fs, the waveguide length is limited by the
propagation loss in the wavelength range of 1400-1500 nml1&d@®-1530 nm, respectively.
The E}, mode dispersion is negative for the chosen waveguide paeasrend results in pulse
compression [122].

The total number of modes that can be used depends on thésppplication. Not only do
propagation loss and dispersion limit the usable numberades, but the mode confinement
should also be taken into account. For example, at 1270 nal|l fbur modes are used as

channelsl¢s iIs ~ 0.83 mm with lowest mode confinement-o#7.8%. At 1490 nml_g¢ iS ~
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3.4 Results and Discussions
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Fig. 3.11: Number of usable modes of the designed graded-index stvpguide for different mode
cut-off values.

1.43 mm but the lowest mode confinement is only8.4%. To determine the usable number of
modes, a mode cut-off can be set depending on the applicatidthen, the waveguide length
can be determined from the mode with the highest propagédamor dispersion. Fig. 3.11
shows the usable number of modes when the mode-cutoff i$ 36%& 40%, and 50%.

Long-range optical communication takes place in the C-bmerdered at 1550 nm while
the O-band centered at 1310 nm is preferred for short-haakdater applications. At 1550
nm, the higher-order modes are cut-off. The mode confinemktite quasi-TE mode is
75% compared to the quasi-TM mode confinement &1%. The waveguide is essentially
single-mode at 1550 nm. The material absorption is absehtteE], mode dispersion is
-737 ps/nm.km. At 1310 nm, the waveguide supports four medtés|D| < 5200 ps/nm.km
and mode confinement > 42%. However, the lowest dispersidmeihest mode confinement
occurs at 1290 nm witfD| < 3000 ps/nm.km and mode confinement > 45%.

For the graded-index structure shown here or for any mayte# waveguides in general,
the effective material refractive index depends on theviddial refractive indices and on the
layer thicknesses. Also, since the grading is along onetilire only, the effective index seen
by the quasi-TE and quasi-TM modes are different, and theemahtbecomes birefringent.
The quasi-TE refractive index is higher compared to the igismode refractive index as
calculated from[(3]4). The birefringence;¢ — nry) varies linearly from~ 4.20 x 10 at

1270 nm to~ 3.25x 10™* at 1670 nm. However, the similar slope of the quasi-TE andigua
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3. Optical Waveguides: Basic Building Block of Photonic Deices

TM mode refractive index results in equal quasi-TE and glidimaterial dispersion. The
modal group velocity dispersion can be tailored to obtain @esired ZDWL by varying the
waveguide dimensions [110] or by using multi-layer claddit?3]. The mode, dispersion, and
loss characteristics can also be tailored by varying thengeium dose and energy, keeping the

waveguide dimensions the same.

3.5 Summary

A graded-index buried strip waveguide on the SOI platforra haen designed, and the
mode, dispersion, and loss characteristics have beemuetst for CWDM wavelengths. Mode
parameters such as the number of propagating modes and rapnfleement of each mode
at different wavelengths for the proposed waveguide haea loalculated. The material and
scattering loss components of different modes over the C\V¥aiMl have been determined. The
material and mode dispersion characteristics for shovieleagth multimode transmission and
CWDM single-mode transmission have been discussed. Thgndeswaveguide has higher-
order zero-dispersion wavelengths in the O-band, and thgsimental quasi-TE mode has the
lowest dispersion of -197 ps/nm.km at 1460 nm. For any wadegdimension, the number
of modes that can be used is limited by the mode confinemerg.wBveguide is suitable for
sub-picosecond pulse propagation, and the waveguidehlénghown to be limited by both the

propagation loss and the mode dispersion.
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4. Silicon Optical Modulator: A 2D Model

4.1 Introduction

The design of the phase shifter is crucial for optimum moulperformance. The phase
shifter performance depends on multiple parameters likegaide dimensions, core and cladding
refractive index, the wavelength of light, and doping carication. It is important to do a
parametric study and optimize the performance beforedation, as multiple trade-offs are in-
volved. The phase shifter is usually designed using comialéools [124+-12[7] which use nu-
merical methods that are iterative in nature, e.g., finitiei@nce time-domain (FDTD) [128—
130], beam propagation method (BPM) [1831-133], finite elehmeethod (FEM)[[134-136],
Newton (fully-coupled)[[137—139] and/or Gummel (de-cadq)l[140+-142] iterations etc., for
solving the mode parameters and/or device transport @msati Multiple optimizations are
involved in minimizing the simulation runtime by reducirtgetnumber of iterations, which de-
pend on the structure complexity and mesh size. Howeven,summercial tools are expensive,
and the alternative is to code the numerical algorithmsgchvinequire an in-depth knowledge
of the iterative methods. An easy way is to use analyticahtdas that give fast and reliable
results under a certain set of conditions as these are detaing into account multiple ap-
proximations.

A rigorous model till now is not present to the best of the atgshknowledge, which takes
into account the 2D carrier distribution and 2D electricdieffects. Rasigadet. al.[79] used
a 1D diode model, and the index change is analytically cated| by approximating the optical
intensity as a gaussian law. In [67], Rasigade al, approximated the optical intensity by a
Pearson VIl distribution to achieve a better fit of the evaraswaves for strong light confine-
ment. Pérez-Galachet. al.[76] presented a simplified model using 1D electrical sirtiata
and calculated the overlap with the optical mode, which vedsutated using finite-element or
finite-difference methods with smaller mesh size, reqgitarge simulation runtime. However,
such 1D models assume that the depletion width along theguade height is uniform, which
is not the case in practice. The dielectric change at thedarling interface leads to a fring-

ing electric field, which causes the depletion width to widéthe interface [143]. This effect
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4.2 Model flowchart

10° V/em
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Fig. 4.1: 2D electric field distribution across the rib waveguide simgwidening of the depletion region
at the top and bottom interfaces (TCAD simulation). The wgange dimensions ar&i, = 500 nm H;ip
=250 nm,Hgjap = 100 nm, with PN doping of & 10" cm™3 each, and at a reverse bias of 5 V.

is more pronounced at higher reverse bias voltages andesmaleguide cross-section. To
show the importance of 2D modeling of a rib phase shifteri@AD simulation of a PN phase
shifter is shown in Fig["4]1, which shows the widening of tleplétion width at the interface
and the fringing electric field. The simulation parametdr§ ©AD simulation are given in the
figure caption. The fringing electric field gives rise to ffencapacitances, and the total PN

depletion capacitance increases [143].

4.2 Model flowchart

The block diagram of the 2D modeling approach used is showign4.2. The 2D mode

field is constructed using the effective index method (EIEIM is also used to calculate the

_—_— _ _ _ _—————

~ EFFECTIVE INDEX METHOD
Slab Waveguide TR

|
| |
i :
i Thickness: Hy | :
I
| |
! Slab Waveguide  TM!
i Slab Waveguide o
! 5 o L Thi : Wi
: Thickness: Hy, > ShEENe |
Scattering Loss il b
- Construct P rib v
) Calculate 2D
PN Diode ) Calcfdate_ ZD Saielor ) Mode overlap ) Performance
Depletion Width o with rib metrics

Construct N nb T
Free carrier
absorption

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 AplpeAl The 2D PN depletion
width is determined from analytical equation using an atpar to discretize the same. A 2D
mesh is created to emulate the waveguide structure. The ghéter performance metrics are

then determined from the modal overlap with the waveguible ri

4.3 Calculating the mode field

The first requirement is to design a single-mode rib waveguHlEIM is used to calculate
the number of modes, mode effective indices, and to cortstra@D mode electric field across
the waveguide. To make the waveguide single-mode, smdjjers used such that quasi-TM
mode is cut-off. To ensure that the waveguide supports amgdmental quasi-TE modEﬁ’{O)
propagationW;i, andHgp is adjusted accordingly. A largéW, requires largeHg,p SO that
higher-order modes leak to the slab. Single-mode propamadi possible with large cross-
section waveguide by adjusting the waveguide dimensiofk [&IM divides the 2D cross-
sectional rib waveguide into three slab waveguides wittkiesH;i,, Hsjan, andWi,. To solve
theEY (EX) modes of the rib waveguide, TE (TM) analysis is performadtie slab waveguides
with thicknessH,i, and Hg,, followed by the TM (TE) analysis of the slab waveguide with
thickness\i, using the effective index of the first two TE (TM) slab wavedps as the core and
cladding refractive index. The detailed analysis of slabegaide and EIM is given ir [144].
The refractive index of silicon and oxide is a function of whangth and is calculated from [115]
and [116] respectively, which can be used for the opticaki@in band. The 2D quasi-TE (quasi-
TM) mode of the rib waveguide is calculated from the TE (TMylaM (TE) fields of the slab

waveguide with thicknesd,i, andW;j, as [115]

E)s = Elp-Elp (4.1a)

E}, = EX.EY, (4.1b)

The 2D mode confinemeni) is calculated as
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4.4 Modeling the phase shifter
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Fig. 4.3: Mode profile showing the normalized mode power (color bahe Simulation area is 2.Q0m
(width) x 1.75um (height).
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The supported modes of a 500 n250 nm rib waveguide with 50 nm slab at 1550 nm

x 100 (4.2)

wavelength calculated using EIM is shown in Hig.]4.3 whicbvesithe normalized mode power
across the waveguide. The waveguide supports two quasi-ddesand one quasi-TM mode.
The E(y,0 propagates along the waveguide with mode confinement ofifl/d..el'heE{0 andEgy,
modes are cut-off with a mode confinement of 13.42% and 30.#&s4ectively. Thus, the
waveguide is essentially single-mode. Though the EIM agsuitme fields to be separable, the
error with respect to numerical techniques is very less[1I® show the effectiveness of
EIM to accurately describe the mode field of a waveguide, ESMdmpared with numerical

quasi-vectorial finite difference method (QV-FDM) [114hdhis shown in Section 4.6.

4.4 Modeling the phase shifter

In modeling the 2D depletion region, the rib is divided inbauf sections, as shown in Fig.
[4.4. The vertical lineA — A’) represents the PN junction and divides the waveguide ifrib P
and N-rib. The horizontal lineR — 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-sihdnterface, and the P-rib bottom,
N-rib bottom is the silicon-BOX interface. The intersectiof the A — A’ andB — B’ line is

taken as the axis origin, as shown in Hig.|4.4. The PN diodeghhifter is modeled using 1D
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P-rib N-r1b
top top
),L- .
N-rib
bottom

Fig. 4.4: Rib waveguide partition.

diode equations and then extended to 2D by incorporatingEhdepletion width. The built-in

voltage is

NaNd
Vb =V, In( 7 ) (4.3)
The 1D depletion width is given as [143]
2¢€p€si(Na + Ng)
WP = Vo -V -2V, 4.4
D \/ AN (Vb 1) (4.4)
The 1D depletion width of the P-rib and N-rib is
Nqg
WlD 1D 4.
D> = NNy D (4.52)
N
1D _ a 1D
Wo, = N+ NdWD (4.5b)

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

P-rib top:
AN g\ 2WED
WED = — 2 sirf 5] - —2 - Wi (4.6)
Hip  2Wop N
Xpt = %b + ﬂDpt {In [tan(% + 5)] - sme} (4.6b)
P-rib bottom:
1D 1D
o\ 2W,
WED, = — 2 sir? (5) SR owg (4.72)
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4.4 Modeling the phase shifter

2W|:1)D T 6 H;i
— Po Jaing T~ v _ Mrib
Xpb = . {sme In[tan(4 + 2)]} > (4.7b)
N-rib top:
2WED AW g
WER = S wiR - R sir (5 (4.82)
Hip 2Won .
Xnt = 2”b + % {In [tan(% + g)] - sme} (4.8b)
N-rib bottom:
WD AW g
WED, = 2 4 Wip - 0 smz(é) (4.9a)
2W:1P H.:
x . " {sine —In [tan(z + Q)]} . (4.9b)
T 4 2

where the subscripts b, p, n refers to top PMD-silicon interface, bottom silicon-BOX
interface, P-rib, N-rib respectivelj/2° is the 2D depletion width and is the distance along
the rib height. W3) ) andWg) ., are the P (N) depletion widths calculated usingl(4.4)}(4.5)
by replacing the silicon permittivity with PMD and BOX perttivity respectively. [(4.6)(419)
traces the 2D depletion width along the rib height and depend which varies from-z/2 to
0. W2 andx lie along they andx axis of Fig.[4.4. The paramet@icorrelates the 2D depletion
width (W2P) to the 1D depletion widthW/2P) and defines the widening of the depletion width
near the top and bottom interface®= 0 corresponds to the value ¥fZ° andx at the core-
cladding interface whil® = -r/2 corresponds to the value towards the middle of the rib away
from the interface. The factdd,, /2 in (4.60)-[4.9b) ensures that the axis origin lies in the
middle of the rib as shown in Fi§. 4.4. The 2D depletion widting the rib height of the four
sections are shown in Fig._ 4.5 fbl, = Ng = 5 x 10 cm™ andH,i, = 250 nm at 0 V. The PN
junction is at the middle of the rib width at 0 nm. The rib hdighd width are shown along the
X-axis andy-axis directions of the plots. Negatiyeakis indicates P region and positiyaXis
indicates N region. The widening of the depletion width riar 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-rilottom, 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 heighth#on-linear relation witld
and the distance traced Hy (4.6)-(4.9) depends on the nuofilsgpoints (\Ny) taken. The 2D
depletion region for the P-rib top is shown in Fig.]4.6 fofeiént values oN,. It can be seen
that larger values o, results in larger rib height traced. For the salye greater rib height
distance is traced for higher reverse bias voltages, asrsiroWwig. [4.7(a) for P-rib top aly
= 5000. Fig.[4.J7(b) shows the P-rib top 2D depletion widthhwokide and air as the PMD
material. The fringing field effect is more prominent for d&iPMD and leads to greater carrier
depletion at the interface compared to air.

