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SUMMARY

The demand for continuous increase in computing performance has put an
overburdening demand on I/O interface and novel heterogeneous integration to allow
performance benefits at system level. The demand for high-density integration is not
limited to computing systems but, with ever increase use of electronics in biological
science space, extends to in vitro and in vivo biosensing systems as well. In this research,
3D and 2.5D microfabrication technologies for advancing heterogeneous integration and

biosensing systems are presented.

Technology enablers for realizing large-scale silicon systems as well as unique
fabrication allowing 3D solenoidal micro-inductors alongside flexible interconnects are
discussed in the first half of the thesis. The fabrication technology utilizes photoresist
reflow process to obtain dome-shaped structures to serve as the basis for the flexible
interconnects, self-alignment structures and 3D solenoidal micro-inductors. The
fabrication technology discussed in Chapter 3 also gives control over the height, thickness,
material and pitch of the fabricated flexible interconnects. This allows for close integration

of disparate ICs along with micro-inductors.

The same fabrication process is then adapted and applied to in vitro and in vivo
biosensing domain; through-silicon-vias and flexible interconnects are used to fabricate an
electronic microplate platform for low-cost high-throughput biosensing. Furthermore, the
reflow process is further utilized to fabricate 3D multi-electrode arrays on flexible substrate

for high SNR EMG recordings from songbird.

xiii



CHAPTER 1. INTRODUCTION

1.1 The need for high-density interconnects

Improving performance of computing systems is becoming increasingly difficult and
complex as transistor scaling becomes technically and economically challenging as well as
interconnects become a critical bottleneck limiting the enhancement of system
performance; the ability to sustain high-bandwidth low-loss communication between chips
is limiting system performance despite the increased computing power of individual chips.

Figure 1 shows the total off-chip bandwidth trends, along with the number of package pins

[1].
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As seen from the figure, the total off-chip I/O bandwidth is consistently increasing
with an ever-increasing mismatch between the required off-chip bandwidth and the
increase in the number of off-chip I/O pins. Although increase in channel data rate can
allow for an increase in total aggregate bandwidth, the increased need for equalization and
noise cancellation circuitry requires additional power and area deeming it a less attractive
option [2]. Thus, current interconnection methodologies are quickly becoming incapable
of sustaining the high-bandwidth demand. For example, motherboard-based interconnects
(Figure 2 (a)) have been widely used for relatively long range (~30 — 100 cm) [3]
interconnects between modules. However, with the required I/0 bandwidth between chips
and modules increasing drastically, motherboard based electrical interconnects have not
been able to keep up with the bandwidth demand. This is primarily because of the inherent
limit of the minimum channel pitch achievable on the motherboard; high density
differential stripline pair has typically pitch in the order of ~600 um [3]. Assuming 10 Gb/s
channel data rate would imply that the bandwidth density achievable utilizing motherboard
based electrical interconnects is in the order of ~ 16 Gb/s/mm. Operating channels at a
higher frequency can result in a higher aggregate bandwidth between modules, however,
higher channel frequencies are limited by channel dispersion limits, the need for higher
number of equalization taps and a consequent increase in the power dissipation [2]. Figure
2 (b) shows flex connectors as an alternate to connecting package modules via
motherboard. High-speed connectors are used to directly connect the package substrate
thereby bypassing the conventional socket and motherboard. This can allow 3x increase in
raw bandwidth and the ability to transmit higher data rates over longer distances as

compared to FR4 boards [4].
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Figure 2 Conventional interconnect methodologies (a) electrical interconnects
on motherboard, (b) flex electrical connectors, and (c¢) optical interconnects on
motherboard

Optical interconnects have also been explored for low-loss long-range chip-to-chip
interconnects. The ability to send multiple wavelengths in the same channel using
wavelength division multiplexing (WDM) allows higher bandwidth communication
between modules. However, incorporating the electrical to optical conversion overhead

and the laser efficiency increases the total energy per bit expensed and hence limits their



utilization for short distances for which electrical interconnects expense less overall
energy. Furthermore, the pitch of the waveguides on the board is typically fabrication
limited and hence cannot be scaled to very fine dimensions. Figure 2 (c) shows the
schematic of terabus architecture with polymer waveguides at the board-level fabricated at
a 62.5 um pitch [5, 6]. A silicon based ‘optical chip’ converts the electrical signals to
optical signals which is then relayed to the motherboard via a lens array and optical
couplers. The terabus has been shown to provide a bidirectional aggregate data rate of 360
Gb/s bandwidth over 24 transmitter and 24 receiver channels with polymer waveguide on
the optical PCB with each channel operating at 15 Gb/s and a link EPB of 9.7 pJ/bit [6].

This translates to a bandwidth density of ~ 240 Gb/s/mm.

Consequently, there are significant ongoing research efforts aiming to overcome this
hurdle. Heterogeneous integration has emerged as a key enabler of increased computing
performance by allowing high-bandwidth low-loss interconnects between individual
modules of disparate substrates; this allows for optimization of ICs in different process
nodes connected using efficient high-density interconnects. Recent advances in 2.5D [7, 8]
packaging as well as silicon interposer-level optical interconnects [9] have allowed high-
bandwidth communication between chips (or stack of chips) on interposers.
Simultaneously, there is also a push towards integrating passives e.g. inductors, capacitors
etc. on, or in close proximity to, the chips [10] as they are an integral part of various radio
frequency (RF) circuits including filters, amplifiers, oscillators and transceivers with
applications in communication, sensing and power delivery domains [11-14]. Thus, there

is a need for a large-scale silicon system that can enable simultaneous electrical and optical



interconnections, allow close integration with passives and give flexibility to replace

individual components in a modular fashion.

The need for high density interconnects, however, is not limited to high-performance
computing. The increasing use of electronics in the biological science domain has
generated an ever-growing need for high density interconnects between a ‘living” sample
and electronics. /n vitro biosensors, for example, are increasingly being used for sensing
electrical, magnetic, and optical properties of cellular and molecular samples. Using living
cells for drug or pathogen detection links the analyte effects with corresponding changes
in cellular properties that can be subsequently detected using integrated CMOS biosensors
[15-23]. However, this technique necessitates the growth of cells onto the CMOS
biosensors’ surface (Figure 3). As the CMOS biosensor needs to undergo rigorous cleaning
to avoid contamination, this makes the biosensor reuse difficult and adds additional
processing time and cost. Thus, there is a need for a solution that allows for the reuse of
the biosensor while enabling high-density interconnects between the cells and the
biosensor.
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Figure 3 CMOS biosensor — cell growth directly onto the sensing
electrodes

Similarly, in vivo studies for better understanding how brain controls, for example,
motor control [24] by stimulation and recording from living animals, as well as understand
and treat health conditions affecting nervous system [25-30], requires high-density

interconnects between the animal and the electronics. These in vivo recordings add further



limitations pertaining to the materials that can be utilized to maintain bio-compatibility.
Moreover, chronic recordings require robust devices that can record over long duration of

time while consistently providing a high SNR and prevent damage to the living tissue.

1.2 Current methods and relevant research

-----
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Figure 4 Silicon based (a) electrical interposer, (b) EMIB and (c) optical
interposer — fine pitch wires and waveguides achievable on silicon enables high-
density communication



1.2.1 Trends in heterogeneous integration

In recent years, silicon interposers (Figure 4(a)) have been extensively explored for
various benefits including higher bandwidth density, heterogeneous integration and
reduction in form factor [3]. Dense wiring on silicon interposers allows higher aggregate
bandwidth between chips. Assuming a stripline differential pair pitch of 22 um [31] for
interconnect on silicon interposer and channel data rate of 10 Gb/s, the achievable
bandwidth density is ~ 450 Gb/s/mm. The energy efficiency of such a link of length 4 cm
is 5.3 pJ/bit [31]. Based on the 2.5 D integration platform, there have also been different
topologies presented leveraging the key benefits of the interposer technology while
addressing cost, energy or packaging challenges. For example, Intel’s embedded multi-die
interconnect bridge (EMIB) packaging [8], shown in Figure 4(b), reduces the overall
silicon area on package (compared to using a silicon interposer) and reduces the overall

cost when compared to conventional interposer technology.

Integration of nanophotonic to form optical interposer (Figure 4 (c)) has also been widely
researched as it allows a significantly higher bandwidth density using fine pitch silicon
waveguides [5, 9] and WDM. Assuming a waveguide pitch of 10 um [32] with 8§ WDM
channels and each channel operating at 10 Gb/s, the bandwidth density achievable using
nanophotonics integration on interposer is ~ 8 Tb/s/mm. This is clearly a attractive option.
However, again, the EPB expensed in electrical to optical conversion and vice versa, along
with the laser efficiency dictates the interconnect length after which utilization of
nanophotonic interconnect becomes feasible in terms of power dissipation. Oracle’s
macrochip [1, 33] architectures aim to leverage silicon nanophotonic integration to form a

large passive grid of silicon waveguides embedded in a silicon lattice; the LSI chips



(processors, RAM modules etc.) are connected to the lattice via a ‘bridge’ chip that
converts the electrical signal to optical and couples it into the waveguide network [33, 34].
The proposed architecture can potentially operate at very low EPB (including laser power)
and can enable high bandwidth communication between chips using WDM [35]. In [36],
Thacker et al. demonstrate an all-solid-state WDM link with energy efficiency of 4.23

pl/bit.

The mechanical reliability of the I/Os is also becoming increasingly critical with a greater
trend towards heterogeneous 2.5D and 3D integration of disparate substrate materials
which results in CTE mismatch and an increased number of off-chip I/O demand [37-41].
Flexible interconnects have been widely explored as a suitable replacement for the
conventional solder bumps and copper pillars as I/Os [42-52]. These flexible interconnects
enable temporary pressure-based interconnects and allow compensation of any surface
non-planarity or CTE mismatch between disparate substrates. Utilizing compressible

interconnects along with fine-pitch micro-bumps, Zhang et al. have proposed HIST [101,

Fine microbumps o
| Optical fiber

l Logic //
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/ Any substrate

CMls

Figure 5 Schematic of the HIST platform [101]

102] platform allowing close integration of disparate substrates. The flexible interconnects



provide chiplet-package interconnection while compensating for surface non-planarities.

The proposed HIST system is shown in Figure 5.

Alongside the research efforts to advance heterogeneous integration, there is an
increasing push towards integrating passives e.g. inductors, capacitors etc. on, or in close
proximity to, the chips [15] as they are an integral part of various radio frequency (RF)
circuits including filters, amplifiers, oscillators and transceivers with applications in
communication, sensing and power delivery domains [11-14]. On-chip inductors of planar
structures have been traditionally preferred owing to their ease of fabrication and CMOS
compatibility. However, these inductors typically suffer from large substrate losses as well
as limited footprint due to a large number of metal interconnects in back-end-of-line,
resulting in limited inductor performance [53]. Three-dimensional (3D) inductors have
been explored to circumvent some of the issues of planar inductors. Specifically, solenoidal
micro-inductors have been preferred as high inductance and low-loss are achievable owing
to better magnetic field confinement [54]. However, the additional processing steps and
complex fabrication procedures have prevented mass adoption. Moreover, additional
fabrication steps are required to fabricate the needed I/Os for interconnections [55]. Table
1 summarizes some of the significant efforts in 3D micro-inductors along with their key

metrics.



Table 1 Summary of relevant published work on 3D inductors

Reference | Peak Q @ Bandwidth | L (nH) SRF Substrate Inductor Co-
(famax) forQ>15 shape fabrication
(GHz) .
(GHz) with 1/0s
[55] 100 <8 3.5 n/r Glass 3D solenoid No
(3.2 GHz)
[56] 17.5 <0.1 60 n/r Silicon 3D toroidal No
(70 MHz)
[57] 46 n/r 38 n/r Glass 3D solenoid No
(400 MHz)
[58] 50 <7 2.3 >20 Silicon 3D solenoid No
(6 GHz)
[59] 32 <0.5 1000 1.24 Polymer 3D solenoid No
(0.95 GHz)

1.2.2  Trends in biosensing systems for in vitro and in vivo measurements

As discussed in section 1.1, cell-based sensing techniques require the growth of
cells onto the biosensor’s surface; both the successful adhesion and growth of these cells
onto the biosensor are pivotal for meaningful sensing and are strongly affected by the type
of material and the surface roughness [60-66]. Growth of human cells on a multi-modality

CMOS biosensor has been shown in [67].

