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The exponential growth in data center IP traffic entails rapidly evolving standards

and optical transceiver solutions. The 200GbE and 400GbE standards were approved by

the IEEE task force in 2017. Even higher speeds above 800GbE, 1.0TbE, and even 1.6 TbE

are forecasted to become standards a couple of years from now. To cope with the enormous
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aggregated data rate demands, highly parallel pluggable optical transceiver
modules based on silicon photonics technology have been proved to be the platform of
choice due to their cost effectiveness and high yield, simultaneously conditioned with
tremendous challenges in practical and low-power developments for the data center space.

This dissertation work explores possible solutions in three aspects. Wavelength
multiplexing utilizing the nonlinear properties of the silicon waveguides is explored and
experimentally demonstrated to be a valid solution to enable integrated multiple parallel
wavelengths in SiP platform. Besides, wavelength and fabrication insensitive arbitrary
ratio multimode interference couplers are proposed and demonstrated, enabling the design
of broadband wavelength (de-)multiplexing filter circuits. The design of high-speed
avalanche photodetectors with improved detection sensitivity is another exploration to
lower the overall power consumption. Validated system performance improvements using
avalanche photodetectors through experimental demonstrations with high-order
modulation formats of both 4-level pulse amplitude modulation and coherent quadrature

amplitude modulation prove the advancement in satisfying future interconnect demands.



Chapter 1 Introduction

1.1 Motivation

The global IP data traffic, largely driven by new wireless applications, cloud storage
and computing, video streaming, virtual and augmented reality traffic, artificial
intelligence (Al), and internet of things (10T), increases with a 36 percent compound annual
growth rate (CAGR) from 2005, which is expected to reach 396 exabytes per month by
2022, up from 122 exabytes per month in 2017 [1]. On the other hand, the world’s data
centers consumed 205 terawatt-hours of electricity in 2018, which is about 1% of all
electricity consumed worldwide that year [2]. While the overall electricity efficiency is

expected to improve, it is not enough to cope with = 36% annual growth rate for global IP

traffic. As a result, the global electricity demand of data centers would keep increasing and
is shown in Figure 1.1 (b) from 2010 to 2030, where the overall electricity efficiency is
expected to improve by 15% per year in the best scenario, by 10% in the expected and by
5% in the worst-case scenario [3]. Thus, the infrastructure for tomorrow’s information and
communication technology requires not only higher interconnect bandwidth but also more
energy-efficient data communications to accommodate the increasing amount of data
traffic.

Integrated photonics is the key technology to break the I/O interconnect bottleneck
in both the bandwidth and energy consumption [4]. There are three key material platforms
that are explored for monolithic integration, which are Indium phosphide (InP) [5], silicon
nitride (SiN) [6], and silicon-on-insulator (SOI) [7]. The InP platform enables the

integration of various passive and active photonic components. However, the lack of



compatibility with the complementary metal-oxide-semiconductor (CMOS) process made
it lack the potential for low-cost and mass production. The SiN platform is hard to realize
high-speed modulation, unless hybrid integration with other materials is employed. Overall,
the SOI platform, with its CMOS fabrication compatibility and high-speed modulation and
detection function availability, is the most promising for low-cost and high-density
photonic integration as the waveguide size and bending radius are much smaller than those

on the InP and SiN platforms.
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Figure 1.1 (a) Global internet traffic trend and prediction; (b) global electricity demand of data
centers 2010-2030 [3] (annual electricity efficiency improvement: best (15%), expected (10%),
and worst (5%)).

Over the last two decades, driven by its tremendous market potential, silicon
photonics draws vast interest, both in academic and industry [8]. The share of SiP-based
optical transceivers is projected to increase from 14% in 2018-2019 to 45% by 2025 [9].
Key components like high-speed modulators, photodetectors, and
multiplexers/demultiplexers (MUX/DEMUX) have demonstrated tremendous
performance improvements. Silicon photonics modulators based on plasma dispersion
effect have demonstrated at data rate of > 100 Gb/s with both Mach-Zehnder (MZ) structure

[10] and ring resonator structure [11]. Ge-on-Si PIN photodetectors have been



demonstrated with more than 40 GHz bandwidth [12], [13]. Broadband MUX/DEMUX for
Wavelength Division Multiplexing (WDM) are demonstrated in designs using cascaded
Mach-Zehnder interferometer (MZI) [14] and arrayed waveguide grating [15]. The indirect
band structure of silicon poses challenges on the source and gain functionality directly in
silicon, heterogeneous integration [16], [17] have been investigated to resolve the laser
source bottleneck which enable complete functionality in silicon photonics platform. On-
chip frequency comb generation is another technology enabling multiple coherent laser
sources. Restricted by effects like two photon absorption (TPA) and free carrier absorption
(FCA), most of the current demonstrations in SiP are in the mid-infrared range [18], [19].
Besides the work on improving individual device performances, techniques such as WDM
and advanced modulation scheme (e.g., pulse amplitude modulation (PAM), quadrature
amplitude modulation (QAM)) are utilized to increase the aggregated link data rates
beyond the device bandwidth performances.

Generation of multiple optical carriers is a very important part of a WDM
transmitter, in terms of both overall chip complexity and power consumption. An on-chip
frequency comb is preferred over an integrated laser array as it is a more compact and
scalable solution. It also offers a locked frequency spacing with mutual coherent lines that
can be exploited for techniques like super-channel Nyquist-WDM to further increase the
overall spectral efficiency (SE). Existed demonstrations of WDM comb source in Si mainly
rely on modulation technique, either with a ring modulator [20] or a MZM [21]. On the
other hand, silicon is a material with high nonlinear index. With proper dispersion profile
engineering and nonlinear absorption effects mitigation, WDM comb source could be

generated efficiently relying on the nonlinear effects of silicon waveguides.



The use of high-order modulation (HOM) formats poses more stringent challenge
on the transmission distance in a power-limited system like datacom while maintaining low
levels of power consumption and small package sizes [22]. As HOM increases transmission
speed, it generally shortens the transmission distance due to the limitation of launch power
in the transmitter. This issue can be resolved by using fiber amplifiers or semiconductor
optical amplifiers (SOAS) to boost the power of optical signals. The drawback is that these
amplifiers consume large amounts of power. Furthermore, integrating an SOA into an
optical receiver will require a large area in optical transceivers, posing further challenges
on small form factor integration that is already under stringent conditions. Thus, although
the use of the optical amplifiers will extend the transmission distance, they cannot meet the
requirements of low power consumption and small transceiver size in datacom systems.
Avalanche photodiodes (APDs), with demonstrated high sensitivity attributed to their
internal avalanche gain [23], [24], offers a more attractive alternative solution to effectively
reduce the optical link power budget, simultaneously with small device size similar with a
normal photodetector.

Inspired by all these opportunities and challenges, this dissertation explores the
designs and experimental demonstrations of silicon photonic devices and techniques that
enable high-bandwidth low-power-consumption next generation short-reach optical

interconnects.
1.2 Dissertation Overview

This dissertation investigates the design of silicon photonic devices including
arbitrary ratio multimode interference (ArMMI) couplers, Ge-on-Si APDs, and silicon

waveguides for efficient nonlinear wavelength multicasting that enable high-speed low-



energy optical interconnect, in aspects from theoretical derivations, numerical model
simulations, experimental characterizations to concluded discussions.

Chapter 2 serves as a review of the relevant background regarding the current
silicon photonics foundry processes, including the software simulation techniques used for
the device design and circuit modeling, which forms the foundation for all the presented
designs in this dissertation.

Chapter 3 proposes a new design of broadband angled ArMMI couplers and
experimentally demonstrates the improvement on fabrication deviation resilience.
Following the presentation of the devices’ physical working principles and design
innovations, the performance of the proposed new design is firstly numerically modeled
with finite difference time domain (FDTD) simulations to show its improvement on
wavelength and fabrication insensitivity. The performance improvements are further
validated by dedicated experimental multi-chip measurements of the fabricated devices,
followed by further demonstrations on the application of the device to a cascaded Mach-
Zehnder filter circuit.

In Chapter 4, the design, characterization, and system implementation of
waveguide-integrated Ge-on-Si APDs are demonstrated. Followed by the physics of
avalanche gain principles, the material impact ionization properties of Ge and Si are
reviewed. Relying on foundry-provided fabrication services with zero modification, the
design and numerical simulation of the APDs with a PIN structure are investigated. The
fabricated APD devices are characterized with direct-current (DC) measurement to get the
dark current, responsivity and gain, noise spectral density measurements to extract the

excess noise factor, and small-signal measurements to inspect the electro-optical (EO)



bandwidth. Further large-signal detection experiment with high-order modulation formats
including both PAM4 modulation and coherent detection (16QAM) are also demonstrated,
showing sensitivity improvement with multiplication gain provided by the APDs.
Chapter 5 proposes and demonstrates a novel concept for scalable wavelength
multicasting based on multi-stage, loss- and dispersion-managed silicon mixer waveguide.
The waveguide design in consideration of nonlinearity and dispersion is introduced,
followed by numerical calculations of the proposed multicast concept. Afterwards,
experimental demonstrations of a dual-stage mixer using two pumps and a QAM-
modulated signal are presented to validate the multicast signal quality. Further comparisons
between the experimental results and the numerical simulations show high consistency.

Finally, Chapter 6 summarizes this dissertation and discusses the future work.



Chapter 2 Silicon Photonics Technology Overview

While the transmission of data using optical methods has been in place for many
decades, the photonic integrated circuits (PIC), especially when based on silicon, is much
younger — at most, 20 years old. Since then, silicon photonics has become one of the
leading technological solutions for PIC designs. This chapter will cover the background
for SOI-based silicon photonics and current fabrication services available at commercial
foundries, which form the foundation for all the device designs in following chapters as
they are all designed relying on fabrication technology offered by foundries. The two types
of chip-fiber coupling methods are also briefly introduced as both of them are implemented
in the following chapters. The software simulation solvers used for design and modeling

are discussed as well.

2.1 Silicon-on-Insulator Platform Overview

It is at the end of the 1980s and in the early 1990s that SOI-based silicon photonics
becomes one of the main types of material platforms for compact integrated optics. As is
shown by the sketch of the basic SOI material platform in Figure 2.1, silicon with high
refractive index (n = 3.47 at 1550 nm) is surrounded by low-index silicon dioxide (n =
1.445 at 1550 nm) to achieve optical mode confinement inside Si. This large index contrast
enables optical mode confinement in waveguides formed with compact dimensions on the

order of a few hundred nanometers.

BOX

Figure 2.1 SOI material platform illustration.
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Current SOl-based platforms that are most-commonly used for academia and
industry are with a top Si device layer thickness of 220 nm and a buried oxide (BOX)
thickness of 1 - 3 um. The BOX thickness is defined for efficient optical mode confinement
in the Si and the Si thickness is optimized for single-mode operation in telecommunications
wavelengths. The 220 nm thickness has become a standard widely used in-particular by
multi-project wafer (MPW) foundries and foundry service providers.

Silicon is, of course, not the only material system used for PICs and, in some cases,
is not the best material system. Other systems, like SiGe, SiC, or InP, sometimes provide
device performance advantages over silicon for specialized applications. However, the
proliferation of silicon-based electronic ICs means that there is an unsurpassed
infrastructure for silicon-based PICs to leverage the fabs, tooling, and supply chains
already in place. This gives a significant advantage to silicon photonics in terms of
commercialization, mass production, and integration with electronic components. Besides
this, silicon photonics material platform offers other key advantages. Crystalline silicon is
an exceptionally good optical material, with very low absorption at wavelengths longer
than 1200 nm. Moreover, the refractive index contrast between silicon and its natural oxide
silicon dioxide is high, enabling tight mode confinement and compact device feature size

for large scale integration of photonic components on a chip.
2.2 Silicon Photonics Foundry Services

There are range of foundries offering silicon photonics MPW services from
“passives only” to “full integration flows” using standardized platforms for concept

validation and prototyping, such as Imec, IME, TowerJazz, AIMPhotonics, and so on. With

the foundry lines to facilitate a fabless model, cost and accessibility for silicon photonics



research and development are drastically reduced by avoiding the associated expense in
maintaining a silicon fabrication facility. Sharing of the costs for photomask and wafer
processing through MPW shuttles further reduces the cost.

Photonic designers in the field of fabless silicon photonics work with a bottom-up
approach for research and development, starting with the fabrication technology and
materials offered by the specific foundry line and taking these as a starting point to develop
integrated photonic devices, which offers a high degree of flexibility at the leading edge.
Building a PIC on silicon photonics platform requires a number of basic components:
passive devices to move light in, out, and around the chip (waveguides) and to split the
light power (couplers); modulators to convert electrical signals to optical ones; detectors
to convert optical signals to electrical ones; and a light source (which currently is often off-
chip). Figure 2.2 shows a schematic cross section of a generic integrated technology
platform consisting of both passives and active devices. The common offered function and

fabrication capabilities include:

Metal2

OX cladding et B

Si
[ Grating Coupler - Strip Waveguide Channel Modulator Ge Photodiode
BOX (2/3um) Waveguide

Si Substrate

Figure 2.2 Cross section schematic of a SOI platform where key building blocks such as Si
passives, Si modulator, Ge PD, thermal heater, and fiber coupling access are shown.

1) Partial and full Si etching steps to form passive devices such as strip waveguide,
channel waveguide, grating couplers, edge couplers, etc. The patterning of the
waveguiding layer (usually with photolithography and reactive-ion etching,
RIE) needs to be optimized for pattern fidelity and sidewall roughness in order
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2)

3)

4)

5)

for the passive devices to function as designed and to minimize loss through
sidewall scattering.

Multiple ion implantations to achieve p / n doping with various dopant
concentrations for constructing active devices such as phase shifters,
modulators, photodetectors, switches, and filters.

Ge epitaxial growth step after the implants in silicon regions and an activation
annealing step to develop Ge photodiodes and avalanche photodiodes.
Resistive heater using TiN film or implanted Si regions for thermal optical
tuning.

Multiple metallization layers (2 - 3) to connect the doped Si/Ge/heater with the

surface metal pads for electrical bias application and signal probing.

The optical light coupling from the fiber to the silicon photonics chip and vice versa

can be accomplished via vertical coupling, edge coupling, or evanescent coupling
(illustrated in Figure 2.3). As stated before, silicon waveguides are with dimensions of 500
nm x 220 nm, which is 2300 times smaller than standard single mode fiber with core
diameter of 9 um. The huge mode mismatch and effective index mismatch need to be
mitigated with both silicon waveguide design and optical fiber engineering to enable low-

loss fiber-chip coupling.

" (a) (b) (©
TTL 11 Waveguide BRR Eoer @ Wavezuide |

Figure 2.3 Illustrations of optical 1/O coupling schemes: (a) vertical coupling, (b) edge coupling,

and (c) evanescent coupling.
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In vertical coupling, a passive photonic device called a grating coupler redirects
light from a waveguide up to a fiber oriented normal (with a tilted angle to avoid back
reflection) to the surface of the PIC. As grating coupling couples light in the vertical
direction, it can be put anywhere on a chip, which provides flexibility in the design as well
as enables wafer-scale automated testing. Moreover, the alignment tolerances between
grating couplers and fiber arrays are much larger than edge couplers. The fabrication of
grating couplers does not require post-processing, which reduces the fabrication
complexity. Unlike the edge couplers, grating couplers could only operate at a specific
operation wavelength range and polarization.

Alternatively, a fiber can be positioned parallel to the waveguide for light coupling.
Edge coupling using invert tapers in silicon waveguides and lensed fibers is capable of
delivering broadband high-efficiency coupling with an insertion loss below 0.7 dB, after
careful alignment [25]. In addition, edge coupling is not polarization sensitive resulting in
efficient coupling of both TE and TM polarizations. However, it can only be placed at the
edge of the chips, and the implementation of such designs requires complicated fabrication
processes and high-resolution optical alignment, which increase device processing and
package cost.

Evanescent couplers serve as another coupling scheme in silicon photonics, where
the fiber is brought very close to a waveguide through a deep trench so that the modes of
the fiber and the waveguide overlap, allowing for efficient coupling [26]. An added
advantage of the evanescent technique is the ability to form an optical connection at any
point on the PIC surface, rather than at the PIC edge or facet, as with other fiber coupling.

This design is at a relatively early stage of development.
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2.3 Software tools for silicon photonics

PIC design and modeling can leverage the many decades of investment in electronic
design automation (EDA) tools as many challenges of integrated photonics mirror those of
integrated electronics. However, due to fundamental differences between photonics and
electronics, there are other challenges that are specific to photonics and cannot be solved
with existing tools and approaches.

