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SUMMARY

The development and application of arti cial intelligence and augmented reality as well
as billions of new devices connected to the network have resulted in unprecedented de-
mands on high computing power and high speed communications. The focus has shifted
from Moore's law on the transistor density of semiconductor chips to post-Moore's—law
on the interconnect density of packages to continue improving the computing power and
data rates. As the demand for data rates increases, electronic interconnects are limited to
short—distance chip—to—chip communications by signal integrity issues at high frequency,
which sheds a light on bringing optical interconnects onto the package for on—package
long—distance communications.

The key technology to enhance electronic interconnect performance on a package is the
redistribution layers, with the 2.5D interposer package with ultra— ne wiring to improve
the density of interconnects. Challenges emerge as the density of lines increase with this
approach such as poor adhesion due to small contacting areas. The density of microvias
has not progressed as much to match the density of wires. On the other hand, silicon
photonics and board—level optoelectronics have been studied and developed intensively to
achieve high speed optical communications on chip. However, silicon photonics suffers
from the high costs of silicon—on—insulator substrates and the back end of line fabrication
processes, and the board—level optoelectronics is limited by the multimode operation and
the mismatch on thermal expansion coef cients between different modules.

The objective of this research was to integrate high density electronic interconnects
for chip—to—chip communications and low loss single mode optical interconnects for on—
package communications, as well as ber coupling and integration, on glass interposers.
Glass as the substrate material offers a unique combination of superior properties com-
pared to silicon and polymer substrates. It also has a low optical absorption at telecommu-

nication wavelengths for optical applications. This research included the following topics:

XViii



1) development and optimization of ultraviolet laser ablation process for ultra—small mi-
crovia fabrication to match the density of ultra— ne routing wires; 2) modeling, design,
processing, and characterization of high—quality low loss single mode waveguides on glass
interposers; 3) high—precision passive ber coupling and integration on glass interposers.

Laser ablation on polymer dielectrics was intensively studied for the fabrication of
ultra—small microvias. A picosecond UV laser drilling system was used in this study,
and microvias were scaled down to 5 um in diameter from the state—of-the—art 20 um mi-
crovias by laser ablation. By adding a nanometer metal barrier layer with a high ablation
threshold, the fully opened microvias were scaled down to 1.3 um in diameter, which is
one fteenth of the state of the art. Laser landing accuracy was also analyzed since the
smaller microvias required multiple punches to fabricate. The average difference between
the designed drilling spot and the actual landing spot was 0.24 um.

Polymer—based single mode waveguides using glass as the bottom clad was modeled,
fabricated and characterized. After process optimization, defects were eliminated, hence,
the measured propagation loss of fabricated waveguides was around 0.6 dB/cm, half of the
previously reported value. Data rates were also measured. However, the maximum data
rate was limited by the electronic components in the measurement setup to be 21.3 Gbps.
The potentially supported data rates could be much higher.

High accuracy passive ber coupling and integration on glass were also investigated.
A ip v—groove approach was proposed and developed to con ne degrees of freedom of
bers. Using the surface of the glass substrate as a reference and the diameter of the ber
as the core height control brought the center of the ber core to be 62.8 um, which
is very close to the height of the fabricated waveguide cores which is 63 um. Alignment in

only one direction is needed.
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CHAPTER 1
INTRODUCTION

As the emerging technologies like cloud computing, arti cial intelligence (Al), virtual re-
ality (VR), and ultra—high—de nition (UHD), gaming and streaming are developed and
applied, demands for higher computing power and higher data rates between chips keep
increasing. The number of transistors on a semiconductor chip doubles every two years ac-
cording to the famous observation, Moore's law [1], which increases the computing power
of semiconductor chips dramatically. However, as the size of transistors is scaled down to
7nm and even smaller, Moore's Law is beginning to hit the limit of physics, and slowing
down in transistor performance. Continuous scaling of transistors on semiconductor chips
is no longer economical to achieve the same level of improvement on performance as well.
The focus has shifted from Moore's law with semiconductor chips to post-Moore's—
law with what Prof. Tummala calls Moore's law for Packaging or Interconnects [3, 4].
This resulted in integrating multiple chips on one package to increase computing power
for many applications [2, 5], as shown in Figure 1.1, and such an architecture requires
advanced packaging technologies to support high data rate chip—to—chip communications.
The key technology to enhance interconnect performance on a package is the redistribution
layer (RDL)s, with the 2.5D interposer package with ultra— ne RDL wiring to improve the
density of interconnects and performance of a package. Challenges emerge as the density
of lines and microvias increase with this approach. The semi—additive process (SAP) is
currently the primary technique for copper trace fabrication in panel size RDL processing.
When the line width of the copper trace is scaled down to less than 2 um, poor adhesion
due to small contacting area leads to reliability issues. Meanwhile, as the line width is
scaled down to 5pum and less, microvias connecting thin lines in different layers has not

scaled down to support high density lines. Electronic interconnects with ne copper traces



Figure 1.1: MCM-GPU: Aggregating GPU modules and DRAM on a single package

[2].

and microvias are limited by signal integrity and interconnect delay issues caused by high
frequency electromagnetic effects such as crosstalk, delay, resistance and capacitance when
facing high data rate demands.

Fiber optics has advanced signi cantly over the past several decades due to the excep-
tional data transport ability of bers over copper wires across long distances. Compared
to copper wires, bers have lower loss, immunity to electromagnetic interference, light
weight, and they could provide extremely high data rates. Fibers are now the backbone
of ever—increasing global internet traf c in modern communications. With the develop-
ment and application of technologies like cloud computing and UHD streaming, as well
as billions of new mobile devices that are interconnected every year, they have resulted in
ever—increasing global internet traf ¢, which is projected to be 396 exab{y®8 Yytes)
per month by 2022 [6, 7], as shown in Figure 1.2. Not only telecommunication demands
higher data rates, but also other demands from on—device applications such as Al and VR.
Traditionally, single mode optical components are placed on a silicon optical bench (SiOB)

as individual chips, which requires a large substrate to integrate. As the single mode optics



Figure 1.2: Cisco VNI forecasts 396 EB per month of IP traf ¢ by 2022 [6].

is applied for shorter distances like chip—to—chip communications, packaging especially
optical interconnects becomes the bottleneck. There are several factors contributing to this
bottleneck; 1) Alignment requirement of bers to waveguides at micron size level, and 2)
optical structures fabricated on substrates to reduce coupling loss.

