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ABSTRACT

Silicon photonics has garnered plenty of interests from both the academia and
industry due to its high-speed transmission potential as well as sensing capability to
complement silicon electronics. This has led to significant growth on the former, valuing at
US$ 626.8M in 2017 and is expected to grow 3-fold to US$ 1,988.2M by 2023, based on data
from MarketsandMarkets™. Silicon photonics’ huge potential has led to worldwide attention
on fundamental research, photonic circuit designs and device fabrication technologies.
However, as with silicon electronics in its early years, the silicon photonics industry today is
extremely fragmented with various chip designs and layouts. Most silicon photonic devices
fabricated are not able to reach the hand of consumers, due to a lack of information related to
packaging design rules, components and processes. The importance of packaging
technologies, which play a crucial role in turning photonic circuits and devices into the final
product that end users can use in their daily lives, has been overlooked and understudied.
This thesis aims to — 1. fill the missing gap by adapting existing electronics packaging
techniques, 2. assess its scalability, 3. assess supply chain integration and finally 4. develop

unique packaging approaches specifically for silicon photonics.

The first section focused on high density packaging components and processes using
University of California, Berkeley’s state-of-the-art silicon photonic MEMS optical switches
as test devices. Three test vehicles were developed using (1) via-less ceramic and (2) spring-
contacted electrical interposers for 2D integration and (3) through-glass-via electrical
interposers for 2.5D heterogeneous integration. A high density (1) lidless fibre array and (2) a
2D optical interposer, which allows pitch-reduction of optical waveguides were also

developed in this thesis. Together, these components demonstrated the world’s first silicon



photonic MEMS optical switch package and subsequently the highest density silicon

photonic packaging components with 512 electrical 1/0s and 272 optical 1/Os.

The second section then moved away from active optical coupling that was used in
the former, investigating instead passive optical packaging concepts for the future. Two
approaches were investigated - (1) grating-to-grating and (2) evanescent couplings. The
former allows the development of pluggable packages, separating fibre coupling away from
the device while the latter allows simultaneous optical and electrical packaging on a glass

wafer in a single process.

Lastly, the knowhow and concepts developed in this thesis were compiled into
packaging design rules and subsequently introduced into H2020-MORPHIC, PIXAPP

packaging training courses (as a trainer) and other packaging projects within the group.
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PREFACE

OBJECTIVE

Most of the research on silicon photonic to date focuses mainly on device
functionalities, device fabrication and physical behaviors, leading to increasing gaps between
a device and its final packaged form. The objective of the thesis thus is to develop and
demonstrate advanced silicon photonic packaging technologies with future manufacturability
in mind. High density 2D and 2.5D heterogeneous integration and passive optical assembly
of silicon photonic devices formed the major theme of the thesis. It is hoped that the various
concepts, designs, materials, and process flows used in this thesis provide the much needed

boost toward mass manufacturing of silicon photonic packages in the future.
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STRUCTURE OF THE THESIS

This thesis consists of two sections. Section | (Chapters 2 and 3) discusses high
density optical and electrical packaging of silicon photonic devices, whereby active optical
assembly after electrical packaging is used. State of the art silicon photonic MEMS switches
from University of California, Berkeley are used as packaging test devices. Section Il
(Chapters 4 and 5) discusses passive optical and electrical assembly, whereby optical
coupling can be achieved simultaneously during electrical packaging. The following provides

an overview of the content for each chapter.

Chapter 1 introduces readers to the world of silicon photonic packaging and its
associated electrical and optical packaging approaches and challenges. 2D-FDTD simulations
comparing vertical and planar fibre coupling on uniform and non-uniform gratings are
presented. A review of prior art on electrical interposers and optical coupling solutions for
photonic packaging and integration is also included. The chapter ends with a discussion on
the rationale behind using actual silicon photonic test devices to properly demonstrate high

density optical and electrical packaging components.

Chapter 2 demonstrates first generation packaging solutions for optical and electrical
integration using silicon photonic MEMS optical switches as test devices. The test vehicle
(herein refer to as TV1) is developed through the use of a single metal layer aluminum nitride
interposer and lidless fibre array to demonstrate the concept of 2D packaging and integration.
The designs and components introduced led to the world’s first functional silicon photonic

MEMS optical switch package with 12 x 12 ports.

Chapter 3 expands the work done in the earlier chapter to demonstrate higher density
optical and electrical integration. UC Berkeley’s latest silicon photonic MEMS optical switch

was used as a test device following some package-able reconfiguration discussions. Two test
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vehicles — a pluggable package (herein refer to as TV2a) and through-glass via package
(herein refer to as TV2Db) are developed to demonstrate the concept of 2.5D packaging and
integration. TV2a consists of a single metal layer aluminum nitride interposer with secondary
spring-contacted interposer, while TV2b consists of three metal layers with drilled through
holes on glass interposer. This chapter also introduces the 2D 136-channel pitch-reducing

optical fibre array made from ion-exchange processes.

Chapter 4 turns the attention away from active fibre alignment, exploring gratings-to-
gratings coupling based on a pair of gratings stacked vertically. This concept is meant to be
integrated with TV2a — the pluggable package from Chapter 3 in the future. Simulations and

experimental results are documented.

Chapter 5 subsequently explores evanescent coupling on a buried glass waveguide
meant to be integrated with TV2b — through-glass-via package in the future. The design,

simulations and challenges encountered are documented.

Chapter 6 provides generic design rules and considerations for readers who are

interested in silicon photonic packaging and integration.

Chapter 7 summarises the work done in this thesis and suggestions for future work.

The appendix introduces the various equipment used and mechanical components

designed and fabricated for the activities in this thesis.
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INTRODUCTION

1.1 SILICON PHOTONICS AND PACKAGING

In a 2013 white paper [1], Cisco had estimated that only about 10 billion out of the 1.5
trillion things (0.6%) were connected globally through the internet, and in 2015 [2], predicted
that as much as 500 zetta-bytes of information will be generated by 2019, up more than
threefold from 135 zetta-bytes in 2014. As we progress toward the era of internet of
everything (IoE), CMOS electronics, which have been responsible with the processing and
local transmission of information can no longer keep up with the growth, especially as
Moore’s law is approaching its end [3]. Moreover, traditional high-speed electronics require
copper connections on hybrid (Rogers) printed circuit board as well as cables running from

metres to kilometres, leading to massive signal attenuations, limiting transmission speed.

Silicon photonics on the other hand, have the ability to complement existing
microelectronics by enhancing the transmission speed currently being limited by electrical
traces (heat generation) through the optical domain [4]-[6]. By incorporating photonic
components on the device and PCB, together with fibre optic cables for point to point
connections, this allows more efficient signal transfers with lower energy losses. In fact, the
first microprocessor with integrated photonic components to allow higher communication
speed with off-chip memory was demonstrated recently [7], while companies such as Finisar,

Macom and Huawei and leading the way in making high speed communications a reality.

Aside from improving the way we communicate, silicon photonics also allows new
generation of sensing/imaging capabilities, improving disease/chemical detection and making
autonomous driving possible. In fact, autonomous shuttle system is already under trial

worldwide, such as Singapore, Germany, and Australia while in the consumer space, Ford,
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Audi and Toyota are investing heavily into the development of autonomous cars [8]. As
silicon photonic device fabrication technologies continue to mature, the demand for packaged
products is increasing as well. However, limited activities into understanding packaging
technologies and processes for silicon photonic devices have led to slow manufacturing

throughput and thus higher cost.

Packaging is meant to provide a smooth transition in physical sizes, from the sub-
micron features of integrated circuits to metre-scale systems while protecting them at the
same time from environmental damages. Due to the wide level of integrations required,

packaging is often categorised into the following [9], [10]:

a. Level 0 — Integration of various functional elements within a device
b. Level 1 — Device to substrate integration within a package

c. Level 2 —Package to board integration

d. Level 3—Board to board integration within a sub-assembly

e. Level 4 — Sub-assembly integration within a system

f. Level 5 — Between systems

Level O involves the implementation of gate-to-gate interconnects on a device at
wafer level through the use of electro-plating, physical vapour deposition or evaporation. The
wafer will then be diced into individual devices, and subsequently form into a package (Level
1) through the use of wire bonding or flip chip bonding. Level 2 will see multiple packages
being integrated onto a board, again through the use of wire bonding or flip chip bonding.
Subsequent levels of integration (Level 3 to 5) involve the use of connectors and cables. It is
worth highlighting at this stage that this thesis focuses mainly on level 1 and 2 integrations.

With that in mind, let’s dive deeper into silicon photonic packaging.
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Optical packaging:
* Fibre array
+ Optical resin

’P

Electrical packaging:
» Test board
* Interposer
« Connectors
Mechanical assembly: » Solder material
* Fibre support post *  Wire bonds
¢ Sub-mount .

Die attach epoxy
« Screws

Thermal assembly:
* Thermo-electric cooler
» Thermal grease

Fig. 1.1. Generic assembly of a silicon photonic package, consisting of thermal and

mechanical considerations, in addition to optical and electrical packaging.

The packaging of silicon photonic devices often comes with multiple technical
challenges, requiring electrical, optical, thermal, mechanical and material knowhow (Fig. 1.1).
While similarities exist between traditional electronics packaging and silicon photonics
packaging, there are differences involved as well. Aside from electrical interfaces, silicon
photonics have additional optical interfaces in the form of gratings or inverted tapers that
have to be connected to a system, typically through the use of optical fibers. This additional
requirement reduces the degree of freedom for photonic packaging compare to electronics in

the form of package design, materials to be used and the associated process flow.
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4

1. Die attach 2. Wire bonding 3. Fibre attach

Wire bonding type
I |

Flip-chip bonding type

1. Solder bumping 2. Flip-chip reflow 3. Fibreat?ch

Fig. 1.2. Generic packaging sequence for silicon photonic devices. Note that fibre attach is

always the last component to be assembled.

For silicon photonics packaging, the optical interfaces are usually the last to be
processed (Fig. 1.2) due to its temperature sensitivity as most packaging processes are
performed at elevated temperatures, i.e. die attach at 120 °C, thermo-sonic wire bonding at
150 °C and lead-free solder reflow at 260 °C. Meanwhile, the various materials have
coefficients of thermal expansion (CTE), ranging from as low as 2.9 ppm/K for silicon to as
high as 70 ppm/K for under-fill resins and 200 ppm/K for optical resins, thus will expand or
contract with processing temperatures. Optical resins are also not stable at elevated
temperatures, often losing optical clarity and adhesion strength that is necessary to hold a
fibre against its optical interface on the device. Adhesion strength degradation and thermo-
mechanical stress due to temperature also occur on fibre v-groove assembly. While a fibre-

last approach is commonly adopted due to the above reasons, there have been demonstrations
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using specialty optical resins, fibre v-groove assembly and optical fibres such as that by
Doerr et al [11]. At the same time, there are fabrication tolerances on fibre v-groove that can
accumulate and add to the fibre pitch as fibre counts increase, leading to optical insertion
losses due to misalignment. At the same time, as the typical minimum fibre v-groove pitch is
127 um, increasing the number of fibre channels to beyond 100 will lead to a large photonic
die, increasing packaging complexity due to alignment in 6-degree-of-freedom. A careful
consideration of the packaging sequence, processes, materials and design of a silicon

photonic device is thus necessary.
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1.2 ELECTRICAL INTERCONNECT AND INTERPOSER TECHNOLOGY

In its simplest form, an interposer functions as the electrical intermediary between
integrated circuits on a device and a system board (Fig. 1.3). Continuous downscaling of
integrated circuits, driven by the relentless pursuit of miniaturisation, leads to increasing
dimensional mismatches between them and at the same time, reliability concerns. The
interposer thus bridges the two by spreading tightly distributed electrical ports from the
device to a wider pitch on the system board for easier assembly. Aside from serving as an
electrical intermediary, the interposer is also used to integrate various devices with different
functionalities (heterogeneous integration) into a mini-system, prior to board level assembly,

thus terms such as 2D and 2.5D are common in the electronics packaging industries.

Without through via

Printed circuit board

With through via

Printed circuit board

Fig. 1.3. Schematic of generic interposer (without and with through via) used for electrical

interfacing between device and system board.

Moreover, in terms of operational reliability, an interposer as an intermediary offers a
gradual transition in mechanical stresses arising from the differences in coefficient of thermal
expansion (CTE) between various components used. For example, device made of silicon has
a CTE of 3 ppm/K while system board has CTE ranging from 14 to 70 ppm/K depending on

core materials and the number of metal layers. Other materials used in packaging such as
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eutectic lead-based and lead-free solders have on average CTE of 24 ppm/K, organic die
attach and under-fill materials have CTE of about 30 ppm/K while bond wires have CTE

ranging from 14 to 23 ppm/K, depending on whether it is gold, copper or aluminium.

Due to its various benefits, efforts have been made especially by the electronics
packaging industries into developing interposer technologies. Over the years, interposer
technologies have evolved from being (1) via-less to through-via to reduce the electrical
length, (2) single metal layer to multiple layers and (3) reduction in metal line width/space in
order to increase the density of electrical ports. Today, they are various interposer
technologies based on organic [12]-[14], silicon [15], [16], glass [17], [18] or ceramic [19],

[20] materials and structures, with their respective merits and demerits.

Types of interposer to be used in any packaging design have to be based on the
application, operating speed, cost and ease of integration [21]-[25]. For example, glass is
better suited for high speed applications due to its low dielectric constant, ceramic is better
suited for high power applications due to its high thermal conductivity, silicon is better suited
for ultra-fine electrical interconnection due to its CMOS compatibility, while organic
interposers are of lower cost. Nevertheless, the decision to use a particular type of interposer

technology is highly dependent on the ease of availability and design rules from suppliers.
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Fig. 1.4. Examples of interposer technologies. (a) Fine metallization lines on organic
interposers from [13], (b) EMIB approach from [16] and (c) embedded ceramic concept from

[20].
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1.3 OPTICAL INTERCONNECT AND COUPLING TECHNOLOGY

Table 1.1 Comparison of silicon photonic optical coupling techniques

Pros Cons

Violates CMOS design rules

Requires post-processing (edge
facet polishing)

In-plane coupling Wafer level testing not possible
Larger bandwidth
(nano-tapers) Difficult fibre coupling without
fiducial

Couplers limited to single row

Polarisation cannot be separated

Does not violates CMOS design
rules

Does not require post-processing
(edge facet polishing)

Out-of-plane Full wafer level testing
coupling Finite bandwidth
(gratings) Easy fibre_coupling with fiducial
incorporated

High density couplers application
(staggered rows)

Polarisation can be separated

Silicon nano-tapers (in-plane) and surface gratings (out-of-plane) are the two common
approaches used in silicon photonics as optical interconnects. The former, while having both
higher bandwidth and coupling efficiency compare to the latter, is typically located at the

edge of a silicon photonic device and requires an additional spot-size converter. At the same
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time, post fabrication probing is not possible for silicon nano-tapers unlike surface gratings,
thus making it less popular. Additional spot-size converters and edge facet polishing also
make it less compatible with CMOS foundries. Welch [26], in an IEEE presentation,

summarised the comparison between the two which is reproduced in Table 1.1 above.