One important difference is the size of devices compared to the wavelength. In most
integrated optical applications, the free space wavelength is 1 - 2 um (150 - 300 THz
frequency), which is much smaller than the typical device feature sizes. In contrast, the free
space wavelength in most electronic applications is typically larger than 3 cm (10 GHz
frequency), which is much larger than modern electronic devices. This difference in scale
compared to the wavelength poses different challenges for photonic designs. The operating
principle behind many photonic devices (modulators, filters, etc.) is constructive and
destructive interference, which requires precise phase control of the light traveling along
the different waveguides. As a result, photonic devices are both large (compared to the
wavelength) and yet extremely sensitive to nm scale errors in geometry, as well as
environmental factors such as temperature. Another challenge posed by photonics is that
shapes are nonrectilinear and follow non-Manhattan geometries. Waveguides that are 500
nm wide can cause unacceptably high reflections and loss if misconnected by only
nanometers, which are challenging for existing EDA software both in terms of layout and

design rule checks (DRC).
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2.3.1 Physical simulation of components

Full 3D physical simulation is required for designing and optimizing individual
photonic components. There are 3D physical simulation solvers ranging from
electromagnetic, charge transport, to heat transport simulations. Moreover, the
electromagnetic solvers consist of eigenmode solvers to solve waveguide modes, finite-
difference time-domain (FDTD) and eigenmode expansion (EME) solvers for devices such
as grating couplers and multimode interferometers (MMIs). Furthermore, it is required to
apply multiple solvers for specific component designs; for instance, solving a photodiode
requires an FDTD solver to calculate the optical absorption distribution as well as a charge
transport solver to determine the carrier and current density as a function of bias voltage.
Commercially available software like Lumerical offers a broad range of solver products
(FDTD Solutions, MODE Solutions, DEVICE, and INTERCONNECT) that cover all
physical simulation needs for integrated photonics, which is used for most of the
components design in this dissertation.
2.3.2 S-parameter-based simulation of circuits

The 3D physical simulation allows for parameter extraction including electrical,
optical, and thermal results, which are utilized to build compact models to realize rapid
simulation of circuits and systems containing many components in the frequency and time
domains. The extracted component performances in frequency domain is represented by
S-parameters, which can be imported in circuit simulators like Lumerical
INTERCONNECT for photonic circuits analysis. As an example, the S-parameter-based

circuit simulation is applied in chapter 3 section 3.5 (Figure 3.21).
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2.3.3 Transient simulation of circuits

Time domain simulation is used to capture the transient response of a circuit. In
typical photonic circuits such as a datacom link, laser sources are either directly modulated
or externally modulated with modulators, using electrical signals in frequencies of tens of
GHz. The photonic transient simulation can be applied to calculate the eye diagram or
constellation diagram for advanced modulation formats for data communications modeling,
as shown in Chapter 4 section 4.4 (Figure 4.26). Further information such as bit error ratio
(BER) estimates can then be obtained by using a Gaussian method to estimate the signal

BER from the eye diagram.
2.4 Summary

In this chapter, the advancements of silicon photonics that enables large-scale low-
cost PIC designs are briefly discussed. Moreover, the components of the PIC foundry
industry ecosystem are described, with a specific discussion on the optical I/O coupling
schemes between the silicon chip and optical fibers, which form the foundation for all the
designs in the following chapters. The software simulation methods used for component

and circuit designs in this dissertation are covered.
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Chapter 3 Arbitrary Ratio Multimode Interference Couplers

3.1 Background

Wavelength-invariant optical coupler with arbitrary coupling ratio is one of the
most fundamental elements in any PIC designs [27], especially in photonic circuits
supporting data communication applications, such as wavelength
multiplexing/demultiplexing [28], [29] and signal switching [30], [31]. Directional coupler
classes can provide arbitrary coupling ratio [32] and have been widely implemented in
various PIC designs. While its simplest form features low complexity design, this approach
suffers from severe chromaticity and is highly sensitive to dimensional deviations inherent
with imperfect lithography and etching during fabrication processes [33]. In contrast,
multimode interference (MMI) couplers offer both wide, wavelength-insensitive
bandwidth and considerably better tolerance to fabrication variations and errors. However,
their main drawback is widely recognized: these devices allow for only five discrete
coupling ratio choices [34]-[36].

Multiple approaches have been proposed and demonstrated to overcome this
limitation, with varying success. One strategy relies on tuning the local index of the
multimode waveguides. Widened- and narrowed-body MMIs with arbitrary ratios were
first realized at a single wavelength in [37] and then broadband in [38]; tunable MMIs were
demonstrated by applying thermal tuning in [39], [40]; multimode waveguide hologram
with different etching depth to achieve index modulation was described in [41]. While
arbitrary coupling ratios could be realized, these methods impose stringent requirements
on fabrication accuracy and etching resolution. In an alternative approach, two MMIs were

cascaded in a Mach—Zehnder interferometer (MZI)-like structure, without localized control
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within multimode waveguides. Various implementations had been demonstrated, including
using a cladding-filled gap in [42] in silica, adding two connecting waveguides with
unequal width in [43] in InAlAs, and utilizing two waveguides with linearly tapered width
in [44] in 4 um thick SOI. All these designs require additional waveguide connections
scaled at approximately 100 um in length, resulting in larger device footprint. An
alternative technique uses an angled connection and was first demonstrated in planar silica
optics in [45] and later in GaAs—AlGaAs in [46], relying on a bent connection to impose a
differential phase shift among the images without extending the length of the device. The
same angled design scheme also relieves the requirements for tight width control of the
phase shift waveguides as in MZI approach. However, only single wavelength results were
reported [45], [46] with none in SOI, and no evaluation of the wideband performances and
fabrication sensitivity were reported so far.

Consequently, the primary goal of this chapter is to study a newly proposed angled
arbitrary ratio MMI coupler design based on 220 nm SOI platform with detailed numerical
and experimental analysis on its wavelength independence and fabrication tolerance

advancements.
3.2 Working Principles and Design Considerations

MMI couplers work on self-imaging principle, via which the input field profile is
reproduced in single or multiple images at periodic intervals along the propagation
direction of the multimode waveguide [35]. For a step-index multimode waveguide of
width Wy, (shown in Figure 3.1) which supports m lateral modes with mode numbers v

=0, 1, .. (m- 1), the propagation constants g, of the supported modes show a nearly
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quadratic dependence with the mode number v. The beat length of the two lowest-order

modes L, is defined as: [35]

L = T ~4ane2
i ﬁo_ﬂl 32()

where n,. is the ridge index of the multimode waveguide, W, is the effective width which

3-1

satisfies W, =~ W,,,,; for high index contrast waveguides as in SOI platform, and A4, is the

center wavelength.
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Figure 3.1 Multimode slab waveguide with width Wuw and multiple supported lateral modes.

For devices working on general interference (Gl) [35], at a propagation distance of

p
L=-—(@L 3-2
N GL)

where p > 0 and N > 1 are integers with no common divisor, N images of the input field
are formed inside the multimode waveguide. Here p indicates the imaging periodicity, with
p = 1 corresponding to the shortest device in company with the lowest loss. Specially for
N = 2, two images will be reproduced at a distance of 3/2 L.

Besides the general interference, MMI couplers can be realized in another fashion
where only some of the guided modes in the multimode waveguide are excited by the input

field(s). By launching an even-symmetric input field at 1/3 W, away from the multimode
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waveguide edge, selective modes of every third (v=2, 5, 8, ...) would not be excited. In
this way, paired interference (PI) is realized with the image reconstructing length only 1/3
of the general interference case (Eq. 3-2), resulting in devices with smaller feature sizes
that benefit for large scale integration [35].

Straight-line MMI couplers designed with either general interference or paired
interference principles, however, cannot in general achieve any desired splitting ratio but
just 5 discrete non-trivial values, namely 15/85, 28/72, 50/50, 72/28, and 85/15 [36].

One way to realize MMI couplers with arbitrary coupling ratios is to cascade two
3-dB MM couplers with a phase shift section in between [47], as illustrated by the notional
topology shown in Figure 3.2. By selecting an appropriate differential phase shift
Ad,; between the two phase-shifter arms in accordance with Eq. 3-3, any desired coupling
ratio can be attained and is related to Ad®, by cosine law as:

Pcross (Dd )

A
2
= =C0S (————
UP+P (2

Cross

3-3

bar

Here the coupling ratio n is defined as the ratio of cross-port output power to the total

output power n = F cross/p,

+ Py With Ad,; varying from 0 to =, a full coupling ratio
Cross ar

range of 0% to 100% can be addressed in principle.

Phase Shifter

MMIT [ . MMI2

Input

Figure 3.2 Simplified layout of arbitrary ratio MMI coupler.

Figure 3.3 illustrates the means for introducing the differential phase shift Ad, in
conventional angled MMI coupler design [45]: a miter joint is made at 3/2 L,, away from

the input. At this position, two self-images of the input field are formed, each sharing half
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of the input power [35]. The self-images experience an optical length difference within the
angled junction, and thus the differential phase shift is introduced. The self-imaging length

L, is defined as the beat length of the two lowest order modes as in Eq. 3-1.

Figure 3.3 Schematic of the conventional angled MMI. Lt: access waveguide taper length; Wt:
taper end width; Wwmi: multimode waveguide width; S: input/output waveguide separation.

The Ad,; added by the bend section can be estimated as:

27N
Ad, = s oin(?) 3-4
A 2

where S represents the center-to-center input(output)-waveguide separation, 6 is the bend
angle, and n s is the effective index of the reproduced input mode. From Eq. 3-3 and Eq.
3-4, it can be seen that any coupling ratio can be achieved with selection of the bend angle
0.

Besides unrestricted coupling ratio selectability, an ideal optical coupler must be
able to maintain its coupling ratio across broad bandwidth, as ratio deviation across
wavelength leads to loss / extinction ratio dispersion across the operating band of wideband
devices such as wavelength filters and switches [14]. The imaging length L, of MMI
couplers, however, is inherently wavelength dependent as indicated by Eq. 3-1. While the
impact of such wavelength dependency in a straight-line MMI is only seen over a
bandwidth larger than 200 nm [19], the miter joint in an angled MMI coupler heightens the
sensitivity of imaging-length shift in coupling ratio. As illustrated by the electric field

distributions in Figure 3.4. To show this wavelength dependence effect, we simulate the
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electric field evolution across the entire device with a bend angle corresponding to 180°
differential phase shift Ad, (i.e., 0% coupling ratio) using 3D-FDTD model. The electric
field results are visualized in Figure 3.4 (a), while Figure 3.4 (c-e) plot the local field
distributions in the connecting bend region at different wavelengths. As shown, the self-
imaging location swings from beyond the joint at shorter wavelength (1500 nm) to before
the joint at longer wavelength (1600 nm) than the designed operating wavelength (1550
nm). The shift in self-imaging location alters the amount of differential phase shift, thereby
causing a deviation of coupling ratio. Worse, the focal point shift disrupts the output-side
imaging process, which leads to increased excess loss.

Similarly, dimensional deviations of waveguide thickness (which change n,. in Eqg.
3-1) and waveguide width W,,,; also impose shifts in imaging length, consequently
leading to coupling ratio drift and excess loss increase in presence of fabrication error,
implying that fabrication tolerability improvement is essential for the conventionally

designed device.

A=1500 nm A=1550 nm A=1600nm

Figure 3.4 (a) Electric field distributions of the conventional angled MMI. (b) Reproduced mode
profile at the middle of the device marked in white dotted line in (a). (c-e) Zoomed-in field
distributions in the bend region at 1500 nm, 1550 nm, and 1600 nm, separately.
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3.3 New Design Proposal, Simulation, and Tolerance Optimization

Realizing the chromaticity and fabrication deviation sensitivity issues of the
conventional angled MMI couplers, a new design seeking to address both using optimized

launch and angled junction design is proposed, as illustrated in Figure 3.5.

—=Y Bend angle 6
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Figure 3.5 Schematic of the proposed new angled MMI design

The devices are designed on SOI platform with 220 nm Si layer thickness and 3 um
buried oxide thickness and are intended for TEO mode operation. The devices are designed
for 220 nm SOI platform with 3 um buried oxide and are intended for TEo mode operation.
The fully-etched multimode waveguide body within the coupler structure are 4.8-um wide
and support up to 15 TE modes, of which the first 12 modes (Figure 3.6) satisfy the
quadratic index relationship required for high-quality self-image formation [35], a pre-
requisite for low-loss MMI devices. The excitation of modes with even higher orders

should be avoided in order to reconstruct the images and lower the loss.
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Figure 3.6 Mode indexes of the supported modes of multimode waveguides with 4.8 xm width;
dashed line shows the 2"-order polynomial fit.
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Instead of general-interference (GI) designs used in [45] and [48], the new design
employs paired-interference (PI) design [35], which offers distinct advantages. Firstly, by
exciting only a subset of the supported modes (i.e., TEm modes satisfying m = 3n — 1 are
not excited, where n is any positive integer) [35], PI design reduces imaging length by a
factor of 3 when compared to Gl designs of the same multi-mode body width, thus reducing
overall footprint and allowing for large scale, dense integration. Secondly, the centrally-
located PI ports (centered at Wuwmi/3 and 2Wmmi/3) dictate that the image reproduction
occurs in closer proximity to the centerline of the multimode body [35] than the self-images
in the equivalent Gl design, as shown in Figure 3.4. The reduction of side-wall guiding
effect on the self-images eliminates the needs for miter joint to maintain self-image quality
as in GI designs, therefore creating new possibility for bend junction optimization to
mitigate wavelength and geometry sensitivities inherent to the highly-localized nature of a
miter joint.

Figure 3.7 demonstrates the electric field distribution of the new design with
beveled bend that leverages the advantage of Pl design to reduce the sensitivity of coupling
ratio to self-imaging length deviation. As seen in Figure 3.7, the beveled bend design
maintains the self-image quality of a Pl MMI coupler, as the image field has largely
decayed at the waveguide edges (Figure 3.7 (b)). This represents a stark contrast to Gl
MMI design where the image field is intense at the edges (Figure 3.4 (b)) and thus, the
beveled corner would have significantly disrupted the subsequent output-side image
formation due to mode mismatch. The benefits of the beveled joint are well explained by
Figure 3.7 (c — e): despite the lateral drift in self-imaging length due to wavelength (or

geometry) shifts, the images remain confined inside the flat multimode body in which the
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optical length are identical for both images, thereby decoupling the differential phase shift
from self-imaging length drift. The constant guiding conditions in the flat body further
reduce output-side image distortion due to self-imaging length drift, as suggested by the

stable field pattern beyond the self-images when the input wavelength is varied.

A=1500nm A=1550nm A=1600nm

Figure 3.7 (a) Electric field distributions of the new angled MMI. (b) Cross-section mode profile
at the middle of the device marked in white dotted line in (a). (c-e) Zoomed in field distributions
in the bend region at 1500 nm, 1550 nm, and 1600 nm, separately.

Although subject to wavelength dependency imposed by Eqg. 3-1, the new design
still offers wider-band phase matching to allow for more achromatic and fabrication-
tolerant devices. As a result, the coupler with beveled bend demonstrates three-times lower
coupling ratio drift than the equivalent design with miter bend across the extended C-band.
The coupling ratio spectral responses of the new design with beveled bend and the
conventional design with miter bend are shown in Figure 3.8 for reference.

The new design further aims to suppress spurious reflections, as excess reflections
degrade signal quality by generating in-band crosstalk and may cause oscillation in on-chip
/ off-chip gain blocks. Since the field intensity at the corners adjacent to the input and

output ports of PI MMI is weak (marked by red circles in Figure 3.7 (a)), these corners of
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the multimode body are trimmed to a specific angle (6 cut in Figure 3.5) in order to

suppress stray light reflection [49].
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Figure 3.8 Comparison of coupling ratio spectral responses with beveled and miter connections.
To further illustrate the reduction in loss and reflection, the field evolutions without

and with the cut edge 6 cut are plotted in Figure 3.9 on the left and right sides respectively,

clearly showing that the reflection for designs with the 6 cut is decreased.
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Figure 3.9 Comparison of field evolution with and without the edge cut angle (left: without 6 cut,
right: with 8 _cur).
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The field scattering loss at the input/output edge facets are also reduced. The
extracted values from FDTD simulations indicate a loss reduction of 0.2 dB (Figure 3.10

(a)) and a decreased reflection to less than 0.03% (Figure 3.10 (b)) across the extended C

band with the corner cut.
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Figure 3.10 (a) Loss and (b) reflection values for designs with and without 6 _cut.

As demonstrated above, the sensitivities of coupling ratio and excess loss of angled
MMI couplers are jointly defined by the multi-mode waveguide body, and input / output
mode-matching tapers. This section describes the optimization process for input / output
tapers, with focus on the impact and mitigation of fabrication errors.