Growing cells directly onto the biosensor is tedious due to the surface treatments required
to enhance bio-compatibility and culture cells. Additionally, culturing cells directly onto
the CMOS biosensor may be expensive because it is difficult to re-use as it must undergo
a rigorous cleansing process or disposed of to avoid contamination. Moreover, even after
cleaning and sterilizing the CMOS biosensor surface, the biosensor might not be suitable

for re-use if the cell type or the biochemical stimulus to be tested are different.
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Contamination poses a perpetual risk to the proper functionality of the CMOS biosensor.
Furthermore, any electrical connections to the board (e.g. wire bonds in [67]) and culture
medium sealing (e.g. PDMS sealing in [67]) need to be replaced for a new sample during

which there is a high likelihood of damaging the CMOS biosensor and/or interconnects.

Although disposable plastic micro-electrode arrays (MEAs) have been used to address
some of these challenges, they suffer from significant performance degradation as the
density of electrodes achievable is far less than that in silicon-based biosensors. 3D
integration approach had been discussed by Y. Temiz et al. in [68], however, the complex
fabrication, specifically implementing reliable interconnection between biosensor and

cells, has prevented successful implementation of the concept.

In the in vivo biosensing domain, advances in data analysis methods in neuroscience
have provided new insights on how a nervous system controls complex behaviors such as
vocal learning and song production in songbirds [69, 70]. Recent evidence [24, 71] has
pointed to the importance of precise timing of individual motor units for controlling
behavior and showed that EMG activity can be used to understand how nervous systems

produce behaviors.

Understanding how nervous systems produce behaviors requires recording devices that can
provide high-density interconnects capable of providing reliable recordings along with
algorithms that can identify individual motor events, called muscle potentials. Among the
challenges involved with obtaining high fidelity recordings suitable for neural analyses are:
biological compliance of recording devices [72] and the signal-to-noise ratio. In addition,

characterizing single motor unit activity requires a stable, reliable EMG recording for a
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duration long enough to produce sufficient data for advanced computational analyses

[73,74].

Polyimide, PDMS and parylene-C have been widely used for the fabrication of high-
density mutli-electrode arrays [75-80]. To increase the signal fidelity, three-dimensional
neural and muscular recording devices have also been explored [76-80]. However, these
involve complex processing methodologies increasing the fabrication complexity, cost and

time.

1.3 Organization of this thesis

With the background discussed in Section 1.2, this thesis aims to further advance the
state-of-the-art in heterogeneous integration and addresses the need for high-density
interconnects needed for electronic heterogeneously integrated systems, in vitro cell based
assays and in vivo EMG recordings. This is accomplished by developing 3D and 2.5D
microfabrication technologies which merge some of the widely used processes, structures
and substrates from rather disparate disciplines to provide unique solutions in the two
domains discussed in Section 1.2. In particular, thick photoresist reflow process, which is
primarily utilized for flexible interconnect fabrication, will be utilized as an enabling
technology for realizing large-scale silicon system capable of both electrical and optical
interconnects as well as provide temporary 3D interconnections for in vitro biosensing
applications. This technology will be further modified to incorporate simultaneous
fabrication of micro-inductors as well as fabricate 3D electrodes on a bio-compatible
flexible substrate for bio-signal recording. The core processes utilized for the research

contributions of this thesis are summarized in Figure 6.
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Figure 6 Summary of core technologies enabling the presented research in
this thesis

The thesis is organized as follows:

1.

Realization of a large-scale silicon system utilizing flexible interconnects and self-
alignment structure is discussed in Chapter 2; a prototype system with two
interposers assembled directly onto the FR4 substrate with a silicon bridge utilized
to provide high-density interconnects between the interposers is shown. System
level modelling showing trade-off between bandwidth-density and energy-per-bit
expensed for electrical and optical interconnects is also discussed.

Chapter 3 introduces a unique fabrication process enabling simultaneous
fabrication of 3D solenoidal micro-inductors and high-density flexible
interconnects for heterogeneously integrated systems; the fabrication process

further enables fabrication of flexible interconnects of various heights, pitches,

material and thickness giving high degree of flexibility in system design.
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3. Fabrication and characterization of an electronic microplate, providing high-
density 3D interconnects between living cells and biosensor, is presented in Chapter
4. The e-microplate provides an electrical connection between the cells and the
biosensor while maintaining a physical separation; this allows for the reuse of the
biosensor resulting in an increase in throughput of assays and reduced cost.

4. Chapter 5 introduces high-density micro-electrode arrays on flexible substrates for
in vivo recording from songbird and mouse. The fabricated MEAs utilize a hybrid
polyimide-PDMS process allowing ease of fabrication. EMG measurements from
a songbird using 100pm, 200pum and 300um pitch MEAs are presented. The
recordings from the fabricated MEAs show significant improvement over the fine-
wire electrodes and comparable SNR with other relevant MEAs while providing a
simpler fabrication process.

5. Chapter 6 extends the work presented in the previous chapter and presents a 3D
MEA on flexible substrate. The fabrication process utilized a photoresist reflow
process, adapted from Chapter 3, for the fabrication of the 3D electrodes and a thick
PDMS top layer for insulation. The results show up to 7x improvement in SNR

when compared to 2D arrays.
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CHAPTER 2. MULTI-INTERNPOSER SYSTEM UTILIZING

FLEXIBLE INTERCONNECTS

The 2.5D and 3D integration technologies discussed in Section 1.1 enable high-bandwidth
low-energy communication between chips. However, all of them have shortcomings and
some trade-off is necessary in lieu of the benefits that the technologies bring; while the
EMIB technology enables high-bandwidth communication between chips connected via
the bridge, it increases the package complexity and substrate processing. Furthermore,
EMIB technology is specific to chips that are spatially in close proximity in the package
and high-density communication is only between adjacent chips on the package. Moreover,
since the platform doesn’t currently support optical communication, it cannot take

advantage of WDM to achieve higher aggregate bandwidths.

On the other hand, optical interposer based approached like the Oracle’s macrochip vision
portray an aggressive target allowing high bandwidth low- energy communication between
chips that are even spatially further away. However, the assembly and packaging of large
silicon lattice with embedded VLSI chips may pose a number of challenges that need to be
overcome before the system can be realized. Furthermore, as optical communication is
feasible for relatively longer distances, the chips that are in close proximity would expense

unwanted energy if only optical communication is used.

Likewise, 3D integration poses a unique set of challenges introduced by stacking chips;
thermal management of stacked dice, especially with high power dice such as processors

present in the stack, becomes a critical issue. Also, wafer-to-wafer bonding and sequential
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testing of stacked dice poses additional challenges that need to be overcome before large

scale adoption of the technology [81-83].

The shortcomings of these technologies are exacerbated by the fact that the number of
VLSI chips needing to be integrated in a system are continuously increasing. Thus,
incorporating all of these chips on an interposer would require a very large silicon
interposer, which will pose mechanical handling and cost challenges. Similarly, having a
3D stack with ever increasing number of stacked chips would further amplify the current
challenges. Thus, there remains a need for a large-scale silicon system that allows high
density electrical and optical communication between chips and extends beyond the
physical limits of an interposer. The next subsection describes one approach to realize this

large-scale silicon system along with its enabling technologies.

Electrical
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Figure 7 Two interposer tiles mounted on FR-4 interconnected using silicon
bridge
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2.1 System Overview

The discussion thus far motivates the utilization of interposers with electrical and optical
interconnects as it can provide highest bandwidth density and efficient energy utilization
compared to other methodologies discussed. It also motivates a packaging solution that
allows extension of bandwidth and energy benefits of an interposer beyond the physical
and practical limits. In this context, Yang et al. [84], have proposed using silicon bridges
to bridge adjacent interposer ‘tiles’. Figure 7 shows an overview of the silicon-bridged
multi-interposer system platform. The interposer tiles are directly mounted onto the FR-4
thereby eliminating package substrate; four positive self-alignment structures (PSAS) are
fabricated on the FR-4 corresponding to the inverse pyramid pits on the interposer tiles to
provide low-cost high accuracy alignment. Dense mechanically flexible interconnects
(MFIs) are utilized to provide reliable interconnections to the motherboard as well as
adjacent interposer via silicon bridge while overcoming coefficient of thermal expansion
(CTE) mismatch and surface variations [86]. Optical waveguides can also be incorporated
in the platform utilizing grating couplers to couple the light from one interposer to the other
interposer via the silicon bridge. The silicon bridge allows one to extend the high-
bandwidth fine pitch connections possible on an interposer beyond the physical limits of
the interposer. Thus, the silicon-bridged multi-interposer system emulates a contiguous
piece of large silicon allowing high density communication between interposers. The work
described in the following sections extends the work presented in [84] and presents double-
sided MFI fabrication, RF characterization of the MFIs and a system level bandwidth and

energy per bit analysis for bridged multi-interposer system.
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2.2 Fabrication and Assembly

2.2.1 Key Technology Enablers

A. Via etching D. Interposer-bridge MFls
formation
B. TSV filling E. Wafer flipping and Interposer-FR4
MFIs formation
C. Pit etching F. MFI releasing o Y
Interposer- Interposer-
FR4 MFIs Bridge MFls

Figure 8 Double-sided MFI fabrication process

MFIs are an integral enabling technology for the realization of the system under
consideration; Figure 8 shows the fabrication flow for double-sided MFIs on interposer,
which extends the fabrication process of MFIs from [85]. A double-side polished wafer is
utilized for the fabrication allowing fabrication of MFIs on both sides. Photolithography is
used to pattern thick photoresist, AZ-40XT, to obtain the desired structures. The resist was
then reflowed to obtain the hemispherical domes. After the formation of the reflowed
photoresist domes, a Ti/Cu/Ti seed layer with a 50nm/300nm/30nm thickness was
deposited. The electroplating mold was fabricated by spray coating 10 um thick AZ-4620
photoresist. Once the MFIs were electroplated on one side, masking tape was used to
protect that side followed by fabrication of MFIs on the other side. Once the electroplating
was completed, MFIs on both sides were released by removing the photoresist and the seed

layer. The MFIs are fabricated using NiW; the higher yield strength of NiW as compared
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to copper [86] allows extended range of elastic motion for the fabricated MFIs. The MFIs

connecting the motherboard to the tiles are fabricated at 200 um pitch with a height of 70

S4700 9.0kV 14.9mm x50 SE(U) 1.00mm 700 10.0kV 14.9mm x300 SE(U)

(@) (b)

Figure 9 (a) PSAS on bridge (b) inverse pyramid pit

pum and are 7 pm thick. The MFIs connecting the interposer tiles to the bridge are fabricated
at 100 pm pitch with a height of 12 um and are 5 pm thick. An array of MFIs with 50 pm
pitch has also been demonstrated to enable high-density I/Os between an interposer and
bridge. The electroless gold plating passivates the MFIs and prevents any oxidation

ensuring a good contact.

Another key enabling technology for the silicon-bridged multi-interposer system is the self-
alignment utilizing PSAS and inverse pyramid pits, as shown in Figure 9. The inverse
pyramid pits are fabricated using KOH etch of silicon using nitride mask. Photolithography
using the NR5 negative resist was first used to create 300 pm x 300 pm openings. Reactive-
ion-etching was then used to etch the nitride mask for subsequent wet etch. The wafer was
then placed in a 45% KOH bath for 6 hours to fabricate the pits. The dimensions of the pits
on both sides of the interposer are kept at 300 um x 300 pm. The PSAS are also fabricated

using reflow of AZ-40XT photoresist [84]. The resist is first spin coated at 1250 rpm. The
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soft bake, exposure, post-exposure bake and developing parameters were kept the same as
that used for the MFIs. The gap between the substrates is controlled by tuning the height
of the PSAS [84]. For the described system, PSAS are fabricated on both the FR-4 and the
glass or silicon bridge while the interposer has the pits etched on both sides. The PSAS-pit
duo enables precise control over the gap between substrates, which is a critical factor
determining the optical coupling loss. The fabricated TSVs provide the necessary
interconnections between the two sides of the interposer. The SEM images of these key

enabling technologies are shown in Figure 10.