Over the years, the majority of the research efforts in silicon photonics has focused on
understanding surface gratings and their fabrication in order to expand the bandwidth and
coupling efficiency (Fig. 1.5). Today’s surface gratings are designed for first diffraction order
for reversibility (receiving and emitting) and can be generally grouped into two categories —
uniform and non-uniform gratings. The design, fabrication and improvement of gratings are
not the focus of this thesis, thus only a general overview of their behaviour from the

packaging perspectives shall be discussed.

ny

n —0———

M3 Nerr — m&
sin(@) = BEERNT o
1

Fig. 1.5. Generic surface grating structure and its formula, where m is order of
diffraction, ® is angle of diffraction, A is wavelength, a is grating period, nj, Ny, N3 are
refractive indexes of layers 1, 2 and 3, n is the average of index value of the thick and thin

region of the grating.

In terms of packaging, there are two approaches in which a fibre array can be coupled
onto a grating coupler — vertical or planar. Vertical coupling allows optical signals to enter
the grating directly, while planar coupling relies on total internal reflection at the polished

interface to direct the optical signals. 2D-FDTD simulations illustrating the differences
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between vertical and planar fibre couplings using non-uniform gratings design from [27] are

shown in Fig 1.6. It can be seen that planar coupling has higher transmission losses compare

to vertical coupling. A comparison is further done using non-uniform [27] and uniform

grating [28] designs from existing literatures. The results are tabulated in Tables 1.2 and 1.3.

There are N.A entries in Tables 1.2 and 1.3 as the configuration isn’t physically possible.

“Distance” in the tables are referring to the fibre core centre to the top oxide surface of the

grating coupler used in simulation space.

Vertical configuration

SMF28 fibre
diameter — 125 um

>

Core

f . Cladding

/ I Distance from SMF28

fibre facet to gratals R f:le:ls

74% (-1.3 dB)

———

y(microns)

Planar configuration

SMF28 fibre
diameter — 125 ym

]

v/ I Distance from fibre centre

to grating facet

y(microns)

Fig. 1.6. 2D-FDTD simulation of vertical fibre coupling (left) and planar fibre coupling on

non-uniform gratings (right).

39



Table 1.2. Insertion losses of non-uniform grating system between vertical fibre and planar

fibre couplings. Units in dB.

Distance Vertical fibre Planar fibre
Nair =1 Nepoxy = 1.45 Nair =1
Zero gap -1.3 N.A N.A
10 pm -1.86 -1.33 N.A
62.5 um -2.66 -2.25 -25

Table 1.3. Insertion losses of uniform grating system between vertical fibre and planar fibre

couplings. Units in dB.

Distance Vertical fibre Planar fibre
Nair = 1 Nepoxy = 1.45 Nair = 1
Zero gap -2.98 N.A N.A
10 pm -2.89 -2.96 N.A
62.5 um -4.05 - 3.66 -4.52

While the simulation exercise shows that planar coupling suffers from lower coupling
efficiency due to additional losses from total internal reflection and larger vertical distance, it
is more stable than vertical coupling from a mechanical point of view. An example is shown
in Fig. 1.7, whereby a vertically assembled fibre array had decoupled from its original
position. Planar assembly has larger surface area for mechanical support and at the same time
close to negligible fiber bending stress due to gravity, which is common for vertical assembly.
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It also allows low profile packaging assembly compare to vertical coupling that requires a
fiber support post. These shortcomings of vertical coupling have led some companies such as
Sumitomo Electric to introduce unique fiber bending technology to allow low-profile vertical

coupling [29].

Fibre array decoupled due
to bending stress and
weak adhesion with

device
//v
A =—=¢ =

Original position of <

ibre array I -

/ l =

=
L N
E‘ . A

Fig. 1.7. Example of a decoupled vertical fibre array assembly due to bending stress and

weak adhesion with device.
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1.4 REVIEW OF PRIOR ART ON OPTICAL PACKAGING

In general, packaging and integration of silicon photonics devices can be approached
in multiple ways, but the key theme is always to eliminate active alignment and to allow
multi-device configurations on a test board. Some of the interesting ideas that have been

proposed are briefly introduced below.

Asperation Oy and VTT Electronics had demonstrated a planar polymer based
waveguide with integrated micro-mirrors on FR4 substrates over a decade ago [30]. Their
paper described the concept of an optical/electrical printed circuit board for three dimensional

(3-D) optical interconnects (Fig. 1.8) which offers low-cost mass fabrication.

b | O/E-CSP-TX Package

a
) | O/E-BGA-TX Package

g 2 — IO
L-layers '{ I
7 }\ o —!5
~

Integrated micromirror
E-layers -

O/E-BGA/CSP-TX Package O/E-BGA/CSP-RX Package
) VCSEL array e - PD array
‘ - — . ‘__,—’—""'65Eical Waveguides /Iy
P A a—

Fig. 1.8. Optical/electrical substrate using polymer waveguide with micro-mirrors from [30].

Similarly, IBM Zurich also proposed the application of polymer waveguides on
organic substrates due to its low cost attractiveness. There are two coupling approaches
demonstrated, (1) pin-guided butt coupling [31] and (2) evanescent coupling [32] as shown in

Fig. 1.9 and Fig. 1.10 respectively.
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Fig. 1.10. Evanescent coupling concept of polymer waveguide on organic substrate from [32].

It is worth noting that both Asperation Oy and IBM Zurich’s concepts of polymer
waveguide on organic substrate are limited in 2-D. Karlsruhe Institute of Technology (KIT)
on the other hand, introduced photonic wire bonding in 2012 [33], which allows 3-D
integration of devices. The photonic wires are formed using two-photon lithography — pulsed
laser writing on negative tone resist. Unreacted resist were then washed away, leaving only

the wires (Fig. 1.11).
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Photonic wire
= bond

SOl waveguide

Fig. 1.11. Photonic wire bonds linking two devices from [33].

NTT and Kyoto University in 2004 proposed the used of multi-layer glass substrates
to form 3-D optical waveguides [34]. Epoxy resin was used to fabricate the planar
waveguides on a glass substrate and then laminated, diced and polished at an angle to form
the 3-D waveguides. Total internal reflection will promote coupling into gratings on the

photonic device. The concept is shown in Fig. 1.12.

Planer waveguide Laminated waveguide block

Glass wafer 45-degree
mirror plane

(@)

45-degree mirror

Dicing Iin% - Three-dimensional /
wn waveguide \
[ A
© = @ -~
45-degree mirror

Fig. 1.12. lllustration of 3-D waveguides fabrication through lamination of planar polymer

waveguide on glass from [34].

IMEC and LioniX on the other hand introduced a silica based optical interposer based
on Triplex technology (Fig. 1.13) [35]. A mirror array was formed at the edge of the

waveguides to couple light into the gratings on a photonic device.
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Fig. 1.13. Triplex optical interposer for silicon photonics integration from [35].

Next, Fraunhofer 1ZM and Georgia Tech also developed their own approaches using
glass substrates. The former utilised ion-exchange process to form planar waveguides on the
glass, and then polished at one end to couple light into surface gratings on the device [36].
Georgia Tech on the other hand, plugged polymer material into laser drilled vias to form
optical vias for photonic device integration [37]. Their respective concepts are shown in Fig.

1.14 and Fig. 1.15 below.

Finally, Oracle proposed and demonstrated high density chip-to-chip optical coupling

using silicon mirrors [38]. The concept is shown in Fig. 1.16.

S ey
Optical Glass
waveguide 1 substrate

Mirror

Fig. 1.14. Polished ion-exchange waveguides from [36].
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Fig. 1.15. Polymer plugged via to light coupling from [37].

Silicon Substrate

521" SiWaveguide | } Gap
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Fig. 1.16. Chip-to-chip optical proximity communication approach using silicon mirror from

[38].
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1.5 TEST DEVICE FOR PACKAGING DESIGN AND DEMONSTRATION

As mentioned in the objective, this thesis aims to develop and demonstrate advanced
silicon photonic packaging approaches for future manufacturing. Proper packaging test
vehicles are necessary in order to make the development as realistic as possible, and the test
devices to be used play an important role. Through collaboration with University of
California, Berkeley (UCB), functional packaging demonstrations can be made using their

state-of-the-art silicon photonic MEMS optical switch.

While a purposely designed and fabricated test device from MPW foundries can be
done, only a “dummy” packaging test vehicle can be demonstrated in this scenario, and the
challenges associated with packaging a “live” device cannot be fully appreciated. Secondly,
the focus of this thesis is about high density optical and electrical packaging developments,
but MPW runs offer limited size, interconnect density and functions (Fig. 1.17). Moreover,
the cost associated with MPW runs are on the high side and can cost up to € 150,000 (Table
1.4) and often come with long lead time. A collaboration and partnership with UCB is thus a

win-win scenario.

IMEC iSiPP50G
25x%x25
UCB MEMS Switch 2
17.4 x 16
IMEC iSiPP50G UCB MEMS Switch 1
10.45 x 10.45 10x 10

Fig. 1.17. Size comparison of the test devices from UC Berkeley that were used to develop
packaging design and components in this thesis versus standard devices from MPW foundries

such as IMEC.
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Table 1.4: Comparison of device fabrication surface area and cost from different Multi-Project-Wafer (MPW) foundries [39]-[44].

LETI . .
5 . IMEC - IHP AIM Photonics AIM Photonics CMC
Area (mm?) | Cornerstone | IMEC passives iISIiPP50G Si310- SG25H5_EPIC passive active Microsystems
PHMP2M
Every1x1 € 8,000
Every2x1 € 1,600
25x2.5 € 10,000
8 $25,000
515x25 € 6,100 € 20,000
3x8 C$13,300
25 $50,000
55x4.9 £7,000
5.15x5.15 € 11,600 € 40,000
50 $30,000 $100,000
10.45x 5.15 € 20,600 € 80,000
11.47 x 4.9 £10,000
100 $200,000
10.45 x 10.45 € 150,000




1.6 CHAPTER SUMMARY

In this chapter, the basics of packaging and difference between electronic and silicon
photonic packaging had been introduced. 2D and 2.5D interposer packaging approaches and
types of optical couplings were also briefly discussed together with a review of state-of-the-
art silicon photonic packaging approaches that was currently found in the literature.
Subsequent chapters will further introduce advanced packaging approaches and processes
that can be used for packaging silicon photonic devices, using silicon photonic MEMS switch

as test subjects. These chapters shall form the basis of this doctoral thesis.
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FIRST GENERATION OPTICAL AND
ELECTRICAL PACKAGING

2.1 OVERVIEW OF TEST DEVICE

Bus Waveguide Coupler Waveguide

BOX (3 um) Mechanical BOX (3 um)
Stopper
Si Substrate (Dimple) Si Substrate

Fig. 2.1. Schematics of MEMS switch unit cell depicting coupler and bus waveguides, the

mechanical stoppers and their operating principle during OFF state (left) and ON state (right).

The operating principle of the silicon photonic micro-electro-mechanical-system
(MEMS) switch is illustrated in Fig. 2.1 [1]-[3]. The switching element consists of a pair of
adiabatic couplers suspended above the bus waveguides. When the device is under OFF state,
the adiabatic couplers are suspended at 1 um above the bus waveguides and do not interfere
with the light propagation within the bus waveguides. When a voltage is supplied (ON state),
the initially suspended adiabatic couplers are pulled down by the integrated MEMS actuators
electrostatically, allowing light coupling from the bus waveguides to the first adiabatic
couplers. After a 90 ° turn, light is coupled to orthogonal bus waveguides through the second
adiabatic couplers. Mechanical stoppers patterned by photolithography define the coupling
distance between adiabatic couplers and bus waveguides precisely. The optical insertion loss
and crosstalk are independent of the bias voltage applied to the MEMS actuators. The
intrinsic digital operation of MEMS actuators enables large scale digital switching operations

and the switch can operate over ten billion cycles without failures [4].

56



Fig. 2.2 shows the 50 x 50 switching device selected for the first optical and electrical
packaging demonstration. In general, for an N x N digital switching device, there are N?
electrical interconnects (excluding grounds) and 2N optical interconnects. 2500 silicon
photonic switches are monolithically integrated on silicon-on-insulator (SOI), within an area
of 7.6 mm x 7.6 mm. Each pair of suspended MEMS actuators (Fig. 2.2) are controlled by the
bond pad in the centre. This switching architecture is highly scalable as light passes through
only one switching element regardless of the switch size. The grating couplers implemented
on the switch device have a uniform pitch of 640 nm and a duty cycle of 50 % for optimum
coupling of TE-polarized light. Although this device was designed for TE-polarized light, it
has been reported that polarization insensitive switches can be demonstrated using the same
silicon photonic MEMS switching architecture [5]. Device level characterisation has shown a
sub-microsecond switching time (approximately 3 orders of magnitude faster than

commercial 3-D MEMS switches), broad spectral bandwidth (1400 — 1700 nm), high

extinction ratio (> 50 dB) and digital switching characteristic.

Fig. 2.2. Overview of the 50 x 50 switching device (left) used in packaging demonstration

and a switch unit cell under optical (middle) and scanning electron microscope (SEM) (right).

In every packaging activity, be it electronics or silicon photonics, complete
understanding of the problems, challenges and availability of equipment and materials are
important to arrive at a solution. First of all, packaging of MEMS devices are typically more
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challenging than conventional electronics as delicate movable structures which are sensitive
to particles are involved [6] - [9]. Secondly, in order to realize the full potential of the
switching device, there is a need to address the large number of electrical ports. For instance,
an N x N switching device will require N? electrical interconnects at the test board interfacing
the device and end user. The density of electrical bond pads to be connected and their
locations in the centre of the device do not allow straightforward wire bonding onto the test

board as long wires can lead to sagging and shorting.