In presence of geometry deviation, the self-imaging process of the MMI coupler is
distorted due to the departure from the ideal quadratic index relationship among the excited
modes [34]. To evaluate the impact of fabrication error in various input / output launch
designs, the image (total) phase error is modeled from modal phase error [50], [51].
Equation (3-1) shows that deviations of the MMI width §W and the ridge index én,
(caused by device thickness deviations &t) lead to imaging length deviation §L from the

designed length L, as:
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SL/ oW/ L O, ]

L =20Wd + % 3-5
Assuming the input tapers excite modes that follow the quadratic index relationship

in the multi-mode waveguide, the imaging length shift 6L is equivalent to introduction of

phase errors &, among the excited m™-order guided modes [51]:

_m(m+2)z 5L
3 L

T

54, 3-6

The modal phase error §@,,, contributes to imaging errors at the output. Therefore,
the following total phase error & is chosen as the criterion for performance robustness

analysis, which is calculated as

5D =arg[2cm exp(j '5¢m)} 3-7

where c,, is the field excitation coefficient of the m-order mode [35].

Following practical fabrication margins expected in commercial foundries, 210 nm
deviations in both Si layer thickness and waveguide width are chosen as the fabrication
process corners for the following robustness analysis. Note that while £10 nm width
deviations introduce a variation of [26W /W | = 0.00416, larger variation of |6n,./n,| =
0.0074 is introduced with £10 nm thickness deviations via direct mode calculation.
Therefore, with the aforementioned process corner articulation, Si layer thickness variation
is recognized as the dominant limitation. We also note that while the use of rib multimode
waveguide body may improve self-imaging quality by reducing the modal phase deviations
from the ideal quadratic conditions [52], variations in the partial etch depth would
introduce significant variations to imaging length L: a 10-nm shift in partial etch depth
from the target (80 nm) value results in 1.17% change in L. Consequently, partial etch is
not used in the proposed design.
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Next, we analyze the total phase error for designs possessing various taper width
values. The minimum taper width is chosen to prevent excitation of non-quadratic phase
modes (i.e., modes of order > 11 in Figure 3.6 (b)) in order to minimize mismatch loss due
to imaging error [51], whereas the maximum taper width is selected to minimize unwanted
coupling of fundamental modes in adjacent tapers. The taper length (10 xm) is chosen to
guarantee adiabatic transfer of power from single-mode access waveguides to the
fundamental mode at taper output. The mode excitation coefficients c,,are derived from
overlap integrals between the cross-sectional fields obtained from 3D-FDTD simulations

and the supported modes at the locations (1) and (2) as labeled in green in Figure 3.3, which

respectively yield the excitation coefficients for only the input-side MMI (MMI1) and the
entire multimode body. The total phase error §& due to the stated fabrication error is

subsequently calculated for each taper design at locations (1) and (2), corresponding to the

phase error accrued in a single MMI segment and two MMI segments plus the bend
structures. The phase errors §&,, were calculated by substituting Eq. 3-5 into Eq. 3-6.
The calculated total phase error §® at the center wavelength of 1550 nm for the
conventional (CON) and the new (NEW) designs with different taper widths are plotted in
Figure 3.11 (a). The bend angles in both designs correspond to the maximum angle Gmax
required to provide full (0 — 100 %) coupling ratio coverage. Note that fmax is invariant to
taper width in PI designs as the port-to-port (and consequently image-to-image) separation
S is fixed at Wmmi/3, whereas in the conventional Gl-based designs, the port-to-port
separation S, and therefore #max, change with taper width. The plots in Figure 3.11 (a)
clearly depict two general trends: First, the total phase error decreases with increasing taper

width, as a result of fewer modes being excited in the MMI region [35]. Second, the new
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designs reduce the phase error by at least a factor of two compared to conventional designs
of the same taper width. While GI MMI accepts wider taper width and thus can regain part
of the total phase error margin, the Pl-based new design is able to maintain its lead over

the entire taper width range.
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Figure 3.11 (a) Calculated phase error 6 at 1550 nm as a function of taper to MMI width ratio,
the results after MMI 1 are plotted in black and after MMI 2 are plotted in red. (b) Spectral
dependence of phase error for selected designs as marked in (a).

A similar performance lead was observed in the wavelength domain, as depicted in
Figure 3.11 (b) where the total phase errors of the optimal new design (i.e., that with the
widest taper width, labelled as NEW), as well as an equivalent conventional design with
the same taper width (CON1) and an optimal conventional design (CON2) corresponding
to the minimum phase error of the conventional design, are plotted against operating
wavelength. The new design not only provided a lower phase error at nominal (1550 nm)
wavelength, but also a lower wavelength dependence over extended C-band. The results
are plotted in Figure 3.11 (b), clearly showing that not only does the new paired design
have the least phase error, but also show the least wavelength dependence.

Besides phase error analyses, comparisons of the coupling ratio spectral responses

when subject to fabrication deviations for the three designs are also modeled. Devices with
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a coupling ratio of 63% are shown in Figure 3.12 as an example, with solid lines
corresponding to the target performance, dashed and dash-dotted lines corresponding to
responses when subject to -10 nm and +10 nm thickness and width deviations. It is apparent
from these comparisons that the new design possesses both improved spectral flatness and
enhanced fabrication tolerance.

Besides phase error analyses, the new design is further compared against the
selected conventional designs (CON1, CON2) in terms of coupling ratio variations due to
fabrication deviations and wavelength shift. Devices with 63% coupling ratio are shown in
Figure 3.12 as an example, with solid lines corresponding to the target performance, dashed
and dash-dotted lines showing responses when subject to -10 nm and +10 nm thickness
and width deviations. As shown in Figure 3.12, the new design exhibits 3.3x less variations
across process corners and wavelengths, when compared to the optimal conventional
design. It is apparent from these comparisons that the new design possesses both improved

spectral flatness and enhanced fabrication tolerance.
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Figure 3.12 Comparison between the spectral responses of the three design cases when subject to
dimensional deviations. (Solid: as designed; dashed: -10 nm thickness and width deviations;
dash-dotted: +10 nm thickness and width deviations)
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The final design parameters of the new design are listed in Table 3.1 All structures
are based on fully etched channel waveguides to simplify fabrication and eliminate
uncertainties caused by etch depth deviations. Single mode waveguides with 450 nm width
are tapered to 1.3 um width using 10 «m long linear taper and then connected to the input-
side MMI (MMI 1). MMI 1 is jointed with the output-side MMI (MMI 2) via a beveled
bend with a 5 um long straight segment, and subsequently coupled to output single-mode
access waveguides through linear tapers. Selected designs with various bend angles & are

integrated with vertical grating couplers (GCs) in a test chip layout for fabrication.

Table 3.1 Final ArMMI device design parameters

Parameters Design Values
Wnmi 4.8 um

L1/L2 24.3 - 24.5 um
Ls Sum

6 cut 75°

0 0-9°

Wt 1.3 um

3.4 Device Characterization and Analysis

The proposed devices were fabricated on SOI wafers with 220-nm-thick device
silicon layer and 3 um buried oxide layer using a commercial 180 nm foundry process.
Newly designed devices were fabricated using commercial 180 nm foundry process. Figure
3.13 show the microscope images of the of a test set comprising four devices-under-test
(DUT), each connected to four GCs for insertion loss and coupling ratio measurements.
Two sets of back-to-back connected grating couplers are positioned on both the left and

the right sides of the angled MMIs for GC-to-fiber coupling loss extraction, as well as for
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guiding fiber array alignment, as marked in Figure 3.13 (a) with red rectangles. By
simultaneously monitoring the coupling loss and optimizing the coupling efficiency of the
two directly connected GCs, it is possible to minimize the fiber array alignment uncertainty
and support more accurate device characterization results.

a) ¥

Figure 3.13 Microscope images of the fabricated devices: (a) layout for coupling; (b) device with
9° bend angle.

Fabricated devices were characterized experimentally measuring the port-to-port
transmission using a broadband amplified spontaneous emission (ASE) source in C-band.
The coupling ratio was calculated by dividing the output power from the cross port by the

total output power, as defined in Section 3.2. The insertion loss was calculated using the

difference between the input power and the total output power: IL = —10 log(@).

mn

Five tiles distributed across a test wafer were measured. Each tile carried 12 DUT
designed with different 8 values. The coupling ratio results at 1550 nm were extracted and
plotted as a function of bend angle 6 in Figure 3.14 (a) (red). Full coupling ratio range were
attained within 9° bend angle. Measured coupling ratio averages (red) and standard
deviations (green bars) suggest that the numerical model accurately predicted the coupling
ratio ab initio, and the uniformity across wafer was remarkable. The excellent agreement
between model versus hardware data demonstrated by the new coupler represents a major

advantage over commonly-used directional couplers, in which the coupling lengths are
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significantly influenced by process (e.g. etch bias and sidewall profile angle) and therefore,

extraction of such must rely hardware measurements from stable, frozen processes.
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Figure 3.14 Simulation and experiment results of (a) coupling ratio and (b) insertion loss at 1550
nm with different angle 6. Insets in (a) are field profiles for selected 6 values

Measured and modeled loss data at 1550 nm were plotted in Figure 3.14 (b), with
green bars showing the standard deviations. The GC-to-fiber coupling loss had been
deembedded in the reported data. The measured loss exhibited good agreement with the
simulation results across the entire coupling ratio range, with discrepancy of less than 0.4
dB. The loss deviation from model was attributed to a drift of mean silicon thickness post-
fabrication, and in part to fiber-to-chip coupling loss variations. However, we note that the
measured insertion loss across all the devices remained below 1.2 dB. Compared with the
straight-line MMI coupler with 0° bend, the device with a 9° bend showed 0.8 dB more
loss.

The measured wavelength dependence of the new angled MMI couplers (6 = 0°,
1.8°, 2.8°, 3.54°, 4.4°, 4.9°, 5.5° 6.2°, 7.2°, 8°, 9°) in terms of coupling ratios and loss

were plotted in Figure 3.15 (a) and (b) respectively.
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Figure 3.15 Measured wavelength dependence of (a) coupling ratio and (b) insertion loss for
deferent 6 (solid lines: experiment; dashed lines: simulation; patch plots show standard deviation
of measurements).

The experimental results of coupling ratio are plotted in Figure 3.15 in solid lines
with patch plots showing their standard deviations, while the simulation results are plotted
in dashed lines with the same color. Similar to the single-wavelength plots in Figure 3.14,
the measured coupling ratios and loss across wavelength matched that of the modeled

results, once again verifying the proposed devices’ insensitivity towards process bias. The

worst-case loss was 1.5 dB over the extended C band.
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The wavelength sensitivity of the designed couplers is further quantified using the
coupling ratio deviation 4n, defined as the range of coupling ratios across wavelength and
all devices with the same bend angle:

An =[n(4) -n(%) ., 3-8
where 1;, A, are wavelengths in 1525 nm and 1575 nm range. The calculated 4n results
are plotted in Figure 3.16 (a) as a function of nominal coupling ratios at 1550 nm, showing
less than 2.3% maximum coupling ratio spectral variations for all devices and wavelengths.
This should be compared with directional couplers fabricated on similar substrate, which
typically exhibits ratio deviations in excess of 20% [53]. The £1 dB bandwidth, as defined
in [54], is much wider than the extended C band and could not be accessed experimentally.
In fact, using the method outlined in [54], the calculated spectral variation for the device
with coupling ratio of 50% and bend angle of 4.9° is only 0.1 dB in the extended C band.

FDTD simulation results shown in Figure 3.16 (b) indicate the +1 dB bandwidth wider than

250 nm.
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Figure 3.16 (a) Measured maximum coupling ratio variations in 1525 nm - 1575 nm band. (b)
Simulated coupling ratio spectral response of 50% design.
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Measured wideband loss also shows consistency with simulation, as demonstrated
in Figure 3.15 (b): measurement results are plotted in solid lines while the simulation
results are in dashed lines. All devices experience loss lower than 1.5 dB over the extended
C band.

With experimental measurement results validating the accuracy of the model, we
further extend the analysis of performance robustness against fabrication errors for the new
coupler design. As stated earlier, £10 nm deviation was used for both Si thickness and
device width to characterize the fabrication process corners. The coupling ratio and loss
variations caused by fabrication deviations are then calculated to quantify the performance
robustness and are defined as:

61(A) =1ge, (A1) —11(2) 3-9

SIL(A) = ILy,, (1) - IL(A) 3-10

where n(A) and IL(A) represent the coupling ratio and loss for the target design, while

Naev(A) and IL4.,,(A) are coupling ratio and loss for the designs exposed to fabrication
deviations.

For the device with coupling ratio of 50% and bend angle of 4.9°, calculated
on(A) and SIL(A) at center wavelength are plotted in Figure 3.17 (a) and (b) separately.
The design showed less than 1.3% (0.1 dB) coupling ratio variation and 0.3 dB loss
variation across all possible fabrication deviations within the defined process corners.
Figure 3.17 (a) also indicates that while the maximum én(A) introduced by width
deviations is 0.58%, a maximum 6n(A) of 0.99% is introduced with thickness variations,

which agrees well with the previous analysis.
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Figure 3.17 (a) Coupling ratio and (b) insertion loss variations at 1550 nm wavelength for 50%
coupling design (bend angle 8 = 4.4°) under £10 nm Si thickness and width variations.

The wideband coupling ratio variations of devices when subject to dimensional
deviations in designs with different bend angles are shown in Figure 3.18. The solid lines
correspond to devices meeting the target design, dashed lines and dash-dotted lines indicate
devices with -10 nm and +10 nm thickness and width deviations that represent two extreme
values for the process corner definition. While relatively increased deviations are observed
with wavelengths further away from the center wavelength (1550 nm), the overall coupling
ratio variations remain small across the extended C band and fabrication process corners.
As an example, the maximum 87 (A) across the extended C band for the devices with 50%
coupling ratio is 2.1% (0.17 dB) for -10 nm thickness and width deviations; the same design
when subject to 10 nm thickness and width deviation shows maximum 8n(A) of 1.4% (0.11
dB). Standard 220 nm SOI wafer rarely experiences thickness deviations as large as +10
nm as defined here; in [53] thickness variations of £2 nm were measured across a 300 mm
wafer. Thus, practical coupling ratio deviations are expected to be even smaller than those

shown in Figure 3.18.
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Figure 3.18 Coupling ratio spectral responses under the worst variation conditions: solid: as
designed; dashed: -10 nm thickness and width variation; dash-dotted: +10 nm thickness and width
variation.

3.5 Device Application for Cascaded MZI Filter Design

The proposed and demonstrated new design of broadband fabrication-insensitive
arbitrary ratio MMI couplers are ready to be implemented in various PIC designs. This
section demonstrates one potential application: cascaded Mach-Zehnder wavelength filters
for WDM (de-)multiplexing [14].

The 2-channel wavelength splitting filter is designed with two delay stages [14].
The waveguide layout and transmission spectra of the wavelength splitter are shown in
Figure 3.19 (a, b) and (c) separately. The coupling ratio (CR) requirements for the three
connecting optical couplers are marked in Figure 3.19 (a) and (b) for two types of design
configurations. As the basic MMI couplers cannot achieve coupling ratio values of 8%,
29%, 71%, and 92%, directional couplers are the coupler of choice for all the demonstrated
results of cascaded Mach-Zehnder wavelength filters [14]. The coupling ratio wavelength

sensitivity problems of directional couplers limit the broadband extinction ratio (ER) of the
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designed wavelength filter, which can be relieved via designing with the new proposed

broadband ArMMI couplers.
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Figure 3.19 The waveguide layout (a, b) and transmission spectra (c) of the 2-channel wavelength
splitter.

The coupling ratio and loss performances of the required optical couplers for the
wavelength filter design with designs both in directional coupler scheme and ArMMI
scheme are first modeled and calculated in 3D-FDTD simulations. The resulting coupling
ratio performances in the extended C band are shown in Figure 3.20 (a), clearly indicating
the spectral flatness and wavelength insensitivity of the new ArMMI designs. In terms of
loss results (Figure 3.20 (b)), while the ArMMI couplers show 0.2 - 0.8 dB more loss than
directional couplers, the loss are bound within 0.9 dB for all devices in the extended C
band, which suffice most of the application requirements. For special design scenarios
where loss matters more than spectral flatness, directional couplers may be chosen over
ArMMI couplers.

The numerical modeling of the 2-chanel wavelength filter is implemented in
Lumerical INTERCONNECT, with the schematic connection illustrated in Figure 3.21.

The coupling ratio and loss results of the couplers are loaded to the circuit model via three
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Figure 3.20 The calculated coupling ratio (a) and loss (b) spectral results for ArMMI coupler
(solid) and directional coupler (dashed) designs.

S-parameter elements (SPAR_1, SPAR_2, SPAR_3), which are generated from the former
FDTD calculations. The waveguide elements import the frequency-dependent properties
(such as the effective index, loss, group index, dispersion, etc.) of the connecting
waveguide directly from MODE simulations to characterize the silicon waveguide, leading
to more accurate simulation results. We design the wavelength filter with a channel spacing
of 100 GHz, which corresponds to a length difference of 340 um between the long and the

short waveguide arms (oL in Figure 3.19 (a) and (b)).
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Figure 3.21 The schematic connection of the 2-channel wavelength filter design in Lumerical
INTERCONNECT.