The rib is modeled by creating 2D cells with uniform cell sive The W, x Hyi, will be
represented by"‘A’% X % cells. It should be noted thatx should also be the increment used

in EIM so that modal overlap with the rib can be calculated fafon the 2D depletion region,
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Fig. 4.6: 2D depletion width Blug line) of P-rib top for different values oN.
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Fig. 4.7: 2D depletion width ¢olored line$ of P-rib top (a) for different reverse bias voltageéif =
480 nm) and (b) for different PMD materiaHfj, = 100 nm).

cells along the rib width across the junction for the P-rid &hrib should be initialized to zero.

The number of depletion cells will be the depletion widthided by the cell sizéx. Since the

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

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

for the P-rib top and can be easily extended to other sections
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4. Silicon Optical Modulator: A 2D Model

Since the rib height distance varies with and with voltage for the san,;, the number of
rib height cells is not knowa priori. The increment in the rib height distance corresponding to

the increment i is

Xpt (6 = F) = Xpt (0 = 0)

AXpy = 4.10
. N (4.10)
Sincex = —co atf = ¥, Ny — 1 values are used arld (4110) is written as
Xpr (60 = Z&) — % (6 = 0)
At = — (0= ") =% (4.11)

Nyg—1

The Ax,; values are smaller than the cell sixg, since the value dfl, is much greater than
the number of rib height cells. Therefore, multiple poini#l lie inside a single cell. Since a
single cell can only be represented by a single value, thexwalaes of allx, andWS'f)t points

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

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

AX

= 412
T (4.12)

NAXpt =

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

cells along the rib width will be calculated is

Ny —1

NA Xpt

Ny, = (4.13)

The algorithm for calculating the mean valuesxgf and\Wg>, is shown in Fig.[48. The

number of depletion cells and the corresponding rib heigls are

W2D

2D _ Dptlav.

Dpt cells - AX (4-14a)
Xpt|av.

Xpt cells B AX (4.14b)

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

TH-2420_156102009

48



4.4 Modeling the phase shifter
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i =2
loop = 0
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X =
Pay,
NAXpt i
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|

loop=N

Xpt
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Fig. 4.8: Algorithm for 2D depletion width

step is to construct the P-rib and N-rib depletion region.e Wﬁ’n‘ | and xpt‘ hasN
cells

Xpt
cells P

integer values. The absolute values[of (#.14) are flippetaitte cell indexing starts from the
PMD-silicon interface. The value ofy el at the interface is ‘0’ and needs to be changed to
‘1’ since it represents the cell number at the interface. ddresponding cells are put in an
array of size% starting from the interface. The empty cells are initiadizeith the previous
cell value. The same procedure is followed for the otheretile sections. The P-rib (N-rib)
depletion is formed by joining the P-rib (N-rib) top and B-(N-rib) bottom cells. Finally, since

at lower reverse voltages and small valuedlgfthere 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 biastages calculated using the model
and analytic formula given by (4.6li, = 320 nm.

rib, which are initialized with the 1D depletion width calated from [4.5). The 2D depletion
width calculated using the model for P-rib top is comparethuhe analytical form given by
(4.8) and is shown in Fid. 4.9 for different reverse biasamdts. A good fit of the 2D depletion
width calculated using the model with the analytical forengiven in [143] can be observed.

The PN junction position is calculated as

y Whip + {o

4.15
2AX ( )

'

where/(y is positive for wider P-rib and negative for wider N-rigg = 0 implies that the
junctionis in the middle. The cells to the left of the junctiare made P-type by initializing the
cell values withN,. Similarly, the cells to the junction right are made N-typeitutializing the
values withNgy. The P (N) 2D depletion cells are subtracted (added) froitii®junction and

initialized to zero to create the rib area.
4.5 Performance Metrics

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

1550 2

— —22 18 0.8 nSi /l
AN = - (88x 1072AN, + 8.5 107® (AN,) )(n_é.)(ﬁ)) (4.16)

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

Ap = % Z Z An|EY (4.17)

area

where|EY|? is extracted from{4]1).

The change in free carrier absorption (FCA) at differensvaltages is given as

6 6 ns o\ 1 \2
Aarcn = |85 x 1078AN, + 6.0 x 10728AN;, (—') (—) (4.18)
| - ] nd, ) \1550

The total absorption is calculated as

@ = Qscat + Z Z aFECA |Ey|2 (4-19)

area

Other phase shifter metrics are determined as given inose2i9.1

4.6 Model validation and device optimization

The 2D model is validated with TCAD simulation. A test stuuet is taken with waveguide
dimensionW;ip X Hip X Hgap = 500x 250% 50 (in nmx nm x nm), A = 1550 nm, oxide PMD,
andJ, = 0 nm. The model algorithm is written in MATLAB, and the simtibn runtime of the
test structure wittN, = 5000 andAx = 1 nm is~66 seconds in™® Generation Intéd Xeor®
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 grades with varying thickness need
to be solved. For a particular waveguide dimension and eagth, the mode parameters and
scattering loss can be saved and separately loaded to rundtiel for PN diode parameter
variation, which reduces the runtime to below 15 seconds HIM can itself be optimized
by taking a lesser number of points to solve the transceatlequation of TE and TM slab
waveguides [144].

Numerical simulation has been done using SynoPsy€AD [125] with the same parame-
ter values as the test structure, and the comparison is simokig. [4.10. The P and N doping
concentration are varied, and the phase shift and absoidpss per unit length are plotted as a

function of wavelength. In order to validate EIM for accelgitdescribing the waveguide mode

TH-2420_156102009

51



4. Silicon Optical Modulator: A 2D Model

field, both EIM and QV-FDM has been used to calculate the modatlap with the depletion
region in TCAD simulation and is shown in Fig._4110. The tesicture with PN doping con-
centration 5x 10'” cm3 is then compared with another phase shifter with dimensith>¢
200%x50, 1 = 1310 nm, and PN doping:t 10*® cm3. All other parameters are the same as the
test structure. The phase and absorption curves are shdvigr {A.11. It can be seen from both
Fig.[4.10 and Fig.4.11, that EIM gives as good a result asatie numerical QV-FDM. The
model shows good agreement with TCAD simulation for the phadtage curve. In the case
of the absorption-voltage curve, the model overestiméievalue of absorption loss at higher
doping concentrations compared to TCAD simulation, evendg the same method has been

used to determine the loss. This is because the extractedraancentration from the TCAD

90
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Fig. 4.10: Comparison of 2D model and 2D TCAD simulation for differemipthg concentrations (a)
Phase shift per unit length and (b) Absorption loss per @mgth (the P and N doping concentrations

are equal).
110 + Dimension (nlnm): 400x10llx;0 Dimerllsiun (nm): 500;2503100 T —_ 2.2 -1- - TCAID+FDN['
100 Wavelength: 1310 nm ‘Wavelength: 1550 nm -
~ 90 Doping: 1x10 ' cm™ Doping: 5x10"7 cm™ E 2.0 TCAD+EIM _
£ 2 ——2D Model -
E 80 S R 1.8
< 70 = 2
=g S L g 16
2 50 el N . g 144
g 40 I~/ ~ R=} 1.2
4 S o l.a -
i 30 4- - TCAD+FDM I~ \‘ \ 5
20 4 o TCAD+EIM N 2 10
10 4 ___2p Model < 08
0 T T T T T T T T
5 4 3 2 -1 0 5 4 3 2 -1 0
Voltage (V) Voltage (V)
(a) (b)

Fig. 4.11: Comparison of 2D model and 2D TCAD simulation for differetrustures with different
dimension, wavelength, and doping parameters (a) Phaigpshiunit 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 anrmuete ionization model has been
taken. Overall, good agreement between the 2D model and Tizasheen observed.

The model is used to optimize the phase shifter. The firstistép design a single-mode
waveguide. The PMD layer is oxide, and the wavelength is 18B0The top silicon thickness
of the SOI substrateHi,) is taken as 250 nm. The minimum required slab height foeckffit
rib widths to attain single-mode operation is shown in Eid.24a) along with the corresponding
scattering loss. At largéi,, largerHgay is required so that the higher-order modes leak to the
slab. The mode confinementi§5% for allW;j, and correspondingigan. The scattering loss
increases with lowew,, andHg,p. This is because a4, decreases, the mode becomes less
confined, and larger modal overlap with the sidewalls octdE]. Also, adHg ., decreases, the

rib sidewall height Hj, — Hgap) increases, and scattering takes place over larger etdh,dep
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Fig. 4.12: (a) Minimum slab height for varying rib width to achieve dimgnode propagation (left) and
corresponding scattering loss (right), (b) Phase shiftyver length (left) and absorption loss per unit
length (right) at -5 V, (c) Modulation efficiency (left) andsertion loss (right) at -5 V, and (d) Mode
confinement (left) and scattering loss (right) for varyitepsheight aWW;;, = 500 nm.
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4. Silicon Optical Modulator: A 2D Model

which leads to an increase in the scattering loss. FromElg(4), it seems that a largét,
andHgyp is better since the scattering loss is much lower. Howeusrgghe mode confinement
is nearly the same, the peak mode intensity is greater folenVa,, due to a smaller cross-
sectional area. This can be seenin Eig. 4.12(b) and (c) wihith the phase shifter performance
metrics at -5 V with varying\,j, and correspondingflsi,. The PN doping is 5 107 cm
with the junction in the middle. It can be seen that the phageger unit length increases with
decreasing rib width due to an increase in the peak modesityeof the fundamental quasi-TE
mode. The absorption loss decreases with decreddipgiue to less number of total carriers
over the rib area. The modulation efficiency and inserti@s looth decrease, which is due to
smaller required phase shifter length fophase shift. Thus, a smaller rib width gives better
phase shifter performance. The rib width is selected as 5®0and to selecHg,n, the mode
confinement and scattering loss are calculated with incrgadab height, as shown in Fig.
[4.12(d). The slab height is varied from 10 nm to 240 nm, andritloe observed that the mode
confinement and scattering loss both decrease due to mda@gketo the slab, and smaller etch
depth, respectively. A trade-off between the mode confimeraed scattering loss can be seen,
andHgg, = 100 nm is selected with mode confinementG0% and scattering loss ef1.66
dB/cm.

The waveguide is doped with»6 10 cm™3 boron and phosphorus, each with the junction
at the middle and the phase shifter metrics are calculatsti@sn in Fig.[4.13(a) and (b) for
varying reverse bias voltages. The phase shift per uniteimgreases and absorption loss per
unit length decreases with increasing reverse bias voliageto an increase in the depletion
width. The modulation efficiency increases and the inseriss decreases with an increase
in the reverse bias voltage. Next, to optimize the strugtilme junction offset is varied from
-100 nm (wider N-rib) to 100 nm (wider P-rib), and the phaseétashmetrics are determined
as shown in Fig[L4.13(c) and (d). & = 0 nm, the mode center coincides with the junction.
Moving the junction left (right) leads to peak modal overlaph the N (P) depletion region.
Since holes cause larger refractive index variation coetbtr electrons as evident from (4.16),

the phase shift increases as the junction is moved fromdeafght. Moving the junction left

TH-2420_156102009

54



4.7 Summary
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Fig. 4.13: Phase shift per unit length (left), absorption loss perlenigth (right) [(a),(c)] and modulation
efficiency (left), insertion loss (right) [(b),(d)]; for vging V at{p = 0 nm [(a),(b)] and varying), atV =
-5V

to right decreases the absorption loss. The insertion ledsreodulation efficiency decrease
as the P-rib is made wider. As P-rib width continues to inseedhe performance diminishes
since the mode overlap with the depletion region begins toedese. Optimum performance is
achieved forJ, = 50 nm with~64°/mm phase shift;-0.88 dB/cm absorption loss,1.41 V.cm
modulation efficiency, and3.83 dB insertion loss at -5 V. Further optimization can beenay
varying the PN doping concentrations or by unequal dopirtgénP and N regions to enhance

the phase shifter performance.