At the same time, exposed and suspended MEMS structures located at the four
corners of electrical bond pads do not allow the use of material that can leave residues such
as solder flux [10], [11] and polymer resin such as glob top to keep the wires rigid and in
place or under-fill to improve solder strength. Finally, there is a mismatch between the device
and printed circuit board (PCB) design rules, making direct flip-chip bonding onto the board
challenging. Difference in coefficient of thermal expansion (CTE) between silicon (2.9
ppm/K) and PCB (FR4, 14 ppm/K) could lead to reliability issues especially when under-fill

materials are not used.

Having properly understood the problems and challenges, the following processes were

proposed and illustrated in Fig. 2.3.

a) Solder bump formation on MEMS device
b) Flip-chip MEMS device onto interposer
c) Attach flip-chip assembly onto test board
d) Wire bond from interposer to test board

e) Optical assembly
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Fig. 2.3. Proposed packaging and assembly process flow for the silicon photonic MEMS
device. (a) Solder bump formation on MEMS device, (b) flip-chip MEMS device onto
interposer, (c) attach flip-chip assembly onto test board, (d) wire bond from interposer to test

board, (e) optical assembly.
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2.1 ELECTRICAL PACKAGING DESIGN

In this first packaging demonstration (Test Vehicle 1), we selected a sub-array of 12 x
12 (out of 50 x 50) switching cells for faster assembly, which results in 146 electrical
interconnects (including ground pads). Instead of a direct flip-chip-bonding onto the PCB, a
250 pm thick aluminium nitride (AIN, 4.5 ppm/K) interposer was used as an intermediate
substrate between the device and board to minimize CTE mismatches. Unlike wire bonding,
flip-chip requires a mirrored bond pad orientation on the substrate, thus the design convention
(device face up or face down) of the interposer layout should be decided at the beginning and

consistently followed. This is particularly important for symmetrical pad-array configuration.

Based on the device layout, only 3 edges of the interposer can be used to populate the
electrical bond pads connecting to the PCB, as optical interconnections are needed at one of
the four edges. Single metal layer electrical redistribution lines (RDL) were designed using
25 um line width and space specification to fan-out the 146 electrical interconnects from the
device. This design resulted from the decision to connect every alternate bond pad from the
device, effectively doubling the pad pitch from 145 pm to 290 um thus relaxing the routing
density. Titanium/platinum/gold (Ti/Pt/Au) was used as the RDL metallization on the
interposer as a standard offering from fabrication supplier. The number of switching cells can
be readily expanded / scaled up with the use of multi-layer RDL or finer line width and space
RDL design rules available with advanced silicon and glass interposers. Simplistically
speaking, assuming similar line widths of 25 um, two metallization layers will be required
should the number of electrical interconnect be doubled from 146 to 292 (assuming that the

pad pitch remains the same), but this will add to the manufacturing cost as well.

At the same time, a two-layer PCB was also designed to connect the 146 electrical

ports from the interposer, with the bond pads arranged in staggered fashion to match the pad
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pitch of the interposer. This minimizes the wire bonding length and prevents overlapping and
sagging of bond wires, thus preventing electrical shorts. The bond pads were finished with
electro-less nickel immersion gold (ENIG) plating for wire bond process-ability and joint
reliability. Three pluggable electrical sockets, each capable of taking 50 discrete electrical
wires, were placed at one side of the PCB and served as the interface for testing and
characterisation. The final design of the ceramic interposer and PCB are shown in Fig. 2.4.
The electrical assembly was then matched and confirmed with optical assembly before

components manufacturing were committed.

2 iP 2ID C;)El 1P 5|0
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Overhang to allow fibre / ul - \ AIN interposer

coupling
10 mm MEMS switch

Fig. 2.4. Design of (a) ceramic interposer to fan-out 12 x 12 electrical interconnects located

at the bottom right quadrant of the device and (b) printed circuit board (PCB) assembly.
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2.3 OPTICAL PACKAGING DESIGN

() Electrical -7 (b)
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Fig. 2.5. 3-D SolidWorks models showing (a) the expected package assembly, (b) top view
of the model showing FA alignment onto device, interposer and PCB and (c) side view of the
model showing that only a lidless fibre will be able to couple to the device gratings due to

proximity to interposer edge.

Similar to electrical packaging, there is also a need to address the large number of 2N
optical interconnects needed for an N x N switching device. In this packaging demonstration,
there are 36 optical ports serving as input, through and drop ports which can only be accessed
using a 64-channel fibre array (FA), owing to the device configuration. The PCB, FA and
mechanical housing (not shown) were put together using SolidWorks in 3-dimensions (3-D)

during the design stage to confirm the optical assembly (Fig. 2.5).

The model made clear that the close proximity between the grating couplers and the

interposer edge would not allow a typical FA with top lid to reach the couplers. Although a
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planar coupling approach would have solved this issue, a high polished angle (51.5 °) FA
could not be sourced during the current project phase due to the large array size. High angle
polishing, in which individual fibres are resin-fixed on the V-groove, proved to be
challenging as some fibre peel off was observed [12]. Thus, a 13 ° polished lidless FA was

used instead.
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2.4 RESULTS AND ANALYSIS

®50 um solder bump
on device Au pad

(@)

Au stud on
ceramic Au pad

o

Fig. 2.6. (a) Solder (SAC 305) bumps on switch device and (b) gold (Au) stud bumps on

ceramic interposer and (c) flip chip assembly of the device on interposer.

Prior to flip chip assembly, 50 um diameter solder spheres made of tin-silver-copper
(SAC 305, Duksan Hi-Metal Co. Ltd.) were laser jetted onto the device bond pads using
PacTech SB%SM (Fig. 2.6 (a)). The jetting process was automated by generating a rhombus
shape bond map, defining the coordinates where a solder bump was required on the device.
Gold stud bumps were also made on an AIN interposer using 0.8 mil (20.3um) wires and
coined (flattened) for co-planarity and flip-chip height control (Fig. 2.6 (b)). The stud bumps
were necessary as the interposer did not have top passivation to prevent solder flow and
shorting between metal lines. The device was then flipped and aligned onto AIN interposer
using a Fineplacer Lamda (Finetech AG) flip chip bonder and reflowed at a peak temperature
of 260 °C within a N; enclosure. Flux-less reflow was used to prevent residue on MEMS
actuators and optical gratings. Similarly no capillary under-fill was used to improve solder
joint strength in order to prevent gap filling within MEMS actuators and obstruct their

motions. The reflowed assembly is shown in Fig. 2.6 (c).
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ﬁieramic interposer

MEMS switch

Fig. 2.7. Flip-chip assembly bonded onto PCB (left) and gold wires connecting AIN

interposer to PCB (right).

The assembled component (device and interposer) was then attached onto a PCB
using thermal epoxy, making sure that the pads on the interposer were aligned properly to
within 0.1 mm with those on the PCB (Fig. 2.7). Electrical connections to test sockets were
finally formed between the interposer and PCB through gold wires and protected with glob
top (Fig. 2.7). The board was finally attached onto a mechanical carrier made for optical
packaging. As mentioned in Chapter 1, optical coupling is typically processed as the final
packaging step due to sensitivity in index-matching resin to temperature. Glass-transition-
temperatures (Ty) of these materials are generally lower than those used for electronic
encapsulation and molding. Process temperatures above T, soften the resin, leading to optical

alignment issues [13].

In order to confirm the flip-chip alignment after reflow, samples were analysed
through non-destructive and destructive methods. Non-destructive methods such X-ray
imaging allows a quick confirmation of the alignment after reflow process. On the other
hand, destructive methods such as mechanical polishing can provide more information,
including solder joint quality, assembly height and bump height variations across the flip chip

assembly. Further analysis after mechanical polishing can also be done using scanning
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electron microscopy (SEM) and energy dispersive x-ray microscopy (EDX) to study the
solder joint microstructures and reveal fine cracks and delamination not immediately clear
through optical microscopy. Fig. 2.8 (b) shows an x-ray image of the flip-chip assembly, in
which solder bumps on the device were properly aligned with the stud bumps on the
interposer. Mechanical polishing of the assembly also confirmed the bump alignment, the

solder-stud joint quality and the assembly height (Fig. 2.8 (¢)).

[
- X-ray I Cross-sectioning

Ceramic interposer

Au stud bump
) ' 54um

Solder bump

MEMS device

Fig. 2.8. (a) Overall assembly, (b) X-ray of flip chip assembly and (c) mechanical cross-

section showing Au stud and solder bump alignment.
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Fig. 2.9. (a) Lidless FA and (b) the FA gripper used during (c) active alignment. (d) The

fully assembled optical switch package completed with mechanical housing.

After electrical assembly, the lidless 64-channel FA (Fig. 2.9 (a)) was coupled near-
vertically at 13 ° to the device gratings through active alignment using a 6-DOF alignment
system from Newport Corp (Fig. 2.9 (c)). A gripper (more on this in Appendix) capable of
handling a large FA was designed and fabricated (Fig. 2.9 (b)). Due to the large width of FA,

the alignment process becomes more challenging even with the assistance of shunts on the
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device. The FA had to be slowly adjusted to make sure that it was parallel to the gratings
plane, because a larger gap between FA and grating couplers will lead to higher insertion
loss. Index-matching resin (NOA 61, Norland) was then applied to fill the air gap between
the FA and grating couplers before finishing with OP-4-20632 (Dymax) at the edges for
mechanical strength. Extra care and precise dispensing of optical resin were needed to

prevent the resin from flowing into the flip-chip gap.

Finally a fibre post was attached onto the carrier, fixed with room-temperature-curing
resin and transferred to a mechanical housing to maintain the integrity of the assembly. The
fully assembled silicon photonic switch package is shown in Fig. 2.9 (d). The packaging
assembly had been designed for ease of characterisation using long fibre terminated with
FC/APC connectors. For commercial application, MTP or MPO connectors can be used as

optical fibre termination to keep the package lean.
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Fig. 2.10. (a) Measured transmission as a function of bias voltage of a switch cell, (b)
switching voltage distribution of 70 MEMS switch cells and (c) fibre-to-fibre transmissions

of various switch path. Figures from UC Berkeley.

Subsequently, the fully assembled package was tested and analysed. The MEMS
actuations were driven using a Keithley 2400 power supply by varying the voltage only.
Input light source was supplied by a 1550 nm peak superluminescent diode (SLD) and the

fibre-to-fibre transmissions were measured using an Anritsu MS9710C spectrum analyser.
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Fig. 2.10 (a) showed the transmission characteristics of a switch cell as a function of bias
voltage. The OFF- and ON- state switching voltages were measured to be 34.6 V and 24.8 V
with standard deviations of 1.1 V and 1.6 V respectively (Fig. 2.10 (b)). The 10 V difference
between OFF- and ON- state voltages is due to intrinsic bias hysteresis of the gap-closing
actuators. Meanwhile, fibre-to-coupler loss was measured to be 4.25 dB / facet and fibre-to-
fibre transmissions between 12.9 dB to 14.5 dB near 1550 nm were recorded (Fig. 2.10 (c)).
The variation in fibre-to-fibre transmission was due to the optical path length difference of

the 12 x 12 ports being analysed.

From Fig. 2.10 (c), it can be seen that there is a shift of approximately 25 nm in the
peak wavelength, before (~1570nm) and after (~1545) packaging. Similarly, there is a
difference in the coupling efficiency before and after packaging. It is worth clarifying here
the potential reasons behind the differences. First of all, the spectrum “before packaging” was
measured using a UC Berkeley setup while the “after packaging” spectrum was measured
using Tyndall’s setup. A spectrum that was measured is sensitive to insertion angle, and this
can vary depending on the polished angle of the fibre tip, as well as the allowable range of
the rotational arm gripping the fibre. Secondly, the designed wavelength of the grating
couplers at insertion angle of 13° was intended for 1550 nm (telecom C-band), thus from the
results, it was deemed that packaging processes did not affect significantly the intended
spectrum in any way. The effect of mechanical strain (photo-elasticity) was therefore not

studied in this work.

Lastly, system level characterisation was performed on the package to analyse the
switching performance. For bit error rate (BER) experiment, a 10 Gb/s Ethernet data stream
was generated by a Virtex-6 field-programmable-gate-array (FPGA) and drove an enhanced

small form-factor pluggable (SFP+) transceiver module. The optical data stream from the
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SFP+ module was inserted to the switch package. The output signal from the package was
sent to the SFP+ module on the FPGA to measure BER. For the longest optical path

switching configuration (worst case), BER was measured to be 10™,

For the switch reconfiguration experiment, the system experiment setup shown in Fig.
2.11 was used. The optical data stream was split and sent to two input ports of the switch
package. In the stream paths, an erbium-doped-fibre-amplifier (EDFA) and attenuators were
used to compensate the split loss and recover the output power of the SPF+ module for each
stream. Two switch cells were controlled to select one of two input streams and send it to an
output port. The output stream from the package was split and monitored by a linear detector
(yellow trace in Fig 2.11) and a SPF+ module on the FPGA board (green trace in Fig. 2.11).

The physical switch reconfiguration time of the package was recorded to be 0.4 ps.

Switch package

Attenuator

Off
Attenuator

On

T o t..v |
A
1
e . : Output from
. l' / Splitter X SFP + MOGUIE st

1 € ’

X 4 ps

1

EDFA [—>| Splitter

A g

10 Gb/s
Ethernet
Data

Trigger

Detector |<—
T
v

~l
System Controller (FPGA) :
|
| Oscilloscope [€— — = — — —

Function
Generator

Fig. 2.11. Block diagram of system level characterization (left) and switching performance

with 10 Gb/s data stream (right). Figures from UC San Diego.