The numerically modeled output spectra of the 2-channel wavelength filter
designed with both directional couplers and ArMMI couplers are plotted in Figure 3.22 (a,
b) and (c, d) separately, with markers representing the extinction ratio (cross talk) levels.
Due to the coupling ratio wavelength sensitivity problems of directional couplers, designs
with both 29%-8% (Figure 3.19 (a)) and 71%-92% (Figure 3.19 (b)) concatenations show
large amount of decrease in extinction ratio away from the center wavelength (1550 nm).
As a contrast, designs with ArMMI couplers (Figure 3.22 (c) and (d)) demonstrate much
less extinction ratio wavelength dependence, benefiting from the broadband coupling ratio
properties. Design in ArMMI couplers with 71%-92% concatenation (Figure 3.22 (c))
show the best performance with both large extinction ratio and wavelength insensitivity.
The degraded performance of ArMMI design with 29%-8% concatenation (Figure 3.22 (d))

mainly results from the increased loss of the couplers with larger bend angles.
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Figure 3.22 The numerical modeled output spectra of the 2-channel wavelength filter designed
with both directional couplers (a, b) and ArMMI couplers (c, d).

The 2-channel wavelength filter designs were fabricated in a commercial foundry
run using 180 nm process. The layout is shown in Figure 3.23. We only adopted the 29%-
8% concatenation design (Figure 3.19 (a)) for our test.

Figure 3.24 show the measured output spectra for our test designs with both
directional couplers (Figure 3.24 (a)) and ArMMI couplers (Figure 3.24 (b)) in the 29%-
8% concatenation scheme, with markers showing the extinction ratios. The measured
spectra agree with the modeled results shown in Figure 3.22. From the comparison, it can
be seen that wavelength filters designed with ArMMI couplers are of less spectral

dependence. Furthermore, as mentioned in the former modeling parts, the design with

41



ArMMI couplers in 71%-92% concatenation scheme is expected to possess better

performances in terms of loss, extinction ratio, and wavelength insensitivity than in 29%-

8% concatenation scheme.
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Figure 3.23 Layout of the tested 2-channel wavelength filter. Zoom-in view shows one ArMMI

coupler.
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Figure 3.24 Measured output spectra of the 2-channel wavelength filter designed with: (a)
directional couplers, and (b) ArMMI couplers.

In summary, in this section the proposed new ArMMI couplers are demonstrated
with both numerical modeling and experimental characterization results to be implemented
in cascaded Mach-Zehnder wavelength filters for WDM (de-)multiplexing to improve the
working bandwidth.
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3.6 Summary

To summarize, in this chapter we have proposed and demonstrated a new angled
MMI coupler design to achieve arbitrary coupling ratio over wide operating bandwidth.

Theoretical analyses, including physical principle, mathematical derivation, and
numerical simulation, were presented in detail for the new design proposal, modeling, and
parameter optimization.

Experimental characterizations on the fabricated devices confirm improved
fabrication tolerance compared to the conventional device while retaining high level of
broadband achromaticity. One promising application for a 2-channel cascaded Mach-
Zehnder wavelength filter was numerically studied and experimentally implemented. The
devices are readily implemented in PIC designs that are compatible with commercial SOI
foundry process and pose a viable, wideband alternative to conventional directional
couplers.

Chapter 3, in part, is a reprint of the material as it appears in 2018 Conference on
Lasers and Electro-Optics (CLEO), pp. 1-2. IEEE, 2018, titled “Arbitrary Ratio,
Wavelength-insensitive 2x 2 MMI Coupler in SOI with Enhanced Fabrication Tolerance”,
by Jin Zhang, Liangshun Han, Bill Ping-Piu Kuo, and Stojan Radic. Chapter 3 also contains
in part materials accepted for publication as it may appear in the IEEE/OSA Journal of
Lightwave Technology, titled “Broadband Angled Arbitrary Ratio MMI Couplers in SOI
with Enhanced Fabrication Tolerance”, by Jin Zhang, Liangshun Han, Bill P.-P. Kuo, and
Stojan Radic. The dissertation author was the primary investigator, and the primary author

of these articles.
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Chapter 4 Ge-on-Si Avalanche Photodiode

As mentioned in Chapter 1, avalanche photodiode (APD) with its internal
multiplication gain is an ideal option for improving the receiver sensitivity and dynamic
range with concomitant increases in loss margins and decreases in the power consumption
of the detection system compared to pin photodiodes [55]. This chapter focuses on the
design and characterization of Ge-on-Si APD devices with foundry-compatible
fabrications.

In this chapter we will explain how an APD works and what are the important
parameters for evaluating and optimizing its performances. We will present the major
design approaches of the APD device relying on foundry fabrication afterwards, followed
by the fabricated APD device characterizations including DC opto-electrical, small signal
S-parameter, and noise measurements. Moreover, the APD devices are evaluated in high-
order modulation detection experiments of both PAM4 and 16QAM with further analyses

on the performance improvements with gain.
4.1 Background

We will first overview the physics that hold significant importance in designing

APD devices.

4.1.1 Impact lonization

A photodetector is an opto-electric device that converts light photons into electric
current. The photocurrent generation mechanism of an APD is the same as that of a normal
photodiode: photons incident in the device generate electron-hole pairs in the absorption
layer, on condition that the photons have enough energy larger than the bandgap of the

absorbing materials.
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While the mechanism by which carriers are generated in an APD is the same as a
photodiode, APD has unique function to multiply the generated carriers. When these
generated free carriers (electrons and holes) are accelerated by a high electric field in the
depletion layer with a reverse voltage till they gain sufficient energy, they promote another
electron (hole) from the valence (conduction) band into the conduction (valence) band in a
process called impact ionization. It is an important charge generation mechanism which
occurs in many semiconductor materials. Both the energy and momentum are conserved
during this process. The consecutive generation of electron-hole pairs may repeat several
times, causing an incident photon to generate multiple electron-hole pairs. Consequently,
these consecutive impact ionization events produce avalanche multiplication gain in APD
devices.

The minimum energy required for impact ionization is defined as the ionization
threshold energy E;, which depends on the band structure and band gap of the material. To
have the impact-ionization effect to occur, the carrier energy must exceed the ionization
threshold energy. While practical modeling on determination of E; depends on many
complex factors, it has been shown that the minimum energy required for the particle to
initiate an ionization is 1.5E, under condition that the effective masses of both holes and

electrons are assumed equal, where E; is the bandgap [56].

The ionization rates (or coefficients) for electrons and holes, denoted respectively
by a and 3, are defined as the reciprocal of the average distance traveled by an electron or
a hole to create an electron-hole pair measured along the direction of the electric field [57],
which are important factors in determining the multiplication mechanism. In general, the

ionization rates depend not only on the local electrical field but also on the ‘history’ of the
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particle. Thus a ‘non-local’ ionization model is needed to accurately model the impact
ionization effects. In the meanwhile, a local model in which the ionization rates depend
only on the local electrical field serves sufficiently as a first approximation. Mathematically,
the ionization rates satisfy Chynoweth's law and are given in [58] as:
a=a,exp(-b,/E) 4-1
B=a,exp(-b, /E) 4-2
where a,,,, and b,, ,, are material-specific constants and E is the electric field.
The ratio between the hole and electron impact ionization rate is referred as the

impact ionization ratio, or k-value, as:

K =F 4-3
(94

It is preferred to have either electrons (a > f) or holes (8 > «) to enter the high electric
field region to generate strong impact ionization to lower the multiplication noise, which
would be talked in detail in the following 4.1.3 section.
4.1.2 Multiplication Gain

The consecutive chain of impact ionization events as stated in section 4.1.1 produce
avalanche multiplication gain in APD devices, which is defined as the ratio of the current
flowing through the device in the presence of impact ionization to the current in the absence
of carrier ionization under identical conditions. In the following text, we use a diode model
in the way that the electron will travel in the electric field to the right and the hole to the
left (see Figure 4.1). After a transmission distance of dx in the electric field, the electron
will get an average of adx ionization collisions and the hole will create an average of fdx

collisions, which generate additional electron-hole pairs and achieve gain consecutively.
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Figure 4.1 Schematic of diode model used and the multiplication region boundary conditions

For the pure electron-initiation case where only electrons are initially entering the

high electric field region, the avalanche gain is given by: [57]

-1
M, = {1—_[0 aexp [—fo (a— p)dx }dx} 4-4
where w is the width of the electric field multiplication region (see Figure 4.1).

Similarly, the pure hole-initiated avalanche gain is given by:

M, = {1—_|.0W,BeprXW(oz—,b’)dx}dx}_1 4-5

The avalanche breakdown voltage is defined as the voltage at which the

multiplication goes to infinity and can numerically be found by equating to zero the
denominator of Eq. 4-4 and Eq. 4-5.

For the more general cases, where electrons and holes both participate in the

ionization initiation process, the multiplication M (x) generated at position x as a result of

one initial electron-hole pair could be written as: [59]
M (x) =1+ [} aM (x)dx'+ [ AM (x)dx 46

By solving this equation, M (x) can be eventually expressed as:
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exp[— [ (- prox }

1- Iowaexp[— [t~ prox ] dx’ *

M (x) =

4.1.3 Multiplication Excess Noise

Another factor that forms one important design consideration is the excess noise,
due to its degradation in the signal noise ratio (SNR). As explained by Mcintyre’s classical
noise model [59], the ionization rate of each carrier is not uniform and has statistical
fluctuations, making impact ionization a stochastic process. Multiplication noise known as
excess noise (relative to shot noise) is therefore added during the multiplication process,

which is represented by the excess noise factor given by: [59]
1
F(M)=M-k+(1—k)-(2—m) 4-8

where M is the mean multiplication gain and k is the impact ionization ratio as defined in
Eq. 4-3. It should be pointed out that the deduction of Eq. 4-8 is based on the local model
of impact ionization and assumes uniformity of the multiplication region.

The excess noise factor is plotted in Figure 4.2 as a function of multiplication gain
(Eq. 4-8) for various values of k-factor. It can be seen that the excess noise at a given value
of M is lower if it is arranged in a way that most of the carriers entering the high-field
region are the ones of the stronger ionizing type (electrons for @ > S case or holes for g >
a case). Besides selecting a semiconductor material with favorable ionization k-ratio,
scaling the multiplication region to exploit the non-local aspect of impact ionization forms
another way to achieve lower excess noise [60], [61]. For APDs designed on Ge-on-Si
platform, a lower k-factor is desirable for high-performance APDs in terms of gain-

bandwidth product and the excess noise [62].
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Figure 4.2 Excess noise factor (F) plotted as a function of multiplication gain (M) for various
values of k.

The excess noise factor of an APD device is determined by measuring the dark /
photo noise spectral density. The APD spectral noise current in dark condition is
determined by its leakage current I; under reverse bias condition. The total leakage current
comprises of the surface leakage current I, and the gain multiplied bulk leakage current
lyp, aS:

ly=14+14y M 4-9

Taking the further degradation by the excess noise factor F in Eq. 4-8 into

consideration, the total noise spectral current for an APD in dark condition is given by:

iN:[zq(ldSHdb-MzF)B]% 4-10
where q is the electron elementary charge, B is the measurement bandwidth.
When the APD is illuminated by the signal light with power P, the total noise will
be the sum of the detector dark noise and the signal gain-multiplied shot noise, as expressed
by:

% 4-11

i, :[Zq(lds+ |db-M2F+R0P-M2F)B]
where R, is the primary responsivity at M = 1.
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It can be seen from Eq. 4-11 that in the absence of other noise sources, an APD

provides a SNR result that is F'/2 worse than a PIN detector. The noise of a practical
detection system, however, is more dominated by circuit noise, transimpedance amplifier
(TIA) noise, and thermal noise. Therefore, APDs can produce a better overall system SNR
than a PIN detector in cases where the APD internal gain boosts the signal level without

dramatically affecting the overall system noise.

4.1.4 Bandwidth

Another key characteristic to consider when designing an APD is the bandwidth,
which is a measure of how fast the APD can transform the optical signal to electrical signal
effectively and ultimately determines the bitrate of optical receivers for optical-fiber
communication systems. The bandwidth of an APD is limited by a combination of the RC
(Resistance-Capacitance) time constant, transit time effect, and avalanche build-up time
effect [63].

The RC time constant is determined by the equivalent circuit parameters of
photodiode. The intrinsic response of a photodiode can be modeled as a current source in

parallel with a junction capacitor, as shown by the equivalent circuit in Figure 4.3.

OO

1O) — i - =i

OO

I
)
o

Figure 4.3 Equivalent circuit model of a photodiode

The junction capacitance C; is defined by the edge of the depletion region (or space

charge region). The series resistance R is due to the ohmic contact resistances and bulk

50



resistances. In addition, there is parasitic capacitance Cp, which depends on the
metallization geometry and the circuits. The electrical RC-limited bandwidth can be
expressed as:

1 1

foc = = 4-12
27RC  27(R, +R,)(C, +C,)

where R, is load resistance to terminate the photodiode. To improve the RC-limited
bandwidth, the junction capacitance should be reduced, for example by decreasing the
device length for waveguide evanescently coupled structure. This in turn, will reduce the
device quantum efficiency (responsivity). Therefore, it is important to understand the
performance limiting factors, and find a compromise in them.

Besides the RC limitation, the transit time that the photogenerated carriers take to
travel across the device and reach the electrical contacts also limits the bandwidth. The
transit-time limited bandwidth is given by:

_ 0.44
T

f

. 4-13
where T is the carrier transit time across the depletion region to be collected by the
electrodes. In designing APD devices, it is preferred to engineer the electric field to ensure
the carriers transiting at saturation velocity in the absorption region to reduce the transit
time and increase the bandwidth. One advantage of the waveguide-structure APD is that
the tradeoff between carrier transport distance and optical path length can be relaxed. In
other words, the tradeoff between carrier transit time and responsivity can also be relaxed.

In addition to the above-described limitations, APDs have another performance-

limiting factor affecting the speed: the avalanche build-up time. As carriers (electrons and

holes) passing through the avalanche region collide repeatedly with the crystal lattice, it
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takes a longer time for these carriers to move a unit distance than that required to move in
areas outside the avalanche region. This added avalanche build-up time also slows the APD
bandwidth response, especially at a higher gain.

Based on the linear-transport equations in the multiplication region of a PIN APD

[64], the device bandwidth as a function of the multiplication gain has been studied with

exact solutions. The results show that for DC gain M, > “/,8 = 1/k’ the bandwidth

response can be approximated by:

M,

M (@) ~
T eomi T

4-14

where 7 is the effective transit time approximated by t; = Nk, with t the actual carrier
transit time across the avalanche multiplication region, and N a number varying slowly
between 1/3 and 2 with different k values. M, is the DC multiplication gain of the APD,

which is expressed for the PIN APD as:

M = (a—p)exp[(a—B)w]
a—pexp[(a-pB)w]

with w representing the avalanche region length (Figure 4.1).

4-15

In the case where the DC gain M, < “/ﬁ, the bandwidth slowing effect induced by
the ionization build-up time is small and the bandwidth of an APD would be mainly
restricted by the transit time and RC time limitation.

4.1.5 Impact lonization Properties of Si and Ge
There are extensive literatures on ionization coefficients of Si and Ge materials [58],

[65], [66]. The ay, a,, b,, b, parameters in Eq. 4-1 and Eq. 4-2 for Si and Ge materials

are summarized in Table 4.1Table 4.1.
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Table 4.1 Impact ionization parameters (an, ap, bn, bp) for Si and Ge [65], [66].

Electric field Electrons Holes
E(V/cm) a,(em™) | b,(V/ecm) | ap(cm™) | b,(V/cm)
1.75 X 10° — 4 x 10° | 7.03 x 10° izféﬁ ii%% 1'0130%
Si
4%x10° — 6% 10° 7.03 X 10° 121?616 6.71 x 105 i‘i%?;
Ge | 1.75%X10°—6x10° | 49x10° | 79x10° | 215%x10° | 7.1 x 10°

The impact ionization coefficients of electrons () and holes () together with the

ionization coefficient ratio (k-ratio) of both Si and Ge are plotted in Figure 4.4 as a function

of inverse electric field intensity. It can be seen beyond doubt that Si is a more ideal

material for impact ionization in that the electron ionization coefficient is significantly

greater than the hole ionization coefficient (k << 1). As a result, impact ionization

happened in Si is regarded as a low-noise multiplication process. In fact, Si APDs with

very low excess avalanche noise are commercially available working in 600 - 900 nm

wavelength range. However, with a bandgap energy of 1.12 eV (cutoff wavelength 1130

nm), Si itself cannot absorb and detect light in optical communication band.
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Figure 4.4 lonization rates (left) and effective ionization index (right) versus reciprocal electric
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On the other hand, Germanium is an appealing absorbing material in the
communication band for use in silicon-based PICs because it can be integrated into a
CMOS line relatively easily, which is offered currently by most of the commercial silicon
photonics foundry lines. The bulk Ge material with a bandgap of 0.67 eV is absorbing in
the entire 1310 nm window and much of the C and L bands. Moreover, the tensile strain
added during the deposition process further increases the absorption in longer wavelengths
[67]. Therefore, Ge is the material of choice for light absorption in silicon photonics
platform. While Ge has a relative large k value (Figure 4.4 (b)), lowering the noise of Ge
APD is achievable through engineering the electric field and multiplication width to exploit
the non-local aspect of impact ionization [68].