To address these issues for high data rate demands of on—package chip—to—chip com-
munications, glass interposers with a combination of high—density electronic interconnects
for chip—to—chip communications and single mode optical interconnects for on—package

communications were proposed and developed in this work.

1.1 Current Trends on High Speed Interconnects

Several approaches have been investigated and developed to optimize the cost, perfor-
mance, and integration density of high—speed interconnects at a system level. The current
integration approaches are high density inputs/outputs (I/O) for electronics, silicon photon-

ics, glass photonics, and board—level optoelectronics.
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Figure 1.3: (a) Schematic showing the EMIB concept [8]. (b) Schematic cross sectional
image of i-THOP [9]. (c) The schematic of novel ViT interconnect con guration for
20 um bump pitch interposer and package application. The traces are embedded in
the dielectric layer and surrounded by polymer [10].

1.1.1 High—Densityl/O for Electronics

Increasing data traf c demands high bandwidth to transport data as well as high speed
electronics to process data. Increasing I/O and component density in electronic systems re-
quires higher density packaging and higher level of integration. Over the years, the wiring
technologies for RDL have evolved from subtractive etching to SAP. Challenges emerge as
the width of the copper trace is scaled down to less than 5 um. Large areas of the sidewalls
compared to the seed layer at the bottom will be etched away in the seed layer removal
process, which leads to smaller contact area of copper to the substrate, and subsequent
adhesion and reliability issues. The current trend is to push the line width down to submi-
cron level with high aspect ratio to achieve high—density 1/0 with appropriate resistance,
capacitance, and characteristic impedance.

There are three popular substrate materials used for high—density I/O in packaging:
silicon, organic, and glass, as shown in Figure 1.3. Silicon interposers, led by Intel's em-
bedded multi—die interconnect bridge (EMIB) [8], were developed using back end of line
(BEOL) process. RDLs could be built directly on silicon wafers without a substrate as well,
like the integrated fan—out (INFO) wafer—level processing (WLP) technology developed by
TSMC [11]. The line width achieved is less than a micron, and the interconnect density is
in the range of 500-1000 I/O/mm/layer. However, the cost of BEOL process is high due

to primarily the small 300 mm wafer size. Organic interposers, such as integrated thin Im



high density organic package (i-THOP) by Shinko [9], have a relatively low cost due to
large panel processing, but the line width achieved is 2 um. Glass interposers, developed
by 3D Packaging Research Center at Georgia Tech [10], have achieved copper traces with
1 um in line width with panel processing capability.

When copper traces are scaled down to increase I/0O density, microvias to electrically
connect copper traces in different layers must be scaled down as well to accommodate the
smaller sizes of copper traces. Previously, laser drilling was widely used for microvia fabri-
cation until the diameter of microvias was scaled down to 40 um. Microvias by photolithog-
raphy replaced laser ablation when the size of microvias was lowered to 8 um, which hasn't

matched the line width of copper traces developed in recent years.

1.1.2 SiliconPhotonics

Silicon photonics is a promising candidate to realize high density on—chip integration of
electronics and photonics. A photo of such a silicon photonic chip is shown in Figure 1.4.
By adopting mature complementary metal—-oxide—semiconductor (CMOS) technology for
high—volume semiconductor manufacturing, silicon photonics could be a low—cost solution
[13], and waveguides on silicon photonic chips could have an extremely low propagation
loss at around 0.1 dB/m [14]. However, there are some drawbacks with silicon photonics.
First, the light sources are a huge challenge in silicon photonics. The integration of
laser on silicon photonic chips could be monolithic or heterogeneous. For monolithic in-
tegration, silicon is an obvious choice, but silicon does not have a direct bandgap, which
means photons generated from the combination of electrons and holes in silicon is too low
in ef ciency. Silicon is able to serve as a light source through Raman scattering, which is
inelastic scattering of a photon upon interaction with matter. The rst pulsed Rama laser
was demonstrated in 2004 by a group in UCLA [15], and the rst continuous—wave Raman
laser was demonstrated in 2005 by Intel [16], but the ef ciency was still low, approximately

one in ten million photons. Erbium doped silicon materials and erbium compound materials



Figure 1.4: Overview of current fully integrated silicon photonics technology using a
3D electronic IC [12].

use erbium as an atomic emitting center for monolithic integration. Optical-pumped Er—
doped lasers were demonstrated [17] but not electrical pumped lasers. Germanium exhibits
a pseudo—direct gap behavior. The band gap could be engineered so that the direct recom-
bination of electrons and holes could happen [18]. It could be a candidate for monolithic
integration of laser source. Currently the most practical on—chip light source for silicon
photonics is lll-V-based lasers like InP. It could be monolithically integrated via epitaxial
growth [19], but the high density dislocations from large differences in thermal expan-
sion coef cients between IlI-V compounds and silicon may cause reliability issues. 11—V

compound lasers could also be directly mounted on silicon [20], which allows pre—testing
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Figure 1.5: Schematics of (a) a SMF core and (b) a silicon waveguide core.

before integration to maintain superior characteristics of the laser chips.

The other issue with silicon photonics is silicon—based waveguides and their coupling.
Due to the surface roughness (around 5 nm) of the side walls of silicon waveguide cores, the
propagation loss of silicon was huge compared to polymer or glass waveguides. But as the
fabrication process improved, the propagation loss of silicon waveguide has been lowered
to less than 1dB/cm [21]. Even though it's still large compared to polymer and glass
waveguides, it's not an obstacle for application since the lengths of the silicon waveguides
are generally short. Silicon also has a relatively large refractive index. The size of the
silicon waveguide core is extremely small (around 0.5 um by 0.2 um) compared to the size
of the ber core (around 8.4 um in diameter) as shown in Figure 1.5, so direct coupling
from a ber to a silicon—based waveguide would have a huge mode mismatch loss ( 20 dB).
Additional couplers are needed to couple light from a ber to a waveguide. For horizontal
coupling, different spot size converters and couplers have been designed and tested for low
coupling loss. For vertical coupling, grating couplers have been studied intensively for

wide band low loss coupling.