4.7 Summary

A 2D model is presented, which can be used for design, asalgsid optimization of a
silicon optical PN phase shifter with a lateral junction.eTinodel is fast, efficient, and shows
good agreement with numerical TCAD simulation. The effectesign parameters on the
phase shifter performance can be studied, which includesatipg wavelength, waveguide

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

phase shifter performance metrics, viz., phase shift pgtemgth, absorption loss, modulation
efficiency, insertion loss, are calculated from the 2D manlarlap with the waveguide area.
The modal parameters are determined using the effectiexintthod. The model takes into
account the widened depletion region at the core-cladditegface, and the algorithm to model
the 2D nature of the depletion region is presented in defdiis can be extended to include
vertical junction phase shifters, different core-claddmaterials, 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 quESimode for modulation with the
rib width kept larger than the rib height. Such waveguides @gesigned to have the quasi-
TM mode cut-off with only the fundamental quasi-TE mode @moating. For a quasi-TM
mode propagation with quasi-TE mode cut-off, the rib heiginduld be larger than the rib
width. A quasi-TM mode modulator using hybrid silicon — vdian dioxide slot waveguide is
reported in[[146]. The rib width is 200 nm, with seven laydexked on top of a silicon dioxide
substrate with a total height of 490 nm. Some studies hawestigated both quasi-TE and

quasi-TM modulation, where the rib height is comparablentrib 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 ensurdéuhdamental quasi-TM con-
finement is large, and the quasi-TE mode is cut-off. The esessional view of the quasi-TM
mode PN phase shifter is shown in Hig.]5.1. The waveguidenpetexs are given in Table 5.1.

Hsiap plays an important role. Highel,, leads to mode leakage in the slab, thereby de-
creasing the mode confinement. Alsa., decreases due to lower etch depth. On the other

- Wm -
>

GROUND [H, SIGNAL

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 Wh 5um
Metal layer thickness Hn 1um
PMD layer thickness Hembp 2 um
P++/N++ contact width |  W;ont 1um
P+/N+ slab width Wesiab 0.5um
Rib width Wb 025,um
Rib height H:io 0.5um
BOX layer thickness Hgox 2 um
Silicon substrate thicknegs Hgyp 500um
P++ doping NiF | 1x10%%cm3
N++ doping N | 1x10%cm™
P+ doping N 5x 10" cm3
N+ doping NG 5x 10 cm3
P doping Na 5x 10 cm3
N doping Np 5x 10 cm3

hand, a largeHg, decreases the series resistance leading to a hR@dvandwidth. The
proper selection oMy, is important and should take care of the trade-off betweedenoon-
finement andrsca. a@scat iN the designed waveguide cannot be neglected as the rilhthisig
larger, leading to a considerahlg.,, which may be higher thads .

Hsiap IS varied between zero (strip waveguide) afig) (slab waveguide). The parameter
is defined as the ratio of the slab height to the rib height (Hsan/H:ip) and ranges from 0
(strip waveguide) to 1 (slab waveguide). In quasi-TE ph&skess, the effect oHg,, 0N the
phase shifter performance metrics is more prominent sime@alue ofH,j, is small, typically

between 220 nm to 300 nm [[75,/76]. In the proposed quasi-TMeBhifter, the confinement
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Fig. 5.2: Mode confinement and scattering loss of the proposed phéte gls 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) qudsirTode.

remains roughly constant at smallég,,. This can be observed in Fif. 5.2, which shows the
guasi-TM mode confinement, quasi-TE mode confinement, aadi{iM scattering loss as a
function of r. ascs decreases with an increaserirfor Hgan) due to reduced etch depth, as
seen from Fig[[5]2. The quasi-TM mode is well confined at lowand leaks to the slab as
increases. The quasi-TE mode confinement is very less owifgyver W;i, compared tdH;i,

and is essentially cut-off. An optimum valuermf 0.4 is chosen corresponding to 200 nm slab
height with~70% mode confinement and 7.99 dB/cm scattering loss. The modiée of the
fundamental quasi-TM and quasi-TE modeifer 0.4 at a wavelength of 1550 nm is shown in
Fig. [5.3. It can be observed that the quasi-TM mode is welfioed, whereas, the quasi-TE

mode propagates as the slab mode with mode confinemei&id6.

5.3 Phase shifter metrics

The phase shift per unit length and absorption loss per emgth of the designed quasi-TM
phase shifter is shown in Fig. 5.4. The quasi-TM phase sh#teompared with a quasi-TE
phase shifter of cross-section 500 nm (wid¢h250 nm (height). The slab height of the quasi-
TE phase shifter is 100 nm, thereby keeping the value thie same as the quasi-TM phase
shifter. All other parameters shown in Tal)le]5.1 are keptstwme for the quasi-TE phase
shifter. The comparison is made by altering the rib heightwidth of the quasi-TM and quasi-
TE phase shifters to obtain optimum performance for reggephase shifters. The quasi-TE

phase shifter has quasi-TE mode confinement@% and quasi-TM mode confinement of
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5.3 Phase shifter metrics
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~30%. Both the quasi-TM and quasi-TE phase shifter have time saode confinement of the
corresponding guided mode.

The scattering loss of the quasi-TE phase shifter is 1.6@rdBivhich is lower than the
corresponding scattering loss of the quasi-TM phase shiftieis is because the etch depth is
lower due to loweH,j, of the quasi-TE phase shifter. The FCA of the corresponduagsgTM
and quasi-TE phase shifters at 0 V are 10.52 dB/cm and 12.4afrdBespectively. Though
the FCA loss of the quasi-TM phase shifter is lower than thesgliE phase shifter, the total
loss is larger, due to highef; of the quasi-TM phase shifter. This can be seen from[Eig. 5.4.
The phase shift per unit length of the quasi-TM phase sh#thigher than the quasi-TE phase
shifter. This is due to the waveguide structure employedHerquasi-TM phase shifter. Both
the phase shifters have the same corresponding mode coefihamd the same PN junction
doping concentration. The quasi-TM phase shifter has a howedap with the depletion region
over a larger area due to largdf,. The phase shift increases non-linearly with reverse bias
voltage. At larger reverse bias, the depletion width wideasulting in a larger phase shift.
The non-linear behavior is due to the square root dependsribg depletion width on the bias
voltage. The absorption loss decreases at larger revaeaseditage since carrier depletes over
larger width. The., for the quasi-TM and quasi-TE phase shifters at-5 V are 2.03amd 2.88
mm, respectively. The correspondiWgL, 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. Thobghabsorption per unit length

of the quasi-TM phase shifter is higher, the total absorpisolower due to smallek,. 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 phadéestiare 2.29 dB and 2.61 dB,
respectively. The insertion loss farphase 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 pklster is better compared to
the quasi-TE phase shifter. The advantage is due to thesteuemployed for the quasi-TM
phase shifter with the rib height larger than the quasi-TKkintathe interaction area of the
mode with the lateral PN depletion region larger. The samebeaachieved with the quasi-TE
phase shifter by creating a vertical PN junction insteadlateral PN junction[[149], however,
at the cost of complicated process flow. The quasi-TM phastesbktructure offers another
advantage compared to the quasi-TE phase shifter in tertie dfandwidth. The largétlgap
results in smaller series resistance. The depletion cigpea C4) per unit length is higher for
the quasi-TM phase shifter compared to the quasi-TE phakiersifue to the largeH,j,. This
can be seen from Fig. 5.5. The capacitance of the quasi-TMepblaifter reduces from 8.60

pF/cmat 0V to 3.62 pF/cm at -5 V.

5.4 MZM transfer characteristics

The Mach-Zehnder modulator (MZM) is driven in dual-arm pysshl configuration. The
intensity contour plot calculated usirig (2.8) as a functbthe MZM arm voltages is shown in

Fig.[5.6(a) for 1 mm phase shifter length. Two points aloregdtagonal of Figl 516(a) namely

—{— quasi-TM
8 —O—quasi-TE

C, (pF/em)

-5 -4 -3 -2 -1 1]
Voltage (V)
Fig. 5.5: Depletion capacitance.
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5.4 MZM transfer characteristics
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Fig. 5.6: Normalized output intensity (a) contour plot as a functiéwaltage change in both arms, (b)
line plot along the diagona\ — B, and (c) contour plot as a function of phase change in botls.arm

A andB is used to plot the transfer characteristic line plot as shiovFig.[5.6(b). The intensity
is the normalized output intensity. For single-arm driv& eam phase shifter is required to
obtain full light extinction. However, since the drive isadpush-pull with the arms undergoing
+r/2 and—r/2 phase shift, a 1 mm phase shifter can be used, thereby enydne modulator
bandwidth. The modulator DC bias point and driving RF vadts@gre determined from the
linear region of Fig.[5J6(b). Poirk is selected as the bias point withyc1 = Vpeo = 2.5 V.
The driving RF voltages are selected as J, YD — F) and 2 \;,, (C —G). It should be noted
that the voltages shown in Fig._5.6(a) and (b) are the voltagelied to the cathode of the PN
phase shifter and are, therefore, positive values. For-puBloperation,Vgr; = —Vrr. The
corresponding phase shifts in the two arms for the pdints G of Fig.[5.6(b) is shown in Fig.

5.6(c). It can be observed that the phase change is not Wigam linear change in voltage
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5. Silicon Optical Modulator: Quasi-TM Mode Modulation

points. The DC ER for 1 {, and 2\, drive are 2.48 dB and 5.27 dB, respectively.

5.5 TWE analysis

The traveling wave electrode (TWE) is designed for the gidMZM in quadrature oper-
ation using the parameters given in Tdbld 5.1. The detaileckplure is given ir [61]. Different
TWE parameters at 2.5 V reverse bias are shown in[Eid. 5(@fa)fhe MZM frequency re-
sponse (electro-optic EQ,J is shown in Fig[5.l7(a). The 3 dB bandwidth can be determined
from the EO $; curve and represents the frequency where the phase shitfiefhits DC
value [150]. The 3 dB bandwidth is 74 GHz at 2.5 V reverse b&soted by the dotted line.
The electro-electro EE S-parameters, (@d $,) are shown in Fig. 517(b). EE; Sindicates the
back reflection and is less than -7 dB over the simulated rahige EE $; indicates the signal

transmission loss [151]. If the velocity mismatch betwdendptical mode and RF signal is nil,
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Fig. 5.7: TWE parameters: (a) EO»§ (b) EE T3, (¢) atwe and microwave refractive index, and (d)
characteristic impedancé).
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5.6 High-speed characteristics

the -6.4 dB EE & point gives the -3 dB EO S bandwidth[152]. The -6.4 dB EE,Sbandwidth
is 62 GHz denoted by the dotted line in Fig.15.7(b). Hig. 5. 3fwows the TWE attenuation
(arwe) and microwave refractive index at different frequenciBise attenuation and microwave
index at 74 GHz is 3.68 dB/mm and 4.84, respectively. Thecapgjroup index of the quasi-TM
mode is 4.01. The characteristic impedangg 6f the TWE is shown in Fig._517(d)}, at 74
GHz is 27.54 + 0.44Q. From the TWE graphs, it can be seen that the impedance mgtohi
the TWE withRs andRy is poor. This results in high back reflection. The design camlade
better by varying the TWE dimensions. However, the largehglght of the quasi-TM phase
shifter reduces the flexibility of obtaining better perf@mnece. The bandwidth can be improved
by usingRr = 25Q. The EO $; -3 dB point increases to 141 GHz. The EE lls below -10
dB and the -6.4 dB EE $bandwidth increases to 86 GHz. Theyeincreases to 9.25 dB/mm
at 141 GHz.

5.6 High-speed characteristics

The high-speed characteristics have been simulated irs@ggn® v16.1.0. A dual-arm
dual push-pull drive is employed using the non-returng¢oezon-off keying (NRZ-OOK) mod-
ulation scheme. Both PN junctions are reverse biased at 26d\/gr = 1 Vpp, and 2 Vp is
used. A 1550 nm laser with 10 dBm power is used without any dicgdion at any stage. A
pseudo random bit sequence (PRBS) with lendthl2s used to generate the bit pattern. The
bit error rate BER is determined for different data rates av/&550 nm zero-dispersion single-

mode fiber (SMF) of varying length and at different receivesvpr. The SMF attenuation is

EYE VIEWER

I
e

|

¥ MZM O -y

SMF
LASER DETECTOR

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 powerVigr= 1 Vpp.

taken to be 0.18 dB/km. The simulation setup is shown in[E@. 5

The change in BER with a change in fiber length and receivecepane shown in Fig.
[5.9(a) and (b) at 1, drive for data rates varying from 40 Gbps to 80 Gbps. The SMhtle
and the received power are varied from 30 km to 80 km and -8 dBOndBm, respectively. As
the data rate increases, the BER increases with fiber lengtdecreases with received power.
Two standard BER thresholds, the hard-decision forwaror eorrection (HD-FEC) (BER =
3.8x 10°®) and the KP4-FEC (BER = 2.2 10™) are shown in Figl_519. For 1 drive with
BER below HD-FEC threshold, 40 Gbps transmission over SMgtle< 48 km is possible and
80 Gbps transmission over SMF lengtt85 km. The open eye diagrams at }\drive over
30 km SMF transmission is shown in F[g._5.10 for differentedattes. The received power for
BER below the HD-FEC should be greater than -2.8 dBm (-0.5 @d#®m40 Gbps (80 Gbps)

operation.