The effect that decreases the excess noise relative to the bulk material with the non-
local nature of impact ionization is referred to as the “dead space” effect [69]. The dead
space refers to the distance that a carrier travels before gaining the ionization threshold
energy to impact ionize. When the dead space becomes a significant fraction of the
multiplication layer thickness, the probability distribution function, which is the probability
per unit length that a carrier ionizes at a specific distance from the injection point or the
point where it is created by another impact ionization event, narrows. This in turn makes

the gain process more deterministic and decreases the excess noise.
4.2 Ge-on-Si Avalanche Photodiode Design

The former section finishes the background preparations of APDs, this section will
present the design and modeling of Ge-on-Si APDs. The target of this section is to design
Ge-on-Si APDs relying on zero-change commercial foundry fabrication services to achieve

favorable tradeoff between dark current, responsivity/gain, bandwidth and excess noise
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characteristics for high speed receivers designed for high order modulation detection
applications.

In terms of light coupling configurations, there are two types of light injection
schemes: normal incidence [63], [70] and waveguide integration [71]. As illustrated in
Figure 4.5 (a), one main problem for the normal incidence design is that it suffers from
trade-offs between transit distance (speed) and absorption length (efficiency). Designing
for higher bandwidth favors thinner Ge absorption layer for shorter transit time, which on
the other hand results to lower absorption that decreases the responsivity. Although
resonance cavity enhanced (RCE) structure [72] can be used to increase the efficiency,
ultimately it is still bounded by the tradeoff. Moreover, it is not suited for large-scale PIC

integration.

(a) (b)

Si0, 7 sio,

Figure 4.5 Photodetector light injection scheme: (a) vertical (b) waveguide coupling.

Waveguide integrated design (Figure 4.5 (b)), where injected light evanescently
couples from low index waveguides (Si, n = 3.44) to high index waveguides (Ge, n = 4.25),
as illustrated in Figure 4.6, allows for separate optimization for the absorption efficiency
and the response speed. Moreover, the butt-coupled waveguide connection promises large
scale PIC integration. Therefore, our APD designs presented in the following section are

with waveguide integrated structure.
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Figure 4.6 Evanescent light coupling in Ge-on-Si waveguide integrated photodetector.

A majority of demonstrations on waveguide-integrated Si-Ge APDs are based on
separate-absorption-charge-multiplication (SACM) structure to reduce excess noise by
confining carrier multiplication in Si to utilizing the good ionization properties of Si [63],
[71], [73]-[78]. The SACM approach, however, requires epitaxial silicon growth for field
control and multiplication layer formation [63], [71], [73]-[77], which is incompatible with
standard photonics processes optimized for dual-polarization operation [79]. Another
demonstration type [78], while requires no epitaxial silicon growth, shows limited
bandwidth (~10 GHz) due to reduced drift velocity resulted from the weak electric field in
the Ge absorption layer and silicon charge layer. On the other hand, while Ge APDs are
generally considered to suffer from higher multiplication noise in germanium, these
devices can achieve high gain using carrier multiplication close to avalanche breakdown
[80], and noise could be effectively suppressed by manipulating the electric field and
multiplication distribution [60], [81], [82]. Demonstrations with lateral PIN [81] and
vertical PIN [82] structures all show improved sensitivity performances, however, at
limited data rates of 10 Ghps.

Recognizing these limitations, we investigate the lateral PIN-based Ge-on-Si APDs
fabricated in a standard silicon photonic foundry with zero process modification, which are

capable of delivering high gain, large bandwidth and low noise, allowing for high-order
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modulation detection of both multi-level pulse amplitude modulation (PAM) and
quadrature amplitude modulation (QAM).

The schematic of the designed APD with lateral PIN junction structure is shown in
Figure 4.7. A pair of shallow implants (p/n) with 1018cm ™3 peak impurity concentration
are used to form a p-i-n junction in silicon to minimize free carrier optical absorption in
contact implants (p++ / n++). The contacts reside on top of Si, which is different from the
design in [81]. There are three design parameters that are of critical importance to optimize
the APD performances in terms of responsivity/gain, bandwidth, and excess noise factor,
which are the Ge waveguide width W, the Ge waveguide length L, and the Si intrinsic

width W; (Figure 4.7).

Figure 4.7 Schematic view of the designed APD with lateral PIN structure.

The primary responsivity of the APD is determined by the Ge waveguide width W
and length L. The FDTD simulation results of the total absorbed power ratio inside Ge are
plotted as a function of W and L in Figure 4.8 (a) and (b) separately. The total absorbed
optical power increases with Ge width from 1 pum to 2 um and then stays flattened. If we
assume a quantum efficiency of n = 1, the corresponding responsivity R (defined in Eq.
4-16) for Ge waveguide with 2 pum width and 50 pm length is 0.98 A/W with the 78%

absorption ratio.
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Here q is the elementary charge, h is the Planck constant, v is the photon's frequency, c is

the speed of light in vacuum, and 4 is the photon's wavelength.
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Figure 4.8 FDTD simulation results of the total absorbed power ratio as a function of (a) Ge
waveguide width W and (b) length L. Optical absorption distribution inside Ge for (c) W =1 um
and (d) W =2 um.

The total absorbed optical power in Ge waveguide versus waveguide length L is
shown in Figure 4.8 (b), together with the 1 — exp (—aL) curve fitting. The good fit
between the calculated data points and the exponential function indicates the evanescent
coupling nature. A device length between 30 pm and 50 um offers a great absorption

efficiency while maintaining the high response speed. The overall cross-section optical
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absorption distribution inside Ge for devices of length L = 50 gm, width W =1 um and 2
wm are illustrated in Figure 4.8 (c) and (d) respectively.

The intrinsic width in Si W; plays vital importance in defining the multiplication
performance of the APD, including gain, breakdown voltage, and excess noise factor. In
order to see the effects of W;, we did a parameterized study of the design with 1 um width,
50 um length and various W; values. Figure 4.9 plots the modeled dark/photo current
results and the corresponding gain responses as a function of reverse voltages with various
intrinsic width W; under -20 dBm input power. The breakdown voltage increases with the
intrinsic width due to the larger depletion region. As the intrinsic width increases, the curve
reaching breakdown becomes more gradual, which is a performance merit in consideration
of the system bias stability. The maximum achievable gain increases with larger intrinsic
width due to the enlargement of the multiplication region, as can be seen by the field
distributions in Figure 4.10 and the impact generation distributions in Figure 4.11. It should
be pointed out that the modeled maximum gain point may not be exact due to the

convergence issue with numerical simulation but serves as a good approximation.
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Figure 4.9 Simulation results of the dark/photo current (a) and gain (b) with various intrinsic
width Wi as a function of reverse bias voltage.
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Figure 4.10 (a-d) plot the modeled electric field distributions with quiver arrows
representing the vector field directions at the breakdown voltage under various intrinsic
width W;, showing that the high electric field region is mainly distributed within the lower
200-nm Ge at the Ge-Si interface. This electric field confinement results in the impact
ionization events restraining at the lower 200-nm Ge (Figure 4.11), which effectively
decreases the excess noise relative to the bulk material with the non-local nature of impact

ionization called the “dead space” effect [69].

(a)o . Electric Field, Wi 100nm £10° (b)0 . Electric Field, Wi 300nm £10°
45 4.5
0.6 4 "
35 3.5
- 3 3
g 0.4 e e
N . 2
0.2 1.5 1.5
- 1 1
0 0.5 0.5
0.6 -04 02 0 02 04 06 06 -04 -02 0 02 04 06
X [pm]
©) Hm (@)
- Electric Field, Wi 500nm >§_’1o5 - Electric Field, Wi 700nm x5105
45 45
4 4
3.5 3.5
3 3
25 2.5
2 2
1.5 1.5
1 1
0.5 0.5

x [pm]

Figure 4.10 Simulation results of the electric field distribution for designs with various Wi: (a) Wi
=100 nm; (b) Wi = 300 nm; (c) Wi =500 nm; (d) Wi =700 nm.

When the intrinsic width is too narrow as for the W; = 100 nm design shown in

Figure 4.10 (a) and Figure 4.11 (a), there exists limited high electric field depletion area
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for carrier impact ionization to happen, limiting the achievable avalanche multiplication
gain (Figure 4.9 (b)). On the other direction, if the intrinsic width is too large as illustrated
in Figure 4.10 (d) and Figure 4.11 (d) for the W; = 700 nm design, the Ge edge corner at
the Ge-Si interface would suffer from high electric field, causing the device susceptible to

edge breakdown.
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Figure 4.11 Simulation results of the impact generation distribution for designs with various Wi:
(a) Wi =100 nm; (b) Wi =300 nm; (c) Wi =500 nm; (d) Wi =700 nm.

With all the afore-mentioned design considerations, we put two designs to get
fabricated in a commercial foundry run. The design parameters for the fabricated Ge-on-

Si waveguide APDs are summarized in Table 4.2.
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Table 4.2 Lateral PIN APD device design parameters

Designs  Width W [um] Length L [um] Intrinsic Wi [nm]

APD1 1 50 120
APD2 1 50 500

4.3 APD Experimental Characterizations

The device fabrication is implemented at Institute of Microelectronics (IME),
Singapore using 0.18-um silicon photonics process without Si epitaxial growth. The
scanning electron microscope (SEM) image of one fabricated device is shown in Figure
4.12 (a). The device-under-test also includes a Si waveguide taper for efficient evanescent
coupling of the input light to the Ge crystal, as well as Al metal connection to the exposed
metal pads. Grating couplers (SEM image shown in Figure 4.12 (b)) are used for light

coupling to the APD devices.
(b)

Figure 4.12 SEM image of one fabricate APD device (a), and the grating coupler connected for
light coupling (b).
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4.3.1 Dark/Photo Current and Responsivity/Gain Performances

The dark current and photo current vs. voltage (V1) characteristics of the fabricated
APD devices are measured under room temperature condition. For photocurrent
measurements and gain calculations, we use a coupled laser power of -20 dBm. The fiber-
GC coupling loss at 7 dB/facet has been de-embedded from the optical input power. The
devices are contacted using a set of multi-contact wedge (MCW) probe needles from GGB
industries to apply the bias voltage.

Dark current vs. reverse bias voltage results for APD1 and APD2 are shown in
Figure 4.13 (a). Both devices show a low dark current of less than 20 nA under bias voltage
within 3V and the typical increase of the dark current with further increasing the bias
voltage. We measure the device dark current up to 100 xA and define the corresponding
voltage as the breakdown voltage. The breakdown voltage of APD1 is 8.3 V and increases

to 12.5 V for APD2, which agrees with our model simulation in section 4.2.
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Figure 4.13 Measured dark and photo current (a) and extracted multiplication gain (b) versus
reverse bias voltage for fabricate APD devices.

The photo current measurements with -20 dBm coupled light power for APD1 and

APD?2 are also shown in Figure 4.13 (a). Based on the dark/photo current measurements,
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the multiplication gain for the APD devices can be calculated (Figure 4.13 (b)). The
multiplication-gain under reverse bias voltage V is defined as the ratio between the photo
current measured at IV and the photo current measured at V. V, is the corresponded voltage
at unity gain, where the second derivative of the photo current with respect to bias voltage
equals zero. The extracted primary responsivity at unit gain for both devices are within 0.9
- 0.95 A/W range. Since the amount of light coupled into the device is referenced with the
nearby directly connected grating couplers, there exist a certain ambiguity in the exact
coupled light power and variations along the time period to sweep the bias voltages, as
illustrated in Figure 4.14 for the monitored coupling loss variations during the
measurement. As a result, there exist the variation values in the 0.9 - 0.95 A/W range for

the calibration of the APD primary responsivity.
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Figure 4.14 Monitored fiber array-grating coupler coupling loss variations during the time period
of the experimental characterizations.

The measured multiplication gain (Figure 4.13 (b)) of APD1 under -20 dBm
coupled light power is 5 and increases to 16 for APD2, which is attributed to the
enlargement of the intrinsic multiplication region width, agreeing with the numerical

modeling in section 4.2.
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Moreover, we characterized the APD responses under different input power levels

to show its linearity performance. Here, linearity is defined as the output photocurrent

response against optical input power. In general, there are three factors degrading the

linearity of APDs and that of other photodiodes at high input power level, which are

thermal issue during high-power operation, the space-charge effect, and the phonon

scattering effect.
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Figure 4.15 Input power dependence of output photocurrent and gain for APD 2.

Figure 4.15 (a) plots the photocurrent versus reverse voltage response for APD2

with input power varying from -20 dBm to 0 dBm. The corresponding multiplication gain

are extracted and plotted in Figure 4.15 (b), showing the gain reduction with higher input
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power. Figure 4.15 (c) illustrates the photocurrent versus the input power in the linear scale
and Figure 4.15 (d) plots the dB-scale multiplication gain reduction as a function of input
power, under various bias voltages. The 1-dB compression points where the optical input
power provides an output photocurrent compressed by 1 dB from the ideal linear response
are -15 dBm (@-12V), -8 dBm (@-11V) and -3 dBm (@-10V), respectively.
4.3.2 Bandwidth and Gain-Bandwidth Performances

The measurement setup for the frequency domain characterizations is shown in
Figure 4.16. Small signal S21 parameters are measured using an Agilent high speed vector
network analyzer (VNA). The bias voltage is applied using a DC power supply connected
to the internal bias-T of the VNA. Cascaded erbium doped fiber amplifier (EDFA) and
variable optical attenuator (VOA) are connected for controlling the input power coupled to
the APD. The APDs are connected to one port of the VNA by high frequency cables and a
Cascade GSG probe card specified for DC to 40 GHz application. Before the S parameter
measurement of the device, the setup is calibrated with an impedance standard substrate
(1SS) using the short-open-load-thru (SOLT) process including the high frequency cable
and probe card, which ensures greater accuracy and better repeatability in S parameter

measurements with VNA.
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Figure 4.16 Setup for bandwidth measurement (PC: Polarization Controller; MZM: Mach-
Zehnder Modulator; EDFA: Erbium Doped Fiber Amplifier; VOA: Variable Optical Attenuator;
VNA: Vector Network Analyzer).
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Figure 4.17 shows the normalized S21 measurement results for APD1 and APD2
at various bias voltages separately. The measurements are performed from 40 MHz to 40
GHz with 1601 points and an averaging factor of 100. The normalization is done with
reference to responses at 40 MHz. The frequency response of the connected Mach-Zehnder
modulator (MZM) has been de-embedded from the recorded data. The bandwidth of APD1
is more than 35 GHz under avalanche mode with various multiplication gain values. We
measure the S21 parameter up to 8 V bias voltage corresponding to a gain value of 2.9, till
which level no slowing effect of carrier build-up time is observed. For APD2, the
bandwidth first increases to 33 GHz at 9 V bias, then decreases to 26 GHz with further
raising the bias voltages. The decrease of the response speed with higher multiplication

gain is attributed to the longer avalanche build-up time [64].
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Figure 4.17 Measured small signal bandwidth (S21) of fabricate APD devices under various
reverse bias voltage and corresponding gain: (a) APD1; (b) APD2.

Based on the measured frequency characteristics, the -3 dB bandwidth are extracted
and plotted against gain in Figure 4.18 (a). The resulting gain-bandwidth characteristics
are shown in Figure 4.18 (b) for both APD1 and APD2 devices, achieving >100 GHz gain-

bandwidth product for APD1 and 200 GHz gain-bandwidth product for APD2. It should
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be noted that the bandwidth characterizations are measured up to 8 V (breakdown at 8.3 V)
for APD1 and 12 V (breakdown at 12.5 V) for APD2, indicating that the gain-bandwidth

product should be even higher at breakdown points.
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Figure 4.18 Extracted bandwidth (a) and gain-bandwidth product (b) of fabricate APD devices as
a function of multiplication gain.

Besides measuring the S-parameters using the Mach-Zehnder modulator and high
speed VNA, the bandwidth can also be determined through measuring the impulse
responses of the APD devices. A mode locked laser with <100 fs pulse width and 100 MHz
repetition rate is used as the optical pulse source. The electric current of the APD is
recorded by a 50 GHz digital communication analyzer (DCA) connected via high
frequency cable and a Cascade GSG probe card. A bias-T is connected in between the
probe card and high frequency cable to apply the bias voltage. The impulse response of
APD1 under various bias voltages is shown in Figure 4.19 (a). The negative sign in the
recorded voltage is introduced by the reverse voltage applied. The calculated frequency
response is plotted in Figure 4.19 (b), showing consistency with the bandwidth results

measured with VNA.
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Figure 4.19 Measured impulse response (a) and calculated frequency response (b) of APD1 with
various bias voltages.