70



2.5 CHAPTER SUMMARY

The first MEMS-based silicon photonic optical switch package with 12 x 12 ports was
successfully demonstrated using flip-chip configuration. The packaging challenges involving
densely populated electrical interfaces were addressed with the use of 25um line width /
space redistribution lines on a ceramic interposer. A flux-less reflow process with laser jetted
solder bumps demonstrated good contact and alignment between the device and interposer. A
64-channel SMF-28 lidless fibre array was used to couple to the device grating couplers due
to tight access. An average switching ON voltage of 34.6 V with a standard deviation of 1.1
V, switch reconfiguration time of 0.4 ps, and bit-error-rate (BER) of 10™* was demonstrated.
The packaging design and concept utilized in this chapter were included in a recent Horizon

2020 project call by European Commission — MORPHIC and was successfully funded.
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SECOND GENERATION HIGH DENSITY
OPTICAL AND ELECTRICAL PACKAGING

3.1 OVERVIEW OF TEST DEVICE

The general operating principle of silicon photonic MEMS switch has been briefly
discussed in Chapter 2, and readers are recommended to refer to the chapter or references [1],
[2] for more details. The major difference between the previous and current generation silicon
photonic MEMS switch lies in the actuation format. In the former configuration, MEMS
switch cells are individually actuated, thus an N x N switch matrix relies on N? electrical
ports to function. The current switch on the other hand exploits the inherent hysteresis of the
electrostatic MEMS actuator, effectively reducing the required electrical ports to 2N, and has

been termed row/column addressing [3].

VSUPP')’ | e supply

Fig. 3.1. Hlustration of individual (left) versus row/column (right) addressing approaches on
silicon photonic MEMS switch. Individual addressing requires 2500 electrical ports while

row/column addressing requires only 100 electrical ports.
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In order to illustrate the difference between individual and row/column addressing
and the latter’s benefits; consider the MEMS switch package demonstrated in Chapter 2. In
individual addressing scheme (Fig. 3.1), an electrical interface is located right beside the
MEMS actuators within the same cell, with the common ground located outside the MEMS
cells. Direct electrical access is required drive any MEMS switch cell, thus a 50 x 50 switch
package would require an interposer and a test board that can accept 2500 electrical ports for

a full demonstration.

However, through row/column addressing (Fig. 3.1), direct electrical access to
individual MEMS cell is no longer required through the application of a “floating voltage”
across the row or column of MEMS cells. A cell will only be activated when the “floating
voltage” of a row and column coincide. This approach allows electrical interfaces to be
located outside the MEMS cell array and reduces them to 100 (2N) instead of 2500 (N?) for a
full demonstration, making it much more attractive from the packaging perspective.
Nevertheless, this approach relies on a trade-off between ease of integration and achievable
switching speed, as the individual switch unit cells can only be addressed sequentially due to
“floating voltage”. It is also worth highlighting that row/column addressing does not change
the optical interface configuration. The number of optical interfaces will remain as 2N as in

individual addressing.

Following the new row/column addressing approach, a 128 x 128 silicon MEMS
switch has been designed and fabricated. This new switch contains 512 electrical and 272
optical ports, and is the largest ever demonstrated on silicon photonic platform at the point of
writing [4]. The device has been designed with flip-chip packaging configuration in mind,

having 512 electrical ports (instead of 256 at 2N configuration) for mechanical stability (Fig.
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3.2) and 272 optical ports (instead of 256) for optical fibre alignment (Fig. 3.3). The switch

device is shown in Fig. 3.4.

Additional 256 inactive
interconnects
Stable flip chip
configuration

256 active interconnects
Unstable flip chip
configuration

Fig. 3.2. Additional 256 flip chip joints were added for assembly stability. Similar to a chair
with only 2 legs, without the additional rows of flip chip joints (in green), the die will be

unstable and collapsed from slight handling movements.

Innermost shunts

Outermost shunts

A A

Fig. 3.3. Outermost pairs of optical shunts are typically placed to assist with fibre array

alignment during package assembly while inner shunts to extract insertion losses of grating
couplers. In this work, 8 pairs of shunts were added for the above reasons, thus increasing the

total number of optical ports from 256 channels to 272 channels.
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Lens Z20:X200

{Bus waveguide

16 mm

Coupler
waveguide

17.4 mm

Fig. 3.4. Test device, 128 x 128 silicon photonic MEMS switch used for packaging
demonstration and its MEMS switch unit cell.
Loump formation [T Tvea
MEMS device

MEMS device
2. Flip-chip on
interposer

3. Flip-chip on Test
board

C

bnnectpr

¥ ¥ I 1 I1r1ri-x

MEMS device

4. Fibre coupling

~

Fig. 3.5. Proposed Test Vehicle 2a (pluggable package) packaging and assembly process flow

Fibre array

YT ¥ ¥ T rrri«x

MEMS device

for the silicon photonic MEMS device. (a) Solder bump formation on MEMS device, (b) flip-
chip MEMS device onto interposer, (c) flip-chip assembly onto test board, (d) optical

assembly.
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MEMS device T™V2b

1. Bump formation

MEMS device

2. Flip-chipon
interposer

MEMS device

3. Flip-chip on Test
board

CEnnect})r

4. Fibre coupling

~

Fig. 3.6. Proposed Test Vehicle 2b (through glass via) packaging and assembly process flow

onnedgtor

Fibre array

for the silicon photonic MEMS device. (a) Solder bump formation on MEMS device, (b) flip-
chip MEMS device onto interposer, (c) flip-chip assembly onto test board, (d) optical

assembly.

Similar to the previous chapter, new packaging structures and materials are
demonstrated, keeping in mind that the MEMS device is again non-capped (exposed) and is
thus sensitive to environment. Full flip-chip configuration is adopted, instead of hybrid
packaging consisting of both flip-chip and wire bond that was demonstrated previously. Two
types of electrical interposer — pluggable package (Test Vehicle 2a, TV2a) and through glass
via package (Test Vehicle 2b, TV2b) will be introduced in the next section. Figs. 3.5 and 3.6

briefly illustrate the respective designs and process flows for respective test vehicles.
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3.2 ELECTRICAL PACKAGING DESIGN

Unlike its predecessor (Test vehicle 1), the second generation switch has almost four
times the amount of electrical ports to be redistributed (512, compared to 146 previously).
These interfaces are distributed along the periphery of the MEMS switch device instead of in
a grid format. However, there are 272 optical ports evenly distributed along two opposing
edges of the device as well, reducing the freedom of electrical routing to only two directions.
Recall that the first generation interposer had the freedom to redistribute the electrical ports
from the device in three directions. With these restrictions in mind, the interposers were

designed as follows.
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3.2.1 PLUGGABLE PACKAGE

i

Single layer of fan-

800 pm o
_______ H —— e — ) E_____lgo_“in_________J out transmission
S s > - lines

\\\‘ - ,’/ \\\\ S "’/ /
\\\ 1 p. - 4
For N T
alignment

pins IS
RO . o | &
g R &
<
E § H

v

46.7 mm

Fig. 3.7. Ceramic interposer design to redistribute 256 electrical bond pads from the MEMS

device using single layer metallization with line width and space of 25 um.

Test Vehicle 2a aims for a pluggable silicon photonic package demonstration (passive
optical assembly will be discussed in Chapter 4), akin to a computer processor onto the
motherboard. A ceramic interposer was first designed using line width and space of 25 pum on
a single layer metallization to route the minimum 256 electrical ports from the MEMS switch
device. A pair of secondary contact interposers, each interfacing 64 x 64 MEMS cells, was
then incorporated into the ceramic design at two opposite ends (Fig. 3.7). Two holes were
added at the ends to insert the alignment pins. The designed ceramic interposer measured
14.35 mm x 46.7 mm. Although the ceramic interposer had been designed for pluggable

concept in mind, it can be used for direct flip-chip onto the test board as well.
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Fig. 3.8. lllustration of the off-the-shelf contact interposer before and after compression.

The contact interposer (Fig. 3.8), as its name implies, has an array of contact springs
on one surface to interface with the board, and can be obtained off-the-shelf. A test board was
also designed to match these secondary contact interposers with holes for the alignment pins.
In order to reduce the size of the board, both surfaces were utilized to place the connectors.
PCB routing was done by supplier based on specifications provided, such as the overall PCB
size and shape, the location of the components to be placed and the bond pad spacing and
metallization required. The pluggable package assembly and test board designs are illustrated

in Figs. 3.9 and 3.10 respectively.

9
v
Alignment pins MEMS switch
Contact
interposer\ \ l& Alignment pins
' - MEMS switch
[ = )
Ceramic interposer

F:eramic ~ Flip chip Contact interposer
interposer o

o

Fig. 3.9. lllustration of the pluggable package assembly with the contact interposers and

alignment pins.
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[ [ [
Col 128 Row 1

Row 128 Col 1

Fig. 3.10. Test board and overall electrical routing design (from MEMS switch device,

through ceramic interposer and finally test board) for Test Vehicle 2a.

82



3.2.2 THROUGH GLASS VIA PACKAGE

Test vehicle 2b on the other hand aims to demonstrate a 2.5D silicon photonic
package through the use of through glass via (TGV) interposer with two layers of
redistribution lines to route 512 electrical interfaces from the device. Through via interposers
drastically reduce the electrical length (resistance), allowing smaller form factor packaging
and higher switching performance. Compare to the ceramic interposer from Test Vehicle 2a,
the glass interposer measured only 14.35 mm x 21.95 mm but doubled the amount of
electrical ports. Furthermore, through glass interposer technology can be integrated with
optical waveguides in the future for passive assembly, and this topic will be discussed in
Chapter 5. It is should be highlighted here that both the ceramic and glass interposer have a
similar width of 14.35 mm to allow sufficient optical alignment access to the ports for

subsequent packaging processing.

Double layer of fan-out
transmission lines

——

1 Through via connections to test board | -—‘-\I . i/
| O | iigme ol Bt e
I
1 G_@ 1 _E_ G S 9e P—T a o o o
! 600 ym ! — = T rwwal
_________________ % éﬁooo Eooo00 o
UC)U 5_000_199
ooo T 850008
. uou o ?ou()_z
Mtch — % c
quoougi rouo_igp £
i—o Az  Fiducial for E_OUO_I 8
W-:%j alignment on board =-—(.)—(\t,='#u 3
quumu ] i
9 56506 0
board Eggmom_é
Test boar gé—m:
QQQOU_;
quuou_i
OGUOU_E
v

A
v

21.95 mm

Fig. 3.11. Through glass interposer design consisting of two layers of redistribution lines

(orange and red colour) and 512 through glass vias.
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Pins 128, 128

Fig. 3.12. Test board and overall electrical routing design (from MEMS switch device,

through glass interposer and finally test board) for Test Vehicle 2b.

MEMS switch

MEMS switch

. FI
Through glass
via interposer

‘ Test board
N

Flip chi
Through glass pehip

via interposer

Test board

Fig. 3.13. lllustration of the 2.5D silicon photonic MEMS switch assembly with through glass

interposer.

This interposer had been designed to route 512 electrical ports from the MEMS

switch device using two layers of redistribution lines (RDL) with line width and space of 25
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pm on one surface. An alternative design also showed that all the 512 electrical ports can be
fully routed in a single layer by reducing the RDL line width and space from 25 pm to 15 pm.
These lines were then connected to the opposite surface of the interposer through 512
electrical vias with a diameter of ®40 um (Fig. 3.11) to interface with the test board. The
board was then designed, keeping in mind optical assembly that requires access from two
edges. PCB routing was done by supplier based on specifications provided, such as the
overall PCB size and shape, the location of the components to be placed and the bond pad
spacing and metallization required. Unfortunately, the neck structure from the H-shape
design limits the density of transmission lines that can pass through, and only 256 electrical
ports (the minimum contacts) from the through glass via could be routed to external electrical
connectors. Alternative fabrication supplier will have to be sourced for in the future for
higher density development. Due to the large number of electrical ports, both surfaces of the
test board were utilised to place the connectors. The test board design and package assembly

are illustrated in Figs. 3.12 and 3.13 respectively.
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3.3 OPTICAL PACKAGING DESIGN

Similar to electrical packaging, there are 272 optical ports (256 input and drop ports,
16 alignment and test ports) to be coupled in order to fully demonstrate the MEMS switch
device. Due to the large number of optical ports, its pitch had been halved, down to 63.5 um
to reduce the overall device size. Secondly, the optical couplers were improved from a
uniform design in Chapter 2 (4.25 dB insertion loss) to a non-uniform design (2.5 dB
insertion loss). Lastly, the operating range of the optical couplers has been changed from

1550 nm to 1310 nm for telecommunication band.

This new configuration with smaller optical pitch necessitates the use of an
unconventional optical coupling approach for the following reasons. Assuming that the
typical 127 um pitch remained on the device, a v-groove array would have to be at least 18.2
mm wide to cater for 136 optical ports. In the case of vertical coupling, such as that of
Chapter 2, the mechanical integrity of such a large fibre array block with 136 optical fibres
comes into question. While this could be easily accommodated by changing the coupling
configuration to planar, the high angle polishing of 50 ° required will lead to another
challenge — fibre peel-off from v-groove or fibre tip chipping as encountered during the

previous activities [5].

In light of the possible challenges, an optical interposer based on ion-exchanged
waveguides was designed and fabricated instead to match test vehicle 2a and 2b. The pitch of
optical waveguides can be freely varied to suit the device as photolithography is used for
patterning. Together with the fact that the optical waveguides are buried inside the glass
substrate, there will not be a risk of fibre peel-off or fibre tip chipping during high angle
polishing. The polished facet was then coated with an aluminium mirror layer to prevent

signal loss from optical resin climb during assembly, as the optical channels were buried 10
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pm away from the bottom surface. Note that the optical core of a standard lidless v-groove

assembly with SMF-28 is located 62.5 um away from the bottom surface, thus resin climb is

of lower risk.

The optical interposer was then edge-coupled at 8 ° to a standard 127 um fibre v-

groove, and terminated with FC/APC connectors for testing. MTP/MPQO connectors can be

easily integrated for commercial applications in the future. A holder was also incorporated in

the optical interposer design for ease of alignment process and package assembly, together

with specially designed fibre array grippers (more on these in Appendix). The optical

interposer design and fabrication process flow are shown in Figs. 3.14 and 3.15, while the full

assembly of test vehicles 2a and 2b are shown in Fig. 3.16.