(a) (b) (©)
Fig. 5.10: Eye diagram foVrr = 1 Vpp over 30 km fiber at (a) 20 Gbps, (b) 40 Gbps, and (c) 60 Gbps.
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5.6 High-speed characteristics
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Fig. 5.11: BER as a function of (a) SMF length and (b) received powerVigr =2 V.

The change in BER with SMF length and received power for g dfive are shown in
Fig. [5.11(a) and (b) respectively. The data rate is variechfBO Gbps to 160 Gbps. The
SMF length and received power sweep are the same as befad3HR improves with higher
drive voltage as expected, and thus higher data rates caohiievad. With BER below the
HD-FEC threshold, 80 Gbps transmission over SMF lergé@b km is possible and 160 Gbps
transmission over SMF length40 km. The open eye diagrams at g,\drive over 50 km SMF
transmission is shown in Fi§. 5]12 for different data rafése received power for BER below
the HD-FEC should be greater than -4.5 dBm (-1.35 dBm) for 83160 Gbps) operation.
The received power tolerance increases with an increabke ifrive voltage, as can be expected.

The effect of fiber dispersion is studied by varying the disjp® from 0 ps.nm! to —100
ps.nn1* for different SMF length at 2 ), drive and 100 Gbps operation. The BER versus

@) (b) (c)

Fig. 5.12: Eye diagram folrr = 2 Vp over 50 km fiber at (a) 80 Gbps, (b) 100 Gbps, and (c) 120
Gbps.
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5. Silicon Optical Modulator: Quasi-TM Mode Modulation

KP4-FEC
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Fig. 5.13: Bit-error rate for varying fiber dispersion at 2,yand 100 Gbps operation.

fiber dispersion is shown in Fig. 5]13. For BER less than theFHT threshold at 100 Gbps
transmission, the dispersion tolerance-is-1.73 ps.nm*.km™, ~ —1.08 ps.nm!.km?, and
~ —0.60 ps.nmt.km for SMF lengths of 30 km, 40 km, and 50 km, respectively.

The power consumption for 1 ¥ drive and 2 \j, drive is 18.15 mW and 72.62 mW,
respectively. For 160 Gbps operation at g,\drive over 30 km SMF, the energy per b
is 0.45 pJ/bit. It should, however, be noted that the abowgdigloes not include the power
consumption of the TO phase shifter.

The performance comparison of the designed MZM with redgsrakure is given in Table
B.2. The high performance of the designed modulator is dileet@se of quasi-TM mode for
propagation, instead of the quasi-TE mode. The large pHa#igsr unit length, along with
the high bandwidth of the quasi-TM phase shifter, resultsigher performance compared to
a quasi-TE phase shifter. The series resistance of the-gjvgihase shifter is lower due to
largerHgap, largerH;,, and a smalleW, than a corresponding quasi-TE phase shifter with
same cross-section and proportion. Also, the larger phaiieosr 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 \LL IL | Bandwidth| Mod. Voo (Vbias) L Speed| ER Ep
(V.cm) (dB) (GH2) V) (mm)| (Gbps) (dB) (pJ/bit
[148] TE 11(6V) | 7.7| 27(6dB)| OOK 6 (-3) 1.35 40 6.5 4.5
™ | 14(-6V) | 5.4
[153] TE 27(-9V) | 3.6 30 OOK 1.6 (0) 3 40 3.1 0.64
[91]* TE | 094 (-2V)| 2.7 13 OOK 2.88 (-2.4) 2 24 2.2 -
[154] TE 1.4(-4V)| 44 58 OOK 5 (-6) 2 90 3.3 -
PAM-4 | 0.5, 0.25 (-6) 2 112 2.7 -
Thiswork* | TM | 1.02(-5V)| 3.76 74 OOK 2 (-2.5) 1 160 2.3 0.45

TH-2420_156102009

* Experimental result;* Simulation result.
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5. Silicon Optical Modulator: Quasi-TM Mode Modulation

5.7 Summary

A silicon traveling-wave Mach-Zehnder modulator with gu@s mode propagation is
studied for high-speed data communication. The quasi-TMoRatEe shifter is shown to have
better performance compared to a quasi-TE PN phase shifttlecsame cross-section and
parameters. The designed modulator is operated in quadnaing a dual-arm push-pull con-
figuration. The modulation bandwidth is enhanced by usingeeting-wave electrode. The
guasi-TM modulator has a bandwidth of 74 GHz-&.5 V. The BER at different data rates
are determined over single-mode fiber transmission andvest@ower levels. The designed
modulator achieves 160 Gbps OOK operation at,@ dfive over 30 km fiber with an extinction
ratio of 2.3 dB and BER of 2.7% 10°%. A dispersion tolerance up tel.73 ps.nmt.km for

100 Gbps operation over 30 km fiber transmission has beemaukse
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6. Silicon Optical Modulator: Enhancing Performance UsingSiGe

6.1 Introduction

As stated in chaptél 2, the free-carrier plasma disper§i@RD) effect results in the change
in the refractive index, which leads to a change of phase badrption coefficient. Decreasing
the carrier concentration across a PN junction lowers thragtve index. In addition to carrier
concentration change, the change in the refractive indgertt#s on the material refractive
index, the wavelength of light, and carrier effective ma3$ie absorption also depends on
the carrier mobility. Introducing germanium (Ge) lowers ttarrier effective mass, leading to
enhanced FCPD effect. A higher Ge concentration will lead hagher phase shift, which in
turn decreases the phase shifter length required pdrase shift. This enhances the modulation
bandwidth.

The efficiency of using Ge to enhance the FCPD effect dependsuitiple factors. The
maximum Ge mole fractionxj that can be used depends on the wavelength of operation. For
1550 nm operation, the maximum mole fraction should be lkas 0.33 to avoid material
absorption. For 3i,Ge,/Si, the critical layer thickness decreases with increasinghere
the critical layer thickness is defined as the thickness hewehich strain relaxes by forming
defects, leading to losses [155]. The layer is said to bedmaorphic below the critical layer
thickness. A defect-free thicker strained layer of largeterfraction can be ensured by using
multiple layers with a small step-index between succedaiyers. The mode maxima should
coincide with the maximum Ge mole fraction layer.

The change in refractive index and absorption coefficied6&0 nm for silicon is given in
(2.4) which has been modified for the proposed structure bguke obtained strained layer

parameters as given below:

An = —

. si m*Si
8.8 x 1022AN6(£;;,) +85x 1018(ANh)°'8(m*$er]

€ ch

SN2 SN2
8.5 x 10‘18ANe( Mee ) (“—e) +6.0% 10°18AN, | —en_| [
me e

layer layer layer layer
e He ch Hp

( n® ) (6.1a)

nlayer

r]si
Aa = (nlayer) (6.1b)
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6.2 Multi-layer SiGe phase shifter

Layer 7 0.3 . 50

Mole 0.2 25 Ijayer

fracti Thickness

raction | l 25 (um)
0.0 50

Layer 1

Fig. 6.1: Graded rib structure. The grading is along the x-axis witthdayer doped P and N to form
the PN phase shifter shown in Fig._2.4. Layer 1 being relgtileng and supported by the BOX and
silicon substrate is unstrained while layers 2, 3, and 4 eapees 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 Hig.] 2.4, Wi, = 500 nm,H,;, = 250 nm,
andHgp = 50 nm. The strained §iGe, layers are grown along the (001) directiocgxis)
one over the other with different mole fractions to form thradgd-index structure. Fig. 6.1
shows the graded rib structure along with the mole fractmhtaickness of each layer. Germa-
nium mole fraction of 0.1, 0.2, and 0.3 have been used for thdegl layers to avoid material
absorption at 1550 nm, with the thickness of each layer kejobthe critical layer thickness.

The cross-sectional mode profile and the refractive indergathex-axis at 1550 nm are
shown in Fig[6.R(a) and (b) respectively. The waveguidg@stp a singl&Y mode propagation
with 2D mode confinement of 74.38%. TE& mode is cut-off with a 2D mode confinement of

31.93%.

bR,
N (=)}
1 1

g
%
1

g
=
1

Refractive Index
(]
-
1

Iy
o
1

1.2

T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Cells
(@) (b)
Fig. 6.2: (a) Cross-sectional mode profile and (b) refractive inder@iwaveguide 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 densitiéise P and N rib regions
across the waveguide height, is shown in Figl 6.3(a)-(q)eetdvely. The valence band min-
imum and conduction band maximum lie in layer 4, which hawehlghest germanium mole
fraction. Each layer is doped with boron and phosphorus i fine P and N regions with
an equal doping concentration o510 cm~3. However, due to the different energy levels
of each layer, the localized carrier density across thecaediffers with higher electron (hole)
concentration at layer with lower electron (hole) energye Tonduction and valence band dis-
continuities of different layers can be calculated usir&g]J1 The boron and phosphorus-doped
layers behave as a P-P and N-N heterojunction due to difféagar properties. The hetero-

junctions are formed by accumulation and depletion of eesron either side of each interface

Layer
1 2 3 4 6 7
0.6 S
0.4
§ 0.2 Valence Band
K - 7 Conduction Band
&
b
S 0.2
m -
-0.4 E
i _—I_J__I_\_\_\—_
-0.8 — T

0.00 0.05 0.10 0.15 0.20 0.25
Waveguide Height (nm)

(a)
Layer aer
laxiob—+ 2 3 4 S5 6 7 Gx10Y7 R 4 5% OTh T
T —_~ T
o 1.2x10" 2 5x10" 4 ]
E s . ]
& 1.0x10 -_ - 4x10"7 J
£ 80x10" - Z 1
2 . 5 3x10"7 1
& 6.0x10"7 _
2 ] g 2x10"
E 4.0x10”-_ £
17
2.0x10" 1 5 1x107 1
0.0 — 71— 0 — 71—
000 005 010 015 020 025 000 005 010 015 020 0.5
Waveguide Height (um) Waveguide Height (um)
(b) (c)

Fig. 6.3: (a) Intrinsic band diagram showing valence and conductamdtacross multiple layers along

waveguide height, (b) Hole equilibrium density in P-ribradowvaveguide height, and (c) Electron equi-
librium density in N-rib along waveguide height. The daslgeglen lines in each figure demarcate the
different layer interfaces. The layers are shown in the uggais.
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6.2 Multi-layer SiGe phase shifter

as seen from Figl_6.3(b) and (c). For both P and N doped rib¢aiked electric field exist
from layer 4 to 1 and from layer 4 to 7, which can be interprdtedh the carrier type and

accumulation/depletion of carriers across each interface

6.2.3 Material parameters

The material parameters of each graded layer have beerctextifaom the band structure
calculated using the non-local empirical pseudopotentiethod (NL-EPM) and are shown in
Fig. [6.4. Other methods that can be used to calculate therialgtarameters could be found

in [157-+160]. For the proposed device structure, straiagdrs are grown over strained layers
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Fig. 6.4: (a) Valence band energy Binegative energy implies hole energy which increases d@say
(b) Strain components, (c) In-plane hole effective masd, (dih Out-of-plane hole effective mass. The
plots are divided into three windows with green window reprging unstrained material (Layer 1),
blue window representing biaxial compressive strainedenwdt(Layer 2, Layer 3, Layer 4), and red
window representing biaxial tensile strained materialy@rab, Layer 6, Layer 7). The mole fraction
for compressive strain (blue window) increases from leftight, whereas that for tensile strain (red
window) increases from right to left as shown in the uppekis.a
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6. Silicon Optical Modulator: Enhancing Performance UsingSiGe

having different germanium mole fractions with half theday experiencing tensile strain and
the other half compressive strain. The pseudopotentiat factors of silicon and germanium
were taken from[161]. The strain causes the 6-fold degegatthe conduction band minima
to separate into 2-fold and 4-fold degenerate bands. Tketedf strain on the valence band is
to break the HH and LH degeneracylgpoint and cause a shift in the SO splitting energy. The
shift in the energy of the LH and SO band along with the in-pland out-of-plane strain and
valence band effective masses of different layers are shWwigs.[6.4(a)-(d). The change in
material parameters for each strain type has been obserbedinear with mole fraction.
Fig[6.4(a) shows the valence band energies of the graderslayke LH energy increases
for compressive strain and decreases for the tensile stiffinincreasing mole fraction. The
SO energy increases with increasing mole fraction irretbpecf the type of strain. For strained
Sii_xGedstrained Si.,Gg,, strain is biaxial compressive forxy and biaxial tensile for x y
which is evident from Fig[_6l4(b). The in-plane strain is atdge, and the out-of-plane strain
is positive for the compressive strain. The reverse is tongensile strain. The effect of strain
on the in-plane and out-of-plane effective mass of the HH, &kt SO band is shown in Fig.
[6.4(c) and (d) respectively. The in-plane and out-of-plaffective mass of all three valence
bands decrease with increasing mole fraction for bothrstsgie. A decrease and increase in
the in-plane HH mass from unstrained to compressive strainfl@m compressive to tensile
strain respectively, can be observed from Hig.l 6.4(c). Thgosite can be observed for the
in-plane LH mass. The scenario for the HH and LH out-of-plafiective mass is opposite to
the in-plane case, as shown in Hig.]16.4(d). The behavior tf ineplane 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 thegblaster resistance and ca-
pacitance. The depletion width at the top and bottom ox@heisonductor interface is widened,
leading to a fringing electric field, which can be modeled asmpacitance in parallel to the
junction capacitance. Apart from the PN junction deplettapacitance, the carrier accumu-

lation/depletion across each layer interface can be mdddea capacitance in parallel with
TH-2420_156102009
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6.2 Multi-layer SiGe phase shifter

contact slab
RP RP ‘

Anode O—MWA——\W———

Cathode O—'\Mr—'w\v—+J

Rncnnlact R“slab ‘

| Layer 7

[
| Layer 1 ‘ Layer 2

Fig. 6.5: Equivalent circuit model of the proposed phase shifter. Véréical dashed lines denotes each
layer starting from layer 1 on the left and the horizontalgakline separates the P and N doped regions.
The P(N) region resistance and capacitances are denotetbgript p(n)y. The PN junction depletion
capacitance of each layer is denoted by the subsgipt The contact and slab resistance is denoted by
the superscriptscontact and ‘slab respectively. Superscripts ‘and ‘ij’ represents the layer and layer
interfaces respectively.

resistance as carriers have to cross multiple layers todjleicted by the end electrodes when
a reverse bias is applied. The equivalent circuit of the rhayer graded-SiGe phase shifter is
shown in Fig[6.b.