2.2.2  System assembly

Interposer-Bridge MFls
Interposer-FR4 MFls PSAS

,,,,,,

—— e——— —

Figure 10 Demonstrated technology enablers for the proposed multi-interposer
heterogeneous system
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During the assembly process, the interposers were coarsely aligned to the FR-4 using a
flip-chip bonder and the PSAS-pit duo enabled the fine alignment after placement. Epoxy
was then used to hold the interposers in place. Once the tiles were secured on FR-4, similar
process was repeated for the bridge placement. Figure 11 shows the assembled system with
two pairs of interposer tiles; each interposer is 2 cm x 2 ¢cm and is mounted directly over a
2.5-inch x 2.5-inch motherboard leaving a 200 um gap between the interposers. The top
assembly shows the tiles bridged using silicon while the bottom assembly shows bridging

using glass. Both the bridges are 0.5 cm x 2 cm.

Silicon Bridge

Figure 11 Assembly of multiple interposers with glass
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2.2.3  Electrical Characterization

RF simulation and measurements for the interposer-FR4 MFIs were performed from 100

MHz to 50 GHz. The 3D model of the MFIs, shown in Figure 12, was also simulated in

Figure 12 Simulation setup for the MFIs

HFSS for the same frequency range. The relative permeability of the Ni was set to 1 for
the simulations. A dedicated RF probe station with Agilent N5245A PNA-X network
analyzer and Cascade |Z| probes, as shown in Figure 13 was used for the S-parameter
measurements. Figure 14 (a) shows the measured and simulated Si; and Sz; for the
interposer-FR4 MFIs. The measured loss for these MFIs at 20 GHz is ~ 0.3 dB; the
insertion loss of a 60 um high solder ball is ~ 0.1 dB at 20 GHz [87]. Table 2 also
summarizes the insertion loss of select compliant interconnects in literature along with
solder bump. The fabricated MFIs exhibit lower loss than some of the other compliant
interconnects while having the largest total height of the interconnect structure. Although
the loss of the solder ball is lower than that of the MFI, the elimination of the package layer

and overcoming CTE mismatch provides significant advantages at system level.
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Furthermore, it allows replaceability of components by allowing temporary pressure-based

interconnections.

To study the flexibility and effect of mechanical deformation on the electrical performance

of these MFIs, three measurements were taken. An initial measurement was taken without

Network analyzer

7N

Figure 13 Experimental setup with RF probing of interposer-FR4
MFIs

Table 2 Insertion Loss Comparison for Compliant Interconnects and Bump

Reference Structure (Total height in um) So1 @ 20 GHz
[42] Double-turn helix (25) ~0.35dB
[43] Double helix (N/R) ~0.6dB
[88] Solder Bump (60) ~0.1dB

[102] Compressible Microlnterconnect (55) ~0.8dB
[This work] Flexible Interconnect (70) ~0.3dB
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any deformation. The second measurement was taken after fully deforming the MFIs. Third
measurement was performed after 10 deform-recover cycles; in each cycle, the MFIs were
deformed to the full vertical range of motion and then recovered. Figure 14 (b) shows the
S»1 of the MFIs under the three scenarios described above. When fully deformed, the MFIs
show minimal change in RF characteristics. Similarly, the effect on RF performance after
10 deform-recover cycle is negligible and the measurement after 10 deform-recover cycles

matches closely to the initial measurement.

Frequency (GHz) Frequency (GHz)
0 10 20 30 40 50 [ 10 20 30 40 50

—ea— 521 (Measured) — — 21 (Simulated) -12

—=—Initial ——Fully d fter 10 defc cycles

—— 511 (Measure d) 511 (Simulated)

(a) (b)

Figure 14 (a) Measured and simulated S11 and S21 parameters for MFI, (b)
comparison of S21 parameter before and after deformation cycles

The measured data for the interposer-FR4 MFIs was also used to extract the RLGC
parameters. The measured S-parameters for initial, fully deformed, and cycled MFIs were
converted into corresponding Y- and Z-parameters using MATLAB. RLGC were then

extracted using the following equations [88]:

R=Re (Z11+ Zy; — Z13 — Z31) (1)

L=1Im(Zy1+ Zy; — Z1p — Z31) (2)
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G=Im Y1+ Yo — Vi3 — V3q) (3)

C=0Um Y11+ Yo — Yip— YV2y))/w 4)

The results for the extracted RLGC parameters for 5, 10, 25 and 50 GHz frequency points
are summarized in Table 3. The difference in the resistance of the MFIs is most likely due
to the work hardening the interconnects go during the deform-recover cycles. The work

hardening introduces defects and increses the electrical resistance of the MFIs [89].

Table 3 Extracted RLGC Parameter for the Interposer-FR4 MFIs

Measurement Para- 5 10 25 50

meters GHz GHz GHz GHz

R Q) 1.08 1.19 1.76 1.69
Initial L (nH) 017 | 017 | 0.16 | 0.15
Measurement G(mS) 0.53 0.99 2.50 4.01

C (fF) 17.00 | 1590 | 15.60 & 12.80

R Q) 1.14 1.36 1.90 1.82

Fully Deformed L (nH) 0.17 0.16 0.16 0.15
G(mS) 0.60 1.16 | 275 | 455
C (fF) 19.00  17.80 | 17.50 & 14.50

Stressed (20 deform-recover R(©Q) 1.37 1.50 1.99 1.87

I
cyeles) LmH) | 017 | 016 | 0.16 | 0.14

G(mS) 0.54 1.00 2.47 4.03

C (fF) 17.00 15.90 15.70 12.80
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2.3 System-level Analysis

Figure 15 (a) shows the assembled system consisting of two interposer tiles mounted
directly on FR-4 and bridged using silicon bridge. The demonstrated system can be
extended to have a 2-dimensional interconnected array of interposers. Top view of the
different array sizes analyzed in this chapter are shown in Figure 15 (b). All tiles are taken
to be 2 x 2 cm in size and the distance between the tiles is assumed to be negligible so that
the center to center distance between tiles is 2 cm. For such large-scale systems, it is
essential to utilize interconnection scheme that gives the highest bandwidth at the lowest
energy consumption. For the analysis that follows, the width of the electrical wire on the
interposer is taken to be the one that maximizes the BWD/EPB, as shown in Figure 16. It
can be seen from the figure that, for example, 2.5 um wire width would maximize the
BWD/EPB for a 2 cm long wire on interposer. Channel pitch for electrical interconnects is
calculated assuming stripline structure with differential signaling and wire spacing equal

to two-thirds of the width. The EPB for the electrical interconnects is calculated assuming

(a) (b)

Figure 15 (a) Assembled system with 2 interposer tiles bridged using silicon
bridge (b) top view of multi-interposer system array — center to center
distance between adjacent interposers is taken to be 2 cm
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Figure 16 Optimal width for different lengths of wires on interposers that
maximizes BWD/EPB

a stripline structure with differential voltage mode signaling scheme [90]; the geometric
dimensions of the transmission line are used to extract the R, L, C and G parameters;
propagation constant is then determined based on these parameters. Using the receiver
noise condition for a maximum BER of 1072, the minimum driving current is calculated
which is then used to find the total loss in the transmission line [90]. Figure 18 shows the

flowchart for calculating the EPB and BWD for the electrical transmission line.
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Figure 18 Modelling flowchart for BWD and EPB calculation

25 25
[%]
20 20 §
< Q.
@ 15 15 3 -
<1 S
@ 10 =1 10 g ;-_5
5 5 & .
0 0
2x2 3x3 4x4 0 . ‘ |
Interposer Array Size 0 0 2 3 40 50 60
Length (mm)
(a) (b)
5
€45
5 4
{ o=
835
825
o
E 2 T T

4 6 8
Interconnect Length (cm)

(©)

Figure 17 (a) Number of optical couplers and silicon bridges with array size, (b)
EPB comparison of four different lengths’ electrical interconnects with optical
interconnect and (c) crossover length — interconnect length after which electrical
interconnect link dissipates more energy after this length

28



The EPB analysis for the silicon photonic based optical interconnect has been adapted from
[16]. The average transmitter and receiver electrical power is taken to be 6.93 and 4.26
mW respectively [16]. The excess loss caused by the optical couplers in the bridged
interposer system is compensated by increasing the on-chip optical power to maintain a
constant BER of 10712, The wall plug efficiency of the laser is taken to be 9.5% [91] and
the coupling loss is assumed to be 1 dB. The EPB for electrical transmission lines is a
strong function of the interconnect length. Silicon photonic based interconnects’ EPB is
dominated by the fixed overhead from transmitter and receiver. The silicon-bridged multi-
interposer system is different from other large scale optically connected systems in the fact
that each tile hop requires 2 optical couplings. The number of optical coupler pairs in the
longest link, along with the number of bridges in the system as a function of interposer
array size is shown in Figure 17 (a). Figure 17 (b) shows the EPB of electrical interconnects
on silicon-bridged multi-interposer system for 4 different lengths, along with the EPB of
optical interconnect. The width of each of these interconnects is taken to be the optimized
width that maximizes the BWD/EPB metric (Figure 17 (c) also shows the crossover length
after which the electrical interconnects on interposer would expense more EPB than the
silicon photonic interconnects as a function of total interconnect length. As seen from the
figure, EPB line for 2 cm long electrical interconnect does not surpass that of the optical
interconnect; For a case where the longest distance to be traversed is 4 cm (2 x 2 interposer
array), the cross over length is ~ 3 cm. Hence, based on above set of assumptions, any
electrical interconnect below this length would expense less EPB when compared to the
silicon photonics-based interconnect. It can also be seen that the cross over length remains

almost unchanged for longer length. Thus, for silicon bridged systems where high
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bandwidth communication is required for over 3 cm distance, silicon photonics-based

interconnects may provide a lower energy alternate to electrical interconnects.

2.4 Conclusion

With the perpetual increase in bandwidth requirements of chip-to-chip communication, it
is imperative that an all-encompassing solution be devised — one that allows high-
bandwidth low-energy communication for both short and long reach interconnects.
Conventional interconnects through the motherboard suffer from coarse channel pitch and
the need for higher equalization taps for longer range. While flex-based interconnects
bypass the package and motherboard, the channel pitch still limits the bandwidth density
achievable. Optical interconnects at motherboard level are a promising alternate, however,
the relatively coarse waveguide pitch and added package complexity makes them less
attractive. Silicon interposer based electrical interconnects allow high-bandwidth
communication owing to the fine pitch achievable. However, long fine pitch wires on
silicon quickly become very lossy and expense very high EPB. This has motivated efforts
in the optical interposer regime which allows ultra-high bandwidth communication owing
to the fine waveguide pitch and WDM. However, as the link EPB is dominated by the
transmitter and receiver loss and the laser wall plug efficiency, the silicon nanophotonic
links expense far more EPB at shorter lengths than the electrical interconnects. Although
having a physically large interposer allows integration of multiple chips on the same
substrate enabling high density communication, the cost and mechanical handling of such
large interposers are not feasible. The silicon-bridged multi-interposer system described in
this chapter, which extend the work presented in [84], provides a viable alternative that

allows the extension of high bandwidth density of an interposer beyond the practical limits.
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It further enables both electrical and optical communication for short and long reach
interconnects. The self-alignment technology allows submicron alignment accuracy that
ensure low optical coupling loss which is imperative for nanophotonic link integration. The
modelling work presented in this chapter further provides a framework to direct research

efforts towards either electrical or optical interconnects based on the size of the system.