4.3.3 Excess Noise Performances

The multiplication excess noise performances of the APDs are measured with an
electrical low-noise amplifier and electrical signal analyzer (ESA, N9030A PXA Signal
Analyzer) with setup connections shown in Figure 4.20. An external cavity laser with low
RIN noise is used as the light source and coupled to the APD devices with an VOA to vary
the input power. The dominant noise source of the measurement system is the shot noise,

which enables accurate excess noise factor extraction.

DC Power Supply

Laser —&—%)— =
VOA PC APD N

Figure 4.20 Setup for APD noise measurement (LNA: low noise amplifier).

The noise PSD of both dark current and photo current are captured in 700 MHz
band with a resolution frequency of 10 kHz and a radio frequency of 1 Hz. The stability of
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RIO laser is high, thereby its fluctuation has no effect on the APD noise measurement.
There are no control and monitoring of the temperature during the measurement. It is
nevertheless desirable to measure the noise and the signal delivered by APDs in relative
short time to have the smallest variation of temperature between the two measurements.
The measured noise power is given by Eq. 4-17 in the avalanche multiplication
regime, as [83]:
N, =29 g+ (lgy +1,)M?F AR + Ny + Nigy 4-17
where q is the elementary charge, I, is the surface leakage current, I, is bulk leakage
current, L, is the photo current at unit gain, M is the corresponding multiplication gain, Af

is the bandwidth, and Ry is the system impedance. N¢jerma: @nd Ng;y are the thermal noise
and laser relative intensity noise (RIN) of the light source, which can be de-embedded with
subtraction from measurements under different input power levels at unit gain. The excess
noise factor F can be expressed by the gain M and the ratio of the hole-electron ionization
coefficients k., as in Eq. 4-8 in section 4.1.3.

The measured excess noise factor F as a function of multiplication gain M is shown
in Figure 4.21 for APD2. The results are deduced from measurements at 1549.3 nm
wavelength with an input optical power of -20 dBm up to a bias voltage of 12.2 V. The
effective relative ionization ratio k¢ deduced by fitting F with M using Eq. 4-8 is within
0.15 — 0.25. The measured k. results are less than bulk Ge [66], which is attributed to
the localization of the avalanche multiplication (Figure 4.11) [84], resulting in a noise
power spectral density reduction by 64% at a gain of 10 with respect to the noise expected

for bulk Ge.
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Figure 4.21 Measured excess noise factor plotted as a function of corresponding gain for APD2.

4.4 APD PAM4 Channel Reception Test

In section 4.3 we present the stationary VI-characteristics (dark current, photo
current, multiplication gain), the dynamic characteristics (bandwidth), and the excess noise
characteristics of the APD devices. This section further investigates the dynamic properties
of APDs with TI1A-less PAM4 channel reception experiment.

A PAMA4 signal uses four signal levels for transmission (Figure 4.22). Within each
clock period, two bits of logic information, that is, 00, 01, 11, and 10, can be transmitted.
Therefore, under the same baud rate, the bit rate of a PAM4 signal is twice that of an NRZ

signal, doubling transmission efficiency and reducing transmission costs.

10

11

01

00

0 5P 10 15 20 25 30
Figure 4.22 PAM4 signal illustration. Marked PO and P3 are defined by IEEE for OMA test.
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The experiment setup is shown in Figure 4.23. No TIA is used during the
experiment. The PAM4 test signal is generated by a 64 GS/s digital-to-analog converter
(DAC) with 16-GHz bandwidth and is amplified to drive a LiNbO3 Mach-Zehnder
modulator (MZM) with a 3-dB bandwidth of 30 GHz. A 1549.3 nm external cavity laser
with RIN < -140 dBc/Hz is used for supplying the optical carrier. The output of the MZM
is amplified by an erbium-doped fiber amplifier (EDFA) and attenuated by a variable
optical attenuator (VOA) for controlling incident power into the APD device. The
photocurrent output of the APD is received by an equivalent-time oscilloscope (Keysight
86100C) with 50 GHz bandwidth via a Cascade GSG probe card and a bias-tee, through

which the desired reverse bias is applied.

16 GHz DAC A"
64 GS/s L
el 0sC
Bias-T
7'y MZ
1549.3nm PC EDFA VOA PC APD

Figure 4.23 PAM4 signal detection setup.

The frequency roll-off response of the transmitter (including DAC, modulator
driver and modulator) as well as nonlinear distortions intrinsic to the MZM and driver are
measured using a reference 40-GHz photodetector (Discovery Semiconductor DSC-10H),
and subsequently pre-compensated for with a 7-tap equalization filter in the digitized
samples uploaded to the DAC.

The PAM4 eye diagrams are measured with -3 dBm optical power coupled to the
APD device under test, which corresponds to -9.2 dBm optical modulation amplitude
(OMA). The OMA parameter is defined as the power difference between the high level (P3

in Figure 4.22) and the low level (PO in Figure 4.22) as OMA,,ter = P3 — PO.
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Figure 4.24 show the received electrical eye diagrams at 32 Gbaud (64 Gbs) with
reverse bias voltages of -3 V, -10V, -11 V, and -12 V, which correspond to effective radio-
frequency gain of M =1, 1.6, 2.2, and 2.6 at the -3 dBm input power level, respectively.
The recorded eye diagrams are absent of eye level distortion and inter-symbol interference
(1S1), suggesting that the APD response remains linear over the bandwidth of the channel

(~ 26 GH).

© | |v=aav | | | | @ V=12V

Figure 4.24 Eye diagrams for 32 Gbaud (64 Gbs) PAM4 signal detection experiments at various
reverse bias voltages: (a) -3V; (b) -10 V; (c) -11 V; (d) -12 V.

Figure 4.25 plots the Q-factor and BER results of the received signals as a function
of reverse bias voltages at the -3 dBm input power level. The Q-factor is a measure of how
noisy a pulse is and provides a qualitative description of the receiver performance, which
is defined as the difference of the mean values of the two signal levels divided by the sum

of the noise standard deviations at the two signal levels (Eq. 4-18 for PAM4 signals). For
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PAMA4 signals, the Q-factor can be calculated using Eq. 4-18, where y; and o; (i =0, 1, 2,
3) are the mean values and standard deviations of the i level. BER is a measure of the

number of bit errors that occur in a given number of bit transmissions.
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Figure 4.25 Q factor and BER results for 32 Gbaud (64 Gbs) PAM4 signal detection as a function
of reverse bias voltages.

As illustrated by Figure 4.25, the multiplication gain of APD provides a 1.7 dB
increase in Q-factor over the thermal-noise limited value at M = 1, which indicates the
receiver sensitivity improvement with multiplication gain provided by the APD. As we do
not apply TIA circuit after detection, the determination of sensitivity is limited by the
vertical resolution of the oscilloscope (DCA).

The APD performances for PAM4 signal detection applications are further modeled
in the transceiver circuit schematic shown in Figure 4.26 using Lumerical
INTERCONNECT. A PAM4 pulse generator fed by a pseudorandom bit sequence (PRBS)
generator is used to modulate a CW laser with an MZM. The signal is then fed to a pin

photodetector, of which the detected output signal is exported to MATLAB to further
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account for the gain nonlinearity of APDs under different input power levels as
demonstrated in the 4.3.1 characterization section (Figure 4.26 (a)). After that, the gain-
adjusted current signal is imported back to another simulation circuit for APD detection
modeling (Figure 4.26 (b)). The APD bandwidth responses under different bias voltages
(Figure 4.26 (c)) are taken into effects via the S-matrix object (SPAR_1) with imported

data to the simulation circuit. An eye diagram component (EYE) is added to record the

detected eye diagrams.
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Figure 4.26 Schematic representation of PAM4 signal detection simulation setup in Lumerical
INTERCONNECT.

NOISE_1

The detection circuit modeling is implemented under identical settings as the
experimental conditions, with the gain, excess noise, and bandwidth responses of the APD
imported to the circuit using experimentally characterized data. The detected eye diagrams
with 32-Gbaud PAM4 data under various bias voltages (-3 V, -10V, -11 V, and -12 V) for
APD?2 are shown in Figure 4.27 using the same vertical scale, which demonstrate a great

consistency with the experiment results shown in Figure 4.24.
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To summarize, this section demonstrates the fabricated APD in PAM4 channel
reception test. Eye test results indicate that the APD remains linear for 32 Gbaud PAM4

signaling. The 1.7 dB increase in Q-factor with multiplication gain indicates that the APD

device is capable of improving the receiver sensitivity.

Figure 4.27 Circuit-simulated eye diagrams for 32 Gbaud (64 Gbs) PAM4 signal at various
reverse bias voltages of -3V, -10 V, -11 V, and -12 V, respectively.

4.5 APD Coherent Detection Experiment

Coherent detection with polarization multiplexing, as symbol decisions are made
using both the in-phase (1) and quadrature (Q) signals in the two field polarizations, allows
information to be encoded in all the available degrees of freedom [85], [86]. Therefore, it
further enhances the spectral efficiency than intensity-modulation-direct-detection (IMDD)
systems at the same SNR (comparisons summarized in Table 4.3), which provides a
scalable path towards Th/s/wavelength capacity. Moreover, the advancement of digital
signal processing (DSP) allows signals to be filtered, delayed, split, and amplified digitally
without quality degradation and enables compensation of transmission impairments such

chromatic dispersion (CD) and polarization mode dispersion (PMD). Advanced forward
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error-correction (FEC) coding may also be implemented to further decrease the bit error
ratio (BER).

Considering all these advantages, in this section we study the advancement of APD
coherent receiver and present the experimental implementation of our APDs for coherent

detection.

Table 4.3 Comparison between coherent detection and IM-DD schemes

Coherent IM-DD
Modulation parameter Amplitude & phase Intensity
Detection method Heterodyne or homodyne detection Direct detection
Carrier phase sensitivity Yes No
Polarization sensitivity Yes No

Coherent receiver, inside which the signal is interfered with a local oscillator (LO)
to extract the complex amplitude (amplitude and phase) information of the signal, usually
constitutes of a 90°-hybrid and four photodetectors with each two of them connected in a
back-to-back fashion, as illustrated in Figure 4.28. The balanced detection with back-to-
back connection is introduced to suppress the DC component and double the beat between

the signal and the LO.
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Figure 4.28 Configuration of a coherent receiver.
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When the input signal and the LO are co-polarized, the electric fields incident on

PD1 and PD2 (Figure 4.28) are given by:

1
E,=—(E +E 4-19
1 \/E( I)

1
Ezzﬁ(Es_EJ 4-20

where E and E; are the complex electric fields of the signal and LO respectively. E; (i =
1,2, 3,4) is the interferometric electric field coupled to PD; (i = 1, 2, 3, 4) as illustrated in

Figure 4.28. The corresponding output photocurrents are:

1,(t) = %{PS (t)+ R + 2P, ()R cos| @t + By, (1) - (t)]} 4-21
l,(t) = ;{PS )+ R —2/P.(t)R, cos[ wt+6,, (t) -6 (t)]} 4-22

Here I; (i =1,2,3,4) is the output photocurrent of PD; (i =1,2,3,4), R is the
responsivity of the photodiode, P, and P, are the signal and LO power, w;r = |wg — wy| is
the intermediate frequency (IF), and 6;, and 6, are the phase of the transmitted signal and
LO respectively.
With the back-to-back balanced detection, the final in-phase output I(t) can be
expressed as:
() = 1,(t) - 1,(t) = 2R{/P, ()R, cos| et + 04, (1) - 6(1) | 4-23
The quadrature output Q(t) for the component follows the same deduction procedure:
Q) = 1,(®)—1,(t) =2R/P.()R, sin| @t +0,, (1) - 4,(1) | 4-24
Eqg. 4-23 and Eqg. 4-24 indicate that the balance-detected output photocurrent is
proportional to \/F , meaning that an increase in the LO power effectively provides a gain

for the signal photocurrent. It has been found that quantum-noise-limited receiver
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sensitivity (also called shot-noise-limited receiver sensitivity) could be accomplished by
injecting a sufficiently high LO power into the coherent receiver to combat the circuit noise
of the receiver.

This high-power demand on the LO, however, increases the overall power
consumption of the coherent detection system and poses challenges in short-reach power-
hungry optical interconnects. Leveraging internal gain provided by APDs, coherent
receivers built with APDs can improve the sensitivity with a lower optical power or
electrical gain than traditional coherent receivers [87], thereby reducing power
consumption of such systems.

A coherent receiver built with APDs, with considerations of the internal gain
provided by the APDs and various noise sources as stated earlier, results in an ultimate

output photocurrent expressed by:

I (t) =2MR V I:)s (t)PI COSI:G)”:t + gsig (t) - 9| (t)] + iRIN + ishot + ithermal 4-25

where i, denotes the response photocurrent of the beating between the LO and the
relative intensity noise (RIN) of the LO, iy, represents the shot noise current generated

from the coherent receiver, iy, is the thermal noise current. Shot noise and thermal noise
are two fundamental noise mechanisms in an optical receiver. The thermal noise of the
coherent receiver can be expressed as [87], [88]:
2 s \2
O-thermal = (IT) Af 4'26

where . is the equivalent thermal noise current density in the coherent receiver, including

the thermal noise introduced by the following circuitry and the thermal noise introduced

by the photodiode. Af is the effective noise bandwidth of the receiver.
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The shot noise of a coherent receiver built with APDs is represented by: [87], [88]

O gt = Zq(lds +FMA(1, + Idb))Af
=2qFM 2 (RyP + I, ) Af

4-27

Here q is the fundamental electronic charge, |, and |, are the surface and bulk dark
current of the APD, |, is the photocurrent at unit gain, F and M are the excess noise factor

and multiplication gain of the APD. In the second row, R, represents the primary
responsivity at unit gain, P is the total power coupled to the APD, and the surface and bulk
dark current are gain normalized to |,.

The RIN noise is expressed as: [87], [88]

Uém =4M ZROZ(EI = )2
:4M2R§P2(RIN -2Af)

4-28

where E, ;, is the electrical field of the RIN from the LO, RIN is defined as the double-

sided spectral density of the RIN from LO, expressed in dB/Hz.
Therefore, the overall SNR of the coherent receiver output can be summarized as
[87], [88]:

2M?*RZP.R

SNR =

2

2 2
Othermal T Oshot T Orin

4-29
2M?RZP.P

" (i)’ AT +2gFM? (R,P + 1, ) Af +4M°R2P?(RIN - 2Af)

Numerical simulations are carried out for analyzing the impacts of gain M on the
received SNR in Eq. 4-29. We use parameters that correspond to our APD characterization

results in Section 4.3, which are listed in Table 4.4 below.

80



Table 4.4 Parameters adopted for SNR calculations

Parameters Values
Effective ionization ratio K, 0.5
Thermal noise current i 18 pA/[Hz
Effective noise bandwidth Af 20 GHz
Primary responsivity R, 0.9 A/IW
RIN -145 dB/Hz

We adopt an effective ionization ratio k., of 0.5, and the corresponding excess

noise factor F is calculated with reference to Eq. 4-8. The numerical simulation results of
the receiver SNR as a function of APD gain M with various LO power is plotted in Figure
4.29. Compared with the no-gain cases with M = 1, the SNR is improved with gain provided
by APD. In cases where the LO power is high, SNR can show a downward trend with
further increasing the gain, caused by the excess multiplication noise added to the system.
Moreover, the gain provided by APD effectively lowers the demand on LO power. While
a LO power of 0 dBm is required to achieve a SNR of 34 dB, the required LO power to
achieve the same SNR drops to -10 dBm with a gain of 5. This 10 times decrease in the
required LO power increases the power budget margin of the system and potentially lowers
the overall power consumption.

The performance of the fabricated APD in coherent channel detection is
characterized using APDs integrated with silicon optical hybrid based on 4x4 MMI coupler,
as shown by the SEM image of the coherent detector chip in Figure 4.30. Each of the four

output ports of the 4x4 MMI coupler is connected with an APD for signal detection. We

81



do not have direct back-to-back connections on chip. The subtraction between the

constructive and destructive interferences is conducted digitally after detection.
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Figure 4.29 Numerical simulation of the receiver SNR as a function of APD gain with various LO
power. Parameters used for calculation: ke = 0.5, Ps =-10 dBm, it = 20 pA/ V Hz, Af =20 GHz,

R=0.9 A/W, RIN = -145 dB/Hz.

Figure 4.30 SEM picture of the on-chip coherent receiver consisting of an MMI-based 90°-hybrid
and 4 APD devices.