The contact resistanc®P™®) and slab resistanc&®{?°) of the proposed structure can be

calculated analytically using the approach giveri in [143] a

1 We Wn
tact _ tact tact __ ++ 5
Reonact = R%on o R = QHsianl [Ngontacwﬁontact Ngontachgontact] (6.23)
1 W, W,
slab _ pslab slab _ Pslab Nslab
R ™ Rp + Rn - qHsianl [Nglabﬂﬁlab leab glab] (6'2b)
The layer and interface resistances can be similarly catiedlas

P gNiyfhiL '
R, = Wi, = W (6.3b)

qNjushiL '
R e (6.3c)

AN LW, = W)
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6. Silicon Optical Modulator: Enhancing Performance UsingSiGe

N h
e (6.3d)
quJ/le! L(er;b - WBJ)
The total phase shifter resistance is
R= Rcontact+ Rslab + R;)ib + rib (6.4)

The calculation of the heterojunction interface capacigs not straightforward. From Fig.
[6.3(b) and (c), it can be observed that the carriers in eaar o not reach their equilibrium
values as the layer thickness is smaller than the spaceechadth in either side. The capac-
itance can be calculated @Q/dV|, whereQ is the charge accumulated/depleted determined
from the carrier slope in Figl_8.3(b)-(c) aMdis the voltage. For a small amount of charge
accumulated/depleted, the interface capacitance cambesid without any appreciable error.

The depletion capacitance can be calculated as [143]

Cy=C; +Cs +Clpg + Cops (6.5)

where,C, is the parallel plate diode depletion capacitance, &dandCL.¢ (C2.¢) are
the fringe capacitances due to charges in the center of tuee dind due to widened depletion
width at the top (bottom) oxide/semiconductor interfacspextively. Since the depletion width
of the different layers are different for a given voltage tueifferent material propertie§; is

calculated for each layer and added due to their paralldlgunation which can be written as

layer

flayerhlayer
C|| = € Z W (66)
1 WD
The calculation ofC, Clpg, andCR, is given in [143]. For the proposed structure, the

average depletion width is given by

Hrib

WD,av = fofav_C
[

(6.7)

where
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6.2 Multi-layer SiGe phase shifter

layer
_ Zl hlayerflayer
€av =

(6.8)

layer
1 hIayer

Since carriers travel in different layers with differenteetive mass and energy, the band-
width of the proposed phase shifter can be limited by the taken by the carriers to arrive
from the top layer to the bottom layer under an applied revéias. The carrier transit time

from layer 7 to layer 1 can be calculated as [162]

2| 27"'mr’§iehi2 AEg — thi —

Teyal 2. \/ T exp T (6.9a)
=2 | /zyrm;‘hhf AE, — gEiy )]

Th = 2. T exp T (6.9b)

T = maxX(re, Th) (6.9¢)

The band offset, and the electric field is positive if the bandrgy of the next layer is higher

and the electric field aids in carrier transit, respectiv@élye 3 dB modulation bandwidth of the

proposed phase shifter is calculated as [162]

-05
fage = (72 + frd) (6.10)

where, f, and frc are the transit time limited arldC limited bandwidth given in[[143, 162]
as

f, = 222 (6.11a)
T
1

fRC = ZJT—RC:d (611b)
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6. Silicon Optical Modulator: Enhancing Performance UsingSiGe

6.2.5 Phase shifter metrics

The proposed PN optical phase shifter has been simulateshita&us TCAD to obtain the
2D carrier concentration profiles at reverse bias voltages D to 5 V with a P and N doping
of 5x 10'” cm2 each. The 2D carrier profile across the rib area at -5 V is showig. [6.6(a).
Boron and phosphorus have been used as the acceptor and ispectively. The P (N*)
contact regions have been doped witk 10?° cm~3 Boron (Phosphorus). The junction is kept
at the center of the rib waveguide, coinciding with the modeter. A total of 800 sample
points across the rib area was selected for each reversedtiage to extract the electron and
hole density profiles. Figl_6.6(b)-(f) shows the performeanuwetrics of the proposed optical
phase shifter as a function of voltage along with a silicod 8@ ;Gey; phase shifter of same
doping and cross-section for comparison. It should, howdye noted that for the §iGey3
phase shifter, the thickness of the fbe)3 layer was kept 12.5 nm to keep the layer strained
and prevent lattice defects [155].

The phase shift per unit lengt¥, L., anda'V, L, increase with reverse bias voltage, whereas

the absorption loss per unit length and the insertion loseedses. From Fi§. 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 shiftyrgt length, (c) Absorption loss

per unit length, (d) YL, product, (elV, L, product, and (f) Insertion loss in dB.
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6.2 Multi-layer SiGe phase shifter

served that the phase shift per unit length is higher, an¥thg, aV,L,, insertion loss is lower
for the proposed structure compared to silicon and®&& 3. The effective mass (mobility) of
strained Si_,Ge, layers decreases (increases) with mole fraction. Howdwegbsorption loss
has an inverse square dependency on effective mass ancheetge dependency on mobility,
as seen froni(6.1b) resulting in a higher absorption lossipietength of the proposed structure
compared to the silicon andgSGe 3 phase shifter. A more reasonable figure-of-merit is the
aV,L,, from which it can be seen that although the absorption piedemgth is higher for the
proposed phase shifter, the total absorption is lower duewer L, because of higher phase
shift per unit length. A 1.77 (1.24) times higher phase sbi%7 (0.39) times lowev,L,, 0.67
(0.83) times lowenV,L,, and 0.66 (0.87) times lower insertion loss have been obdidor the
proposed optical phase shifter compared to the silicayyGa, 3) phase shifter at -5 V.

The proposed phase shifter capacitance is shown i _Fipa)6.Tfe capacitance decreases
with an increase in the reverse bias voltage as expectedrivease-biased diode. The inter-
face capacitance has been neglected as the error betweanallgtically calculated depletion
capacitance and total device capacitance obtained frota@®is TCAD is less than 5%. The
resistance at each reverse bias voltage has been calcfitate@.2) - (6.4) by using the ex-
tracted carrier concentration profiles. The 3 dB bandwidtthe phase shifter along with the
RC and transit time-limited bandwidth is shown in Fig.16)7(ibhe RC limited bandwidth at
-5 V is ~45 GHz. The hole (electron) transit time is 15.79 (4.05) pke X-directed electric
field obtained from TCAD is the same at all voltages as theiaggiias essentially creates a
y-directed field. The transit time-limited bandwidth is thamstant at 34.83 GHz. The overall
3 dB bandwidth is~27.5 GHz at -5 V. The bandwidth increases with reverse bidscan be
further improved by higher doping so as to reduce the dewsestance or by using smaller
layer thickness to decrease the carrier transit time. Taresit time of electrons is small mainly
because of lower conduction band offset compared to thenealband due to the small dif-
ference in the electron affinity of silicon (4.05 eV) and gamum (4.00 eV). The hole transit
from layer 7 to layer 1 is pictorially depicted in Fig._6.7(dhe hole travel from layer 7 to 4

is from a higher energy level to lower one against the buiftinction electric field. The travel
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Fig. 6.7: (a) Total capacitance, (b) 3-dB modulation bandwidth, andrtansit of hole from layer 7 to
layer 1; the layers are denoted at the top in blue and the redsrepresent the built-in electric field at
the interfaces.

from layer 4 to 1 is aided by the built-in field, but the hole ago from a lower energy level
to a higher energy level. The transit of the electron is sinecept the fact that in going from
layer 7 to 1, the electron first has to travel to a higher enkaggi (layer 4) aided by the built-in
junction electric field and then to a lower energy level (laljeagainst the field. Using a smaller
value of mole fraction will decrease the total valence baffigebbut at the cost of lower phase
shift and higher loss. Though the bandwidth is limited byttlaasit time, it is better compared
to [01/163-166].

Since the hole concentration difference causes a largeigehia the refractive index com-
pared to the corresponding electron concentration differes evident froni (6.la), coinciding
the mode center with the hole depletion region leads to agnighase shift. The junction was
shifted towards the N region, and the phase shifter perfoo@at 5 V reverse bias was calcu-
lated and is shown in Fig._6.8(a) and (b). The maximum phaieasiturs when the junction

is shifted by 60 nm, where the maximum overlap of the P depiategion with the mode oc-
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Fig. 6.8: (a) Phase shift (left y-axis); Absorption loss (right ygxand (b) ;L , (left y-axis); eV, L,
(right y-axis). The lower and upper x-axis represents thadPNiregion rib width respectively.

curs. Higher phase shift leads to a lowerand thus lowel,L,. The phase shift increases
to 137/mm from 122/mm, theV,L, decreases to 0.66 V.cm from 0.74 V.cm. However, the
absorption loss«V,L,) increases to 0.81 dB (4.07 V-dB) from 0.68 dB (3.41 V-dB)isTis
because the hole effective mass and mobility is lower thandhthe electron. Since the junc-
tion shift towards N region results in a larger interactidrttee mode with the P region, the
absorption and thusV,L, increases. Moving the junction towards the P region wilulem

lower absorption andV,L, although at the expense of lower phase shift and highky.

6.3 Process simulation study

The fabrication of the proposed multi-layer SiGe phasdehdan be done using molecular
beam epitaxy (MBE)[[167] to grow thin layers of;SiGe/Si;_yGe, with varying germanium
content followed by ion implantation to form the P and N rewgo The complexity lies in
the growth of the thin heterojunction layers. The effectteatrol on concentration of dopant
species, growth rate, and growth temperature can be théngfactors that could result in
variation of the phase shifter metrics. A more practical wayorm the graded-index profile
is to implant Ge on Si. This section focus on the process sitimu study of a graded-index

lateral and vertical PN phase shifter to emulate a fabricdéwice.
6.3.1 Ge implantation

The strained graded-SiGe phase shifter is created usingpSys SPROCESS 2D [113]. An

SOl wafer is used with 250 nm top S$IL00> thickness. To form the graded-index structure, Ge
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Fig. 6.9: Ge mole fraction.

with a dose of 1.3% 10' cm2 is implanted at 165 keV energy. The resulting Ge mole fractio

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 wanegrib. The in-plane direction

is denoted byi, whereas the out-of-plane direction is denotedibyl he strain components can

be calculated as [156]:

G
_a(x)
“( =g 1 (6.12h)

whereg, = acs)i, anda, changes along the rib height. The material parameters ai6Gse
have been taken from [156, 168, 169] and are listed in TafileThe lattice constant of relaxed

Siy_Ge,is [161]

aS'®qx) = a5' + 0.200326(1 — x) + (a5° - a5 )x? (6.13)

The out-of-plane lattice constant as a function of the geioma mole fraction is given

Table 6.1: Material Parameters

Material ~ Lattice Elastic Spin-Orbit  Electron mass Hole mass
Constant Constants Splitting (/mg) (/mo)
a0 (A) C11 Ci2 C44 Aso (V) m m My My Mg
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]:

C12(X)
C11(X)

In calculatinga, , linear interpolation o€;; andcy» given in Tabld 6.1 have been used. The

a(xX)=aX|1-2

€||(X)] (6.14)

in-plane and out-of-plane strain along the waveguide hesgshown in Fig[[6.10 which shows
that strain is in-plane biaxial compressive.

The biaxial compressive strain causes tetragonal latistertion, which causes the in-plane
componentse,, ande,,) to be negative and the out-of-plane componepj (o be positive[[168].