With the demand for off-chip bandwidth projected to continue to grow, large scale silicon
systems, like the silicon-bridged multi-interposer system, are likely to come into more and
more use. It is also foreseeable that coexistence of electrical and nanophotonic
interconnects would be critical in achieving low energy interconnects for short and long

reach chip-to-chip interconnects.
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CHAPTER 3. CO-FABRICATION OF 3D SOLENOIDAL MICRO-

INDUCTORS WITH FLEXIBLE I/0S

Chip I/Os play an integral role in not only providing reliable electrical interconnections but
also the mechanical reliability of the overall system. The mechanical reliability of the I/Os
is becoming increasingly critical with a greater trend towards heterogeneous 2.5D and 3D
integration of disparate substrate materials which results in CTE mismatch and an
increased number of off-chip I/O demand [20-26]. Flexible interconnects have been widely
explored as a suitable replacement for conventional solder bumps and copper pillars as I/Os
[25-29]. Furthermore, there is also a push towards integrating passives (e.g. inductors,
capacitors etc.) on, or in close proximity to, the chips [92] as they are an integral part of
various radio frequency (RF) circuits including filters, amplifiers, oscillators, and
transceivers with applications in the communication, sensing, and power delivery domains
[93-96]. On-chip inductors of planar structures have been traditionally preferred owing to
their ease of fabrication and CMOS compatibility. However, these inductors typically
suffer from large substrate losses as well as limited footprint due to a large number of metal
interconnects fabricated in back-end-of-line, resulting in limited inductor performance
[97]. Three-dimensional (3D) inductors have been explored to circumvent some of the
issues of these planar inductors. Specifically, solenoidal micro-inductors have been
preferred as high inductance and low-loss is achievable owing to better magnetic field
confinement [98]. However, the additional processing steps and complex fabrication
procedures make them less feasible for integration. Moreover, additional fabrication steps

are required to fabricate the needed I/Os for interconnections [99].
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In this chapter, post-CMOS wafer-level co-fabrication of 3D solenoidal micro-inductors
with mechanically flexible interconnects (MFIs) of different materials, pitches,
thicknesses, and heights for electrical signaling is reported; the described process allows
simultaneous fabrication of I/Os (MFIs) and micro-inductors thereby preventing additional
fabrication steps. A double lithography and double reflow process [100] is utilized to get
the differential height photoresist domes for micro-inductors and MFIs; smaller height
domes are utilized to fabricate fine-pitch MFIs along with micro-inductors while the larger
domes are used for the coarse pitch MFIs. The developed process further allows the MFIs
to be fabricated using different materials, pitches, and thicknesses giving control over the
mechanical and electrical properties of the MFIs. This can be important for heterogeneous
integration where I/Os of different pitches, heights and materials maybe required for

increased integration flexibility.

Figure 19 shows a schematic of one such topology leveraging multi-height I/Os [101, 102]
and 3D micro-inductors. As shown in this chapter, the high-density stitch chip can be
fabricated out of a low-loss substrate allowing high performance 3D passives (inductors)
along with low-loss, high-density electrical interconnects. The fabrication process enables
seamless heterogeneous integration of ICs of different substrate materials utilizing I/Os of
different heights, materials, and pitches; fine-pitch Cu MFIs can enable high-density
communication between chips using high-density interconnect technologies, including
embedded multi-die interconnect bridge (EMIB) [8, 103] and heterogeneous interconnect
stitching technology (HIST) [101, 102]. The coarse pitch NiW MFIs can provide the

necessary interconnection between the bottom substrate and the chips while providing a
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greater vertical elastic range of motion, owing to the higher yield strength of NiW as

compared to Cu [86], to compensate for height differences and surface non-planarities.

3D micro-inductors  Fine-pitch MFIs

_ /
FPGA - CPU

AL

; / Any substrate \

High-density interconnect chip with Coarse-pitch MFIs
IPD on low-loss substrate

Figure 19 Envisioned schematic utilizing fabricated micro-inductors and MFlIs;
figure extends HIST [101, 102]

3.1 Fabrication

The co-fabrication process of the MFIs and the micro-inductors is outlined in Figure 20. A
Ti1/Cu/Au metallization, with a thickness of 50/2000/100 nm, using a lift-off process is
obtained to get the base metallization for the micro-inductors. Large domes are obtained
using reflow of thick positive photoresist as described earlier in Section 2.2.1. A second
exposure is then performed followed by a second reflow process to get the smaller domes
[100]. Figure 21 shows a profilometer scan for the two different dome heights obtained
after the second exposure and reflow. A height differential of 70 um is achieved between

the large and the small domes. The height differential between the domes can be modulated
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1. Metallization using lift-off process

2. Reflowed photoresist dome formation

A 4 4

3. 2nd Exposure to get the differential height
profile

5. Copper e-plating of high density flexible
interconnects and micro-inductors

6. Spray coating

./‘ a
7. NiW e-plating of large flexible

interconnects

4. Photoresist reflow followed by seed layer 8. Photoresist and seed layer removal

deposition and spray coating

Figure 20 Fabrication process for micro-inductors and MFIs

by changing the width of the photoresist being exposed in the second exposure. After the
differential height domes are obtained, the metal seed layer and spray coated photoresist is
deposited for subsequent electroplating processes. Copper electroplating of small MFIs and
micro-inductors is then performed using the spray coated electroplating mold. After the
copper electroplating, a second layer of spray coated photoresist is applied to isolate the
copper plated structures and create a new electroplating mold for the large MFIs. An optical
image of the spray coated copper micro-inductors and fine-pitch MFIs and the

electroplating mold for the NiW MFIs is shown in Figure 22. NiW is used to electroplate
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the large MFIs allowing for larger vertical elastic deformation than copper [86]. Seed layer

and photoresist are then removed to obtain free-standing structures.

Profilometer Scan
120

100
80
60
40

20

Vertical Height (um)

0 1000 2000 3000 4000 5000
-20
Lateral Length (um)

Figure 21 Profilometer scan of the reflowed domes after double-exposure
process — height difference of 70 pm between the small and the large domes was
achieved

NiW electroplating mold fo Insulated copper micro-inductors and
large MFls fine-pitch MFIs with spray coated photo

Figure 22 Optical image showing electroplating mold for large NiW MFIs
with resist covered copper micro-inductors and MFIs
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inductors inductors

1.0kV 15.3mfmx100 SE(M)

Electroplated top Bottom metallization
contours of micro- using lift-off process

(d)

Figure 23 SEM images of fabricated sample showing (a) NiW MFlIs, (b) Fine-
pitch Cu MFlIs, (¢) Cu micro-inductors and (d) X-ray images showing bottom
and top metallization with good connection
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Figure 23 (a) — (c) show SEM images of the fabricated sample with Cu micro-inductors
and fine-pitch MFIs and NiW coarse-pitch MFIs. X-ray images of the fabricated 5-turn
micro-inductor, shown in Figure 23 (d) show good connection between the top and bottom

metallization. SEM images in Figure 24 show the height difference between the MFIs and

Figure 24 SEM images of the samples depicting height differential — the height

differential between the co-fabricated MFIs and the micro-inductors allow the

inductors to be embedded between tiers in a stack while the MFIs provide the
required interconnection and compensate any surface non-planarity
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the micro-inductors fabricated on the same substrate. The height differential allows
heterogeneous integration with micro-inductors embedded between substrate tiers while

MFIs provide the required electrical interconnections.

3.2 Electrical and Mechanical Measurements

" .
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Bird’s eye view
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(b)

Figure 25 Measurement setup: A Cascade microprobe station and Keysight
network analyzer and optical image of micro-inductors with GSG probes. (b)
Simulation configuration for inductors using ANSYS HFSS software; tind,
wind, and gind refer to the thickness, width, and gap of solenoid inductors,
respectively, and rdome refers to the radius of a sacrificial photoresist dome.
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This section presents electrical and mechanical measurements of the fabricated micro-
inductors. The radio-frequency (RF) measurements of micro-inductors were performed to
extract their inductance and Q-factors. The fabricated micro-inductors are measured using
a Cascade microprobe station and Keysight PNA X N5245 network analyzer. Prior to the
measurements, short-open-load-through (SOLT) calibration was performed up to 40 GHz
using a calibration substrate. After calibration, ground-signal-ground (GSG) probes of a
200 pum pitch were used for 2-port measurements, as shown in Figure 25 (a). Each micro-
inductor is surrounded by a ground plane to facilitate probing. Figure 25 (b) illustrates
simulation configurations for solenoid micro-inductors using full-wave electromagnetic

software (ANSYS HFSS, Version 18.1).

Figure 26 illustrates the measured and simulated S-parameters for the fabricated 5-turn
micro-inductor; the figure shows a good match between the simulated and the measured
structure. After S-parameter to Z-parameter conversion, the resistance, inductance, and Q-
factor of each inductor can be extracted using (5) — (8) [104], where Re and Im stand for

real and imaginary parts, respectively, and o is the angular frequency.

Zairs = Z11 + Zog — Z13 — Zoy (5)
R = Re(Zyiff) (6)
L=1Im(Zass)/w ()
Q = Im(Zairr)/Re(Zaisr) (8)
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Figure 26 Measured and simulated S-parameters for the 5-turn inductor;
results show close match between the simulated and measured values

Figure 27 shows the extracted inductance, resistance, and Q-factor for the 5- and 8-turn
micro-inductors from the RF measurements. For each structure, five measurement results
were averaged with the error bars of one standard deviation. As the number of turn
increases, inductance values increase while Q-factors decrease. The maximum Q-factor of

~25 is achieved at 33 GHz for the 30 um radius and 10 um thick 5-turn micro-inductor.

Table 4 Performance Comparison of the Fabricated Inductors with Published Workshows
the performance comparison of the fabricated inductor with some of the published work

for 3D solenoid shaped inductors. The fabricated micro-inductors, which demonstrate

41



proof-of-concept, exhibit a Q greater than 15 for a frequency band of over 35 GHz with a
1
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Figure 27 Measured (a) inductance, (b) resistance and (c¢) Q-factor of the 5 and
8 turn micro-inductors
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SRF of > 40 GHz and an inductance of 0.45 nH; the fabricated micro-inductors were not
optimized. The fabrication process uniquely allows co-fabrication of I/Os with the micro-
inductors; this significantly reduces the number of fabrication steps and increases the ease

and flexibility of heterogeneous integration.

Table 4 Performance Comparison of the Fabricated Inductors with Published

Work
Reference | Peak Q @ Frequency L (nH) SRF Substrate | Inductor shape Co-
(fgmax) Band with Q fabrication
> 15 (GH2) (GHz) with 1/0s
[99] 100 <8 3.5 n/r Glass 3D solenoid No
(3.2 GHz)
[106] 17.5 <0.1 60 n/r Silicon 3D toroidal No
(70 MHz)
[107] 46 n/r 38 n/r Glass 3D solenoid No
(400 MHz)
[108] 50 <7 2.3 >20 Silicon 3D solenoid No
(6 GHz)
[109] 32 <0.5 1000 1.24 Polymer 3D solenoid No
(0.95 GHz)
This Work 25 >35 0.45 >40 Glass 3D solenoid Yes
(33 GHz)

The effect of coil radius (rsome) on the Q-factor was also studied using the simulation
configuration described above. The maximum Q-factor shows an increase with the increase
in the coil radius; this is primarily due to lower flux leakage and reduced parasitic
capacitance between the base metallization and the electroplated contours of the micro-
inductors [105]. The inductance also increases with an increase in coil radius due to a larger

core area. The simulated results for this trade-off are depicted in Figure 28.
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Figure 28 Trade-off between dome radius and the micro-inductor’s peak Q-
factor and inductance

The developed co-fabrication process also gives control over the type of material and
thickness of the electroplated layer. This allows modulation of mechanical properties of
the MFIs (compliance, elastic range, etc.) to better meet the varying requirements of
electronic systems. For example, the total ‘clamping’ force required to maintain a good
electrical connection would be a function of the number of I/Os and the compliance of the
I/Os. Thus, modulating the compliance can allow for achieving the desired clamping force
for a given number of I/Os. Figure 29 shows the mechanical indentation results for the
fabricated MFIs. Indentation was performed using a Hysitron Triboindenter with a cono-
spherical probe tip. The measured compliance of the fine-pitch Cu MFIs with a thickness
of 9 um was 1.1 mm/N while that of the 7 um and 10 um thick large coarse-pitch NiW

MFIs was 10 and 2.6 mm/N, respectively. The hysteresis depicted by the loading-unloading
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curve here is due to the plastic deformation caused by exceeding the yield strength. The
indentation of the MFIs also induces work hardening of the structure and introduces defects
into the metal, causing an increase in the yield strength for subsequent indentations [110].
Further details on the optimization and fabrication of the flexible interconnects utilizing

the photoresist reflow process can be found in [51], [86], and [100].