900 pm buffer

12

30

18.18
. 20—

FC/APC connectors Fibre v-groove

'- L
<
]

Optical interposer

%
L

Glass holder

11

2.5

15

<

Aluminum mirror

Fig. 3.14. Design of the planar optical interposer with pitch reducing optical waveguides

buried underneath the glass surface. Figure from TEEM Photonics based on author’s design

specifications.
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Metal mask patterning Salt bath immersion Surface waveguide formation

| Glass | | Glass | | Giass |
Mask stripping Buried waveguide formation Field-assisted burial

Glass Glass Giass | <V>

Glass wafer singulation
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| Glass
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1

Fig. 3.15. Planar optical interposer fabrication process flow, starting from metal mask

patterning all the way to regular v-groove coupling.
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Test board

Planar optical
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Test board
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Fig. 3.16. 3-D illustration of the overall test vehicle assembly (optical and electrical) for Test

Vehicle 2a — pluggable package (top) and 2b — through-glass-via package (bottom).
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3.4 RESULTS AND ANALYSIS
3.4.1 DEVICE POST PROCESSING

Out of fabrication foundry, the bond pads on MEMS switch device comes in tungsten
(W) metallization, which cannot be wetted by tin (Sn) from solder ball and formed
intermetallic species [6] that dictates solder joints strength. Similarly, W metal pad cannot be
wire bonded to form a gold stud, a flip-chip assembly method introduced in Chapter 2. Three
metallization schemes — Pt/Au, Cr/Au and Ti/Au were proposed as the adhesion and wetting
layers for solder bumping as these metals are inert to chemicals used during MEMS release
step. $50 um tin-silver-copper (SAC305, Duksan Hi-Metal Co. Ltd) solder balls were then
laser jetted onto bond pads with the above metallization stack, reflowed to simulate the
assembly processes and sheared to obtain the joint strength. This is critical for flip chip
bonding, particularly when underfill is not used to fill the assembly gap. The solder joint
strength results were then normalised against the bond pad area and plotted in Fig. 3.17.
Results showed that Pt/Au and Cr/Au metallization strength are comparable at time zero (as
jetted). Following discussions with MEMS device collaborator, Cr/Au was selected as the
final bond pad metallization scheme due to availability of sputtering target. Additional
process simulations (multiple reflow) found that joint strength of Cr/Au metallization would
have reduced from an average of 4.5 gf / sq mil to 3.5 gf / sg mil (1 gf/sq mil is equivalent to

15.2 MPa).
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Fig. 3.17. Solder bump shear strength on various bond pad metallization, normalised against

bond pad surface area. It can be seen that W/Pt/Au and W/Cr/Au metallization gave the best

solder shear strength. The number of solder bump shear performed on all types of bond pad

metallization was 20 bumps on 2 samples.
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3.4.2 PLUGGABLE PACKAGE ASSEMBLY

Fig. 3.18 shows the assembly process of the pluggable package. The two secondary
contact interposers were first aligned and assembled using Fineplacer Lambda onto the
ceramic interposer, followed by the MEMS switch. Prior to this, solder bumps had been
formed on the MEMS switch’s W/Cr/Au bond pads using PacTech SB?-SM. Fig. 3.19 shows
the completed pluggable assembly. X-ray analysis showed good alignment (within 50 pum)
between various components on the ceramic interposer. The assembled package was then
attached onto an aluminium holder using the alignment pins and can now be plugged onto the

test board (Fig. 3.20), followed by optical assembly.

MEMS alignment

Contact interposer alignment

Fig. 3.18. Flip chip processing of the secondary contact interposer and 128 x 128 silicon

photonic MEMS switch on AIN interposer.
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Fig. 3.19. Assembled pluggable MEMS switch package (top) and x-ray image of the

assembly (bottom).

Fig. 3.20. Demonstration of the pluggable package onto test board (counter-clockwise from

top left).
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3.4.3 THROUGH GLASS VIA PACKAGE ASSEMBLY

(i) Via drill

After via drill After 2L-RDL metallization

(ii) Via fill

S
\

(iii) Planarisation

(iv) RDL1 processing After via fill

(v) RDL2 processing
L. . e S

Fig. 3.21. Fabrication process flow (left), cross-sectional SEM images of drilled and filled via

(middle) and after RDL metallization (right) of the through glass via interposer.

Fig. 3.21 shows the fabrication process flow of the through glass via interposer. It
began with laser drilling on an 8” glass wafer followed by via filling with conductive paste.
Chemical-mechanical-polishing (planarization) was then performed to remove excess
conductive paste and prepare the wafer surface for subsequent processes such as seed layer
deposition, photolithography patterning and copper plating to define the first layer re-
distribution lines (RDL1). These processes were then repeated to define RDL2 before the
wafer is singulated into individual pieces measuring 14.35 mm x 21.95 mm. The yellowish

appearance of the glass interposer was due to three layers of polyimide passivation.

Fig. 3.22 further shows the assembly processes of the MEMS switch, consisting of
two-step flip chip alignment using Fineplacer Lambda (Finetech AG) and reflow using
LPKF’s ProtoFlow S oven. A combination of two different solder materials was used to
achieve the two-step reflow — SAC305 for device-to-interposer assembly and Bi58Sn for

interposer-to-board assembly. SAC305 has a melting temperature of 217 °C thus will not re-
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melt during the second reflow of Bi58Sn, which has a melting temperature of 138 °C. Reflow
profile for both materials were carefully configured on the oven to minimize temperature

stress on the various components.

Fig. 3.23 further shows the optical and x-ray inspection result, confirming the process
alignment fully-melted solder materials between various components. The board assembly
was finally attached and secured onto a mechanical mount (Fig. 3.24) to support the optical

fibre attachments.
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MEMS device
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Pick-up tool SN
Test board )f/

MEMS device alignment

Fig. 3.22. Flip chip assembly processing of Test Vehicle 2b with two-step reflow processing,
starting from solder jetting on device (top), followed by device-to-interposer assembly

(middle) and finally interposer-to-board assembly (bottom).
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Side view

Top view

Bottom view

Fig. 3.23. Various optical views and X-ray images of the assembled through glass via MEM

switch package.

T ' fome
| € Tyndall Berkeley

o
i —
5
i

" Ready for optical packaging .
Ll T

Fig. 3.24. Board level assembly onto mechanical mount, ready for subsequent optical

assembly.
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3.4.4 ASSEMBLY ELECTRICAL CONNECTIVITY EVALUATION
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Fig. 3.25. Continuity measurement approaches on TV2a — pluggable (top) and TV2b - glass

interposer (bottom) package assemblies.

In order to confirm that the packaging design and processes work as intended for the two
types of interposer, continuity check was used. Both interposers were assembled onto their
respective test boards and the bond pads interfacing the device were shorted using wire bonds
(Fig. 3.25). The number of open/short connections measured on ceramic interposer (TV2a)

was 10 on one sample while that on glass interposer (TV2b) was 17 on one sample. The small
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sample size was due to the limited number of interposers (10 each were ordered) fabricated
for assembly process development and final assembly. This open/short test requires 1. bond
wire shorting of interposer pads and 2. soldering onto the test board. A re-use of the

interposers was thus not possible.

50 4

40

30

0 1

Line resistance (Ohm)

T T
TV2a (via-less) TV2b (through-via)

Fig. 3.26. Continuity measurements of pluggable and glass interposer packages show that the
electrical packaging components designed and fabricated worked as intended. Test Vehicle

2a has higher line resistances due its much longer transmission lines without vias.

Continuity check of the two assemblies showed distinctly different line resistance, but
matches expectation as both interposers have different electrical lengths. Line resistances on
the interposer without vias are roughly 3x higher compare to that with vias, thus showing the
advantage of through via technology with shorter electrical length (Fig. 3.26). The
shortest/longest transmission line on ceramic interposer are 5.5/25.1 mm while that on glass
interposer are 2.7/8.5mm including the 0.4mm through via. This shows the viability of a

through via approach in reducing line resistances and thus the energy lost during propagation.
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This exercise also shows that the packaging design and processes worked as intended with
various electrical connections properly connected, and full MEMS switching can be fully

demonstrated once the actual device is available in the future.
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3.4.5 TEST VEHICLE CROSS SECTIONAL ANALYSIS

(@) ~ MEMSPIC
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Fig. 3.27. Cross-sectional images of Test Vehicle 2b, highlighting assembly alignments at

various sections (a) through via, (b) 2-layer RDL and (c) device bumps.

A sample assembly from Test Vehicle 2b was also mechanically polished to expose
the various sections of electrical connections and is shown in Fig. 3.27. In Fig. 3.27 (a), it can
be seen that Bi58Sn was properly reflowed and connected to the test board and at the same
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time shows a good assembly alignment. Fig. 3.27 (b) further shows the two metallization
layers on the glass interposer while Fig. 3.27 (c) shows the SAC305 solder bumps between
MEMS switch device and glass interposer. Although the figure shows a rather flattened
SAC305 bumps, shorts between neighbouring bumps did not occur, and this flattening can be

rectified with a lower assembly force in the future.
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3.4.6 OPTICAL PACKAGING AND SYSTEM SETUP

Once all the thermal processes related to electrical packaging were completed, the
optical interposer could be finally coupled to the MEMS switch device and permanently
supported by the mechanical mount. However, prior to that, the optical losses of the device
had to be measured and this can be done through the optical shunts on the device. Fig. 3.28
compared the optical losses of the largest shunts (port 1-135) between the designed planar
optical interposer and vertical SMF-28 probing. The planar coupling configuration recorded a
higher optical loss of 1.17 dB per port, as expected (Chapter 1 has Lumerical simulation that
compares optical losses between planar and vertical configurations and readers are

recommended to refer to Fig. 1.6).

The difference in peak wavelength of approximately 14 nm on the other hand can be
explained by the fact that the pitch angle (one of the 3 rotational axes) of the planar optical
interposer wasn’t perfectly parallel with the surface of the MEMS device during
measurements. The peak wavelength can be shifted by tilting the optical interposer for
approximately 0.5 ° (rule of thumb: 10 nm wavelength shift is equivalent to a change in 1 °
optical insertion angle). This change shall be incorporated into the final assembly using actual

devices when they are available in the future.
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Fig. 3.28. Shunt transmission measurement of the MEMS switch device using the optical

interposer.
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Fig. 3.29. Optical assembly test run on Auto-aligner using Test Vehicle 2a.
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Fig. 3.30. MEMS switch actuation setup and configurations using Test Vehicle 2a.

Once the planar optical interposer performance was characterised, a full optical
assembly was attempted using Newport Auto-aligner to confirm that the packaging designs
worked as intended for both the test vehicles (Fig. 3.29) together with the actuation setup (Fig.
3.30). These test runs are necessary to rectify any other packaging design and process issues

not visible during design stage while waiting for the final device to be available.
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3.5 CHAPTER SUMMARY

In this chapter, two different state-of-the-art test vehicles demonstrating 2.5D
advanced technology node had been designed, fabricated and assembled. Test vehicle 2a
introduced a pluggable silicon photonic MEMS switch package that allows de-coupling of
optical assembly processes (fibre attachment) from the device itself. The de-coupling concept
will be further elaborated in Chapter 4. Test vehicle 2b on the other hand reduces the overall
size of the MEMS switch package through the use of through glass via interposer from 14.35
mm X 46.7 mm to 14.35 mm x 21.95 mm. This effectively reduces the electrical length of the
transmission lines that connect a device to the board, reducing line resistances. The through
glass via interposer also introduces two-layer metallizations which isn’t available on ceramic
interposer, allowing higher integration density for future electronic-photonic devices. Glass
interposer can also be integrated with optical waveguides in the future (more details in
Chapter 5), and the concept had been briefly introduced in this chapter in the form of ion-
exchanged optical interposer. Optical interposer allows the reduction of optical port pitches
on the device down to 25 pm, unlike typical fibre v-grooves that have a minimum pitch of
127 pm. Although full switching demonstrations for both test vehicles could not be
performed during the course of the thesis as final devices are not ready, continuity checks
confirmed that the packaging designs work as intended and thus will be available for future

demonstrations.
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GRATING TO GRATING COUPLING

4.1 OVERVIEW OF CONCEPT
The previous two chapters have shown how conventional silicon photonic packaging,
consisting of separate electrical and optical assembly processes are done. This process

separation can be attributed to two reasons.

The first reason is due to the sensitivity of materials used for optical packaging such
as index matching optical resin to temperature. Typical electrical packaging involving solder
materials will have to be processed at a peak temperature of 260 °C, and last for at least 3-4
minutes. As most optical resin has a low glass transition temperature (T4) and high coefficient
of thermal expansion (CTE) due to its non-filler based nature, it will expand and contract
more during thermal processing. At the same time, the optical resin may not maintain its
optical transparency and refractive index post thermal processes and can become slightly
opaque. Adhesion strength is also lower than polymer resins used in electronics packaging

due to lower chemical dopings.

The second reason is that electrical packaging is a passive and high-throughput
process in outsourced assembly and test (OSAT) foundries, often relying on visual
recognition and self-alignment during processing, while optical packaging requires active
alignment in order to maximize coupling power. Grating couplers have a narrow bandwidth
(30-40 nm for uniform gratings at 1 dB loss) and are coupling angle dependent, thus the
requirement of active alignment. The general rule of thumb is that each degree of change in

the coupling angle will lead to a 10 nm wavelength shift in the coupling peak.

Now, with active alignment processing, the time required to fully assemble a silicon

photonic package will be drastically increased. This in turn can lead to higher manufacturing
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cost due to lower throughput. This chapter will explore gratings-based proximity coupling,
which can be used to (1) remove active alignment processing, (2) allow heterogeneous 2.5D
integration and (3) realise pluggable system-in-package for silicon photonics that can be used

for Test Vehicle 2a from Chapter 3.

The pluggable optical/electrical concept is illustrated in Fig. 4.1 using U.C Berkeley’s
silicon photonic MEMS switch from Chapter 3 as an example. In that chapter, a pluggable
test vehicle had been demonstrated through the use of contact interposer and alignment pins.
However, the optical ports were still actively aligned and attached with fibres after electrical
packaging processes were completed.

Alignment pin

MEMS switch
package

Contact interposer

Printed circuit board

Fig. 4.1. Pluggable optical/electrical packaging concept, using reconfigured Test Vehicle 2a

from Chapter 3 as example.
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Fig. 4.2. A pair of vertically stacked gratings can interact, allowing broadband transmissions

of optical power.