The off-diagonal components are zero. The tetragonahssajiven as

er=€ —q (6.15)
The strain tensor is
6” O 0
e=[0 ¢ O (6.16)
0 0 €

The conduction band of §iGe, for 0 < x < 0.75 remains Si-like [168]. The shape of the
constant energy surfaces does not change. However, thd @dgenerate band splits into a
4-fold (A4) and a 2-fold A;) band. TheA, band shift downwards in energy and the band
shift upwards|[170]. This results in a higher electron pagioh in theA4 band compared to the
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Fig. 6.11: Valence band energy.

A, band and causes the lobe size to increase. The lower eledeoimon scattering between
the A, band and thé\, band results in a smaller effective electron mass.

The effect of the strain on the valence band is to break theyhdight-hole degeneracy
and cause shift in energy of the spin-orbit band [168]. THen@e band energies along the
waveguide height is shown in Fig. 6111 from which it can beeobsd that strain causes the
heavy-hole band to move down in energy while the light-hald apin-orbit band move up-
wards. It should be kept in mind that the hole energy is theosip of electron energy and

increases downwards. The valence band energies are ¢attukEingl[168]:

E(9) = 20 (6.172)
En(x) = 5 [0 + Al] + 5 /92209 + A%, ~ 2209A (617b)
Exo() = ~3 [0 + A ] = 5 /9809 + AZ, - 200 Aco 6170

where,Asy(X) is calculated by linearly interpolating the values for BdaGe listed in Table
[6.1 ande(X) is the strain energy given in [168].

The effective mass components of electrons and holes caaltidated ad [171]:

1  1-x N X
siGe — Si Ge
mj mem
where, j refers to longitudinall}, transverset], heavy-holeth), light-hole (h), and spin-

(6.18a)

orbit (s components given in Table 6.1. The density-of-state (D&®)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]

2 1/3
My = 672 [m{"ny | (5a)

2 1\*
*e =3 — qGp == 5b
m (m m*) (5b)

~Enn \ /2 £ \3/2 eg0\3/2]7°
My = [(mlﬁhe—”_) + (m*heﬁ) & (mi;oev) ] (5¢)
(Mg )2 + (e )72 + (M e )2

th = (5d)

(e )2 + (e )2 + (Mg e )12

where subscriptde, dh, ce andch represent the effective masses of DOS electron, DOS
hole, conductivity electron, and conductivity hole, respely. The DOS and conductivity
effective mass of electrons and holes along the waveguidétie shown in Figl 6.12.

The electron and hole mobility is calculated from [170,/11773].

6.3.3 Lateral PN phase shifter

To form the PN junction, boron and phosphorus have been wseidhplantation. Since
the implanted species have a Gaussian distribution, ttegeimplantation followed by rapid
thermal annealing (RTA) at 1100 for 5 seconds was done to ensure uniform concentration
across the waveguide height. The species dose and impteméstergy of each step for boron
and phosphorus are shown in Table 6.2 and Table 6.3, regglgctrhe corresponding doping

profile after each implantation step for boron and phosphoan be seen in Fig. 6]13(a) and
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Table 6.2: Dose and energy of boron implantation

Step | Dose (cm?) | Energy (keV)
| 1x 108 20
Il 2 x 10'? 10
" 2 x 1012 3

Table 6.3: Dose and energy of phosphorus implantation

Step | Dose (cm?) | Energy (keV)
| 2x 105 85
I 5 x 1012 25
1 1 x 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 foreB®& nmx 250 nm rib waveguide

with 50 nm slab thickness, a 200 nm anisotropic etch is dortee 90 nm thick P* (N**)

end contacts are formed by implanting boron (phosphorus) avidose of Ix 10'° (1 x 10%)

cm2 at an energy of 3 (20) keV. This is followed by 500 nm top oxig@asition and 500 nm

anisotropic oxide etch over the Pand N'* contacts for metal deposition.

6.3.3.1 Phase shifter metrics

The rib waveguide supports only fundamental quasi-TE moitle mvode confinement of

73.8%. The quasi-TM mode has confinement of 31.2% and isféutHoe scattering and FCA

losses are calculated to be 2.15 dB/cm and 4.13 dB/cm, regglgc The performance metrics

of the graded 3i,Ge, phase shifter as a function of the reverse bias voltage sl Fig.

[6.14(a)-(c) along with a Si phase shifter for comparisomuated using the same process flow

without the Ge implantation. The phase shift per unit len§t.,, andaV,L, increase with

reverse voltage, whereas, the absorption loss per unitleargl insertion loss decrease. The
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Fig. 6.14: (a) Phase shift and absorption loss per unit length, ¢h),\product and phase shifter length,
and (c)aV,L, product and insertion loss.

increase in phase shift with voltage is non-linear, and gelaphase shift corresponds to a
smaller phase shifter length required fophase shift. The absorption loss per unit length of
Si;_xGe, phase shifter is higher compared to Si, as seen from _Eig(@.1%his is because of the
inverse square dependency on the effective masses. Alltbagbsorption loss per unit length
is higher for the Si.,Ge, phase shifter, the total absorption loss at any voltagensiahan Si,
as evident from Figl_6.14(c) due to the lower phase shiftegtle required. The insertion loss
of the Si_,Ge, phase shifter is also lower than its Si counterpart. Highelerfraction can be
obtained by increasing the Ge implantation dose, whichnegdllt in a larger phase shift and
lower V, L, although at the expense of higher absorption as the intrimsiterial absorption
will set in. Higher doping also leads to a larger phase shift smalleV, L, but at the cost of
higher FCA. The junction of the designed phase shifter i ikefine center of the rib waveguide
coinciding with the mode maxima. Shifting the junction te tight such that the mode maxima

overlaps with the P-depletion region will lead to a higheagd shift as holes cause a larger
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change in the refractive index than electrons. The gradgerlformation leads to larger mode
overlap with the strained SiGe, region and ensures that the material remains strained. For
a Sk_,Ge/Si, the critical layer thickness decreases with increpshe mole fraction, where
the critical layer thickness is defined as the thicknessvb&lbich the material is strained and
without any defects [155]. The graded layer results in agmhohcrease of the mole fraction as

opposed to a step increase, thereby keeping the layeresirain

6.3.4 \Vertical junction phase shifter

The cross-section of the proposed vertical junction PN elsaster is shown in Fid._6.15.
The graded-index formation is the same as described iros&giB.2. The formation of the ver-
tical junction structure requires multiple etching anda&pon steps and is complex compared
to a lateral junction structure. Boron (phosphorus) has bsed to form the P (N) rib, P+ (N+)
slab, and the P++ (N++) contact region. The implantatiorages and energies used to create
the doping regions are given in Talblel6.4. For defect aratibih, RTA was done at 1100
for 5 seconds. Before contact formation, 500 nm oxide déjposivas done, which will act as
the top cladding. The doping concentration across the wastedneight is shown in Fid, 6.116.
The mode profile of the designed phase shifter at 1550 nm isrshoFig.[6.1T. The quasi-TE

mode EY) has mode confinement of 73.84%, and the quasi-TM mBdgei¢ cut-off with mode

A 2 n

N 1

o 500 nm

D

E X
 —

250 nm

HOSOoOHEH=E O

750 nm 500 nm

Si0,

(BOX) 500 nm

Fig. 6.15: Cross-section of the vertical junction phase shifter (thieom substrate is not shown).

Table 6.4: Implantation dose and energy

Region P N P+ N+ P++ N++
Dose (cm?) | 1x108 [ 1x 10 [ 5x 108 | 5x 108 [ 1x10% | 1x 10
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 phaseslsftalculated to be 7.33 dB/cm.

6.3.4.1 Phase shifter metrics

The phase shifter is simulated in Synopg8ySDEVICE, and the 2D carrier distribution
across the waveguide rib for different reverse bias voltdugg/e been extracted to calculate
the phase shifter performance metrics. The phase shift bedrgtion loss per unit length
are shown in Fig[[6.18(a) and (b) respectively. The phadeainil absorption loss curve are
non-linear with voltage, which affects the modulator tfangunction at higher drive voltages.
For comparison, a silicon phase shifter has been simulaitbdhie same waveguide structure,
dimension, doping profile, and process flow, but without teerganium implantation. More
than 3< increase in phase shift per mm at -5 V can be observed fronBEig(a) for germanium

doped silicon phase shifter compared to silicon. The albsorfoss per unit length, however, is
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Fig. 6.18: (a) Phase shift per unit length, (b) Absorption loss per tenigth, (c) L., (d) aV,L,,
(e)Total absorption, and (f) Insertion loss.

much greater than silicon. A vertical junction results inrga change with applied bias over a
greater length (waveguide width) compared to a lateraltjancwhere carrier change is over the
waveguide height. Th&Y mode maxima and the germanium concentration maxima cancid
with the P depletion region. Also, the P doping concentraisolarger than the corresponding
N concentration. This results in the larger phase shift efffoposed device since holes cause
a better phase shift than electrons. Also, the hole condtyctnhass is lower than the electron,
which results in a larger absorption loss per unit lengtte jTimction region can be modeled as
a graded-junction, as evident from Fig, 8.16. This limies BCA loss due to fewer carriers near
the junction. Fig[6.18(c) and (d) shows tie, andaV,L, which increases with an increase
in the reverse bias voltage. The total absorption and iieselbss are shown in Fid._6.118(e)
and (f) respectively. Though the absorption loss per unitle is greater for germanium doped
phase shifter compared to silicon, the total absorptionthednsertion loss are lower due to
the higher phase shift of the former, which corresponds &ssdr required length to achieve

phase shift. Also, the absorption is mainly due to holes ad\thib is fully depleted at higher
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Fig. 6.19: 3 dB bandwidth.

reverse voltages.

The 3 dB bandwidth is shown in Fig._6]19. The bandwidth of taetanium doped phase
shifter is greater than silicon, although slightly. Thegkest bandwidth difference is 11 GHz at
-3 V. The bandwidth has been calculated from the admittarateixrobtained from the small-
signal analysis of the phase shifter using SynoBs$OEVICE. The frequency normalized
susceptance has been used to calculate the bandwidth [T4&].bandwidth of germanium
doped phase shifter is larger because of lower resistaneaadbigher mobility of Si ,Ge,
compared to silicon.

Multiple factors result in better performance of the germrmandoped silicon phase shifter
compared to silicon, though both have the same waveguidetste, dimension, and doping
profile. These factors are directly related to material props of Sj_ Ge,. The phase shift
per unit length is directly proportional to the carrier centration and inversely proportional
to the refractive index and the carrier effective massesyvagent from[(6.11). The phase shift
also depends on the modal overlap with the depletion regiod,thus the mode confinement
plays an important role. The fundamental quasi-TE mode genfent of the germanium doped
phase shifter is 73.84%, and that of silicon is 73.15%. Thaavement in performance due to
confinement is thus negligible. The main contribution coches to the lower carrier effective
masses of strained SjGe,. The effective masses decrease with an increase in the germa

concentration, as can be seen from Eig. 6.12. For a germanilmfraction of 0.3, the electron
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effective mass decrease by a factor of 1.38 and hole by 41a&Iotalized DOS changes across
the rib height due to the introduction of germanium and ttssial carrier redistribution. The
hole carrier density is more for larger germanium concdéiotna.

The performance of the proposed vertical junction germaniloped silicon phase shifter
can be further improved by various parameter optimizatioreduding waveguide dimensions,
dopant species concentration, doping profile shape, pmgliacement, etc. Larger waveguide
dimensions will result in greater mode confinement and highase shift, although at the cost
of higher absorption loss. Increasing the germanium intpteon dose will result in a larger
phase shift but at the cost of higher material absorptioighkli doping densities will result in
larger phase shift but again at the cost of larger FCA los® @dndwidth can be increased by
using higher P and N doping, reducing the slab cross-settiength, etc. Thus, multiple trade-
offs are present and careful optimization, and design anadinie parameters are required to

enhance the device performance.