14
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10 Corse-pitch NiW MFI
= (7um)
=
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3 (10um)
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0 10 20 30 40 50

Vertical Displacement (1um)

Figure 29 Compliance measurements for the fabricated MFIs

3.3 Conclusion

In this chapter, co-fabrication of 3D solenoidal micro-inductors and MFIs as I/Os is
presented. The developed process enables I/Os to be fabricated with different pitches and
vertical heights, enabling seamless heterogeneous integration for RF systems. A maximum
height difference of 70 um was achieved between the large MFIs and the micro-inductors.

This large height differential between the micro-inductors and the MFIs can enable
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embedding of micro-inductors between substrates for 2.5D or 3D integration. Fabrication
of micro-inductors on the high-density stitch chip allows leveraging low-loss substrates for
high performance passives and low-loss electrical interconnects. The process also gives
control over the mechanical characteristics of the fabricated MFIs by allowing multi-
material and multi-thickness electroplating processes. Electrical measurements of two

different fabricated inductor structures are also presented.
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CHAPTER 4. 3D INTEGRATED ELECTRONIC MICROPLATE
PLATFORM FOR LOW-COST REPEATABLE BIOSENSING

APPLICATIONS

CMOS biosensors are increasingly being utilized for sensing various modalities of cellular
and molecular samples including, but not limited to, electrical, magnetic, and optical
modalities at low cost. Sensing these modalities involves correlating the cellular-based
physiological events to change in current or voltage that can then be sensed using integrated
electrodes [111-118]. A change in electrical response can be induced by the administration
of a stimulating chemical or biological agent on electro-active samples (cardiac cells,
neurons, etc.) and any resulting changes in the sensed signal can then be studied to

determine the drug efficacy or pathogen mechanistic effects [116, 118].

These cell-based sensing techniques require the growth of cells onto the biosensor’s
surface; both the successful adhesion and growth of these cells onto the biosensor are
pivotal for meaningful sensing and are strongly affected by the type of material and the
surface roughness [119-125]. Growth of human cells on a multi-modality CMOS biosensor
has been shown in [126]. However, growing cells directly onto the biosensor is tedious due
to the surface treatments required to enhance bio-compatibility and culture cells.
Additionally, culturing cells directly onto the CMOS biosensor may be expensive because
it is difficult to re-use as it must undergo a rigorous cleansing process or disposed of to
avoid contamination [116]. Moreover, even after cleaning and sterilizing the CMOS
biosensor surface, the biosensor might not be suitable for re-use if the cell type or the

biochemical stimulus to be tested are different. Contamination poses a perpetual risk to the

47



proper functionality of the CMOS biosensor. Furthermore, any electrical connections to
the board (e.g. wire bonds in [126]) and culture medium sealing (e.g. PDMS sealing in
[126]) need to be replaced for a new sample during which there is a high likelihood of
damaging the CMOS biosensor and/or interconnects. Another major bottleneck in this
process is the fact that the biosensor is ‘tied down’ while the cells are growing to full
confluence; the biosensor is only actively measuring after successful completion of cell
growth and differentiation which can take several weeks resulting in low throughput. To
address these challenges, this chapter presents a 3D integrated disposable e-microplate
platform allowing the reuse of the CMOS biosensor and thereby reducing cost and
increasing throughput relative to systems that are non-disposable. The platform utilizes
mechanically-flexible interconnects (MFIs), described in previous chapters, and through-
silicon-vias (TSVs) to electrically interface the sensing electrodes on the CMOS biosensor
to the sensing electrodes on the e-microplate while maintaining a physical separation of the
biosensors from the cellular samples. Mouse embryonic stem cell seeding experiment
shows successful cell attachment and growth on the sensing electrodes of the e-microplate.
The electrical characterization results show that the integration of the e-microplate does
not adversely affect the performance of the underlying CMOS biosensor, as seen via the
consistency of the internal amplifier gain and the input referred noise. Additionally, the e-
microplate system is shown to perform successful impedance mapping on DPBS solution.
The average measured resistance of the TSV-MFI link is 163 mQ while the measured 3dB
bandwidth and the integrated input referred noise with the e-microplate included is 0.5-400
Hz and 4.96 uVrms, respectively. The low input noise ensures high SNR for sensing

minute biological signals from the cellular samples, which is critical for reliable analysis.
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Figure 30 Envisioned micro-fabricated electronic microplate platform — the
electronic microplate can be replaced, and the biosensor reused

4.1 System Overview

Figure 30 shows the envisioned e-microplate platform. The e-microplate serves as a 3D
integrated disposable tier separating the CMOS biosensor from the cultured cells.
Mechanical self-alignment structures and pyramid pits with sub-micron alignment
accuracy [127], which have been described earlier in Chapter 2, can be incorporated into
this platform to enable low-cost and high-accuracy alignment between the e-microplate
and the CMOS biosensor. The gap between the two tiers can be modulated by adjusting

the size of the pyramid pits and the self-alignment structures. Electrical interconnections
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between the cultured cells and the sensing electrodes on the CMOS biosensor are enabled
using through-silicon-vias and mechanically flexible interconnect integration. The flexible
interconnects compensate for any surface non-planarity or minor gap variations between
tiers while maintaining good electrical connection. After performing required
measurements on a cell culture, the e-microplate can be replaced, and the CMOS biosensor
and board reused for a new set of measurements. The CMOS biosensor presented in [126]

was utilized for the e-microplate assembly.

4.2 Fabrication of E-microplate

Figure 31 shows the fabrication process of the e-microplate. The TSVs are first fabricated

using the mesh process. A standard BOSCH process is used for silicon etching followed

A. Via etching and meshing

E. Sacrificial dome formation

B. Thermal oxidation for TSV liner . MF| electroplating

C. Via filling

B 4

G. MFlI releasing

D. Sensing electrode formation H. Electroless gold passivation

Figure 31 Fabrication flow of the e-microplate

50



by mesh formation in the oxide layer by photolithography and subsequent oxide etch. The
TSVs were then lined with oxide using thermal oxidation in furnace. Seed layer deposition
and copper electroplating was then carried out to fill the vias. CMP was then utilized to
planarize both sides of the wafer for further processing. The sensing electrodes were
fabricated on the top side of the e-microplate by the deposition of Ti/Cu/Au metallization
with 30nm/500nm/500nm thickness using an evaporation process, followed by a
subsequent lift-off process. After the formation of the sensing electrodes, gold passivated
NiW MFlIs, using the same process described in Section 2.2.1, were fabricated on the
bottom side; utilizing NiW to fabricate the MFIs allows for larger deformation within the
elastic region owing to its higher yield strength relative to copper [86]. As low-profile MFIs
were required for this particular application, higher spin speeds were utilized to get a final
dome height of ~ 30 um. The gold passivation using electroless plating ensures reliable
gold-to-gold contact between the MFI and the sensing electrode on the CMOS biosensor.
The surface profile of the sensing electrodes for the fabricated e-microplate is shown in
Figure 32. Surface variations and dishing are seen owing to the CMP process. Key
dimensions of the TSVs and MFIs fabricated for the e-microplate are summarized in Table
5. The layout of the e-microplate pixel group was designed to complement the sensor pixel
layout on the CMOS biosensor, as described in [126]. Figure 33 shows an X-ray and an
SEM image of the TSV-MFI integration. As seen from the X-ray image, the fabricated
TSVs are free of any voids enabling reliable interconnections, which are crucial for the

accurate functionality of the platform. The SEM image shows the fabricated MFIs in a
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Figure 32 Sensing pixel group of e-microplate and its surface profile

Table 5 Dimensions of the fabricated MFIs and TSVs

= oimension | value um)
50

Diameter
TSVs Height 300
Pitch 100
Thickness b
Vertical 30
MFls Height
Pitch 100

pixel group on the bottom side of the e-microplate (facing the CMOS biosensor); each pixel
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group consists of 16 MFIs, which make a contact with the corresponding electrodes on the

Sensing
Electrode TSV MFI

Figure 33 X-ray and SEM images of the fabricated e-microplate pixel group
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CMOS biosensor.

4.3 Characterization

4.3.1 Mechanical Characterization of MFlIs

Figure 34 shows the mechanical compliance measurements performed for the MFIs on the
e-microplate using a nano-indentor. The 30 um tall MFIs regain original height after up to
10 um of vertical displacement; this allows them to compensate for minor surface profile
or inter-tier gap variations ensuring a good electrical interconnection to the electrodes on
the CMOS biosensor. The measured compliance of the fabricated MFIs is ~ 15 mm/N. The
non-linearity in the force-displacement curve occurs when the yield strength is exceeded.
The hysteresis in the curves with higher displacement indicates plastic deformation and
work hardening, which introduces defects into the structure, increasing the yield strength

for subsequent indentations [110].

54



1.4

1.2
Z 1
Eo0s
306
| .
S04

0.2

Indentation Direction

0 5 10 15
Vertical Displacement (um)

1750 5250

Figure 34 Mechanical compliance measurements for fabricated MFIs

4.3.2  Electrical Characterization of TSV-MFI Link
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Four-point resistance measurement for the TSV-MFI link was carried out by bonding e-
microplate, as shown in Figure 35. The average resistance measured for the link was 163
mQ, which included the contact resistance. The low value of resistance, compared to the
input impedance of the amplifier (~ GQ range) in the CMOS biosensor, ensures negligible

signal degradation from the living cells on the sensing electrodes to the biosensor.
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Figure 35 Four-point resistance measurement results for the TSV-MFI link

4.3.3 Cell Growth
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Cell growth experiments were carried out to verify the viability of human pluripotent and
mouse stem cell growth on the e-microplate’s surface. Attachment and growth of human
pluripotent stem cells was investigated over various surfaces to investigate adhesion and
growth across these surfaces as compared to standard TCPS. Each of the five experimental
surfaces (silicon nitride with and without sensing electrodes, silicon oxide with and without
sensing electrodes, and silicon oxide with TSVs and sensing electrodes) were sterilized
with three washes of ethanol followed by three washes with water. All surfaces were then
coated with Matrigel (Corning) for 24 hours at 37°C prior to cell seeding. Human
pluripotent stem cells were cultured in serum free media (mTeSR, StemCell Technologies)
for several passages prior to seeding experiments. Cells were then dissociated to single cell
suspension and seeded onto each of the five silicon surfaces at a concentration of 200,000
cells/cm?. As a control, cells were similarly seeded onto tissue culture polystyrene (TCPS),
a common material used in standard culture dishes. Cells were cultured for 48 hours prior
to fixation and staining with Hoechst nuclear dye. Cell seeding was visualized with an

epifluorescent microscope.