Figure 1.6: Schematic representation of the Terabus vision of an OE-MCM (or op-
tomodule) incorporating an 850 nm transceiver optochip as well as conventional ICs
[23].

1.1.3 Board-LevelOptoelectronics

Traditional board—level optical systems use discrete integration of optical components and
electronic chips. In a typical optical transceiver package, there are laser diodes, lenses,
drivers, ampli ers, photodetectors, etc. These discrete components are placed on a SiOB
[22]. Precise alignment structures for ber positioning and coupling could be fabricated on
SiOB due to its crystallinity.

The Terabus project, developed by IBM, focuses on highly integrated high density low—
power and high speed optical interconnect technologies [23]. A schematic of Terabus
project is shown in Figure 1.6. Optochips are mounted on a silicon carrier, and then as-
sembled on an organic carrier with other conventional integrated circuit (IC)s. The organic
carrier is then soldered to an optical printed circuit board (PCB). However, the system op-
erates with multimode optics, and the mismatch in thermal expansion coef cient among
silicon carriers, organic carriers, and optical PCBs might lead to reliability issues. Also,
the silicon carrier for optochips might introduce high speed electrical losses, which leads

to degradation of energy ef ciency.



1.1.4 GlassPhotonics

Glass photonics, which emerged in recent years as a superior option over organic and sili-
con interposers for microelectronics applications, has been drawing tremendous attention.
Glass offers a unique combination of superior properties compared with traditional silicon
and organic packaging for both electronics and photonics. Some of the properties of glass
and silicon are listed in Table 1.1. For optical applications, the optical absorption of glass
at telecommunication wavelengths is low, and the refractive index of glass matches that of
SMFs, which enables glass to be integrated as part of waveguide structures. For electronic
applications, the loss tangent of glass is relatively low compared to that of silicon. The
thermal expansion coef cient (CTE) of glass could also be tailored to match either silicon—

or lll-V=based photonic chips.

Table 1.1: Properties of glass and silicon.

Material Properties Glass Silicon
Optical absorption (cm?!) @ 1550 nm 0.007 8.2
Refraxctive indexn @ 1550 nm 1.49 3.48
Electrical lossan @ 10 GHz 0.006 0.015
Thermal expansion coef cient (CTE) (ppm/K) 3-8.5 3
Microscopic structure Amorphous Crystalline
Finest feature size (um) 1 0.005
Processing capability Panel-level Wafer—level

The PhoxTroT project [24], developed by Fraunhofer 1ZM and TU Berlin, used ion
exchange to modify refractive index of glass to create waveguides in the glass, with ex-
tremely low propagation losses (0.043 dB/cm at 1.31 um and 0.059 dB/cm at 1.55 pm). It
is shown in Figure 1.7(a). It also enables low loss coupling of glass waveguides to ber.
3D glass photonics (3DGP) interposers, developed by Georgia Tech Packaging Research

Center [25], is another candidate for glass photonics, as shown in Figure 1.7(b). Unlike



(a) (b)

Figure 1.7: (a) Optical dual-layer waveguide integration and thin— Im metallization
on a 200 mm wafer level [24], and (b) The top half of glass panel after ENIG and chip
assembly [25].

PhoxTroT, 3DGP interposers enable light traveling in the horizontal direction, as well as
vertical directions with turning structures, vertical optical vias through glass interposers,

and optical lenses, by using low loss optical polymers with the glass interposer.

1.2 Unique Approach Proposed and Developed

Organic interposers do not address high—density integration need, and they are not compat-
ible with optical interconnects on interposers. Although silicon interposers support high—
density integration, and are transparent at telecommunication wavelengths, they are not
able to address on—package communications, owning primarily to the huge electrical loss
and the size of the chip.

In order to address the challenges of combining single mode optics with high speed
electronics for high speed communications, the proposed research investigated integration
of high density electronic interconnects and single mode optical interconnects, as well as
ber integration on glass interposers. A cross—sectional view of the proposed glass inter-
poser with high density electronic interconnects and low loss single mode optical intercon-

nects with ber integration is shown in Figure 1.8.
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Figure 1.8: A schematic of glass interposers with high—density electronic intercon-
nects and low loss single mode optical interconnects with ber integration.

Glass as the substrate material offers a unique combination of superior properties com-
pared to silicon and polymer substrates. The refractive index of glass matches that of
SMFs, so optical polymer waveguides on glass substrates enable direct coupling without
fabricating additional coupling structures. Low optical absorption and low loss polymers
could also be used as high—performance dielectric for electrical interconnects. Glass's
CTE could be tailored to match either silicon based chips or 1lI-1V based compound pho-
tonic chips. Double side fabrication and panel-level processing also reduce costs. Thus,
high bandwidth communications could be achieved by integrating single mode waveguide
(SMWG)s on glass interposers and passive alignment of single mode bers. Glass with
its excellent surface nish also has a low surface roughness and high dimensional stability,
which enables 1 um features similar to silicon interposers for high density integration. With

ultra— ne copper traces and microvias recently developed on glass substrates, high—density

11



electrical interconnects could be integrated on the same glass interposers.

1.3 Research Objectives, Challenges, and Tasks

The objective of the research is to integrate high—density electronic interconnects with low
loss single mode optical interconnects along with ber coupling and integration on glass
interposers for high speed communications. The research can be broken into three aspects,
electrical interconnects, optical interconnects, and ber integration. Detailed research ob-

jectives are listed in Table 1.2.

Table 1.2: Research objectives, challenges, and tasks.