6.4 Comparison

The comparison of the multi-layer SiGe phase shifter, pesemulated lateral SiGe phase
shifter, and process simulated vertical SiGe phase shiftiéér recently reported PN optical

phase shifters are given in Tablel6.5.
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Table 6.5: Comparison of different phase shifters

Ref Material Device Junction W | Hib | Heap L V,L, IL faum
(nm) | (nm)| (nm)| (mm)| (V.cm) (dB) (GHz
[174] Silicon PN Lateral | 500 220 90 0.5 0.72 47 133
[86] Silicon PN Lateral | 400 220 10( 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 0.9% 0.19 2.25 20
[176]* Silicon MIS Vertical | 500| 220, 50| 0.776 0.278 3p 222
[177] #SISLG Capacitor - 480 22C 60 0.3 0.28 7.08 5
[178] P-SbeGe4/Si PN Lateral 400| 220 - 0.5 0.81 2 12
Authors** #Si_Ge, PN Lateral | 500/ 250, 50| 1.48 2.5 4 27.5
Authors™* | Ge doped Silicon PN Laterall 500 250 50 175 0.87 349 -
Authors™* | Ge doped Silicon PN Verticall 500 250 50 2.8 0.23 2|22 37

TH-2420_156102009

* Experimental result; Simulation result.
# Silicon-insulator-SLG, SLG = Single Layer Graphefiéulti-layer.
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6.5 Summary

A strained SiGe PN optical phase shifter has been desigrtadwmelyzed with a graded-
index structure having multiple strained layers of différeole fractions. The proposed struc-
ture has the advantage of having a thicker strained layeigbfelh mole fraction due to the
graded structure, which results in greater overlap withntleele and thus greater change in re-
fractive index. A phase shift of 124nm, V,L, of 0.74 V.cm,aV,L, of 3.4 V-dB and insertion
loss of 4 dB was obtained along with a 3-dB modulation bantwid 27.5 GHz at -5 V and a
doping of 5x 10" cm3. A 15°/mm increase in phase shift and 0.08 V.cm decreasglin With
only 0.13 dB increase in the total absorption loss was oleskwhen the junction was moved
by 60 nm towards the N region. A process simulation study leas ldone to form the graded-
index profile by Ge implantation. Both lateral and vertieaigtion PN phase shifters have been
process simulated. For the Ge-doped lateral PN phasershifédx higher phase shift, 1.7
lower absorption loss, and 1.50wer insertion loss have been observed compared to silicon
For the Ge-doped vertical PN phase shifter, phase shiftlgfl°’/mm, V,L, of ~0.64 V.cm,
insertion loss 0~1.23 dB, and 3-dB bandwidth 637 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-germaniugiGe) phase shifter has been
shown to exhibit enhanced free-carrier plasma disper&iGi D) effect compared to silicon (Si)
phase shifter. The proposed graded-index SiGe phaserstafialso be created by implanting
Ge in Si. This chapter presents the high-speed charaatsrigthe graded-SiGe Mach-Zehnder

modulator (MZM) and is shown to have better performance @regbto a Si MZM.

7.2 Phase shifter structure

The phase shifter cross-section is shown in Eigl 7.1. The Ridgshifter is process sim-
ulated using Silvac® Athena. The waveguide parameters are given in Table 7.1 gfdued-
index profile is created using the same process steps, ashdesio sectioh 6.3]2. However, the
Ge dose and energy used are £.70'” cm~2 and 220 keV, respectively. The Ge concentration
along the waveguide height is shown in Fig.17.2. The impkamaenergy has been so chosen
to have maximum Ge concentration in the middle of the wawdgywhere the mode maxima
occurs. The Ge implantation dose leads to a maximum molé&draof 0.313 and is kept so
as to avoid material absorption at C-band operation. Theupition is formed by single im-
plantation of each boron and phosphorus. Since an impiantptofile is Gaussian-like, the

implantation energy is chosen to ensure that the peak iseimiddle of the waveguide. The

: I'Vm ;
Anode }H. Cathode
h
z ¥ - i
PMD by oo
X
‘_ +— 3
) W, cont B u/sfab H. slab
BOX Hgox
Y
F 3
Substrate H,.;
v

Fig. 7.1: Cross-section view of the PN phase shifter (the figure ismettle).

TH-2420_156102009

98



7.3 Phase shifter metrics

Table 7.1: Waveguide parameters

Description Symbol | Value
Metal contact width Win 3.2um
Metal layer thickness Hm 0.8um
PMD layer thickness Hpmb 0.6um
P++/N++ contact width Weont 0.5um
P/N slasec: 6.3.1b width| Wsjap 0.5um
Rib width Whib 0.50um
Rib height H:io 0.25um
Slab height Hsjab 0.05um
BOX layer thickness Hgox 2um
Silicon substrate thickness Hsgyp 500um
0.35
: 0.30
=]
£ 0.251
«=
& 0.20
=
=] -
£ 0.15
(3 0.10
0.05
000 005 010 015 020 0.25
Rib height (um)

Fig. 7.2: Ge mole fraction across rib height.

boron (phosphorus) implantation dose and energy to fornPtfi¢) region is 2.0< 103 (2.0 x

10"%) cm2 and 25 (70) keV. The boron (phosphorus) implantation dosesaergy to form the

P++ (N++) region are 1.& 10'® (1.0 x 10%) cm? and 3 (20) keV respectively. Each of the

implantation steps is followed by a rapid thermal annealRBA) step at 110TC for 5 seconds

to recrystallize the structure and annihilate any defeatsother steps are similar to what is

described in section 6.3.3. For comparison, a silicon PNs@lshifter is also process simu-

lated with the same steps described above, excluding theagénm implantation step. The

stress-strain analysis and calculation of different malt@arameters can be found in section

6.3.2.

7.3 Phase shifter metrics

The process simulated PN phase shifter is analyzed usingpASIQ® Atlas. The change

in refractive index and absorption coefficient with the aipaim carrier concentration is deter-

TH-2420_156102009

99



7. Silicon Optical Modulator: SiGe MZM High-Speed Characteristics
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Fig. 7.3: (a) Phase shift per unit length and (b) absorption loss pietenygth.

mined from [6.1). The phase shift and absorption loss perlength are shown in Fig._7.3
for SiGe and Si phase shifter. The SiGe phase shifter hagjarlphase shift per unit length
compared to Si. This is due to the lower carrier effective snasSiGe. 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. Théesoa loss is calculated using the
Payne-Lacey model and is 2.54 dB/cm (2.52 dB/cm) for SiGg [{Base shifter. There is a
negligible difference in the scattering loss of the two ghsisifters since the mode confinement
of the two is comparable. The free-carrier loss at 0 V is 4B&uh (1.09 dB/cm) for SiGe (Si)
phase shifter. The larger phase shift per unit length of e $hase shifter results in better
modulation efficiency\,L,). TheV,L, 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&phase shifter is larger than the
Si phase shifter, the total absorption is lower due to smalle The phase shifter is integrated
into both arms of an MZM, and dual-arm drive is analyzed fahi®iGe and Si phase shifters.
V, is chosen to be -5 V. The phase shifter length for SiGe and IVIN&0.8 mm and 2.0 mm,
respectively. For dual arm drive, push-pull at quadratyreration is used, and thus the phase
shifter length is kept half of that required for the singteaadrive. The small-signal analysis is
done using TCAD, and the frequency normalized admittandexna extracted. The depletion
capacitance of SiGe and Si phase shifter is shown in[Eig. . depletion capacitance per
unit length of the SiGe phase shifter is found to be greatm the Si phase shifter. However,

due to the loweL, of SiGe phase shifter, the total capacitance of both phafersare similar.
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7.4 MZM transfer characteristics
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Fig. 7.4: Phase shifter capacitance as a function of applied voltage.
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Fig. 7.5: Transfer characteristics of SiGe and Si MZM.

The capacitance at -5 V for the SiGe and Si phase shifter isfiF-land 0.13 pF.

7.4 MZM transfer characteristics

The phase shifter bias point is chosen from the MZM trandf@aracteristics, which gives
the ratio of output to input light intensity. The normalizegtput intensity is shown in Fig. 4.5
for the SiGe and Si MZM. The MZMs are driven in the linear regid the transfer characteristic
plot, and the bias point is selected as 2 V. Both MZMs are drive2 V,, drive voltage. In both
MZMs, a TO phase shifter is kept in series with the EO PN phbhstesin one of the arms and
tuned to quadrature operation. The DC extinction ratio ef$iGe (Si) MZM is 3.73 dB (3.81
dB). The insertion loss of SiGe (Si) MZM is 2.14 dB (2.44 dBjieh includes 1 dB loss of the

input 3-dB splitter and output combiner.
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7. Silicon Optical Modulator: SiGe MZM High-Speed Characteristics

7.5 TWE analysis

The TWE characteristics of the SiGe and Si MZMs are showngn[Ei6. The EO § curve
is shown in FigL.76(a). The 3 dB modulation bandwidth of S{Sig MZM is 77.48 GHz (59.96
GHz). The higher modulation bandwidth of the SiGe MZM can thetauted to its lower length.
The EE S-parameters are shown in Hig.] 7.6(b). EEr&resents the back reflection, and EE
$;1 gives an indication of the signal transmission loss [15he EE S, is below -15 dB for the
SiGe MZM over the whole simulated range. The ER & the Si MZM is greater compared
to the SiGe MZM till 16 GHz, indicating higher back reflectjcafter which it improves and
falls below that of the SiGe EE;§ The -6.4 dB EE & gives the 3 dB modulation bandwidth
when there is no velocity mismatch [152]. The -6.4 dB EE badtwof the SiGe (Si) MZM is
58.16 GHz (85.99 GHz). The -6.4 dB EE bandwidth of the SiGg N&M is lower (higher)
than the -3 dB EO bandwidth. The TWE attenuation per unittegrg) of both MZMs are
shown in Fig.[7.6(c). The SiGe MZM has higher attenuatiomttee Si MZM. At the -3 dB
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7.6 High-speed characteristics

EO bandwidtharweis 4.45 dB (2.64 dB) for the SiGe (Si) MZM. The lower transnosdoss

of the Si MZM leads to the higher EE bandwidth compared to SWZé. The optical group
index of SiGe and Si MZM is 4.07 and 4.02, respectively. Therowave indexft,) is shown

in Fig.[7.6(c) from which it can be seen that the mismatch isemothe case of Si compared to
SiGe. The characteristic impedan@g)(of both MZMs are shown in Fid._7.6(d). At the -3 dB
EO bandwidthZ, of SiGe (Si) MZM is 42.18 + 4.5251.36 - 3.91). The impedance matching
is better in the case of Si MZM compared to SiGe MZM and resuallswer back reflection, as
seen from Fig[_716(b). Though the signal transmission l@$ssis and the impedance matching
is better, the 3 dB modulation bandwidth of the Si MZM is lowan the SiGe MZM due to
its longer length and higher velocity mismatch. At the -3 dB Bandwidth, the characteristic

impedance is inductive for the SiGe MZM and capacitive fa& 81 MZM.

7.6 High-speed characteristics

The high-speed characteristics are evaluated using Gp&s#§ v.16.1.0. A 1550 nm
laser of 10 dBm output power is used as the input to the MZM. Wiz is driven by a
pseudo-random bit sequence (PRBS) of lendthl2and a non-return-to-zero (NRZ) modula-
tion scheme. The output of the MZM is connected to a singlelenftber (SMF) with zero-
dispersion at 1550 nm and 0.2 dB/km attenuation. The deteci@ PIN diode with 1 A/W
responsivity. The bit-error-rate (BER) is defined as therat error bits to the total bits re-

ceived. The BER as a function of SMF length for different mlation speeds is shown in Fig.

& . 2 .9

= =

:- 2

g g 151
-30 ——70 Gbps -18 ——70 Gbps 1
35 - - —80 Gbps | 21 = = =80 Gbps ]

..... 9(] Gbps PR .90 Gbpb
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Fig. 7.7: BER as a function of SMF length for (a) SiGe MZM and (b) Si MZM.
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7. Silicon Optical Modulator: SiGe MZM High-Speed Characteristics
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Fig. 7.8: BER as a function of the received power at 80 Gbps operation.
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Fig. 7.9: Eye diagram at 80 Ghps of (a) SiGe MZM and (b) Si MZM (the ER aBdRBf each MZM is
given in the subcaptions).

[7.4(a) and (b) for the SiGe and Si MZM, respectively. The datas are taken to be 70 Gbps,
80 Gbps, and 90 Gbps. The SMF length is varied from 0 to 50 kiraritbe seen that for any
SMF length, the SiGe MZM shows better performance compardtieé Si MZM. The BER
increases with data rate and fiber length. Higher data ratstnission can be achieved with the
same BER using SiGe MZM compared to the Si MZM. For error-oiperation (BER = 16",
the SMF length at 70 Gbps is 22.5 km and 13.6 km for SiGe and Svi\i2spectively. The
BER also varies with the received power. The change in BER miteived power at 80 Gbps
operation is shown in Fid,_7.8. It can be seen that the SiGe Nh&blhigher received power
tolerance than the Si MZM to achieve the same BER performaiibe eye diagram of both
MZMs is shown in Fig.[ 79 from which it can be observed that SI@ZM has a wider eye
opening compared to Si MZM. Also, the asymmetricity of the egin be observed. This is due

to the non-linear phase-voltage relation of FCPD based Siutators|[179].
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7.7 Performance comparison

Table 7.2: Performance metrics of the MZMs over 50 km fiber transmissidh BER below HD-FEC
threshold.

MZM Py Bit Rate B
(mW) | (Gbps) | (pJd/bit)

SiGe 47.4 80 0.59
Si 38.9 53 0.73
5.5
-6.0
-6.5 ]
Z 1.0
g 7.5 4
S .8.0 -
2 35
9.0 -
9.5 -
-10.0

1 I | I
100 110 120 130 140 150
Speed (Gbps)

Fig. 7.10: BER as a function of modulation speed for the dual-arm drisgse MZM.