Figure 36 shows the initial attachment and growth of cells 48 hours after seeding. Nitride
and oxide on silicon, as shown in Figure 36 (a) and (b), respectively, show almost identical
results to that of the TCPS control (Figure 36 (f)). For samples with sensing electrodes, the
cell attachment appears lower; however, as shown from Figure 36 (¢) through (e), after 48
hours, all the sensing electrodes show some cell adhesion and would be expected to grow
and cover the entire surface if left for a longer time period. In these initial cells seeding
experiments, human pluripotent stem cells were used as a proof of concept. However, these

cells can be later differentiated into cardiac cells or neurons, allowing for more complex
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studies and integration of the silicon membrane interface for advanced sensing applications
including, but not limited to, studying drug effects on cardiac cell beating or neuron

activity.

d)

(

(e)

Figure 36 Cell growth results after 48 hours of seeding on (a) nitride, (b) oxide,
(¢) nitride with sensing electrodes only, (d) oxide with sensing electrodes only, (e)

silicon membrane with oxide surface, sensing electrodes, and TSVs and (f)

control with cells on TCPS
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D3 mouse embryonic stem cells were also tested for attachment and growth over time with
the e-microplate. The sensing electrodes’ surface was first washed with menthanol
followed by three washes with phosphate-buffered saline. The surface was then gelatin-
coated (0.1% gelatin) to promote cell adhesion. The cells were trypsinized with 0.05%
trypsin to form a single-cell suspension and seeded at a density of 70k cells/e-microplate
in 400uL of media. The media was supplemented with leukemia inhibitory factor (LIF) to
maintain cell pluripotency. Thereafter, the media was changed every two days, and cell

growth monitored by examination with a stereoscope. The results are shown in Table 6.

Table 6 Mouse embryonic stem cell growth on oxide and nitride surfaces with
sensing electrodes

48 hours 96 hours 144 hours
Surface

Oxide

Nitride

As seen from Table 6, the mouse stem cells adhere to the sensing electrodes after 48 hours
of cell seeding. Subsequent growth is observed after 96 and 144 hours of cell seeding,

respectively. After the 144-hour mark, cells are seen to cover the majority of the sensing
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electrodes on both surfaces. This further warrants the utilization of e-microplates for cell-

based assays of varying types and makes the platform versatile and adaptable.

4.3.4 Integrated System characterization

The system level characterization was carried out by flip-chip bonding the e-microplate to
the biosensor. The biosensor was first attached to a carrier chip using photoresist as
adhesive. The carrier chip with the biosensor was then placed on the evaluation board by
using epoxy. The e-microplate was then flip-chip bonded to the biosensor. The flip-chip
bonder’s force was kept at 1 N. While holding at this force, epoxy was used to hold the
assembly together with the subsequent removal of the force. Wire bonds were then made
between the assembly and the evaluation board for subsequent testing. A twofold system
level characterization was then performed for the assembled e-microplate system. Firstly,

the CMOS biosensor’s internal amplifier gain and input referred noise were measured

Sensing eledmdes . A
Wire-bonds

fortesting

Figure 37 Test setup for gain and noise measurements — sensing electrodes were
wire-bonded to test board for measurements
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Figure 38 Test setup for impedance mapping

through the wire bonds made to the sensing electrodes on the e-microplate, as shown in
Figure 40. The test signal traversed the TSV-MFTI interconnection to reach the input of the
internal amplifier of the biosensor. Secondly, impedance mapping of DPBS solution was
performed in order to verify the functional accuracy of two different assembled systems.
Figure 37 shows the assembled e-microplate system used for internal amplifier gain and
noise measurements; the system includes the e-microplate, carrier, and CMOS biosensor
assembly mounted onto the test board. For impedance mapping, a standard 35 mm petri-
dish with a drilled-out bottom was mounted onto the board and sealed using
Polydimethylsiloxane (PDMS) to provide electrical isolation while maintaining

biocompatibility (Figure 38). Figure 39 shows the X-ray image of a pixel group in the
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assembled platform; the MFIs are seen to be well aligned to the sensing electrodes on the

CMOS biosensor ensuring good electrical interconnection.

Sensing
electrode on
e-microplate

TSV

MFI
Sensing electrode
on CMOS biosensor

Figure 39 X-ray image showing accurate alignment between e-microplate and
CMOS biosensor
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Figure 40 Schematic of internal voltage sensing amplifier and its connection to
the e-microplate’s pixel

Figure 40 shows the circuit schematic for the in-pixel tri-modality sensor. For the
extracellular potential recording, in-pixel op-amp, pseudo resistors, and capacitors C and
C» are configured as a high-pass inverting amplifier with a voltage gain of C1/C> and a low
cut-off frequency of 1/2nRpseudoC2. Note that the high cut-off frequency and the voltage
gain are fully programmable in signal conditioning block. For the complex impedance
measurement, two-pixel electrodes (one for the voltage excitation and the other for the
current sensing) are selected through the switch mutiplexer and the generated voltage
excitation signals bypass the in-pixel op-amp by enabling the transmission gate switch S1

and is ac-coupled to the voltage excitation electrode. The op-amp in the voltage excitation
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pixel is switched off during the voltage excitation. The resulting current flows through the
capacitors C; and C; in the selected current sensing pixel and is converted to the voltage at
the output of the amplifier. This voltage signal passes the mixer, programmable low-pass
filter, and programmable gain amplifier to complete the complex impedance measurement.
The quadrature signals are sequentially applied to the mixer for complex impedance

measurement.

To test the effect of the e-microplate on the internal amplifier gain and input referred noise,
interconnections were made by wire-bonding the sensing electrodes on the e-microplate to
the test board; this allowed the test signals to traverse through the TSV-MFI link to the
sensing electrode on the CMOS biosensor. Figure 41 (a) shows the amplifier gain,
measured with and without the e-microplate. The results show that the incorporation of the
e-microplate does not affect the amplifier gain; also, the 3dB bandwidth remains
unchanged. Similarly, the input referred noise, shown in Figure 41 (b), does not degrade
with the incorporation of the e-microplate; the integrated input referred noise of the
amplifier, from 0.5 Hz to 400 Hz, was measured to be 4.96 pVrms. As frequency of most
of the biological signals being recorded falls within the 3dB bandwidth, maximum
amplification of the minute signals is ensured while simultaneously supressing the
unwanted noise outside this frequency band. This low input noise ensures high SNR when
measuring extremely weak biological signals from living cells (e.g. cardiac cells or
neurons), which is critical in ensuring the integrity of the measured data. Impedance
mapping, using similar techniques as described in [126], was performed for DPBS for two

different e-microplates and compared to air to verify the capability and functional accuracy
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Figure 41 (a) Amplifier gain measurements — the amplifier gain remains
unchanged with the incorporation of the e-microplate, (b) Input referred noise
measurements — low input referred noise ensures high SNR when measuring
weak signals

of the impedance mapping in the e-microplate assembly. The results utilizing the high yield
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Figure 42 Impedance measurement for air and DPBS measured via e-
microplate’s pixel group — measurements verify functional accuracy of the
platform

pixels in the e-microplate, shown in Figure 42, confirm accurate assembly functionality for

2 different e-microplate assemblies.

4.4 Conclusion

A low-cost, disposable platform using 3D IC technology, capable of providing electrical
interconnections between living cells and CMOS biosensors, is presented. The e-
microplate sits atop the CMOS biosensor circumventing the need for direct cell growth on
the CMOS biosensor surface while the TSV-MFTI link provides the necessary electrical

interconnections from the cells to the biosensor. The void free TSVs and the gold
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passivated NiW MFIs ensure reliable connections to the pixel array on the biosensor, which
are essential for accurate sensing. Mouse embryonic stem cells are shown to attach and
grow on the sensing electrodes of the e-microplate warranting it suitable for cell-based
assays. The integration of the e-microplate does not degrade the CMOS biosensor’s
amplifier gain or input referred noise, hence ensuring accurate sensing of weak biological
signals from living cells cultured on the e-microplate, which is critical for reliable data
analysis. Impedance maps generated for air and DPBS confirm functional accuracy of the

developed platform.
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CHAPTERSS. FABRICATION AND CHARACTERIZATION OF
HIGH DENSITY ELECTRODES ON FLEXIBLE SUBSTRATE

FOR IN VIVO EMG RECORDING

5.1 Introduction

Recent advances in data analysis methods in neuroscience are shedding light on how a
nervous system controls complex behaviors such as vocal learning and song production in
songbirds [69, 70]. This research focuses largely on the central nervous system, exploiting
new technologies that can record large numbers of individual neurons (brain cells) for
extended periods of time in order to quantify their relation to behavior [128-130]. Despite
recent evidence pointing to the importance of precise timing in the activity of motor units
(the collection of muscle fibers innervated by a single motor neuron) for controlling
behavior [24, 71], techniques for recording electromyographic (EMG) signals from
muscles lag far behind those developed for neural recordings in the central nervous system.
Specifically, most EMG datasets are collected by inserting fine-wire electrodes into the
muscles. This method has a number of drawbacks. First, the penetrating wire electrodes
damage the muscles into which they are inserted and cannot be used to record the very
small muscles that control skilled behavior. Second, wire electrodes typically cannot isolate
electrical signals from individual motor units, instead yielding signals that represent the
summed activity of many units, preventing analysis of single-unit activity (a standard
approach for studying the function of neurons in the brain). New approaches are therefore

needed to record stable single-unit EMG activity.
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Information-theoretic analyses provide a quantitative framework in which to understand
how time series of electrical events (action potentials or “spikes™) in biological tissues
represent information and control behavior [24,71,131-133]. For example, in a recent
study, EMG signals from expiratory muscles in songbirds ( Figure 43 (a) were recorded
using multi-electrode arrays (MEA) [24]. Spike sorting routines [134, 135] were used to
identify spikes (tick marks in Figure 43 (b)) from individual motor units, which arise when
a motor neuron activates a set of muscle fibers and causes them to contract [136].

Information-theoretic techniques were used to compare the timing of spikes to fluctuations
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Figure 43 Schematic of experimental set up and EMG activity recorded during
breathing. A) The exhaling phase of breathing in songbirds is controlled by
expiratory muscles that contract around an air sac. Motor neurons excite
individual muscle fibers that cause the expiratory muscle to contract. Multi-
electrode arrays are used to record electromyography (EMG) activity. B)
Increases in air pressure occur when the expiratory muscles contract. Spike
sorting algorithms are used to detect individual spikes (Unit 1, Unit 2) from
recorded muscle activity (EMG 1, EMG 2). Tick marks above physiological
traces indicate spike times. Time scale: 100 ms. Vertical scale: 30 pV.
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in air pressure of an animal’s air sac used for breathing and singing (Figure 43(b)).
Although this study provided evidence for the importance of precise spike timing in
individual motor units for controlling respiratory behavior [24], the difficulty of robustly
recording multiple units simultaneously and over long periods limit our understanding of

how the nervous system controls complex behaviors.

The main challenge in characterizing single motor unit activity is obtaining stable, reliable
EMG recordings in data sets that are large enough to perform advanced computational
analyses (including, but not limited to, information-theoretic methods) [73, 74]. While
advances in spike sorting algorithms [79, 137, 138] have helped to better discriminate
multiple units recorded on the same channel, the ability to record single units on an MEA

channel will improve the reliability of experimental analyses.

Current technologies employ flexible polymers, such as polyimide, PDMS, and parylene-
C [148-151], as the substrate for the MEA and use metals like gold for contact sites. MEA
fabrication is also beginning to combine materials in order to optimize the processing
parameters and mechanical properties of different polymers [139-141]. The advantage to
using these materials includes their compliance with muscle and other tissues as well as
their biocompatibility. A summary of some of the flexible electrodes from literature is
shown in Table 7. However, each of these materials have their own processing challenges:
PDMS suffers from poor metal adhesion [142-144]; and, polyimide typically requires a
metal etch mask [145, 146] or, in the case of photo-definable polyimide, is significantly
more expensive. In this chapter, a hybrid polyimide-PDMS MEA fabrication process
leveraging the benefits of each of the materials while mitigating their shortcomings is

discussed. Using a hybrid polyimide-PDMS substrate resulted in EMG recordings that
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Table 7 Summary of the different types of flexible electrodes in literature

Reference | Flexible ContactType | #of Routing | Application | Measurement Image
Substrate Layers / Species
Material Pitch/
Total
Electrodes
Silicon/ 3D—needle Single /
[139] Parylene shaped 550 um / Neural Dog
16
Single /
PDMS/ 3D—convex NR/ ECoG Rat
[140] Parylene shaped 10
Single /
3D — stacked NR / ECG Human
[148] Polyimide | double-micro- NR
domes
Single /
3D—- NR/ EMG Cat
[149] PDMS microneedle 16
shaped
Single /
[150] PDMS 2D 300 um/ Neural Rat
8
Single /
[151] Parylene 2D 500 and EMG Larvae
1000 um/
8
Single /
[152] Parylene 2D NR/ EMG Rat
27
Single/
750 um/
[153] Parylene 2D 5 ECoG Rat
Single /
1800 um/
[154] Polyimide 2D 202 ECoG Monkey

were better than those obtained using a pair of fine-wire electrodes inserted into muscle.
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Furthermore, our hybrid fabrication process utilizing polyimide as the base layer and
PDMS as the top insulation layer allows for ease of fabrication, lower processing time and
a lower cost for the MEAs. Moreover, specific shape of the flexible MEAs are designed to
record from the mouse fore-limb allowing high-fidelity recordings. The fabrication process

flow for the MEAs’ fabrication is outlined in Figure 44.