Objective Prior Art Challenges Tasks
Embedded trenches

5 um in diameter Development and : .
Electronic microvias and optimization for for high-density
. 20 um in diameter P : . RDLs
interconnects ultra— ne copper smaller microvia Lo
. Process optimization
traces for RDL fabrication . X
for smaller microvias
. 0.3dB/cm Propagation loss High—quality Modeling, d.esllgn,' and
Optical polymer SMWG  process optimization
. SMWGs onglass of 0.3dB/cm at L .
interconnects . fabrication and Characterization on
interposers 1310/1550 nm o
characterization losses and data rates
Fiber 1 um high Active alignment Ptrremtser alignment ﬁlass—to—glass bond-
coupling and - accuracy ? bunC LItie non Fi%ers in v—groove
integration positioning Passive alignment abrication o 9

glass interposers chips on glass

Electrical interconnects pose many issues: traditional SAP technology to fabricate cop-
per traces scaling down to less than 5 um creates adhesion challenges between copper traces
and the substrate. New fabrication techniques need to be developed to address this issue.
The other issue is to do with the size of microvias. Even though the width of copper traces is
being scaled down to 5 um and below, the currently available microvia technology connect-
ing copper RDL traces is still at around 20 um in diameter (fabricated by laser ablation).
Smaller microvias are needed to match the size of copper traces that are less than 5 um.
The research tasks to address the challenges to high density electronic interconnects are: 1)
Development and optimization of embedded trenches for high density copper traces, and

2) Development and optimization of ultraviolet (UV) laser ablation process for ultra—small
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microvia fabrication.

Optical interconnects have a set of their own challenges. One challenge is to do with
low loss optical interconnects with single mode waveguide fabrication, and characteriza-
tion. Optical polymers were studied and developed intensively 20 years ago by research
groups and chemical companies, but the development of new and low loss optical polymers
basically stopped due to lack of customers and applications. The main challenges for low
loss optical interconnects on glass are identifying and developing optical polymers to be
used with glass and silicon substrates as well as their fabrication and reliability of high—
guality single mode waveguides. To address these challenges, the tasks include modeling,
design, processing, and characterization of high—quality low loss single mode waveguides.

The other challenge in optical interconnects that needs to be addressed is precise ber
positioning. To minimize coupling loss, ber alignment accuracy must be less tizgmm
(more toward 1 pum). For traditional silicon optical benches, precise positioning of ber
could be achieved with the advanced etching technologies available such as polishing and
creating tapered structures in silicon along with its inherent advantages from the crys-
tallinity of silicon. However, with glass being an amorphous and brittle material, it is
extremely challenging to fabricate structures for precise positioning either with chemical
etching or physical machining. Additional structures must be introduced to achieve high
accuracy alignment. So, the tasks include glass—to—glass bonding, and bers in v—groove

chips assembled on glass.

1.4 Dissertation Overview

The dissertation document is organized as follows. Chapter 1 provided the necessary back-
ground and strategic need for the research topic. It also de ned the research objectives,
identi ed three main challenges for integrating optical interconnects and electrical inter-

connects on a single package for high data rate communications. It also outlined the unique

approach and research tasks to address the challenges. Chapter 2 summarizes the literature
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describing the scaling down of microvias for high density electrical interconnects, the ma-

terials used for fabrication of single mode waveguides, board—level photonic and electronic
integration, and ber integration. Chapter 3 describes the modeling, process development,
fabrication, and characterization of ultra—short (picosecond) pulsed laser ablation for ultra—
small microvia fabrication. Chapter 4 describes the modeling, design, fabrication, and char-
acterization of polymer SMWGs on glass. Chapter 5 describes the design and analysis of
ber integration on glass substrates. The research results and possible future work beyond

the scope of this dissertation are summarized in Chapter 6.
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CHAPTER 2
LITERATURE SURVEY

This chapter reviews the most recent work in three areas of research which are the focus
of this thesis work. The rst section discusses high-density 1/0O for electronics including
ultra— ne routing wires and microvias, followed by the second section summarizing low
loss optical interconnects including SMWGs fabricated using different types of materials.

The last section covers ber coupling techniques and methods.

2.1 High-Density I/O for Electronics

As the feature size of transistors is scaled down to 7nm and below, Moore's law is ap-
proaching its limit, and the industry and the academia have shifted their focuses from
shrinking the transistor sizes to increasing the packaging density. The key technology to
improve electronic interconnect density is RDLs, and microvias are one of the crucial ele-
ments of RDLs. As a result, reducing the dimensions of routing lines and spaces in RDLs
to increase /0 density has been widely recognized and studied. Interposer technologies to
address this issue have been evolving, from high—cost but high—density silicon—based inter-
posers, to organic and panel-glass—based interposers, whose densities have been developed
to try to match silicon while the costs wouldn't be as high. As the sizes of routing wires
and spaces on package RDLs are scaled down to 2-1 um [26, 27], microvias to connect
routing wires between layers haven't been progressed much to match the wiring density.
To meet the requirement of the next generation packaging for high performance computing,
the scaling of microvias plays the critical role.

There are two major technologies to fabricate microvias, photolithography (photovias),
and laser ablation. Photolithography drew attention in fabricating microvias due to its ease

to use and the ability to form small microvias. The dimension of microvias in polymer
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has evolved from 10 um in diameter in a 5 um thick Im with a 40 um pitch [10], to 4 um

in diameter in a 3 um thick Im [28]. With the development of photoimageable dielectric
(PID) materials, 2—3 um microvias were also demonstrated [29, 30]. As the size of mi-
crovias is scaled down even further, new PIDs are needed to meet the critical dimension
requirement. However, the availability of the suitable PID materials limits the development
of even smaller microvias.

Laser ablation as a competing technology to fabricate microvias has been developed
in parallel with photovias. It is the most economical method for mass production. Unlike
photolithography, laser ablation is not limited to the substrate material to be drilled, which
promotes the widespread use of laser ablation in packaging industry. The basic principle of
laser ablation is to use high concentration photons in the laser beam to vaporize or ionize
the material to be drilled. The intensity of the laser beam has to reach a certain level for the
ablation to happen, which is called the ablation threshold of the material. If the intensity
of the beam doesn't reach the threshold, the laser beam could only heat the material up or
melt it, but it won't remove it away from the substrate.