Energy per bit Ep) of both MZMs are determined for 50 km SMF transmission athel-
decision forward-error-correction (HD-FEC) thresholdE@= 3.8x 1073). The speed, power,
and energy per bit of SiGe and Si MZM are shown in Tablé 7.2.@dveer consumption of the
SiGe MZM is more compared to the Si MZM due to the lower chanastic impedance of the
SiGe TWE arm. However, the higher speed of the SiGe MZM resnllowerE, compared to
the Si MZM.

In Fig.[7.1, the data rate is limited to 90 Gbps due to the higRBf the Si MZM. However,
beyond 100G transmission over a single channel is posssing the SiGe MZM. The BER as
a function of the modulation speed is shown in [Fig. 7.10. TE&®Bncreases from 1.96 10710
at 100 Gbpsto 2.20 10°%® at 150 Gbps. ThE&, at 150 Gbps is 0.32 pJ/bit. Beyond 100G NRZ-
OOK modulation over a single channel can be achieved usiagatm driven SiGe MZM, and

is suitable for 400G applications without the requiremdtritigher-order modulation formats.

7.7 Performance comparison

The SiGe MZM is compared with recent literature and is giveiable[ 7.8 from which it
can be observed that the proposed SiGe MZM achieves begealbgerformance 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. V, L, IL fadB Modulation | Speed BER ER Ep
(V.cm) (dB) (GHz) (Gbps) (dB)| (pJ/bit

[18ar* 1.4 8 28 (EE 6dB) QPSK 64 2410% - 7.1
[i81y - 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 25 70 OOK 100 - 5.0

This work* 0.83 2.14 77.48 OOK 150 22109 | 2.6 0.32

* Experimental result;® Simulation result.

Table 7.4: Comparison of the designed MZM with other material platferm

Ref. Material Structure VL, IL fadp Speed ER Ep
(V.cm) (dB) (GHz) (Gbps) (dB)| (pJ/bit
[183]* Graphene MOS 25V, 30m 0.9 | 35(25V) - - 1.4
(1847 INnGaAsP MOS 0.09 (250m) | 1.0 | 2.6 (dep.) 32 3.1 -
[185] InGaAsP PN 0.4 4.5 - 40 (error-fre¢) — -
[186]* InP n-i-p-n 2V,3mm 2 67 100 >1d -
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 modulatoahl& 7.4 gives the comparison of

the designed modulator with modulators realized in othelens platforms.

7.8 Summary

The performance of a Si traveling-wave MZM is enhanced bylamiing Ge to form a
graded SiGe profile. The SiGe PN phase shifter is procesdatieauand compared with a Si
PN phase shifter created using the same process flow. Thephi@e shifter has 2dhigher
phase shift and better modulation efficiency at -5 V. Thedelngth of the SiGe phase shifters
results in 1.2% higher 3 dB modulation bandwidth compared to Si. The BERgrarance is
evaluated for varying SMF lengths and received power leveds the same fiber transmission
length and bit rate, lower BER is achieved for SiGe MZM coneglato Si MZM. Also, SiGe
MZM has more received power tolerance compared to Si MZMHersame BER level. For 50
km transmission below the HD-FEC threshold, the SiGe MZMhagx lower energy per bit
(Ep) at 1.5 higher speed compared to Si MZM. The SiGe MZM can achieve hey®0G
operation over a single channel with a BER of 2207 andE, of 0.32 pJ/bit at 150 Gbps
data rate. The graded SiGe traveling-wave MZM is suitabl@l@®G 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 theésis work are presented. This
thesis presents
(i) Mode, dispersion, and loss characteristics of a graded-irex SiGe strip waveguide

In this study, the mode, loss, and dispersion charactesisti a buried strip waveguide
have been calculated for CWDM wavelengths. Process simnlaas been used to form
the graded-index core by Ge implantation in Si. QV-FDM haarbesed to calculate the
number of propagating modes, effective indices, matebabeption, mode confinement,
and dispersion parameters. The scattering loss has besmd®td from the P-L model.
The zero dispersion for higher-order modes occurs in thea@tpwhich is suitable for
short-reach multimodal applications. The usable wavegiedgth and the number of
modes have been characterized and are limited by the mold¢hgihighest propagation

loss/dispersion and lowest mode confinement, respectively

(i) A 2D model of Si PN phase shifter
A 2D model of a silicon lateral PN optical phase shifter iss@m@ed, which can be used
for multiple parameter study and optimization of the deywesformance without the
need of any commercial numerical tools. The model shows ggogement with TCAD
simulation and can be used to calculate the phase shiftr@isoloss, modulation ef-
ficiency, and insertion loss of the phase shifter. Multipdggmeter study includes the
waveguide dimensions, operating wavelength, claddingrnaht doping concentrations,
junction offset, and applied voltage. The model employsetfective index method to
determine the mode properties and construct the 2D mode fiéld PN diode is mod-
eled by taking into account the fringing electric field at thee-cladding interface, which
results in a wider depletion region near the interface. Mldtloss components are dis-
cussed, and the scattering loss and free-carrier absorate modeled using P-L and
Soref model, respectively. The model uses the 2D modal apeslith the 2D carrier
distribution across the waveguide to calculate the phaesperformance metrics. The

algorithm used to model the 2D nature of the PN diode depietgion is presented
TH-2420_156102009
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8.1 Summary of contributions

in detail and uses mathematical and analytical formulaeautsof numerical methods,
making the model faster and easy to implement, with accuirapar with commercial

tools.

(i) Performance analysis of a quasi-TM mode Si optical MZM
A Si MZM with quasi-TM mode propagation is investigated foREK-OOK modula-
tion. The quasi-TM PN phase shifter phase-loss charatitarisave been determined and
shown to exhibit better performance compared to quasi-Ta&s@lshifter with the same
waveguide cross-sectional area and device parameterghlse shifter modulation ef-
ficiency is 1.02 V.cm with RC limited bandwidth of 46 GHz at 5 ®¥verse bias. The
MZM transfer characteristics are determined for the duad4aush-pull driving scheme,
and a TWE structure is employed to enhance the device batidwAB dB bandwidth of
74 GHz is obtained at 2.5 V reverse bias. The high-speed ratwiutharacteristics are
studied for different data rates over SMF transmission. A@0fiber transmission with
an open eye at 160 Gbps with 2,Mdrive is obtained with an extinction ratio of 2.3 dB,
BER of ~2.77x 107°, and energy per bit of 0.45 pJ/bit. The effect of fiber disgersn
the BER shows dispersion tolerance from 0 ps-hkm to -1.73 ps.nmt.km=* for 30

km fiber transmission below the HD-FEC threshold at 100 Glpesation.
(iv) Designing a multi-layer SiGe PN phase shifter

A graded-index strained SiGe, optical PN phase shifter with multiple strained layers
has been proposed for high-speed data modulation at 1550ithnow device footprint.
The QV-FDM, NL-EPM, and the P-L model have been used to aeatiz proposed
device. A phase shift of 128nm, V,L, 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 GHzldeen obtained for a 500
nm x 250 nm cross-section rib waveguide with 50 nm slab. Alrbsn increase in phase
shift and 0.08 V.cm decrease inl, 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 R phase shifter

This study analyzes the effect of Ge doping on the performafi@an optical PN phase
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8. Summary and Future Work

shifter in silicon photonics platform. The fabrication pess flow is defined using a 2D
process simulation tool to create the phase shifter streicithe mode, material, and loss
parameters of the designed phase shifter are calculatédhamperformance is compared
with a Si phase shifter. A 1.84higher phase shift, 1.X7lower absorption, and 1.50

lower insertion loss is obtained for the SiGe phase shiftergared to Si.

(vi) Process simulation study of a vertical junction Ge-doped SPN phase shifter
The performance of a Ge-doped Si optical phase shifter veittical PN junction has been
investigated. The proposed phase shifter is simulatedywsiprocess simulation tool,
and the 2D carrier distribution has been used to calcul&ghtiase shifter performance
metrics. The proposed phase shifter has a phase shift4f/mm, V,L, of ~0.64 V.cm,
insertion loss 0~1.23 dB and 3-dB bandwidth 637 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-lengineering techniques
that involve material engineering and junction optimiaati. The FCPD effect, which is
used for modulation in Si, is enhanced by implanting Ge inf@iming a graded SiGe
core. Comparison of the process simulated SiGe phasersiitte a Si phase shifter
shows 2.4 higher phase shift at -5 V for 1550 nm wavelength operatioothBingle-
arm and dual-arm drive are investigated for both SiGe and Av/sl A TWE is used
to enhance the modulation bandwidth. Both single-arm amd-aum driven SiGe MZM
achieves better performance in terms of modulation bantiwidodulation speed, fiber
transmission length, and energy per bit, compared to thegponding Si MZM. The
BER performance over SMF transmission and received poweldare simulated. The
dual-arm driven SiGe MZM can achieve 150 Gbps transmissi®ER of 2.2x 10706
and energy per bit of 0.32 pJ/bit with a 3 dB bandwidth of 7448z at -2 V and 2

drive voltage using NRZ-OOK modulation.
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8.2 Future work

8.2 Future work

This thesis focusses on the performance enhancementadrsiiptical modulators using
device-level engineering technique, specifically using@&enhance the modulation efficiency.
The thesis also includes the study of a Ge-doped Si stripguagte for multimodal applications
in the CWDM band and the modeling of a silicon PN optical phetséter. Since the study is
simulation-based, there are many inherent assumptiodsfuatiner study is necessary. Some
possible directions in which the present work can be exteiade

() Inclusion of semiconductor physics model to improve #ueuracy of the silicon PN

phase shifter model at higher doping concentrations.

(i) The silicon PN phase shifter model can be extended terdehe the performance of a

silicon-germanium PN phase shifter.

(iif) Further improvement in performance can be made by @secsimulation optimization.
The effect of different ion implantation conditions and tihwember of steps for each ion

species need to be analyzed.

(iv) The fabrication and characterization of the proposedigd-SiGe MZM may be followed

and validated with the simulation work presented in thisthe
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Appendix: Waveguide Losses

The mode suffers loss while propagating through the waweguirhe main contributions
to the propagation loss comes from the intrinsic materiaogition, free carrier absorption
(FCA), substrate leakage loss, polarization dependest(PBL), and sidewall scattering loss.
The intrinsic material absorption loss can be calculatethf(3.3). The FCA is due to dopant

ions and can be calculated as [187]:
Ne()z, 9) + Nh()’i, 9)

[f
QFca = PN oG
# Jy AN | [ (R e(%9) [, (% )] an(%.9)

The electron and hole mobility as a function of doping can &ernined from[[172, 188].

dxdy (A1)

FCA is absent if the waveguide is intrinsic, and no carriepalds are introduced. The
substrate leakage loss occurs when the BOX (lower claddsmgyfficiently thin such that
mode leaks to the underneath silicon substrate. This lasbeaubstantial since higher-order
modes are poorly confined and leak to a much greater deptreiclétdding. Proper design
should ensure sufficient cladding layer thickness suchttieatevanescent field decays within
the cladding. The substrate leakage can be determined aithgytically and/or numerically if

required [189]. For small waveguide length, the mode poédion does not change, and thus
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A. Appendix: Waveguide Losses

PDL can be neglected without any appreciable error. Thensilllescattering loss occurs due
to sidewall roughness as a result of etching and is propatito the mode intensity at the
sidewalls. The scattering loss of each supported mode farelit wavelengths can be deter-
mined from the P-L model [102], which decomposes the 2D esession waveguide into 1D
slab waveguides. The scattering loss is characterizedabglatd deviation«) and correlation

length ;) and is shown below for thEY mode [145].

f.0.y.Sw.0°
Qscat = ———— (A.2)
- \/Ekoncore
where
2n
= — A.3
o= (A-3)
Sw, 0, f, andy are calculated as
NG
Sw= =2 (A.4)

where superscripts™ and ‘s denotes rib and strip waveguide of the same cross-section,

andw represents the waveguide width.

ké(ncore f)(nCOI‘e |ad)

o (A.5)
1 + . eff " ‘clad
2
f a\/l—a2+ V(1 + @) + 2222 A8
= A.6
V(1 + a2 + 22202
where,
Nelad Nore = Njag Nore = Njag
a=KkyLe /M., —n% ., b= A= ———=— (A.7)
c eff clad Neore A(neff _ clad) 2n<2:0re
ko.w
n COS T core eff
ef f core eff
Y= P~ (A.8)

2 H
et cos(*g" \In2ye— ;) ¥ Moore ™ Mefs
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where the superscripty’‘and ‘L’ refers to the parallel and perpendicular interaction of

the mode electric field with the sidewalls correspondinghE* and EY mode of the planar
waveguide respectively. Since the scattering loss is tjrecoportional to the mode intensity
at the sidewallsS,, given by [A.4) is a scaling ratio needed because of the remuat the
sidewall height due to the slab layer. The perpendicularaution of theE, mode with the
sidewalls is taken into account by The value ofo- andL. are taken to be 2 nm and 50 nm,
respectively, which is valid for a waveguide with a smallsgeection[[121]. The sidewall
scattering loss oE* mode can be similarly determined and does not dependsince theE*

mode direction is parallel to the waveguide sidewall.
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