The optical hybrid realized by 4x4 MMI coupler provides advantages in design
simplicity, device compactness, and performance reliability. The optical phases of the

signals in a 4x4 MMI coupler are given by: [34], [35]
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and

?, =§(J—i)(8+i—j)+n

?; =%(i+j—1)(9—i— i)

for i+ jeven 4-30

for i+ jodd 4-31

where i =1, 2, 3, 4 is the bottom-up numbering of the 4x4 MMI coupler input waveguides

and j=1, 2, 3, 4is the top-down numbering of the output waveguides (illustrated in Figure

4.31).

3
Input

Lkl

Figure 4.31 Schematic view of a 4x4 MMI coupler.

The calculated phase relations between the four ports of the 4x4 MMI coupler are

summarized in Table 4.5, clearly showing the 90° phase relations between ports.

Table 4.5 Phase relations of the general 4x4 MMI coupler

4x4 MM j=1 j=2 j=3 j=4
=1 T §7z Zrz T
- 4 4

3 3

=2 Z?Z’ T T Zrz
- 4
1=4 T —lﬂ' §7r T
- 4 4




For example, if we introduce the signal at the input port i =1 and a coherent LO at

input port i = 3 with a phase retardation of %n between each other, then they would

interfere constructively in the output j = 4 and destructively in the output port j = 1.
Subtraction between the output at ports j = 1 and 4 could get the balance-detected in-phase
signal in Eq. 4-23. Similarly, subtraction between the output at ports j = 2 and 3 could get
the quadrature signal.

Figure 4.32 illustrates the setup for coherent detection with APDs. The test channel
is created from an external cavity laser at 1549.3 nm wavelength with 5 kHz linewidth. A
16-QAM modulation signal at variable baud-rate is imprinted onto the carrier using a
nested-MZM with > 30 GHz bandwidth, driven by quad-channel DAC with 64 GS/s
sampling rate. The data pattern is shaped by a raised-cosine filter with a roll-off factor of
0.1 to decrease inter-symbol interference (I1SI). To allow control of channel optical signal-
to-noise ratio (OSNR), a filtered amplified spontaneous emission (ASE) noise source with
variable output power is coupled with the 16-QAM channel before entering the receiver,
and the OSNR is monitored prior to the device under test. The channel is further filtered to
0.6 nm bandwidth and amplified before being coupled to the signal port of the APD-
integrated coherent receiver. The LO is derived from the same laser source powering the
test channel via a 50/50 coupler, and subsequently amplified to compensate for fiber-to-
chip coupling loss. The photocurrents from the four APDs of the integrated coherent
receiver are coupled to the input ports of the real-time oscilloscope (Tektronix
DPQO72004A), which simultaneously captures the photocurrent from the four channels (via

the internal 50Q2 load) at 50 GS/s.

84



DAC

I
sgrceh B

PC
Coupler\ "‘QAM Modulator [ J-I. -D_ =

er - J'L Coupler 0.6nmEDFACoupIer \[o) PC APD
~] Coherent || RTO
ASE 2nm  EDFA VOA Receiver
|
EDFA VO, PC

Figure 4.32 Setup for coherent detection.

Pre-compensation of the data pattern is further applied in order to remove the
frequency response and nonlinear distortion of the transmitter (nested Mach Zehnder
modulator + modulator driver + digital analog converter) and the real-time oscilloscope
(RTO) serving as the digitizer. The frequency response and nonlinear distortion of the
transmitter and RTO are characterized using a 40-GHz-bandwidth reference coherent
receiver constructed out of discrete InP photodetectors (Finisar BPDV2120R) and 90°-
optical hybrid. The resulted equalization filter was applied back to the data uploaded to the
DAC. As a comparison, Figure 4.33 shows the captured spectra from the optical spectrum
analyzer (OSA) before and after frequency roll-off and nonlinear distortion equalization
for 32 Gbaud 16QAM modulation, indicating the compensation of the frequency response
and nonlinear distortion of the transmitter and digitizer with the least-mean-square (LMS)

equalization.
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Figure 4.33 Monitored OSA spectra w/ and w/o frequency roll-off equalization.

After the signals from the four individual APDs are grabbed and digitized by the
RTO, timing skew between the four ADC channels and carrier phase recovery of the four
channels are performed offline in MATLAB to recover the transmitted data. Subsequent
characterizations shown in the following text of this section are performed at an averaged
signal / LO power of -9 dBm / -7 dBm respectively into each APD, of which the fiber-to-
chip coupling loss of 7 dB during experiment and hybrid excess loss of 1 dB are taken into
account.

Figure 4.34 depict the constellation diagrams for 40 Gbaud 16-QAM signal
detection results under OSNR (@ 0.1 nm) values of 14.2 dB and 19.3 dB and bias voltages
of -3V and -11V respectively, clearly illustrating the performance improvement with the
APD multiplication gain. There exist very little distortions in the received constellation
diagrams, proving that the APD is capable of receiving 40 Gbaud 16-QAM signal without

distortion.
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Figure 4.34 Constellation diagrams for 40 Gbaud 16-QAM signal detection results with various
OSNR values and bias voltage.

Figure 4.35 demonstrates the sensitivity of the APD-integrated coherent receiver in
terms of Q? versus OSNR at 0.1 nm for a 40 Gbaud 16-QAM channel when biased at -3V
and -11V. The internal gain of the APDs provides a 2-dB improvement in Q-factor over
the thermal-noise limited receiver at M = 1, reaching BER = 4.5x10 (Q? = 8.8 dB) at 14.5
dB OSNR which corresponds to error-free reception with the staircase hard decision

forward error-correction (HDFEC) coding [89]. Near-theoretic sensitivity and distortion-
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free constellation further suggest that no discernible nonlinear distortion (compression and
bandwidth modulation due to output current) was present in this coherent receiver.
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Figure 4.35 Q factor results for 40 Gbaud 16-QAM signal detection as a function of OSNR values
under various bias voltage.

To summarize, this section demonstrates the APD coherent receiver
implementation, showing 2 dB Q-factor improvement for 40 Gbaud 16 QAM channel

reception with the multiplication gain provided by the APD.
4.6 Summary

In this chapter we have demonstrated the design, characterization, and experiment
of an APD device using foundry-compatible fabrications.

After reviewing the background physics for carrier impact ionization, the design of
the APD device using foundry-provided services are presented with detailed parameter
study. The fabricated devices are characterized in DC dark/photo/gain response, small
signal S-parameter response, and noise characteristics. Further link detection experiments
of the APD devices are demonstrated with 32 Gbaud PAM4 and 40 Gbaud 16QAM data,

showing performance improvements with the gain provided by APDs.
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Chapter 4, in part, is a reprint of the material as it appears in 2020 Conference on
Lasers and Electro-Optics (CLEOQ), pp. 1-2. IEEE, 2020, titled “High-Speed Low-Voltage
Waveguide-Integrated Ge-on-Si Avalanche Photodiodes”, by Jin Zhang, Ana Pejkic, Bill
Ping-Piu Kuo, and Stojan Radic. Chapter 4 also contains in part materials accepted for
publication as it may appear in the IEEE/OSA Optics Express, titled “64Gbs PAM4 and
160Gbs 16QAM Reception Using Low-Voltage Si-Ge Waveguide-Integrated APD”, by
Jin Zhang, Bill P.-P. Kuo, and Stojan Radic. The dissertation author was the primary

investigator, and the primary author of these articles.
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Chapter 5 Multi-stage Silicon Nonlinear Mixer

5.1 Introduction

The exponential growth of the Internet traffic demands capacity scaling not only in
optical communication channel, but, likewise, in networking nodes responsible for traffic
routing. Wavelength multicasting, which can transmit original data to multiple destinations
via different optical carrier wavelengths simultaneously, is recognized as a fundamental
network functionality for synchronous traffic redistribution to multiple nodes through
datagram duplication, thereby relieving network capacity demand for applications such as
video broadcast and map-reduce type distributed computation [90]. While multicast is
conventionally executed in the network layer, its physical layer realization poses an
intriguing proposition for further capacity and power savings, particularly in optical
networks, since it allows decoupling of the high-rate optical channels from the high latency
and power consuming electronic processors.

Physical multicasting requires the device to provide scalable number of signal
replicas, to be agnostic to the incoming channel format, and ideally to incur miniscule
latency overhead to the traffic. Direct optical multicasting has been demonstrated on a
multitude of platforms, with examples including four-photon mixing (FPM) in highly
nonlinear fibers (HNLF) [91], cross-channel effects in semiconductor optical amplifiers
(SOAs) [92], and more recently photon mixing in silicon waveguides [93]. Among these,
the silicon photonic waveguide approach is of particular interest since it offers low optical
latency, high theoretical efficiency, and a viable path towards monolithic integration with
CMOS processing logic. Demonstrations to date are, however, either incompatible with

coherent modulation formats and requires massive integration of laser sources [93], or
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impaired by two-photon absorption (TPA) mediated nonlinear loss at high power which
limited the number of copies [94].

Therefore, in this chapter, we propose a novel concept for scalable wavelength
multicasting based on multi-stage, loss- and dispersion-managed silicon waveguide mixer.
The proof-of-concept demonstration in a dual-stage mixer allowed for a successful 9-fold
multicasting of a 24 GBaud, 16-Quadrature Amplitude Modulated (QAM) channel using

two pumps.
5.2 Silicon Nonlinear Properties

Silicon exhibits a significant third-order nonlinearity, with a Kerr coefficient more
than 100 times larger [95] than that of silica glass in the telecommunication band. This
feature, together with the tight mode confinement provided by SOI waveguides, make it
possible to realize a variety of optical nonlinear functions in silicon waveguides at
relatively low power levels through CMOS-compatible technology. Nonlinear optical
phenomena such as Raman amplification and lasing, wavelength conversion, and self-
phase modulation (SPM) and cross-phase modulation (XPM), have all been demonstrated
in SOI waveguides.

As a semiconductor material, Si is of a crystal structure with inversion symmetry.
Therefore, the lowest-order nonlinear effects in Si stem from the third-order susceptibility
x®, of which the real part is related to the Kerr coefficient n, and the imaginary part is
related to the two-photon absorption coefficient Srp,4, respectively, as:

3w

— 7 (o 0,-0,0 5-1
4€OCZI’I§ (@) )(1111( )

2 n, (@) + 1 Proa(@) =
C 2

where w is the angular frequency, c is the vacuum speed of light, &, is the vacuum

permittivity, n,(w) is the linear refractive index of silicon at the frequency w, and y7;14
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is the degenerate electronic contribution of the third-order susceptibility. The electronic
contribution x5,,, stems from oscillations of bound electrons, leading to the optical Kerr
effect through intensity-dependent changes in the refractive index. It also leads to TPA
effects whenever the energy of photons exceeds the half band gap E; / 2, where E; ~
1.12 eV for silicon (corresponds to a wavelength of 1.1 xm). Bound electrons in the
valence band can be excited to the conduction band through TPA by absorbing two photons
with total energy exceeding E,, resulting in nonlinear absorption loss undesirable for most
applications. The TPA process in silicon has to be assisted by phonons to conserve
momentum because of the indirect nature of its band gap.

Extensive measurements exist to characterize n, and f;p, Of silicon
semiconductor [95], [96]. The value of n, for silicon is found to be more than 100 times
larger in the 1.55-um band than that of silica [95], [96]. However, TPA is also quite large
in this spectral region, which is the main drawback for silicon to realize nonlinear
functionalities at telecom wavelength, not only because of the extra loss in the process but
also because the generated carriers subsequently produce usually undesired free carrier
absorption (FCA) and free carrier dispersion (FCD). The relative magnitudes of the Kerr
and TPA coefficients are often characterized by a nonlinear figure of merit (NFOM) in
silicon defined as F,, = n, /(1 Brpa), Where A is the optical wavelength in vacuum. This
NFOM increases with longer wavelengths, mainly due to the decrease of S;p4 at longer
wavelengths [96]. For wavelengths between 1.2 and 1.7 um, NFOM has a relatively low
value of around 0.2 — 0.4. Therefore, special efforts such as using a reverse-mode p-i-n
junction to sweep out the generated free carriers need to be taken to reduce FCA and FCD

effects for applications in the communication band.
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The nonlinear interactions of optical waves inside silica fibers are well understood
and accurately modeled with the so-called generalized nonlinear Schrddinger equation
(NLSE) [97]. To model the nonlinear effects in silicon waveguides, a similar theoretical
formalism with suitable modifications in account of the unique features can be used.

We start by considering the temporal dynamics, which are modeled by the nonlinear
Schrodinger equation under the slowly varying envelope approximation. The
approximation simplifies the equation for dispersive wave-packet propagation from being
second-order in z to first-order in z, where z is the propagation coordinate. The generalized

nonlinear Schrédinger equation is expressed as [97]:

0 m+1 m 2
aA “A+Z n O A il AP A+——(|A| A -1, A2Al 5-2
mo m' ot" , OT or

where A describes the slowly varying pulse envelope, « is the loss coefficient, S;,, is the

m
mth-order dispersion parameter defined as B;,, = ai)_mﬁi’ y is the nonlinear parameter
defined as y (wy) = %, and Ty is the first moment of the nonlinear response function.
eff

Here T is a frame of reference moving with the pulse group velocity v, in a way as T =
t—2z/vy =t—pz.

For silicon waveguide, it should be included for the loss term both the waveguide
linear loss and its dispersion and nonlinear loss induced by free carriers. Assuming that
free carriers are generated only optically so that N, = N, = N, we can write « as a

function of N and w, as a(w,, N). Here N, and N,, represent the generated free electrons

and free holes separately.
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For pulses of relative wide width, the last two terms in Eq. 5-2 can be neglected, so
is the contribution from the third- and higher-order dispersion terms. Under this condition,

we can get the simplified Schrédinger equation as [97]:

H 2
A oy A
oz 2 2 ot

+7|AF A=0 5-3
The nonlinear Schrédinger equation in Eqg. 5-2 or Eq. 5-3 is solved via numerical
approaches as it generally does not have analytic solutions. The method that has been used
most extensively to solve the pulse-propagation problem in nonlinear dispersive media is
the split-step Fourier method [98], which is also the method we apply for our modeling in
the following sections.
The nonlinear Schrodinger equation (Eq. 5-2 or Eq. 5-3) can be split into two parts

as denoted by [97]:

%?:(D+N)A 5-4
with D the differential operator accounting for the dispersion and losses within a linear
medium and N a nonlinear operator governing the nonlinear effects. In general, the linear
and nonlinear effects act together along the propagation of optical pulses. The split-step
Fourier method obtains an approximate solution by assuming that the dispersive and
nonlinear effects can be assumed to act independently in propagating over a small distance
s, which means in the first step only dispersion takes effects, and in the next step the
nonlinearity acts alone, as mathematically expressed by

A(z+5,T) =exp(sD)exp(sN)A(z,T) 5-5

With the advancement of the finite-Fourier-transform (FFT) algorithm, the

exponential operator exp(sD) is evaluated in the Fourier domain, making the evaluation of
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Eq. 5-5 really fast. It is for this reason that the split-step Fourier method is the most
common numerical methods for solving the nonlinear Schrédinger equation, as is also the

method we applied for our numerical modeling in the following sections.
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Figure 5.1 lllustration of the dispersion and nonlinearity distributions along the pulse propagation
of the split-step Fourier method.

5.3 Silicon Mixer Waveguide Design and Multi-Stage Mixing Modeling

The silicon waveguide used as the parametric mixing platform is designed as a rib
structure with 650-nm width and 250-nm etch depth on a SOI wafer with 300-nm device
layer thickness (see Figure 5.2 (a)), fabricated in IME A*STAR. The p++ and n++ regions
are apart from the waveguide core by 1.2 um on both sides to prevent the optical field from
overlapping with the lossy doped regions, resulting in low waveguide loss of 1.3 dB/cm.
The waveguide geometry is chosen to place the zero dispersion wavelength at 1540 nm
(Figure 5.2 (c)), thereby facilitating wide-band phase matching for efficient four-photon
mixing with a low anomalous dispersion in C-band [97].

Besides dispersion tailoring, the waveguide cross-section is designed to maximize
the figure of merit for the efficiency of nonlinear effects, defined by the product of

nonlinear coefficient y, pump power P, and effective length L.¢,. The simulated mode

field profile is shown in Figure 5.2 (b). With an effective mode area as small as 0.2 um?,
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Figure 5.2 (a) Schematic view of the waveguide cross-section; (b) simulated mode profile; (c) the
dispersion profile of the waveguide.