Different laser systems have their own advantages and disadvantages for certain ap-
plications. Widely used lasers with regards to wavelengths arel&@rs (infrared), UV
lasers, and excimer lasers (deep—UV). In terms of the laser operation mode, lasers could
also be categorized as continuous—wave lasers, and pulsed lasers, whose pulse width could
be several nanoseconds, or on the picosecond level, or on the femtosecond leyel. CO
lasers have longer wavelengths among the aforementioned laser systems and they oper-
ate in a continuous wave mode, which limit €@sers to fabricate microvias with the
diameter of 60—-80 um and above [31]. As the wavelength of the laser systems becomes
shorter and into the UV range, it helps the laser system focus the beam into a smaller size.
The state—of—the—art microvias fabricated by a nanosecond UV laser are 20 um in diameter
[32]. As the pulse width of the UV laser becomes shorter, photons in a laser beam could

be more concentrated, which reduces the heat affected zone surrounding the drilling area.
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Figure 2.1: Schematics of laser drilling on RCC with (a) a hybrid laser system and (b)
two—step UV laser drilling system. © 2020 IEEE

So picosecond and femtosecond UV lasers are favored over nanosecond UV lasers in terms
of the micromachining quality and the cost of the lasers [33]. Excimer lasers have even
shorter wavelengths compared to general UV lasers. Excimer laser ablation could achieve
microvias of 5um in diameter [34]. However, excimer lasers suffer from high costs and
high maintenance like femtosecond laser systems.

Using a single laser might not achieve microvias with the desired dimensions. Hybrid
laser systems were also developed to create smaller microvias by using resin coated on
copper (RCC) foil instead of bare polymer. One type of hybrid laser ablation includes a
high—power UV laser drilling on the top copper layer, and subsequently,d&S€r drilling
polymer through the opening in the copper layer, as shown in Figure 2.1(a). Copper has a
high ablation threshold than polymer in general, so when the UV laser beam with the same
power hit the copper, it will result in a smaller opening, which then serves as a mask for the
following ablation in the polymer by COasers. Since COlasers won't remove copper,
the microvia would stay small after the ablation and copper removal. The other type of
hybrid laser ablation is a two—step UV laser ablation [35, 36], as shown in Figure 2.1(b).
Copper drilling is accomplished by the rst step high—power UV laser ablation. The drilling
time and drilling power are controlled in a way that it only ablates copper but not the resin
underneath. The same laser is then adjusted to a lower power to drill through the resin

without damaging the copper on top or underneath.
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Figure 2.2: Optical absorption coef cient of silicon [37].

This thesis attempts to make contribution to fabricate ultra—small microvias for high
density electronic interconnects using a picosecond UV laser in traditional and novel di-

electric materials.

2.2 Low Loss Optical Interconnects

This section discusses selected publications in the area of SMWG materials, integration
methods, and applications along with three categories of SMWG materials that are based

on silicon, glass, and polymer.

2.2.1 Silicon-BasedSMWGs

Silicon—-based SMWGs are the key component of silicon photonics. The most commonly
used material platform is silicon—on—insulator (SOI), which is a thin silicon layer on a
buried oxide (Si@) layer on bulk silicon. There are three major silicon—based materials

for waveguide cores, silicon, silicon nitride, and silicon germanium. Silicon is used as a

18



waveguide core material due to three reasons. First, the absorption of silicon at telecommu-
nication wavelengths is low, as shown in Figure 2.2, as a result of which the propagation
loss of silicon waveguides is tremendously reduced. The second reason is the electro—
optical effects in silicon, which make it possible to modulate signals in silicon waveguides
[38]. The third reason is that the large contrast between silicon and silicon dioxide makes
the size of silicon waveguides small and compact which enables high density optical inter-
connects on chip.

The propagation loss of SOI waveguides was not great at the beginning of the devel-
opment. Due to the traditional fabrication process, dry etching, the sidewalls of the silicon
cores were extremely rough, around 7 nm, which contributes to the propagation loss as high
as 5-12 dB/cm. Various techniques have been developed to address the roughness issue and
then reduce the propagation loss. By using wet etching instead of dry etching, the sidewall
roughness could be reduced down to 1.2 nm, and the propagation loss could be lowered to
0.85dB/cm [39]. By adding a SiChard mask in the dry etching process, the propagation
loss of silicon waveguide could also be reduced since the sidewall roughness was reduced
to 0.7 nm, and the measured propagation loss was 0.89 dB/cm [40]. The performance of
silicon waveguides were also improved by using CMOS platform and optimized etching
process to lower the propagation loss down to 0.45 dB/cm [41].

Silicon nitride is a widely used material in CMOS fabrication. It is usually deposited
by either low pressure chemical vapor deposition (LPCVD) at high temperature or plasma
enhanced chemical vapor deposition (PECVD) at low temperature. Compared to silicon,
silicon nitride has low optical absorptions including most of the visible spectral range. Sili-
con nitride as core material provides a low index contrast system compared to silicon cores,
which makes the performance of silicon nitride waveguides not as sensitive to the rough-
ness of the sidewall as silicon waveguides. By fabricating high aspect ratio silicon nitride
cores, the scattering loss due to sidewall roughness could be greatly reduced compared to

silicon core, which leaded to several orders of magnitude lower in propagation loss, as low
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as 0.1dB/m [14, 42]. Silicon nitride could be an alternative to silicon as the waveguide
core material due to the extremely low propagation loss, but this is at the expense of lateral
or vertical con nement owing to the low index contrast.