Fortunately, a pair of vertically stacked gratings interacts in a similar fashion as with a
grating-to-fibre pair, but with broader bandwidth (Fig. 4.2) [1], [2]. This behaviour allows the
development of a separate optical interposer and rerouting of optical waveguides becomes
possible, similar to an electrical interposer. Cost savings can be realised through active device
size reduction by eliminating unnecessary optical routings, considering the fact that active
runs are 3.3x to 5.6x more expensive than passive runs in front end foundries [3], [4]. The
higher coupling tolerances between the pair of gratings also allow a passive pluggable
concept to be realised, transforming the silicon photonic package to “purely electrical.” For
more advanced applications, an optical/electrical interposer can be developed by integrating

optical gratings together with electrical transmission lines.
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4.2 FDTD SIMULATION
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Fig. 4.3. 2D-FDTD simulation showing interaction between two vertically stacked uniform

gratings at zero gap.
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Fig. 4.4. 2D-FDTD simulation showing interaction between two vertically stacked non-

uniform gratings at zero gap.
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Fig. 4.5. Difference of mode profile between uniform and non-uniform gratings affecting

coupling between them.
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Fig. 4.6. FDTD simulation result showing the cumulative transmission losses (in dB) across
various segments for grating-to-grating coupling, beginning and terminating with planar

fibres.

Interactions between two vertically stacked pair of gratings couplers were first studied
using 2D-FDTD on uniform [5] and non-uniform [6] grating-pair designs, and the results are
shown in Figs. 4.3 and 4.4 respectively. From the simulations, it can be seen that a pair of
stacked uniform and non-uniform gratings have transmission losses of - 4.46 dB and — 2.74
dB respectively. These values were based on the optimized position at zero gap. The
simulation exercise, while confirming that any type of grating-pair design can interact
between themselves, also showed that a difference in mode profile between uniform and non-
uniform designs affects the transmission (Fig. 4.5). Uniform grating-pair showed a lower
coupling efficiency due to its asymmetric intensity profile whereas non-uniform grating-pair
has a symmetrical form for better mode overlap. Kuno et al [7] came to the same conclusion
while designing inter-layer grating-pair as well. The FDTD simulation of the overall

pluggable configuration (Fig. 4.6) shows the cumulative transmission losses across various
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segments using non-uniform grating. The simulation began and ended with planar fibre

assemblies.

Table 4.1. Insertion losses (from FDTD simulations) of uniform grating system between

vertical fibre, planar fibre and grating-to-grating (G2G) couplings. Units in dB.

Distance Vertical fibre Planar fibre G2G
Zero gap -2.98 N.A -4.46

10 pm -2.96 N.A -4.53
62.5 um -3.66 -4.52 -5.62

Table 4.2. Insertion losses (from FDTD simulations) of non-uniform grating system between

vertical fibre, planar fibre and grating-to-grating (G2G) couplings. Units in dB.

Distance Vertical fibre Planar fibre G2G
Zero gap -13 N.A -2.74

10 pm -1.33 N.A -2.64
62.5 um -2.55 -25 -29

For real applications however, the gap between a pair of gratings cannot be at zero

due to metallization thickness or solder bumps. Additional simulations were performed at

different gap distances (in air), and also compared against vertical and planar fibre couplings

(with optical resin). The results are tabulated in Tables 4.1 and 4.2 for uniform and non-

uniform grating-pair respectively. First of all, as the vertical separation between the gratings

increases, (1) insertion losses increase for both designs and (2) larger increase in losses for
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uniform gratings can be seen. Secondly, grating-to-grating coupling has higher transmission

losses compare to vertical and planar fibre couplings, but the difference becomes smaller as

the gap increases, particularly for non-uniform gratings. It should be highlighted that most

foundry optical couplers are optimised with fibre coupling in mind.

Table 4.3. Effect of optical epoxy on grating-to-grating couplings. Units in dB.

Distance Uniform gratings Non-uniform gratings
Air Epoxy Air Epoxy

Zero gap -4.46 N.A -2.74 N.A
10 pm -4.53 -5.5 -2.64 -1.95
62.5 um -5.62 -6.84 -2.9 -2.72

Table 4.3 further shows the effect of optical resin between a pair of vertically stacked

gratings at various gaps, as under-fill is typically used on flip chip packages to improve

solder joint reliability. The effect on uniform and non-uniform gratings are drastically

different, as the addition of optical resin (assumption: refractive index 1.45) increases the

transmission loss for uniform gratings but reduces the loss for non-uniform gratings, bringing

the latter closer to the values seen on fibre coupling.
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4.3 MATERIALS AND METHOD

In order to experimentally demonstrate grating-to-grating coupling, test structures
with non-uniform gratings were sourced from a project collaborator. These test structures
were different from the designs used in simulation exercises in the earlier section and cannot
be disclosed due to knowhow limitation. Fibre-to-fibre transmission of the gratings were first
measured using vertical and planar coupling with optical resin between the fibre-grating
interfaces. Vertical coupling and planar coupling gave insertion losses per facet of 1.73 dB
and 2.59 dB respectively. Next, only one facet of the gratings was coupled with a planar fibre
(50 ° polished) and optical resin, while leaving the opposite end open (Fig. 4.7). One of these
samples was then flipped above the other, and the pair of opened grating facet was visually

aligned using a flip-chip bonder (Fig. 4.7).

Lens Z20:X50

Bottom sample £

Fig. 4.7. Test samples with non-uniform gratings used in gratings-to-gratings coupling
experiments. One sample was vertically stacked and aligned on top of another during flip

chip assembly.

With this configuration, optical signal is now transmitting from a planar fibre through
a grating facet from the top sample, then vertically from the top grating facet into the grating
facet of the bottom sample, and finally exits through a planar fibre from the bottom (Fig. 4.8).

Subsequently, tolerance scan in the z-, x- and y-directions were performed (Fig. 4.8). z-
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direction corresponded to the vertical distance between the pair of grating facets and
measurements were done in steps of 1 and 5 pum up to 35 pum. x-direction corresponded to
“across” the grating axis and y-direction corresponded to “along” axis and measurements
were done in steps of 0.5 um up to £ 5 pum. No optical resin was used between the top and
bottom gratings during measurements. All fibre-to-fibre spectra were then collected and

analysed.

/ Across —— J‘[W

Fig. 4.8. Optical path through the assembly configuration and its corresponding axes.
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4.4 RESULTS AND ANALYSIS

The individual coupling spectrums of top (grey line) and bottom (red line) and the
coupling spectrum (pink line) of the assembly configuration at zero gap (z = 0) is shown in
Fig. 4.10. The transmission spectrums of sample A and B were first aggregated (blue line), as
only one grating facet is fibre-coupled on each sample. The spectrum between two grating
facets (green line) was then obtained by subtracting the measured spectrum from the

aggregated spectrum. Fig. 4.9 illustrates the various spectrums mentioned in Fig. 4.10.

Sample Aor B , <

R R

[ <

Measured

N )
- _

Fig. 4.9. Schematic depicting the various spectrums mentioned in Fig. 4.10.

Proximity
coupling only

The broad bandwidth shown by the coupling between two grating couplers (green
line) could be attributed to the perfectly matched 1. angle of emission/incident, 2. phase and 3.
mode from each grating tooth of the coupler pair. Reader can refer to schematic in Fig. 4.5.
This hypothesis is now being studied by another Ph.D candidate within the group and future
work will include integrating both optical (grating-to-grating) and electrical flip chip
assembly based on this behavior. Ideally, sample A and B spectrums should coincide while
measured spectrum should have the same peak wavelength in order to give a coupling
spectrum that is relatively parallel to the horizontal axis. Yet, the spectrum is tilted, and this
could be attributed to (1) the differences in insertion angles of the samples during individual

fibre attachment, (2) co-planarity of sample A and B during experiment and (3) device
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variations from fabrication. Nevertheless, experimental result had showed that the
transmission between two grating facets is broadband (green line) compare to fibre-to-grating
system’s narrow band (grey or red lines). Using the peak wavelength of 1330 nm from the
aggregated wavelength, the insertion loss of gratings-to-gratings coupling is found to be 3.63

dB and higher than 2.59 dB measured by planar fibre.

10 —— Sample A spectrum
—— Sample B spectrum
— Aggregate spectrum
Measured spectrum
N Proximity coupling only

Peak transmission of
1 aggregate spectrum

Fibre-to-fibre transmission (dB)

at 1330 nm i
y iy
-10 a i
1
i
i
i
i
i
1
-20 T T = T T T T i T T —
1290 1300 1310 1320 1330 1340 1350

Wavelength (nm)

Fig. 4.10. Subtraction of aggregate spectrum (blue) from measured spectrum (pink) to obtain

gratings-to-gratings coupling only spectrum (green).
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Fig. 4.11. Gratings-to-gratings coupling spectrums of various z-displacement from zero gap

to 35 um.

Fig. 4.11 shows the grating-to-grating coupling spectra of various vertical heights (z-
direction) at optimized position. From the figure, it can be seen that while the bandwidth
remained broad, the spectrums appeared to tilt counter-clockwise as the gap between the
grating couplers were increased, achieving a relatively horizontal spectrum at 15 and 20 um
gap. This tilt was hypothesized to be due to the inability for the top grating die to maintain

consistent co-planarity with the bottom grating die during the alignment arm stepping.

Using the peak wavelength of 1330 nm from the aggregated wavelength, the insertion
losses were plotted in Fig. 4.12. Interestingly, an oscillation can be seen as the top grating
facet is moved away from the bottom facet in the z-direction until they are spaced
approximately 10 um. Grating-to-grating coupling had the lowest insertion loss of 3.15 dB at

gap of 15 pum from the plot.
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Fig. 4.13. Tolerance scan of coupling along the x-direction (across gratings) at various z-

displacements.
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Fig. 4.14. Tolerance scan of coupling along the y-direction (along gratings) at various z-

displacements.

Following a similar approach of using 1330 nm as the peak wavelength, tolerance
scan in the x- (across gratings) and y-directions (along gratings) at z = 0, 10 pm and 20 pm
were plotted and shown in Fig. 4.13 and 4.14 respectively. The coupling experiments showed
a stable 6 um alignment tolerance of 3 dB in the x-direction at all vertical heights while in the
y-direction, it had a 10 pum tolerance of 3 dB at z = 0 and 10 um. It reduced to 7 um at z = 20
pm. Furthermore, in Fig. 4.14, it can be seen that there was modulation at z = 10 um. Aside
from Fabry-Perrot effect shown in Fig. 4.12, it was hypothesized that as the top grating die is
moved in the y-direction, the 1. angle of emission/incident, 2. phase and 3. mode from each

grating tooth were broken, leading to the oscillating trend observed.
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4.5 IMPROVED GRATINGS DESIGN

Following the experimental results demonstrated, external interests on the pluggable
configuration began to increase, leading to additional improvements together with fellow
colleagues within the Photonic Packaging Group in Tyndall. The improved gratings used a
larger mode field diameter of 13.6 um, which is optimized for planar fibre coupling and
meant for 1550 nm applications. Two of the improved gratings on 220 nm and 340 nm SOI
platform were then simulated for grating-to-grating configuration as an initial indication of
trend and differences with the results shown in Fig. 4.15. In the figure, F2G refers to fibre-to-
gratings while G2G refers to grating-to-grating. It can be seen that fibre-to-grating
transmission loss is lower for gratings designed on 340 nm SOI (-0.79 dB) versus on 220 nm

SOI (-2.03 dB), as thicker silicon material provides stronger scattering strength from the teeth.
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Fig. 4.15. Comparison of transmission losses between gratings designed on 220 nm and 340

nm SOI. F2G refers to fibre-to-gratings while G2G refers to gratings-to-gratings.
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Fig. 4.16. Evolution of transmission losses and bandwidth as gap between the pair of

vertically stacked gratings based on 220 nm SOl is increased.
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Fig. 4.17. Evolution of transmission losses and bandwidth as gap between the pair of

vertically stacked gratings based on 340 nm SOl is increased.

123



After 1x G2G
monitor

After 2x G2G

Input monitor monitor

Fig. 4.18. Schematic illustrating the three spectrums found in both Figs. 4.19 and 4.20. The
simulations were performed to observe the transmission losses, bandwidth and shape as a

signal passed through the first grating-pair (input) and second grating-pair (output).
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Fig. 4.19. Evolution of transmission losses and bandwidth after one and two pairs of

vertically stacked gratings designed on 220 nm SOI.
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Fig. 4.20. Evolution of transmission losses and bandwidth after one and two pairs of

vertically stacked gratings designed on 340 nm SOI.

Figs. 4.16 am 4.17 further shows the transmission loss and bandwidth evolution as the
gap between two vertically stacked gratings is increased from 0 to 65 pm. In both simulation
cases, an air gap between the pair of gratings was assumed. The shape of transmission curve
can be seen to slowly approach that of fibre-to-grating transmission (Gaussian) as the vertical
gap is increased. Both figures also show oscillations at longer wavelength, and as the
periodicity of the oscillations was constant, they were likely to be a Fabry-Perrot effect. More

works are currently being done by another Ph.D student to ascertain the hypothesis.

Lastly, Figs. 4.19 and 4.20 compare the transmission losses and bandwidth after one
and two pairs of gratings design on 220 nm and 340 nm SOI. It can be seen that while
transmission loss increases after each facet, the transmission bandwidth remained relatively
broad and constant, showing the benefit of such system and the new gratings designed by the

group. All the new designs are to be fabricated and demonstrated in the future.
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4.6 CHAPTER SUMMARY

Gratings-based optical proximity coupling is attractive for pluggable assemblies due
to its relatively wide coupling tolerances and bandwidth. While the concept in this chapter is
devised form photonic MEMS switch device, it can be extended to other systems, particularly
in the field of medical or chemical sensing, whereby a sensor device is typical disposable
after a single use. Simulation has shown that coupling is independent of gratings design, as
long as the pair are similar, and foundry has existing PDKs that users can tap into. Cost
savings can be realised by optical routing area reduction on active device (3.3x to 5.6x more
expensive than passive runs). New gratings designed together with fellow colleagues within
the packaging group also showed that the transmission losses can be further minimized using

thicker SOI platform.
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EVANESCENT COUPLING ON GLASS

5.1 OVERVIEW OF CONCEPT

Evanescent coupling involves transfer of energy from one waveguide to an adjacent
waveguide due to physical overlap of the propagating waves. A familiar example would be
the silicon photonic MEMS switch devices used in the high density packaging
demonstrations (Chapter 2 and 3). During MEMS actuations, 94 % of energy transfer occurs
when the coupler (cantilever) and bus (static) waveguides are in close proximity (80 nm gap)
and this value drops to 3 % as the gap increases to 600 nm [1]. Evanescent coupling is thus
attractive from the packaging perspective as energy transfer is based purely on the
proximities between two adjacent waveguides, allowing passive optical coupling to be
realised. Unlike fibre-to-grating coupling, evanescent coupling is broadband and polarisation
independent as well. In this chapter, evanescent coupling on glass waveguides are

investigated.
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5.2 MODE (EME SOLVER) SIMULATION

Lumerical MODE (EME solver) was first used to establish the baseline trend and
understand the coupling behaviours between silicon nano-tapers and buried glass waveguide.
The advantage of EME (Eigen mode expansion) solver lies in its lower computational cost

compare to FDTD (finite difference time domain), thus ideal for long distance propagations

[2], [3].