The effective length L., defines the length of the nonlinear interaction region,

which is limited by the waveguide loss coefficient a as the optical power inside the
waveguide is related to a as P(z) = Pyexp (—az). In order to minimize the loss, a p-i-n
structure is incorporated into the waveguide for active removal of free carriers generated
by TPA [99]. On the other hand, however, the effective length and thus the mixing
efficiency of a single waveguide mixer are ultimately bounded by the non-negligible

attenuation of the waveguide. In silicon waveguides, propagation loss is mainly due to
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scattering from the roughness at the core-cladding interfaces. In commonly used SOI
wafers, waveguide sidewall roughness determined by the lithography and etching
processes is typically on the order of a few nanometers. Scattering loss from the sidewall
roughness thus constitutes the dominant cause of loss in silicon waveguides, resulting in a
typical loss of sub-micron Si waveguides around 1-2 dB/cm.

To study the limitations posed by the attenuation-bounded effective length L,
we first simulate the nonlinear mixing results of a one-stage silicon waveguide mixer with
various lengths. We implement the dual-pump-seeded parametric mixer as it has been
identified as an efficient method for wavelength multicasting with sizable number of signal
copies [100]. The pump wavelengths are set to be 1555.9 nm (P1) and 1559.1 nm (P2) with
50-mW (17 dBm) power each, and the signal wavelength is at 1557.0 nm (S) with a power
of 0.5 mW (-3 dBm). The total input power is thus 20 dBm. The wavelength and power
distributions of the input pumps and signal for the numerical modeling are shown in Figure
5.3 (a). As illustrated in Figure 5.3 (b), these three input waves interact via various
nonlinear processes of phase conjugation (PC), modulation instability (MI), and Bragg
scattering (BS) to generate new idlers [101]. In the meanwhile, high order pumps are
further created through nonlinear processes like SPM in the waveguide, resulting in
cascaded multicast generation of the input signal.

The numerically-calculated nonlinear mixing results with waveguide lengths of 3
cm, 5cm, 7 cm, 9 cm, 11 cm, and 13 cm are shown in Figure 5.4, respectively. It can be
seen that the mixing output spectrum changes little with the mere increase of waveguide
length except for more loss and less output power, indicating the restriction on the effective

length posed by the attenuation of the waveguide.
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Figure 5.3 (a) Wavelength and power distributions for the numerical modeling; (b) nonlinear

mixing principles.
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Figure 5.4 Nonlinear mixing output spectra for various waveguide lengths.
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To quantify this limitation, we extract the conversion efficiency of the 1%-order
idlers (Figure 5.3 (b), P1+P2-S, 2*P1-S, P2-P1+S) and the mixing loss and plotted them as
a function of silicon waveguide lengths in Figure 5.5 (a) and (b), separately. The plots show
that with waveguide length increasing from 5 cm to 13 cm, the conversion efficiency only
improves by 1.8 dB while the loss increases by >10 dB, indicating that nonlinear mixing
efficiency cannot be improved purely by elongating the silicon waveguide. Worse, any
attempt to compensate for the waveguide loss by increasing the pump power will be
negated by corresponding increase of nonlinear loss mediated by TPA and absorption by

residual free carriers.
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Figure 5.5 Conversion efficiency of the 1%-order idlers (a), and loss (b) versus waveguide length.

Recognizing these challenges, we propose a multi-stage mixer architecture in
silicon waveguide which relieves the loss constraint by interstitial re-amplification, and
stage-wise dispersion engineering to enhance nonlinear mixing efficiency. The concept is
illustrated in Figure 5.6: two distinct pump waves plus the signal initially mix in the first
waveguide, immediately followed by a gain block to compensate for the loss inside the
first waveguide. Afterwards, a dispersive element is inserted before relaunching it into the

second waveguide to realign the phases of all constituent waves, including the pumps,
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signal, and idlers generated in the first waveguide, to optimize the generation efficiency
for cascaded mixing in the second waveguide. The mixing-reamplification-phase

alignment construct can be further cascaded to improve the end-stage mixing efficiency.
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Figure 5.6 Schematic of the proposed multi-stage mixing architecture.

As an illustration of the importance of the inter-stage dispersion engineering, Figure
5.7 (a) and (b) show the simulated output spectra of two waveguide stages (13 cm + 7 cm)
without and with dispersion engineering, separately. The input field to the first stage is the
same as shown in Figure 5.3 (a). The power is reamplified to 20 dBm before being coupled
to the second stage. A clear expansion of output spectral width is observed with the
dispersion engineering, as it can aligns the phase of the output from the 1% stage and

compress the pulse to reach higher peak power (see Figure 5.8).
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Figure 5.7 Two-stage mixing output spectra w/o (a) and w/ (b) inter-stage dispersion engineering.
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As the input pulse propagates in the 1%-stage of silicon waveguide with a nonlinear
refractive index, it will encounter nonlinear spectral broadening. With the existence of
waveguide dispersion, the temporal profile is also modified. Pulse compression can then
be accomplished by using the dispersive element, which compensates for the chirp induced
by nonlinear mixing and brings different optical frequency components into synchronism,
resulting in both shorter and more intense pulses that facilitate higher mixing efficiency in
the following stages. Figure 5.8 plot the time domain pulses with (a) and without (b)
dispersion compensation, clearly showing the pulse compression and peak-power

improvement with the dispersion engineering.
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Figure 5.8 Time domain pulses with (a) and without (b) dispersion compression.

To further illustrate the concept of multi-stage mixing, we calculated the output
spectrum of various stage constructions from 2 to 5 and plotted the output mixing spectrum
in Figure 5.9. For all the calculations, the output of the former stage is reamplified to 20
dBm and dispersion compensated before being coupled into the next stage. Furthermore,
we use the 20-dB variation of conversion efficiency as a counting criteria and extract the

quantities of the multicast copies. As depicted by the scaling law in Figure 5.9 (b), the
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number of copies will keep growing in an exponential fashion with further increase in the

number of stages, promising a fully scalable mixing scheme.
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Figure 5.9 (a) Simulation output of the various waveguide stages from 2 to 5; (b) multicast
scaling law with stage numbers.
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5.4 Experimental Demonstration

The multicast quality is rigorously characterized in a system experiment in the setup
shown in Figure 5.10. Two lasers emitting at 1555.9 nm and 1559.1 nm (i.e. identical to
the simulation section above) with 15-kHz linewidths are amplified with EDFAs,
multiplexed by a WDM multiplexer, and then combined using a 3 dB coupler with a signal
laser at 1557.0 nm. The signal is modulated with 24-Gbaud 4/16-QAM data generated
using a 64-GS/s DAC to characterize the multicast quality. The input spectrum coupled to

waveguide stage 1 is shown in Figure 5.10 as an inset.
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Figure 5.10 Experimental setup (ITLA: integrated tunable laser; PC: polarization controller; BPF:
band pass filter; WDM: wavelength division multiplexer; SMF: single-mode fiber; OSA: optical
spectrum analyzer, QAM: quadrature-amplitude modulator). Inset shows the spectrum of the
input to waveguide 1.

The pumps and signal are coupled into the first-stage silicon waveguide of 13 cm
with the aid of a tapered fiber. The waveguide mixers are terminated by inverse tapers at
the chip edges for fiber coupling. The fiber-to-chip butt-coupling loss is measured at 5
dB/facet for TE mode. The power coupled to the waveguide per pump is 17 dBm and the
coupled signal power is -3 dBm, which are identical to the simulation settings in the former
section. The output signal of the first waveguide is amplified using an EDFA to 25 dBm,

dispersion compensated by a 5-m-long single mode fiber, and then coupled into the 7-cm

103



long second-stage waveguide. Taking the 5-dB coupling loss into consideration, the
coupled power to the second-stage waveguide is 20 dBm. The p-i-n junctions of both
waveguides are reverse biased at 25 V for free-carrier removal to reduce free-carrier
induced loss. Finally, the signals are coherently detected relying on a 20 kHz local
oscillator and digitized with a real-time oscilloscope. The data are demodulated offline
with a standard digital signal processing (DSP) chain using MATLAB [102].

The captures of the experimental spectra at the output of the first stage and the
second stage are shown in Figure 5.11 (a) and (b) respectively. The simulation results of
the output spectra are plotted on the right side in Figure 5.11 (c) and (d). As apparent from
Figure 5.11, the experimental spectra fully coincide with the simulation predictions. The
increase in noise level in the second stage is attributed to the significant fiber-to-chip
coupling loss, which increases the effective noise figure of the interstitial fiber amplifier
correspondingly. The noise can therefore be reduced by replacing the fiber amplifier with
a semiconductor optical amplifier (SOA) chip, of which the mode field is better matched
with that of the silicon waveguide.

The multicast performance is further quantified in terms of the Q-factors with both
4-QAM and 16-QAM modulation formats for the generated nine idlers (11-19 as marked in
Figure 5.12 (a)). The extracted Q-factors for the nine multicast copies are plotted in Figure
5.12 (b), showing similar performance variation for both modulation formats, which is a
consequence of un-equalized spectral parametric gain, as well as the amplified spontaneous
emission (ASE) noise ripple within the bandwidth of interest. The best (Figure 5.13 (a/c))
and worst (Figure 5.13 (b/d)) constellation diagrams in each modulation format (4-QAM

or 16-QAM) are shown in Figure 5.13 for a reference.
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Figure 5.11 Experimental output spectra of the 1%-stage waveguide (a) and the 2"-stage
waveguide (b); modeled output spectra of the 15-stage waveguide (c) and the 2"%-stage waveguide
(d) with the same settings.

To summarize, in this section we have experimentally demonstrated successful
QAM multicasting in a silicon-based two-pump multi-stage mixer with inter-stage
dispersion management. Nine multicast copies carrying 24-GBaud 4- and 16-QAM data
sequences are generated with up to 10 dB variation. While the obtained performance
variation requires further device engineering to achieve a more uniform performance [103],
it ought to be stressed that, to the best of our knowledge, the presented result represents the

first demonstration of a multistage silicon mixer with QAM signals.
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Figure 5.13 The best and worst constellation diagrams for 4QAM and 16QAM modulation.
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5.5 Summary

In this chapter we have proposed and demonstrated a novel concept for scalable
wavelength multicasting based on multi-stage, loss- and dispersion-managed silicon mixer
waveguide. The waveguide design in consideration of nonlinearity and dispersion is
introduced, followed by numerical calculations of the proposed multicast concept.
Afterwards, we have experimentally demonstrated successful QAM multicasting in a
silicon-based two-pump multi-stage mixer with inter-stage dispersion management. Nine
multicast copies carrying 24-GBaud 4- and 16-QAM data sequences are generated with up
to 10 dB variation. Further comparisons between the experimental results and the
numerical simulations show high consistency.

Chapter 5, in part, is a reprint of the material as it appears in Asia Communications
and Photonics Conference, pp. ATh2H-5. Optical Society of America, 2016, titled
“Wavelength multicasting of 4/16QAM channel in a dual-pump two-stage silicon mixer”,
by Jin Zhang, E. Temprana, BP-P. Kuo, N. Alic, and S. Radic. The dissertation author was

the primary investigator, and the primary author of this article.
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Chapter 6 Summary and Outlook

6.1 Summary

As the explosive growth of data traffic continues to increase to drive data centers
into the so-called ‘Zettabyte Era’, optical interconnects are becoming more and more
attractive for on-chip and short-reach data links. Communication links with high energy
efficiency (low power consumption) and high bandwidth density are demanded to meet the
requirements for interconnect applications inter- and intra- modern data centers. Silicon
photonics based optical interconnects, with the capability to achieve electro-optic co-
integration, dense integration, and wavelength division multiplexing, offers a promising
solution to achieve a larger bandwidth-distance product, higher interconnect density and
better power efficiency compared to their electrical counterparts. This dissertation explores
and develops the design and architecture of silicon photonics components for low-power
and high-speed optical interconnects.

Wavelength-division multiplexing (WDM) is an important technology enabling
multiplication of interconnect capacity, which has been deployed in the current
200GE/400GE port standardizations and is a must for future even-higher rate standards. A
WDM system requires, firstly, a multiplexer at the transmitter to join the several signals
together and a demultiplexer at the receiver to split them apart. Therefore, a new design of
arbitrary ratio multimode interference (MMI) couplers is proposed in Chapter 3 with
demonstrated implementations in wideband wavelength multiplexer/demultiplexer
(MUX/DEMUX). The limited coupling ratio availability of straight-line MMI couplers is
introduced, followed by the theoretical working principle to allow for arbitrary coupling

ratio in MMIs. Afterwards, the new design of arbitrary-ratio MMI couplers is proposed,
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with dedicated theoretical calculations and numerical simulations showcasing the design
optimization process and performance advancements in wavelength and fabrication
insensitivity. Multiple chip experimental characterizations with further wavelength and
fabrication sensitivity study validate the devices’ performance advancements. An
application example for wideband wavelength MUX/DEMUX is demonstrated.

An avalanche photodiode (APD) with its internal multiplication gain provides the
benefit of improving the sensitivity of the receiver circuits, such that the transmitter power
budget is reduced, the transmission distance is elongated, and the demanded gain for the
following electric amplifier is relieved, thereby lowing the overall power consumption of
the entire link. Together with the capability to support high-bandwidth high-order
modulation formats, APD-based receiver offers a potential solution for future interconnect
architectures in terms of both energy consumption and bandwidth density. In chapter 4 the
design, numerical simulation, and experimental characterizations of APDs are investigated.
Furthermore, the APD devices are implemented in transmission link experiments with
high-speed high-order modulation formats (32Gbuad PAM4 and 40Gbuad 16QAM),
demonstrating performance improvements with APD devices due to the avalanche gain
provided.

In Chapter 5, a multi-stage dispersion-engineered wavelength multicast scheme in
silicon waveguides is proposed. The waveguide design for nonlinear applications in silicon
is introduced, followed by dedicated numerical investigations of a dual-pump-driven
parametric mixer in multi-stage silicon waveguides, showing the importance of dispersion
synchronization. Experimental demonstrations of a two-stage dual-pump wavelength

multicast scheme with 4/16 QAM data modulation further verified the multicast copy

109



number scalability with multiple waveguide stages and the quality of the multicast copies

in terms of Q-factors.
6.2 Future Directions

This dissertation has explored the design and architecture of silicon photonic
components, including arbitrary ratio MMI couplers, APDs, and multi-stage silicon
waveguide mixer, with demonstrated experimental results facilitating future low-power
high-bandwidth optical interconnects; notwithstanding, many open questions yet remain

for system-level integration. The sections that follow discuss the possible future directions.

6.2.1 Arbitrary Ratio MMI Couplers

The demonstrations of the newly proposed arbitrary ratio MMI couplers in chapter
3 show advancements in design and fabrication simplicity, broadband working wavelength,
and fabrication deviation insensitivity. The application implementations of a two-channel
wavelength multiplexer/demultiplexer with two delay stages have been numerically
modeled and experimentally demonstrated in section 3.5, however, with only the 29%-8%
concatenation scheme in the experimental demonstration. The 71%-92% concatenation
circuits with the designed ArMM Is are expected to have a more advanced performances in
terms of loss and spectral flatness, thereby need to be further deployed and verified.
Moreover, higher-channel-number cascaded Mach-Zehnder wavelength filters with more
delay stages also need to be explored to meet the WDM demands.

As for the device design, since the structure of the new design is completely
symmetric in the horizontal direction, it is worthy of studying the feasibility of designing
the component with a reflected structure from the middle, which, if possible, would further

shrink the devices’ feature size to half and promise other application potentials.
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6.2.2 Ge-on-Si Avalanche Photodiodes

Chapter 4 designs and demonstrates Ge-on-Si APDs with PIN structure that fully
rely on the current foundry-provided fabrication process. While the noise of APDs with
multiplication gain happened inside Ge is reduced via electric field engineering, it is
intriguing to explore the designs with Si serving as the gain material simultaneously with
foundry-offered fabrications (without Si epitaxial growth). The structure in Ref [78] serves
as a good beginning point, while more efforts need to be taken to distribute the field control
layer to achieve a higher bandwidth without damaging the gain performance or posing
susceptibility issue of unwanted edge breakdown.

We have demonstrated in section 4.4 for APD PAM4 reception test and in section
4.5 for APD coherent detection experiment, both in a TIA-less fashion. To facilitate
applications in an integrated receiver circuit board, a co-designed TIA circuit offers
benefits to further improve the receiver dynamic range, whether for PAM4 modulation or

for coherent detection.

6.2.3 Multi-stage Silicon Waveguide Mixer

Chapter 5 show the numerically modeled multicast results for the proposed multi-
stage silicon mixer, with proof-of-concept experimental demonstrations on a two-stage
multicast architect bearing 4/16 QAM modulated data. In our demonstrations, the inter-
stage dispersion engineering, which is essential for the efficient and low-noise wavelength
multicasting, is realized via off-chip component like single-mode fiber and Bragg grating,
as is the gain functionality achieved via off-chip EDFA. This scheme introduces
unavoidable coupling loss and is not practically scalable to a large scale. Potential

explorations to design on-chip dispersion elements and SOAs (hybrid-integration on
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Silicon Photonics) are promising to accomplish fully scalable multicasts with lower noise

and less power consumption.
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