Silicon—germanium alloy has been drawing considerable attention in silicon photon-
ics due to the capability of band gap engineering and lattice parameter engineering on the
material. Germanium has a relatively high absorption at telecommunication wavelengths,
and hence it is mostly used as a photodetector material but not a waveguide material. Ger-
manium could enhance silicon's nonlinear response but it's at the expense of increasing
propagation loss at telecommunication wavelengths. Silicon germanium as a waveguide
core material does show low propagation loss at mid—infrared wavelength [43]. It could
also be developed as modulators [44], photodetectors [45], and even on—chip light sources
due to Raman scattering [18].

The propagation loss of waveguides in silicon photonics does not signi cantly impact
the performance of the chip since the propagation length on a chip tends to be shorter com-
pared to chip—to—chip or on—package interconnects. However, since the sizes of silicon—
based cores are an order of magnitude smaller than the core sizes of SMFs or polymer—
based SMWGs, direct coupling from silicon—based SMWGs to optical interconnects out-
side of the silicon photonic chip will cause up to 20dB loss due to mode mismatch. Two
major techniques to improve coupling ef ciencies are spot size converters and grating cou-
plers. A comparison table of these methods is shown in Table 2.1.

Spot size converters use adiabatic coupling to convert the spot size of the propagating
mode con ned in silicon to a relatively large mode comparable to SMF. Adiabatic coupling
uses a tapered silicon waveguide to convert rst—order mode propagating in the waveguide
to higher—order modes or radiation modes, so when a polymer—based waveguide core is
placed in close proximity of the tapered silicon core or in direct contact, light will be
coupled into the polymer core, as shown in Table 2.1. The coupling loss between a silicon

waveguide to a polymer waveguide could be less than 1dB [46, 48]. Various designs for
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Table 2.1: Comparison of two types of coupling for silicon—based SMWGs.

Spot size converter Grating coupler
Structure
Couple to SMWG SMF
Coupling direction Horizontal Vertical
Coupling loss 0.5dB 0.5dB
Reference [46] [47]

spot size converters could reduce the coupling loss further down to 0.5dB [49, 50]. Spot
size converters could be then coupled to other SMWGs or SMFs.

Grating couplers are large periodic structures designed to couple waves or match phases
in and out of the structure, as shown in Table 2.1. Grating couplers enable vertical coupling
from silicon waveguides directly to SMFs unlike vertical coupling which requires couplers
to be placed at the edge and polishing of facets. Vertical coupling is also bene cial to
wafer—scale testing. However, grating couplers suffer from backscattering and enlarged
mode compared to SMFs, which cause high coupling loss. Different designs and fabrication
methods could lower the coupling loss down to 1-3dB [51, 52]. By introducing metal

mirrors in the structure, coupling loss could be signi cantly reduced to 0.5dB [53].

2.2.2 Glass—-Base&MWGs

Glass has been drawing attention as a promising candidate in optoelectronics packaging due
to its low optical absorption coef cient at visible and telecommunication wavelengths, the

composition of glass is similar to SMFs, and its panel-level processing capability. Chang-
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ing refractive index of certain area of the glass could create index contrast between the
area and its surroundings, which forms a waveguide in glass. Two popular techniques to
modify refractive indices are laser writing and ion exchange. The former uses ultra—fast
laser pulses to locally melt and recrystallize glass in a certain region so that the crystal
structure and the concentration of glass components change in that area and its surround-
ing [54]. Laser—written glass waveguides could achieve extremely low propagation loss of
0.062 dB/cm [55].

lon exchange to modify refractive index of a local area of glass has been studied for
decades. The increase or decrease of refractive index is caused by two major effects, the
size difference of the replacing and replaced ion, and the difference in electron polariz-
ability of the two ions. Smaller ions replacing larger ions result in the collapsing of glass
network, which in turn makes the area denser, and the refractive index larger. lons with
larger polarizability replacing ions with smaller polarizability increase the refractive index
as well. Fraunhofer 1ZM developed a two-step high temperature ion exchange process to
fabricate graded index SMWGs in glass, which has a low propagation loss of 0.059 dB/cm

[24].

2.2.3 Polymer—Base&MWGs

Conventional optical polymers like poly(methyl methacrylate) (PMMA), polystyrene (PS),
polyurethane (PU), and epoxy resin have relatively low optical absorptions at visible wave-
lengths, but the loss at telecommunication wavelengths are not low enough for applications
[56]. New polymer materials for SMWGs have been investigated and developed inten-
sively but gradually slowed down a while ago due to various reasons. There are very few
polymer materials available for SMWG fabrication nowadays. T. Ishigure [57] at Keio
University developed a mosquito method to fabricate graded—index circular SMWGSs with
silicate—based organic—inorganic hybrid resins developed by Nissan Chemical. Graded—

index single mode waveguides by mosquito method shows a relatively low propagation
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loss of 0.29dB/cm at 1310 nm and 0.45dB/cm at 1550 nm. LFR series from ChemOptics
show propagation loss of 0.1 dB/cm [58].

This thesis attempts to add knowledge in this area. The low loss waveguide materials
used as cores and clads in this thesis are optical polymers from DuPont Electronics &
Imaging, and glass will be used as bottom clad.

A comparison table of the different types of optical waveguide materials covered in this
section is shown in Table 2.2.

Table 2.2: Comparison of different materials for SMWGs.