Simulations were done covering three general perspectives — (1) materials, (2) design
and (3) process. Materials simulation was done to understand the effects of glass (a)
refractive index and (b) contrast, design simulation to understand the effects of (c) size and
shape of glass waveguide and (d) tip width of silicon nano-taper and lastly process simulation
to understand the effects of (e) buried depth, (f) gap between silicon nano-tapers and

waveguides during assembly and (g) oxide thickness on top of silicon nano-tapers.

Table 5.1: Simulation variables to establish the baseline coupling trend

Materials Design Process
() Refractive index (c) Waveguide size and shape (e) Buried depth
(b) Index contrast (d) Silicon nano-taper tip (f) Gap during coupling

(9) Top oxide thickness

The MODE-EME model consist of three cell groups with total length of 30 um in the
following sequence — 5 um of buried glass waveguide only, 20 um of silicon nano-taper and

buried glass waveguide and 5 um of silicon nano-waveguide. The second cell group was
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meshed with 40 cells for an Eigen mode propagation length of 1 mm. TE propagation mode
at the start (Port 1) and end (Port 2) of EME simulation region is selected, while monitors
were placed at various locations to observe the electric field profiles. The transmission from

Port 1 to Port 2 in MODE-EME was given by the absolute square of user S-matrix, [S21|"2.

The simulation model and electric field profiles at various taper widths are shown in
Fig. 1. From Fig. 1b, it can be seen that TE- and TM-mode behaves differently, with TE-
mode transferring more efficiently into the buried glass waveguide due to tapering effect of
silicon nano-tapers. Fig. 1b further compares the TE-mode transfer of 1310 nm and 1550 nm
wavelengths at various taper width and shows that the smaller the wavelength, the smaller

taper width is needed.

The following assumptions were used throughout the simulation exercises. A
reference 220 nm thick silicon nano-taper, with its width linearly increasing from 80 nm to
500 nm for a length of 1 mm, except for case (d) and zero top oxide, except for case (g). Zero
buried depth for glass waveguide within the glass substrate, except for case (e). Zero gap
between silicon nano-taper and glass waveguide, except for case (f). Glass refractive index
and step index contrast of 1.45 and 0.5% respectively, except for cases (a) and (b). Square
glass waveguide size of 5 um x 5 um, except case (c). Wavelength is assumed to be 1550 nm.
The simulation variables and model are shown in Table 5.1 while Figs. 5.2 — 5.8 show the

respective simulation results from cases (a) — (g).
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Fig. 5.1. (@) Simulation model, (b) TE-/TM-mode at start/end of taper and (c) TE-mode

transfer at various taper width.
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Fig. 5.2 shows the effect of glass materials (refractive indexes) on evanescent
coupling with 0.5 % index contrast between glass waveguide and substrate. Based on
simulation, the closer the substrate refractive index is to the oxide layer underneath the
silicon nano-taper, the better the coupling efficiency. Coupling efficiency continues to

decrease and reaches a plateau after refractive index of 1.5.

Fig. 5.3 on the other hand shows the effect of index contrast between glass waveguide
and the substrate. It can be seen that coupling efficiency peaked at a contrast of 1.5 %, and
has approximately 10 % higher coupling than a contrast of 0.5 %. It is worth highlighting at

this point that single mode transmission cannot be maintained at an index contrast above

0.5 %.
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S21 (Abs?2))
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Refractive Index

Fig. 5.2. Case (a), effect of glass refractive index. Higher the refractive index, the lower the

coupling
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Fig. 5.3. Case (b), effect of index contrast. Index contrast should be low to maintain single

mode transmission even though the coupling is weaker.
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Fig. 5.4 shows the effect of glass waveguide’s size and shape on evanescent coupling.
The shape of the waveguide in this case should not be confused with the shape of mode
profile propagating within it. From the simulation, it can be seen that a square glass
waveguide allows better coupling into the silicon nano-taper, and it gets better with smaller
sizes. Sizes smaller than 4 um cannot be simulated as the mode profile cannot be properly

confined within the glass waveguide in Lumerical MODE.

Fig. 5.5 shows the effect of the tip width on a linearly increasing silicon nano-taper.
The silicon waveguide length is fixed at 1 mm while the taper width is gradually increased
from “x” to 500 nm. In order to obtain the optimum taper tip width, x is varied in a step of 20
nm from 20 — 160nm. It can be seen that using a 5mm x 5mm glass core, the peak
transmission efficiency remains stable above 80% with a peak at 120 nm taper tip width.
Transmission efficiency drops substantially as the taper tip width is further increased to 160
nm. This could be attributed to the fact that in the system under consideration, this width is
larger than the taper width region where the optimum energy transfer between the glass core
and silicon waveguide occurs. Further in depth studies could be done by future Ph.D
candidates to verify the hypothesis. This exercise shows that fabrication tolerance on a silicon
PIC can affect the coupling efficiency and has to be properly accounted for during the design

stage.

Fig. 5.6 shows the effect of glass waveguide’s buried depth on evanescent coupling at
various index contrast. The best coupling occurs when the glass waveguide is exposed on the
substrate surface, and decreases as the buried depth increases. The decrease is more drastic

with higher index contrast, as the mode profile is more tightly confined within the waveguide.
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A similar decreasing trend can be seen during silicon PIC and glass substrate
assembly, which is defined by the gap between the two (Fig. 5.7). An air gap as little as 0.25
pm would have drastically decreased the coupling efficiency from mid-80 % to below 10 %.
It can however be recovered back close to 80 % if the gap is filled with optical resin that has

a refractive index of 1.45.

Lastly, Fig. 5.8 shows the effect of oxide on top of the silicon nano-taper to coupling
efficiency. The thicker the oxide is, the lower the coupling will occur. While native oxide that
grows on exposed silicon is typically around 2 nm [4], silicon PIC fabrication usually
involves high processing temperature and devices are topped with a thicker oxide as a

protective layer, hence the need for this simulation exercise.

In a nutshell, the following can be inferred from the MODE-EME simulation exercises.

e The closer the substrate refractive index to the silicon BOX, the better the coupling.
e Smaller and square shape glass waveguide provide better coupling

e Glass waveguide has to be buried as close to the coupling surface as possible.

e Assembly gap between silicon PIC and glass substrate has to be minimised.

e Filling the assembly gap with the right optical resin will improve coupling.

e Silicon nano-taper’s tip width has to be as small as possible.

e Existence of oxide layer on silicon nano-taper should be minimised.
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5.3 MATERIALS AND METHODS

There are two common approaches in forming glass waveguides. The first approach is
laser engraving, and the second approach is ion-exchange (first introduced in Chapter 3). The
former relies on a focused laser to restructure the glass, creating a higher optical index path
than its surrounding while the latter relies on chemical diffusion between the glass and the
chemical bath. Laser engraving is much more versatile and has higher degrees of freedom,
allowing three dimensional optical waveguides to be created within a glass substrate. lon-
exchange on the other hand is based on chemical diffusion on the surface of a glass substrate,

before being diffused further into the substrate through an electrical field.

Interaction between the optical

Glass mode and the glass surface

surface

ol B -

lon-exchanged
waveguide

Refractive index profile Mode intensity profile

Fig. 5.9. lllustrations of the refractive index and mode intensity profiles of buried glass

waveguides.

In order for evanescent coupling to occur between a silicon waveguide and a glass
waveguide, both has to come into close contact, as predicted by Lumerical MODE-EME
simulations earlier. As laser engraving is based on beam focusing, optical waveguides can
only be formed beneath the glass surface, at least 30 um away [5]. Additional polishing can
be done to expose the buried waveguides, but this can cause unnecessary mechanical

damages and higher cost. Considering various risks involved with laser engraving, it was thus
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decided that ion-exchanged processing is a better approach to demonstrate evanescent

coupling on glass.

The graded refractive index and mode intensity profile of ion-exchange waveguides is
illustrated in Fig. 5.9 [6], while the glass waveguide fabrication flow is shown in Fig. 5.10.
Field assisted burial is applied only towards the edge of singulated glass substrate to prevent

signal leakages.

Metal mask patterning Salt bath immersion Surface waveguide formation
\ Glass \ Glass | | Giass |
Mask stripping Buried waveguide formation Field-assisted burial
|
Glass Glass Giass | <V>
|
CrAu metal patterning Glass wafer singulation Side view of buried waveguide
!
GTass l GES l h ﬁ

Fig. 5.10. Fabrication process flow of buried glass waveguide.
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5.4 TEST VEHICLE DESIGN

Evanescent couplers /\A
O Evanescent

coupler tip

-~

Flip chip < > 5l
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FA coupling

Fig. 5.11. Test vehicle design for evanescent coupling on buried glass waveguides.

In order to demonstrate the concept of evanescent coupling at package level, a test
vehicle based on glass substrate is proposed (Fig. 5.11). It consist of an optical interposer,
complete with straight ion-exchanged waveguides buried underneath the surface and a silicon
component with U-shape silicon nano-tapers. Both the interposer and silicon component has

thin Cr/Au metallization and alignment marks for flip chip bonding.

Simulation was also done using Lumerical MODE-EME to optimize the silicon nano-
tapers based on the material properties of the glass substrate (ng.q = 1.5066) and ion-
exchanged waveguide (Ncore, graded = 1.5466). lon-exchanged waveguide is kept at 4 pm x 4

pm during the simulation, while silicon thickness at 220 nm. Silicon nano-tapers’ tip width
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are kept at 150 nm, following foundries’ design rules using UV and e-beam lithography. Two
initial silicon nano-taper designs are shown in Fig. 5.12 below. Design 1 has two-segment
with coupling efficiency of 53.9% with a length of 200 um while design 2 has three-segment
with coupling efficiency of 61.4% with a length of 210 um. Coupling efficiency will improve
to over 90% with smaller taper tip width, but this will require access to better foundry. These
designs (simulation and fabrication) were to be validated with experimental results and

further improved on.

170pum
) H  130um
150nm i 200nm | 450nm
200 pm
5 um ie» <> 5um
150nm sk ckmme180nm 250nm | 450nm

Fig. 5.12. Silicon nano-taper designed to match ion-exchange waveguide coupling on

substrate.
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5.5 RESULTS AND ANALYSIS

Fig. 5.13 shows the initial design of the glass interposer, consisting of six Cr/Au
metallization pads for electrical continuity check and sixteen ion-exchanged waveguides. The
waveguides were running just under the glass surface in the centre of the interposer, and then
buried deeper as they travels toward the edges. Completed glass interposer was then probed
using visible red laser. While the laser visibly travelled along the waveguides, it disappeared
as it reached the section with Cr/Au metallization (Fig. 5.14). A sample was wet-etched to
remove the Cr/Au metallization, and it was found that metal diffusion in the ion-exchanged
waveguides could have occurred. It can be seen in Fig. 5.15 that ion-exchanged waveguides
that ran underneath Cr/Au metallization had turned cloudy/opaque, while segments without

Cr/Au maintained their optical transparencies.

Once it was determined that metallization interacted with glass waveguides, two of
the metallization were removed (Fig. 5.16). Similar probing using visible red laser showed
that the signal travelled smoothly across the glass interposer, and visibly recoupled back into

an optical fibre (Fig. 5.17).
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Cr/Au metallization

lon-exchanged waveguide /

Cr/Au metallization

Fig. 5.13. Initial design of glass interposer with Cr/Au metallization on top of ion-exchanged

waveguides.

Fig. 5.14. lon-exchanged waveguide probing using visible red laser. Image taken in
monochrome shows that light passes through the waveguides but obstructed by Cr/Au

metallization.
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Fig. 5.15. Images of glass interposer post Cr/Au metallization wet etching, showing

cloudy/opaque sections of ion-exchanged waveguide in areas covered by the metallization.
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_______________

lon-exchanged waveguide

Fig. 5.16. Second design of glass interposer, whereby Cr/Au metallization above ion-

exchanged waveguides have been removed.
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Fig. 5.17. lon-exchanged waveguide probing using visible red laser. Image shows that light

Fibre-to-fibre transmission (dB)

passes through

the waveguides without obstruction.
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Fig. 5.18. Attenuation response of side-polished single mode fibre (SMF-28) with air (n = 1),

optical resin NOA

61 (n = 1.56) and NOA 65 (n = 1.524).
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Fig. 5.19. Attenuation response of ion-exchanged glass waveguide with air (n = 1) and optical

resin NOA 61 (n = 1.56).

Attenuation response of the glass waveguide with optical resin was then compared
with a reference sample using side-polished SMF-28 fibre (Fig. 5.18). It can be seen that the
attenuation effect of an exposed fibre core differs depending on the refractive index at the
core boundary. Insertion loss of 0.57 dB in air (n = 1) increases to 10.59 dB when optical
resin NOA 61 (n = 1.56) [7] was applied. The insertion loss further increases to 13.42 dB

when optical resin NOA 65 (n = 1.524) [8] with lower refractive index was applied.

Subsequently, NOA 61 was applied on the ion-exchanged waveguide, and the
attenuation response is shown in Fig. 5.19 for a single channel and Fig. 5.20 for all channels.
Unlike the attenuation seen on reference sample (SMF-28 fibre), the effect of refractive index
changes at the core boundary of ion-exchanged waveguide is less significant. lon-exchanged
waveguide shows an increase in transmission loss between 2.41 to 3.61 dB compare to 10.02

dB on side-polished SMF-28 fibre. This could be due to the fact that (1) the ion-exchanged
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waveguide was buried much deeper than intended, or that (2) the graded index profile of the

ion-exchanged waveguide was tightly confining the optical profile.