5.2 Flexible MEA Fabrication

a. Thick polyimide spin coating on carrier wafer e. Spin coating of thin PDMS layer

b. Photoresist spin coating and patterning f. Photoresist spin coating and patterning
I I . I
c. Metal deposition (Ti/Au/Ti) g. Dry etching of PDMS to open electrodes

d. Metal deposition and lift-off h. Peel-off polyimide-PDMS layer form carrier

Figure 44 Fabrication process flow for Flexible MEAs.

The first step of the fabrication involves spin coating polyimide (PI-2611 from HD
Microsystems) @ 450 rpm on a carrier wafer to get a thick polyimide film. The polyimide
is then cured with a temperature profile summarized in Table 8. Photoresist is then spin
coated and patterned followed by metallization and a lift-off process. A Ti/Au/Ti layer of
30nm / 200nm / 30nm is deposited using an evaporation process. The bottom Ti layer acts

as an adhesion promoter while the top Ti layer provides an easy visual check to confirm
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the completion of the PDMS etch process. After the lift-off process, PDMS (Slygard 184,
1:10 ratio) is then spin coated @ 5000 rpm and cured at 100 °C for 2 hours to form the top
layer of insulation. In order to promote the adhesion of the resist to the PDMS for further
lithography, the PDMS is first exposed to O plasma [147] followed by spin coating of the
etch mold. A RIE process is then used to etch the PDMS to expose the electrodes. SFs and

O, were used as the etching gases with a flow rate of 90 and 6 sccm respectively while the

Table 8 Temperature profile used for curing polyimide

Temperature (°C) Ramp (°C/min) Duration (min)
100 2 30
150 4 45
200 4 60

RF power was 300 watts. The etch rate obtained for the PDMS was ~ 170 nm/ min.

Two different designs for the MEAs were fabricated for in vivo recording from songbird
and mouse respectively. The MEA for recording from the songbird consisted of 16
electrodes with equal spacing in both x and y directions. The MEA for recording from
mouse fore-limb consisted of four 2x2 electrodes spatially separated to record from

different sections of the fore-limb. Optical microscope images of the fabricated devices for
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the songbird and the mouse arrays are shown in Figure 45 and Figure 46, respectively. The
diameters of the fabricated electrodes fabricated for the songbird are 200, 125 and 50 um
with a center-to-center pitch of 300, 200 and 100 um, respectively. For the mouse-shoulder
array, the 125 um diameter electrodes with a 200 um pitch were utilized. As seen in the
figure, the gold electrode color is visible in locations where PDMS was etched away while

the traces still covered by PDMS appear as a greyish-silver color from the top Ti layer.

Figure 45 Optical image showing the fabricated electrodes for Songbird’s
expiratory muscle; (a) 200 pm diameter, 300 pm pitch, (b) 125 pm diameter, 200
pm pitch and (¢) 50 pm diameter, 100 pm pitch.
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Figure 46 Fabricated mouse fore-limb array; 16 electrodes are spatially arranged
in a cluster of 4 electrodes for picking up EMG from different locations in the
fore-limb
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5.3 MEASs Characterization and EMG Measurements

5.3.1 Electrical Characterization of Fabricated MEAs

Four-point resistance measurements for the trace and electrodes on the fabricated devices
were measured, as shown in Figure 47. The average resistance of the traces for the 200,
125 and 50 um diameter electrodes is summarized in Table 9. The electrode size did not
impact the DC resistance significantly as the resistance was primarily determined by the
metal trace and the slight variation can be attributed to fabrication process variation and

the exact probe placement during the four-point resistance measurement.

- V- v+

Electrodes electrically shorted
using metal deposition

(a) (b)

Figure 47 Characterization of electrical properties for different electrode sizes.

(a) Schematic of four-point DC resistance measurement across traces for each

electrode array. (b) Image of impedance measurement at 1,000 Hz where each
electrode array is submerged in a grounded bath of saline.
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To characterize biologically relevant electrical properties, the impedance at 1,000 Hz was
measured with an Intan RHD2000 Eval board (Intan Technologies). The MEA devices
were submerged in a grounded bath of saline (10% saline solution, TEKNOVA) and
connected via a ZIF-clip/Omnetics adapter to an Intan RHD 2132 amplifier board (Intan
Technologies; Figure 47(b)). The average impedances for the 200, 125, and 50 um

diameter electrodes are also reported in Table 9.

Table 9 Range of trace resistance and electrode impedance for each electrode
contact site

Contact Average Average Electrode Impedance Average Electrode Impedance
Diameter
Trace Resistance (Songbird Array) (Mouse Array)
(um)
50 234 Q 556 kQ
125 235 Q 107 kQ 22 kQ
200 233 Q 77 kQ

5.3.2 EMG Measurements

A data collection flowchart from the songbird experiment is summarized in Figure 48.
EMG activity was recorded from the expiratory muscles of anesthetized songbirds using
the flexible MEA devices described above or a pair of fine-wire electrodes made from

25um-diameter stainless steel wire. All procedures were approved by the Emory University
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Institutional Animal Care and Use Committee. EMG recordings for the polyimide-PDMS
devices were collected using 16 contacts that were 200, 125, and 50 um in diameter and
arranged in a 4x4 matrix. Example EMG units recorded on one of the 16 contacts were
chosen based on their physiological properties including the type of burst exhibited during
breathing cycles and the relative amplitude in comparison to other EMG units that were

simultaneously recorded.

Muscle Flexible Intan RHD2132

< B | MEA |7 Amplifier Chip

Songbird

Air Pressure Intan RHD2000

\ 2 —_ —
Suesiillg Sensor Eval Board
Mutual Spike
Information Sorting

Figure 48 Data collection flow chart. Rhythmic muscle activity generates air
pressure during breathing (dark gray). Analog signals (solid arrows) are detected
by the Flexible MEA and an Air Pressure Sensor (black outlined boxes). EMG
activity from the Flexible MEA is amplified and digitized by the Intan RHD2132
Amplifier Chip and air pressure data are digitized by the Intan RHD2000 Eval
Board (light gray outlined boxes). The Eval Board records digital signals (dashed
arrows) for both EMG and air pressure data for analysis (gray boxes). Spike
sorting is used to distinguish individual motor units and mutual information is
used to analyze neural activity and behavior.

The EMG units shown here (Figure 49) fired rhythmically throughout the expiration phase
of each breathing cycle. These EMG units were also the smallest units identified within
each recording. A qualitative comparison of the different electrode diameters (Figure 49(a-
¢)) does not show significant differences in signal fidelity. To illustrate the extent to which

the MEASs represent a significant improvement over standard, fine-wire EMG techniques,
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Figure 49 (d) shows a fine-wire recording from the expiratory muscle. As is typical of wire
EMG recordings, the recorded signal consists of many overlapping spike waveforms (in

comparison to the isolated recordings of single units shown in Figure 49(a-c). Figure 50

50 ;:m Diameter

—
125 ;:m Diameter
J—
200 ;:m Diameter
—
Fine Wire Electrodes
|

Figure 49 EMG recordings of expiratory muscle activity using two types of MEA
devices. (a-¢c) EMG activity during 2 breathing cycles shows comparable signal
qualities for all electrode sizes. Blue tick marks indicate spike times identified
using a previously-described spike-sorting algorithm [11]. Time scale: 30 ms.
Vertical scale: (a,b) 50 nV, (¢) 20 pV. (d) EMG activity recorded using a pair of

fine-wire electrodes, which, in this recording, the waveforms of individual spikes
were not sufficiently distinct to be isolated by spike sorting. Time scale: 30 ms.

Vertical scale: 1000 units.
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shows the preliminary EMG data collected from the mouse shoulder array. The data shows
high SNR empirical for subsequent data analysis which will be done as part of the future

work from the presented work.
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Figure 50 EMG recording from mouse shoulder muscle using the fabricated
MEAs

5.4 Conclusion

In vivo EMG recordings from breathing muscles of a songbird utilizing hybrid polyimide-
PDMS flexible multi-electrode array are presented. As the need for larger and more
complex MEA devices grows new fabrication processes will need to be developed to
address several challenges of current recording technologies. While individual polymers
offer specific advantages, they also present different constraints. Here, a fabrication

process was developed in order to reduce fabrication costs and time while still maintaining
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the fidelity of biological recordings. In addition to using a “hybrid polymer” substrate
approach to the fabrication process, other device properties that can be changed to improve
single EMG unit recording quality is to use raised contact sites or other materials, such as

carbon nanofibers.
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CHAPTER 6. FABRICATION AND CHARACTERIZATION OF
3D MULTI-ELECTRODE ARRAY ON FLEXIBLE SUBSTRATE
FOR IN VIVO EMG RECORDING FROM EXPIRATORY

MUSCLE OF SONGBIRD

6.1 Introduction

This chapter extends the work presented in Chapter 5 and presents fabrication and
characterization of 3D multi-electrode array on a flexible substrate. As mentioned earlier,
understanding how nervous systems produce behaviors requires recording devices and
algorithms that can identify individual motor events, called muscle potentials. However,
obtaining high fidelity recordings suitable for neural analyses remains a critical bottleneck
and requires: biological compliance of recording devices and high signal-to-noise ratio. In
addition, characterizing single motor unit activity requires a stable, reliable EMG recording
for a duration long enough to produce sufficient data for advanced computational analyses

[69,70].

Polymer materials including polyimide, PDMS and parylene-C have been widely used for
the fabrication of high-density mutli-electrode arrays. To increase the signal fidelity, three-
dimensional neural and muscular recording devices have also been explored [148-151].
However, these involve complex processing methodologies increasing the fabrication

complexity, cost and time.

To address these challenges, this chapter presents fabrication and characterization of a

flexible 3D MEA utilizing a simple photoresist reflow process to obtain the 3D electrodes.
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The process described has been adapted from the micro-inductor fabrication process
discussed in Chapter 3. The photoresist reflow process, as in the case of the micro-inductor,
allows for the formation of the 3D electrodes. Polyimide is the base substrate for better
metal adhesion and PDMS is the top insulation layer as it is more affordable, easier to etch
and can be diluted to obtain thin top insulation layer. The height of the 3D electrodes can
easily be modulated by changing the film thickness of the spin coated photoresist. /n vivo
EMG measurements from an anesthetized songbird are also presented. The fabricated 3D
MEAs provide up to 7x SNR improvement over the 2D array, described in Chapter 5,

allowing detection of small units which can otherwise get lost in noise.

6.2 Fabrication of 3D Multi-Electrode Arrays

_é-"-_
B

a. Thick polyimide spin coating on carrier wafer f. Seed layer sputtering and spray coating

b. Photoresist spin coating and patterning g. Nickel electroplating

c. Metal deposition (Ti/Au) h. Releasing and electroless plating

d. Metal lift-off i. Thin PDMS layer coating
a A Y = Y S —
_ j. PDMS etching to expose 3D electrodes and
e. Thick photoresist patterningand reflow peel off from carrier wafer

Figure 51 Fabrication process flow for the flexible 3D MEAs
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The fabrication process of the 3D MEAs is outlined in Figure 51. Polyimide (PI-2611 from
HD Microsystems) is spin coated (@ 450 rpm on a carrier wafer and subsequently cured to
get a thick polyimide film. Photoresist is then spin coated and patterned followed by
metallization and a lift-off process. A Ti/Au layer of 30nm / 200nm is deposited using an
evaporation process. Thick photoresist (AZ-40XT) is then spin coated and patterned using
photolithography, which is then reflowed to form the hemispherical structures as shown in

Figure 51(e). Figure 52 shows the profilometer scan of the reflowed photoresist domes.
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Figure 52 Profilometer scan data after reflow of photoresist to form the
hemispherical domes (step (e) in the process flow). A 50 pm dome height was
obtained for the 3D MEAs and can be modulated by changing the photoresist

film thickness.