Material  Silicon Silicon nitride Glass Polymer
Cross
section
R.I.L @

3.48 1.99 1.523 @ 678 nm 1.49-1.60
1550 nm
NA 3.15 1.35 0.1 @ 678nm 0.1-0.6

10 um in diame-
Dimension 0.5um 0.2um 3um 0.05um 4-8 um square
ter

Loss @

0.5dB/cm 0.05dB/m 0.05dB/cm 0.2-2dB/cm
1550 nm
Process SOl RIE LPCVD lon exchange Photolithography
Coupling

Indirect Indirect Direct Direct
to ber
Reference [59, 60] [61] [62, 63] [56]

2.3 High Precision Fiber Integration

Single—-mode ber—to—waveguide coupling has been challenging due to its small core size

and tight alignment tolerance. Chet al. simulated that in order to get less than 1dB
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(a) (b) (c)
Figure 2.3: (a) Silicon v—groove orn< 100> wafer and (b) silicon v—groove on< 110>
wafer [64]. (c) Fibers in silicon v—grooves [65].
loss for ber—to—waveguide coupling, there should be less than 1.5 um offset in both x and
y directions. In the z direction, the requirement is more relaxed, as in less than 30 um,
which is not a big challenge compared to other direction [25]. Many researchers have been
working on ber alignment techniques, but they are either high loss or high cost. There
are two categories of ber alignment techniques, passive alignment and active alignment.
In passive alignment methods, alignment structures are fabricated so that once bers are
placed in the structure, the alignment will be achieved. However, in active alignment, a
light source is launched into one side of the ber, and a power meter is used to measure the
coupling and the output of power from the coupled component, then a computer controlled
micropositioner is used to adjust the position of the ber until the lowest coupling loss is
achieved. Passive alignment is low cost and fast, while active alignment is relatively slow

but could achieve better coupling. Selected publications are summarized in this section.

2.3.1 PassiveAlignment

The most implemented method to achieve ber—to—waveguide coupling is to fabricated
silicon v—grooves to con ne the ber in x and y directions due to the crystallinity of silicon.
Strandmaret al. [64] discussed the effect of different etchants on different types of silicon
wafers. Due to the crystallinity of silicon and anisotropic etching, certain directions will

be etched faster than others, which creates a v—groove shape, as shown in Figure 2.3. Wale

et al. [65] fabricated silicon v—grooves to x bers in the trenches, and then used ip—
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(@) (b)

Figure 2.4: (a) A polymer v-groove and (b) a polymer beam with ber insertion [69].

chip assembly to integrate bers and optical devices, and nally used melted solder balls
to self-align the bers to waveguides. Priyadarshial. [66] discussed the effects of
attachment process parameters. After bers are placed in the v—grooves, ber location
offsets will be affected by parameters like the amount of bulk adhesive, and symmetry
of the adhesive layer. In order to achieve low cost and exible fabrication, dieg.

[67] developed a miniaturized machine tool with lead zirconate titanate (PZT) actuators
for submicron resolution, three—axis positioning system using miniaturized stages for ber
holding. Moosburgeet al. [68] took advantage of fabricating v—grooves and waveguides

on the same silicon substrate where both of them being on the same substrate could be
bene cial of the matching CTE.

Aside of silicon VV—groove, researchers also used polymer to fabricate v—grooves. Kopp
et al. [70] used SY-300 photoresist to form a dry Im lamination, cured it with UV light,
and developed it. Lingt al. [69] used SU-8 and inclined exposure to make a polymer
v—groove, and they also made cantilever beams to con ne location offset of berin x and
y directions as shown in Figure 2.4.

V—grooves are an effective way to x bers within certain requirement. Other ap-

proaches were also investigated like modifying bers in order to get a high accuracy align-
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Figure 2.5: (a) Con guration diagram of core monitoring method and (b) an micro-
scopic image of the alignment [73].

ment. Barryet al. [71] used a D—shaped ber instead of a traditional cylindrical ber,
which makes alignment much easier when putting it in the alignment structure. D-shaped
bers were made by cleaving the lapped SMFs and polishing end faces. Rasladi

[72] also modi ed the ber to get a better coupling ef ciency. They cleaved the cladding
part of the ber butt into a cone shape, then polished the end face, and xed it in a silicon
v—groove. They achieved 1.1 dB loss using this technique.

Besides various methods to fabricate v—grooves, alternatives have also been developed
for passive ber alignment. Henat al. [74] developed a mold to achieve low cost fabri-
cation and manufacturability, and used deep UV light to modify PMMA as the waveguide
core and clad, so that the ber alignment structure and a trench for the waveguide core
were fabricated at the same time. Another method which falls between active alignment
and passive alignment is called direct core monitoring [73]. This method, unlike active
alignment which uses a photodetector or power meter, uses human eyes to monitor the

alignment through microscope, as shown in Figure 2.5.
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2.3.2 Active Alignment

Active alignment is a wildly used method to couple SMFs to waveguides or photonics
integrated chips. Active alignment means transmitting a beam of light into the ber and
detecting the intensity of the beam at the other end. The ber faces the waveguide, but it
moves a small step in a certain time. When the maximum intensity is detected, the positions
of the ber and the waveguide are xed with techniques like optical epoxy, or laser jointing.
The issue with active alignment is that it's time consuming, and it's expensive, although

scanning algorithms to speed up the process have been developed to lower the cost.

2.4 Summary

The rst half of this chapter focused on the development and the most recent achievement
in microvia fabrication. Microvia technologies have not been progressing as fast as scal-
ing down the size of routing wires and spaces, but microvias are needed for high density
electronic interconnects. Photolithography and laser ablation were compared for microvia
fabrication.

SMWG materials for high density optical interconnects were reviewed and summa-
rized in the second half of this chapter. Silicon—based SMWGs are compatible with the
silicon photonic platform but they need to be coupled to other types of SMWGSs on the
package, and they are not suitable for on—package communications. Glass—based SMWGs
and polymer—based SMWGs are both good candidates for on—package communications,
and they are also capable of directly coupling to ber. Fiber integration techniques were
then covered in the next section. Despite the high cost the time—consuming process, active

alignment is still prevalent for single mode optics.
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CHAPTER 3
ULTRA-FINE ELECTRONIC INTERCONNECTS

This chapter describes the research on high density ultra— ne electronic interconnects for
high data rate communications including routing wires in the horizontal direction and mi-
crovias in the vertical direction.

As the critical dimension of transistors moves towards 7 nm and below, chips with more
computing power enable the development and application of Al, VR, and cloud computing,
therefore the demand for high data rates continues to grow. However, such small features
are reaching the physical limits, and as a result, the Moore's law hasn't progressed as pre-
dicted. The focus of the industry has shifted to the packaging side to continue driving the
post—Moore's law on the system. As discussed before, even though optical interconnects
are a good candidate for long—distance telecommunications, the high costs and additional
system complexity prohibit the application of them for on—package or even chip—to—chip
communications. Electronic interconnects via copper traces and vias still dominate com-
munications between two chips in close proximity. RDLs which include ne copper traces
and microvias are a key technology to increase packaging interconnect density. Increasing
I/O density by shrinking the size of routing wires, spaces, and microvias for RDLs on a
package has become the critical approach in academia and the industry.