Nevertheless, an attenuation of 2.41 dB still corresponds to 42.6% of the input power
escaping from the surface and thus could be used for the evanescent coupling test. Simply
speaking, the input power for evanescent coupling will then be 0.426 mW instead of 1 mW

and the coupling output through silicon nano-taper will be normalised against 0.426 mW.
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Fig. 5.20. Losses caused by optical resin NOA 61 (n = 1.56) on the surface of ion-exchanged

glass waveguides. Graph depicts losses from buried channels 4 to 13.
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Index matching liquid Silicon waveguides

lon-exchanged waveguides

Fig. 5.21. First silicon device/glass substrate alignment and evanescent coupling test using

Fineplacer Lambda.

Lens Z100:X1000 Lens 2100:X1000
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Gap of 2.8 um Glass substrate Gap of 9.7 um

Fig. 5.22. Cross-section of the assembly shows that a gap ranging from 2.8 um to 9.7 um

exists between silicon PIC and glass substrate.

Upon confirmation that the fabricated ion-exchanged waveguides were working, the
first evanescent coupling test was attempted using Fineplacer Lambda. A glass substrate with
ion-exchanged waveguides was placed on the stage, while the silicon PIC was mounted on a
pick-up tool above the substrate. Alignment marks on both the silicon PIC and the glass

substrate can be easily seen through the system camera and alignment was done manually
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until the marks converged (Fig. 5.21). Refractive index oil from Cargill (n = 1.46) was then

applied on the surface of the glass substrate, and silicon PIC was brought into contact.

No coupling signal was observed during the first assembly test, and the sample was
mechanically polished to examine the interface between the silicon PIC and the glass
substrate (Fig. 5.22). It was found that a gap at least 2.8 um existed between the two
components, and that the pick-up tool and the stage of Fineplacer Lambda was not perfectly
parallel. For electronics flip-chip bonding, this will not be an issue as bond pads about 50 um
in diameter while solder bumps height are higher than 30 um. However, optical coupling
features are 20x smaller than electronics, and even a small 0.5 pm misalignment will cause a

signal change.

Silicon PIC Power Meter

Fig. 5.23. Contact area reduction to reduce the assembly gap appears to be in the right

direction with nW coupling power observed.

In order to minimize assembly gap and co-planarity issues, the silicon PIC size was
reduced from 10 mm x 10 mm to 1 mm x 1.25 mm to reduce the contact area on the glass
substrate. The experiment was repeated with the same configuration, and a faint optical
coupling was observed through the output power meter (Fig. 5.23). A further reduction in

contact area was subsequently attempted by splitting the glass substrate through mechanical
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dicing and polishing. However, dicing and polishing burr at the edges of the glass substrate

damaged the silicon waveguides on the PIC and render it unusable (Fig. 5.24).

Edge of glass
substrate

Diced glass substrate
with buried waveguides

Fig. 5.24. Glass substrate was mechanically diced and polished in the middle to further
reduce the contact area with silicon PIC, but caused burr damage on silicon waveguide

instead.
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Fig. 5.25. Surface profiling of dicing burr. Graph shows the distribution of burr heights across

different dicing trenches.

Analysis of dicing burrs using Tencor’s surface profiler showed that they can be as

high as 870.5 nm. Aside from its potential in damaging silicon nano-tapers (220 nm), a
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natural gap will exist between the tapers and buried waveguides, preventing evanescent

energy exchange between the two.
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Fig. 5.26. Difference between MODE-EME and 3D-FDTD, using silicon nano-taper design 1

as simulation structure.

While the test vehicle designs cannot be verified experimentally, attention was later
directed towards understanding the difference between MODE-EME and 3D-FDTD, using
design 1 as an example. 3D-FDTD, while more resource-heavy compare to MODE-EME,
showed an interesting behaviour that cannot be detected in the latter (Fig. 5.26). As MODE-
EME solves only the eigenvalues at the interfaces and is bi-directional, the function of silicon
nano-taper as an emitter or receiver was not differentiated. 3D-FDTD on the other hand
showed that the silicon nano-taper will perform well as an emitter, allowing 94.4%
transmission into the buried glass waveguide. However, it can receive only 41.9%
transmission from the glass waveguide. It is further hypothesised that a smaller taper tip will
be necessary to improve performance of silicon nano-tapers as receivers, and that tapers will

have to be optimized separately depending on its functions.
151



5.6 CHAPTER SUMMARY

In this chapter, evanescent coupling based on buried glass waveguides had been
proposed for future integration with through glass via (TGV) interposers. Baseline
simulations and test vehicle designs using Lumerical MODE-EME were performed and
experimentally tested. It was found that equipment capability (co-planarity control, dicing
burrs, etc.) and clean room environment (particles and contamination) are the critical factors
in realising glass coupling in the current configuration. At the same time, constant abrasion
due to hard glass surface is detrimental to non-oxide/nitride protected silicon nano-taper. It is
thus recommended to add a soft buffer layer to reduce abrasion and improvements in
assembly equipment are needed for subsequent work. It was also found that the silicon nano-
taper behaves differently depending on its function as a receiver or an emitter, and designs
have to be separately optimized for real applications. The knowhow and assembly
experiences gained from this work also allows a collaboration with an industrial company
(non-disclosure agreement in place) to be formed to further investigate and improve

evanescent coupling designs using polymer waveguides.
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DESIGN RULES

6.1 PACKAGING DESIGN RULES

The way a device is laid out dictate how it can be packaged. This is thus the single
most important factor for any device designer to keep in mind, unless the device is only
meant to stay on the probe station in the laboratory. As previously discussed in Chapter 1 and
further demonstrated in Chapter 2 and 3, a silicon photonic device typically has both
electrical and optical ports, while some may have additional ports, e.g. fluid injection ports
and microfluidic routing channels for sensing applications. Preferably, a chip designer should
first communicate with the targeted packaging foundry on the acceptable requirements. Co-
designing a device with a packaging foundry is gaining traction nowadays as it mitigates
potential design incompatibility between upstream and downstream processes. Co-designing
also reduces time-to-market and brings down manufacturing cost, thus benefitting consumers.
The following sections highlight some of the design rules that a designer can consider for
packaging, some of which are being adopted for H2020-MORPHIC, an EU funded

programmable MEMS optical switch project and other projects within the group.
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6.1.1 DISTRIBUTION OF ELECTRICAL AND OPTICAL PORTS

Device layout Flip chip interposer routing
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Fig. 6.1. Effect of device layout on packaging design and transmission lines routing on

electrical interposer. Electronic device packaging is included for comparison.
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Device layout Packaging structure Packaging side view
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Fig. 6.2. Suggested flip chip packaging structure based on generic device layout. Electronic

device packaging is included for comparison.

Typical pitches for bond pads, but has to
match with interposer metal line

width/space
o > 100
n
S O0o0oo <« _
D 0000 @ 'I;(_)followavallable
2 ibre array supply
> ooog <] 3 chain standard
oDoog <] N
> 200 l_ > 500
Provides support for Check for sufficient
fibre array space between fibre
array and interposer
edges

Fig. 6.3. Suggested dimensions (in pum) on a silicon photonic device.
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6.1.2 COMMON PACKAGING MATERIALS

Interposer without via

High thermal conductivity.
Ceramic ~ [N Typical single metal layer.

Sparse transmission lines.

Low dielectric constant
and thermal conductivity.

Glass | .
E— Typical two metal layer.
Dense transmission lines.

Low CTE mismatch with

device and good thermal

Silicon I conductivity. Multi-metal
layers. Very dense
transmission lines.

Interposer with via

I:I:-:-:-:- Large via and pItCh

Easily available.

Fine via and pitch.
Cheap. Not easily
available.

Very fine via and
pitch. Very
expensive.

Fig. 6.4. Typical materials for electrical interposers and their availabilities for research

purposes. Cost is heavily influenced by requested volume and interposer designs.

Edge Vertical

0° polished angle
for inverted taper

coupling coupling

8° or 10° polished
angle for gratings

Planar

—N

49° or 50° polished
angle for gratings
coupling. Fragile
fibre tip.

Standard pitch 250 um or 127 um. Number of channels, fibre end termination

Generic fibre array

type, polished angle customisable. Single, multi-mode or polarisation

maintained
Comes with or without top lid.

Without top lid

Pitch reducin Pitch, number of channels, fibre end termination type, polished angle
(lon-exchanged) customisable. No top lid required. Requires additional generic fibre array at the

edge. Single and polarisation maintained.

Fig. 6.5. Common type of fibre coupling materials and polished angles for silicon photonic

devices. Generic fibre arrays are cheap.

157



Wire bond, Au or Al
'«- ' riih
' Adhesion layer, Al

<+ Passivation layer

Solder bump, laser jetted

/

Wetting layer, Au stud

Adhesion layer, Al

<«——— Passivation layer

Solder bump, laser jetted

/ Wetting layer, Au

=

<«<——  Passivation layer

Barrier layer, Ni

Adhesion layer, Al

Solder bump, electroplated

/ Wetting layer, Au
Copper pillar

Barrier layer, Ti

Adhesion layer, Al

<——  Passivation layer

Fig. 6.6. Common electrical interconnects structure and metallization layers on device bond

pad.
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CONCLUSIONS

Silicon photonic industry has experienced tremendous growth over the past three
decades, with various functionalities realised to date. MarketsandMarkets™ has expected the
industry to grow from “US$ 626.8 M in 2017 and is expected to reach US$ 1,988.2 M by
2023.” The growth has been made possible with the advancement in CMOS processing,
driven by consumable electronics. However, similar to the electronics industry in the early
years, silicon photonic industry today is extremely fragmented with various chip design and
layout. Most silicon photonic devices fabricated were never meant to reach the hand of
consumers, due to a lack of information related to packaging design. While much of the
processes, equipment and materials can be generally adopted from the electronics packaging
industry, the existence of optical interfaces has led to a reduction in freedom in terms of

packaging design, process and materials integration.

In this thesis, readers have been introduced to a variety of new silicon photonic
packaging technologies and concepts. Section | successfully demonstrated high density
optical and electrical packaging components through collaboration with University of
California, Berkeley. Innovative package designs and process integration of various
components and materials for 2D and 2.5D heterogeneous integration such as through-glass-
via and fan-out optical interposers, were fabricated and demonstrated. Together, these
components demonstrated the world’s first silicon photonic MEMS optical switch package
and subsequently the highest density silicon photonic packaging components at 512 electrical
I/Os and 272 optical 1/Os. The concepts and design rules demonstrated in the section had

been utilized in H2020-MORPHIC and other packaging projects within the group. A set of
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packaging design rules to assist silicon photonic circuit designer was also complied and

included in this thesis.

Section Il further expanded the discussions on advanced silicon photonic packaging,
focusing on passive optical coupling. Approaches such as grating-to-grating and evanescent
(inverted taper to glass) coupling that can be integrated in the future with packaging test
vehicles demonstrated in Part 1 were discussed and studied. Key interests for these
approaches will be the removal of active fibre coupling from devices thus suitable for msas
productions. The concepts and background research done in this section served as the

foundation for future Ph.D candidates as well as other packaging projects within the group.
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APPENDIX

Side-camefa=

S view / L
Top camera view -ﬂﬁ ""“‘:F‘\!\['
» =Superluminisce

_Powfer i .
"t
PoTafiseris. .
User Interface

-
f‘

iy D i Mounting stage

" alignent arm ¢ 6-DOF

alignment arm

Fig. Al. Auto-aligner by Newport Corp. used for fibre alignment from 1-channel all
the way to 136-channels as demonstrated in this thesis. The system consist of two 6-
degree of freedom alignment arms, one top and one side view camera to assist with
active alignment process. Suitable for vertical or plaanr fibre coupling, with the help
of specially designed fibre array gripper. Travel distances of the alignment arms, top
and side cameras have to be carefully considered during the design stage to prevent

obstructions.
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Wire reel
Y

Bohd capillar)]/)

Fig. A2. Manual wire bonder by K&S used for Au stud bumping on device bond
pads and wire bonding to connect device to interposer or test board. Typical wire

diameter used on the system is 0.8 and 1.0 mil.
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Safety door User interface

Solder.ball
reservoir /

/ a <
.,‘1‘!‘“. . .

£
/

Microscope ;
P Bond capillary Camera

Fig. A3. Solder jetting system by Pactech (SB2-SM), used to form solder bumps on
device bond pads. The system can currently process only ®50 um SAC 305 solder
spheres. Operation can be automated with the help of bond map. Bond pad

metallization preferably to be Au finishing for better wetting with Sn from SAC 305.
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User interface

controllers

Side camera 7.

Top-camera

=

|
BondheadN'

Heating stage ¢~ ==

Fig. A4. Flip chip bonder by Finetech (Fineplacer lambda), used for flip chip and

thermo-compression bonding of various components. Can go up to 40 N force and

400 °C reflow. Maximum alignment field of view of 2.5 mm x 2.5 mm at highest
magnification. Alignment between top and bottom components are based on

matching fiducials (alignment marks) on both components.
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Reflow oven

User interface

Heating
element

Fig. A5. Inert (N) reflow oven by LPKF (Protoflow-S) used for board level reflow.
Reflow temperature can reach 320 °C thus suitable for AuSn assembly. Can be used

as curing oven for underfill and die attach as well.
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Il
|

19 2 X SHARP CORNER

SANDBLAST

Gripper body C_Left
TUTYN-2017-11-01  *

Fig. A6. Engineering drawings for fibre array grippers used in this thesis. As one set
of grippers consist mirrored components, only one side is shown here. (a) Main body
and gripping plate for vertical fibre coupling. (b) Main body and gripping plate for
planar fibre coupling. (c) Adjustable arm suitable for both vertical and planar fibre
coupling. Components were designed considering travel length of Auto-aligner and

expected board size that can be mounted on the system.
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Gripper plate

Adjustable

P clamp

Gripper body

X

™ Adjustable
clamp

N

Gripper plate

Fig. A7. Two of the fibre array grippers fabricated in this thesis, (a) for vertical fibre

coupling and (b) planar fibre coupling.
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