The double-reflow process described in [155] can also be utilized here to obtain multi-
height 3D electrodes in the same fabrication flow. An electroplating seed layer consisting

of 50 nm of Ti and 300 nm of Cu is subsequently sputtered. Photoresist is then spray coated
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and the electroplating mold is formed. Nickel electroplating (10 pum thick) is then
performed followed by the removal of the underlying photoresist and the seed layer to give
the free-standing 3D MEAs. Electroless gold plating is then performed to passivate the
electrode surface and prevent oxidation. To obtain the top insulation layer, a thin coating
of PDMS (Sylgard 184, 1:10 ratio) diluted with toluene (0.9% weight ratio) is obtained and
then cured. A reactive-ion etching (RIE) process is then used to etch the PDMS to expose
the 3D electrodes. SFs and O> were used as the etching gases with a flow rate of 90 and 6
scem respectively while the RF power was 300 watts. The etch rate obtained for the PDMS
was ~ 170 nm/ min. Optical images of the MEAs through the fabrication process are

summarized in Figure 53. The final 3D electrodes obtained are shown in Figure 54.
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Figure 53 Optical images of fabricated 3D MEAs
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6.3 EMG Measurement and SNR Comparison

EMG and air pressure data were collected as outlined in Figure 48. Rhythmic muscle
activity generates air pressure during breathing. Analog signals are detected by the flexible
MEA and an air pressure sensor. EMG activity from the flexible MEA is amplified and
digitized by an Intan RHD2216 bipolar amplifier chip. Air pressure data was also
simultaneously collected using a pressure sensor connected to a tube inserted into the air
sac of the anesthetized songbird. The Intan RHD 2000 evaluation board records digital
signals for both EMG and air pressure data for analysis. Spike sorting is used to distinguish
individual motor units from background noise and mutual information is then used to
determine the correlation between neural activity and behavior. Both 3D and 2D arrays
were used to record EMG activity from the expiratory muscles of anesthetized songbirds.
All procedures were approved by the Emory University Institutional Animal Care and Use
Committee. EMG recordings for the flexible MEA devices were collected using 16

contacts arranged in a 4x4 matrix. Example EMG units recorded on one of the 16 contacts

Figure 54 3D optical images of the fabricated 3D MEAs
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were chosen based on their physiological properties including the type of spiking exhibited
during breathing cycles (i.e., spiking at a constant, moderate firing rate versus only a few
spikes at a higher firing rate) and the relative amplitude in comparison to other EMG units

that were simultaneously recorded.

The data collection sequence of experiments for comparison of the SNR was conducted as
follows: A total of four recordings of at least 30 minutes each were carried out alternating
between 2D and 3D MEAs. After each recording and before the placement of the next
MEA, a drop of saline was poured on the exposed expiratory muscle. Care was taken to
ensure that the electrode placement was roughly over the same area of the expiratory
muscle of the bird. Figure 55 shows the EMG measurements along with the pressure data
from the air sac of the bird. As seen from the figure, the 3D MEAs pick up more activity
from the muscle as compared to the 2D MEA and give a more consistent recording across
trials. On the other hand, the 2D array’s signal deteriorates from one trial to the next; this
can be attributed to poor contact with the muscle due to protein or other unwanted material
build up as the EMG recording duration increases; this is also exacerbated by the fact that
the electrodes are inset below the surface of the top PDMS insulation layer. SNR
calculations were performed by taking the ratio of the root-mean-square (RMS) amplitude
of the waveforms during periods of activity with large or small units (signal) over periods
of noise. Figure 56 shows the SNR for the 2D and 3D MEAs over the course of the four
different trials that were carried out. An average SNR was calculated in 3-minute intervals
with 4 measurements during each interval used to determine the standard error of the mean

(shaded region in Figure 56).
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Table 10 summarize the SNR measurements for the 2D and 3D electrodes over the different
trials carried out for small and large amplitude unit activity; the 3D MEAs provide
significant improvement in SNR for both small and large units with a 3.5x SNR
improvement 5 minutes after the array placement and more than 7x SNR improvement 25
minutes into the recording for the larger unit. Improvement of SNR within a trial over time

can be explained by better contact of the electrodes with the muscle as the saline dries out.
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Figure 55 Example air pressure and electromyograph recordings. (a,b) EMG
recording after S minutes of array placement on the expiratory muscle of the
songbird with (a) flexible 2D MEA, and (b) flexible 3D MEA. (c,d) EMG recording
after 25 minutes of array placement on the expiratory muscle of songbird with (c)
flexible 2D MEA, and (d) flexible 3D MEA.
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Figure 56 Comparison of signal-to-noise ratio (SNR) using multi-electrode
arrays with either 2D (red) or 3D (blue) electrode sites. Recordings for each
trial were collected over at least 30-minute periods and alternated between
2D and 3D MEAs to control for non-stationary factors of the in vivo
preparation. An average (solid or dashed line) SNR was calculated every 3
minutes with 4 measurements during each minute to determine a standard
error of the mean (shaded regions).

Table 10 SNR comparison of EMG signal recorded using the 2D and 3D MEAs. N/A
is listed where signal was not discernable from noise.

Trial # Contact Type Time Since Array Large Unit SNR Small Unit SNR

placement (mins)

1 2D 5 3.76 1.74
25 3.58 1.79
2 3D 5 4.68 2.77
25 8.99 5.70
3 2D 5 1.02 N/A
25 1.18 N/A
4 3D 5 3.59 2.12
25 8.45 6.82
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6.4 Conclusion

A flexible 3D MEA for high SNR in vivo EMG recordings is presented. The process flow
allows for easy height modulation of 3D electrodes by changing the film thickness of the
photoresist. An Intan RHD2000 evaluation board and an RHD2216 amplifier chip is used
to record expiratory muscle EMG activity and air pressure data. The 3D MEAs yielded
higher SNR measurements over a longer duration of time as compared a 2D array. This is
particularly important for detecting and analyzing smaller units which are otherwise lost in
noise. Using the 3D arrays, an SNR of up to 7x was achieved and some of the improvement
may have been due to better electrical isolation as excess liquid dried around the recording
site. With better signal fidelity, individual units can be identified more reliably and for
longer periods of time, which will allow more advanced analysis techniques that can be

used to understand how nervous systems control behavior.
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CHAPTER 7. SUMMARY AND FUTURE WORK

The core contributions of the thesis in the domain of heterogeneous integration and

biosensing are:

The utilization of photoresist reflow process for the fabrication and assembly of
large-scale silicon system comprising of multiple interposers bridged with high-
density flexible interconnects via a silicon bridge. System level analysis of the
bridged interposers is also presented to highlight the bandwidth and energy trade-
offs between electrical and optical interconnects in such a system.

The adaptation and modification of the flexible interconnect fabrication process for
simultaneous fabrication of flexible I/Os alongside 3D solenoidal micro-inductors.
The unique fabrication process allows fabrication of flexible I/Os with varying
thickness, height, pitch and material enabling close integration of actives and
passives.

The utilization of the technologies (PSAS, MFI, TSV) developed for the
heterogeneous integration applications into fabricating a 3D integrated electronic
microplate enabling high-throughput low-cost biosensing. The e-microplate
enables 3D electrical interconnections using TSVs and flexible interconnects
between living cells and CMOS biosensor while maintaining a physical separation.
The addition of the e-microplate does not affect the amplifier’s gain or the input
referred noise.

Utilizing high-density interconnect knowledge base from the heterogeneous

integration and combining it with flexible substrate fabrication to fabricate and
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characterize 2D multi-electrode arrays for in vivo EMG recording from expiratory
muscle of a songbird and the fore-limb of a mouse. The fabrication process
presented utilizes both polyimide and PDMS to leverage the benefits of each of the
materials while keeping the fabrication process simple.

- Incorporating flexible interconnect fabrication process to extend the flexible MEA
fabrication to develop 3D multi-electrode array for high SNR in vivo EMG
measurements. The fabrication process presented enables high aspect ratio 3D
multi-electrode array allowing better contact with the animal muscle resulting in up

to 7x improvement in SNR.

7.1 Future Work

The potential extensions and advancement of the work presented in this dissertation will

be discussed in this section.

7.1.1 Heterogeneous integration

(a) The multi-interposer system work presented outlines a framework for both
electrical and optical interconnect. Building on the work presented, a full system
realization with both optical and electrical interconnects must be assembled. The
model presented in this dissertation can function as a guideline to determine the
system size and the optimal interconnection scheme for such a system.

(b) For the 3D micro-inductors, a comprehensive trade-off analysis with respect to the
number of turns, height of the loop and material of the inductors must be performed.
This will be essential in determining the optimal size of the micro-inductor and

provide a guideline for selecting the right topology for different applications.
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7.1.2  Invitro and in vivo biosensing

Dendrites

Cell body
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Nucleus an.an =
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Axon hillock Axon —
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Myelin sheath terminals >~ ostsynaptic cell

Presynaptic cell

Figure 57 Example showing conduction along two neurons — a major motivation
for HD E-microplate is being able to trace the exact path of the electrical activity

(a) The electronic microplate platform for in vitro biosensing should be extended to
enable high-density RDL on the top surface for sub-cellular imaging. This is

important for applications like studying the conduction of action potential along a

Figure 58 RDL layout for realizing HD E-microplate without scaling the TSVs
or flexible interconnects
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neuron (Figure 57); if the electrode density is not high enough, the travelling
impulse can get ‘lost’ in real time measurements as the origin of the electrical
activity among multiple neurons cannot be differentiated and hence studies aimed
at understanding, for example, neural plasticity, cannot be performed effectively.
Figure 58 shows RDL option for realizing the HD E-microplate. The layout
presented can enable localized high-density regions on the e-microplate without the
need to scale the TSVs and the flexible interconnects which otherwise can be
challenging. In addition to this, e-microplate with other biocompatible, for example
TCPS, materials should also be explored to reduce the cost further and possibly
introduce for point-of-care applications.

(b) The multi-electrode array for in vivo EMG recording presented fabrication of the
devices using a hybrid polyimide-PDMS approach. A detailed characterization of

the benefits/shortcomings of MEAs fabricated with different materials should be

Output cable pins
1. Vpp
100 nF,10 nF 100 MQ 2.GND
Capacitors Resistors 3.CS+
4. SCLK+
5. MOSI+
6. MISO+

Electrode array

‘ y Zif clip
Multi-layer / connector
routing il

Resistor

RHD 2164 bare die

SPI Interface cable /
(To Opel Kelly USB/FPGA interface
running Intan RHD2000 Rhythm USB3)

Figure 59 Future vision of multi-electrode array with multi-layer high-density
RDL and integrated signal conditioning 1C
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performed. The impact of top insulation layer on SNR should also be studied in

order to determine the optimal thickness.

A high-density multi-electrode array with significantly more number of electrodes
should also be explored. This can allow single-unit recordings from multiple
muscle fibers allowing a large data set for analyses. Increasing the number of
electrodes, however, would require devices that can have multi-layer high-density
RDL alongside close integration of active circuit. This can reduce the overall noise
in the system and alleviate the need for having a large number of wires coming out

of the animal. A concept design of such an array is shown in Figure 59.

In addition to advancing technology side, significant effort is also required to
analyze the data collected and make meaningful conclusions. Thus, a holistic
system capable of high-SNR recording and subsequent data analysis should be

explored for rapid analyses of large set of spike data.
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