A typical RDL con guration is shown in Figure 3.1. The pitch of viadHAsthe landing
pad or capture pad diameterls and the via size ig. The widths of routing lines and
spaces ark andsS, respectively, and is the number of routing wires in a pitch.

Based on the con guration, we have

D D
P:E+I‘l (L+S)+S+E (31)
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Figure 3.1: Electronic interconnect density parameters in a typical RDL con gura-
tion.

To pursue the maximum density with the current fabrication capdcity, S is usually

assumed. Then we have

P=D+(2n+1) L (3.2)
1 P D

= = 1 3.3

"3 L (33)

The 1/O density, in the unit of I/O/mm/layer, is de ned as

10006 + 1) 1

I/O density= =1000 > 1 % %+ (3.4)

1
P

whereD, P, L are in microns. Sinc® is proportional to and always larger tha@n it
could be con rmed that to pursue higher I/O density, one can either reduce the size of the

routing wires, or the size of the vias. The industry has been pursuing ultra- ne routing wires
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intensively, but has not progressed on small microvia fabrication as much, so now microvias
are the limiting factor of increasing I/O density. The current I/O density of the traditional
multi—chip packaging is on the level of several tens of I/O/mm/layer and the minimum
pitch is about 40-50 um. With the development of high data rate demanding applications,
the 1/0 density needed will be in the order of hundreds or thousands of I/O/mm/layer. In

an extreme case wheke= S= d= D =1 ymandP =20 ym, we have

10006 + 1)

I/O density= =500 (3.5)

This is the current goal of the industry, however, there are many challenges to achieve 1 um
lines or spaces, or microvias with 1 um diameter.

For lines and spaces, 1um is achievable using BEOL technologies on silicon tradi-
tionally used in chip fabrication processes in wafer foundries. The 1/O density of silicon
interposers could be 1000 I/O/mm/layer and higher. The application of silicon interposers
is limited mainly by the cost of the semiconductor BEOL process. On the other hand, or-
ganic interposers used in substrate foundries use SAP to form routing wires and microvias,
but the I/O density on organic interposers is limited by seed layer etching, surface planarity,
and other issues. There is a need to develop a new technology to close the gap between
the organic interposers and silicon interposers at a reasonable cost, which is the work in
this chapter. Both the development of ultra— ne routing wires and small microvias for

high—density I/0O will be presented in detail in this chapter.

3.1 Horizontal Interconnects: Routing Wires

Photolithography is widely used in packaging industry due its relatively low cost, simplicity
of use, and effectiveness on precise patterning. It is also used in fabricating routing wires

in RDLs.
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3.1.1 Photolithographyn RoutingWires

There are two types of photolithography tools used in the packaging industry: proximity or
contact mode, and projection mode. In the proximity or contact mode exposure system, a
collimated UV light usually generated by a mercury lamp with a broad spectrum, or lItered
UV light at g—line (435nm), h-line (405nm), or i—line (365nm), is used to expose the
photosensitive material on the substrate. This type of exposure tools has been dominating
in fabricating package substrates and printed wiring boards for a long time. The photomask
is placed on top of the substrate being exposed, with a very small gap in the proximity
mode, which in turn limits the resolution of the patterning due to the diffraction of the light
in the gap after the photomask. Generally speaking, a pattern with a feature size of 10 um
could be resolved in a high—resolution dry Im photoresist laminated on the substrate with
a polyethylene terephthalate (PET) Im on top and a gap less than 60 um [75]. However,
if 1-2 um features are being pursued, the proximity mode photolithography tool is not
suf cient and the photomask has to be in direct contact with the substrate, which is called
the contact mode. In a contact mode exposure system, the photomask is placed on top of
the sample with a vacuum system to help reduce the gap in between. Since the ultra— ne
routing wire patterns are close—spaced periodical blocks which to the UV light serves as
a diffraction grating, and the feature size (1 um) is close to the wavelength of the light
(365 nm), a Fresnel number is calculated to determine which type of the simulation suits
the contact mode exposure to investigate the impact of the size of the gap on the diffracted
UV light pattern. The Fresnel number is de ned as

a2

wherea is the characteristic size of the aperture, which is 1 unis the distance of the
screen from the aperture, which is the gap between the mask and the substrats, tued

incident wavelength 365 nm. With the vacuum system in the contact mode exposure tool,
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Figure 3.2: Schematic of a 2D diffraction grating in the contact mode exposure tool
for near— eld Fresnel diffraction simulation.

the gap is well below 10 pum, which brings the Fresnel number in Equation 3.6 to around
1 and beyond, so the near— eld Fresnel diffraction could be used to estimate the impact of
the gap on the patterning resolution.

To simplify the simulation, a 2D diffraction grating is used in the near— eld Fresnel
diffraction simulation in MATLAB, as shown in Figure 3.2. The electric eld and the
intensity pattern after the masks at the surface of the photoresist is calculated.

The electric eld from light propagating through one aperture is given by

Z
E(x) = ?

e P

N
Do

0
mdx (3.7)

N|=

whereE, is the electric eld intensity in the mask?is the position of in the aperture, and

h is the gap between the mask and the photoresist. Since the dimension of the mask is ve
orders of magnitude larger than the feature size and the ood exposure has same intensity in
the mask area, the electric eld calculated in Equation 3.7 could be applied to any aperture
in the mask. The line width and the size of the space are both set to 1 um, the gap is from
0.1 um to 3 um so that the near— eld Fresnel diffraction is accurate for the simulation. By
combining all the electric elds from 20 apertures in the mask, the normalized intensity of

the 4 um simulation area in the middle of the mask with different gap sizes were calculated
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