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ABSTRACT

Accurate mapping of neural circuits and interfacing with neurons for control of brain-machine
interfaces require simultaneous large-scale and high spatiotemporal resolution recordings and
stimulation of neurons in multiple layers and areas of the brain. Conventional penetrating micro-
electrode arrays (MEAS) are limited to a few thousand electrodes at best, with limited volumetric
3D spatial resolution. This is mainly due to the types of fabrication technologies and available
designs and materials for making such probes. Based on the strengths and shortcomings of the
available MEAs, we present a new fabrication technology for a new class of 3D neural electrode
array that provides the characteristics of a near-ideal neural interface.

This research addresses some of the limitations of previous works in terms of electrode scale,
density and spatial coverage (depth and span). In order to realize a scalable 3D out-of-plane array
of extremely dense, slender, and sharp needles with recording sites at each of their tips, a number
of techniques are developed. These includes: 1- A custom-developed silicon DRIE process to
make deep (500 um) high aspect-ratio (20-30) thru-wafer holes with controlled sidewall slope, 2-
A method of extending the thru-wafer holes depth by aligning and then fusion bonding multiple
silicon substrates already having holes etched in them, 3- A process for conformal refilling of ultra-
deep (~2 mm) ultra-high aspect-ratio (80-100) holes with dielectric and conductive films using
LPCVD process, 4- Methods of forming recording sites using self-aligned mask-less metallization
processes, and 5- A method based on wet silicon etching to dissolve away the support substrate

containing the refilled holes to release the electrodes.

XV



Using these technologies, we have fabricated millimeter-long (1.2mm), narrow (10-20pum
diameter), sharp (submicron tip size), high-density (400 electrodes/mm?) high-count (5000+)
silicon electrode arrays. Electrodes robustness, insertion and recording functionality have been
demonstrated by acute in vivo recordings in rats under anesthesia using 2x2 and 3x3 arrays, where
local field potentials (LFP) have been recorded.

Innovative features of this technology could be utilized to produce arrays with arbitrary 3D design
to target specific brain structures to achieve 3D spatial coverage over the convoluted topography
of the brain. These include: 1- Length of side-by-side electrodes can be varied from tens of microns
to several millimeters independently. 2- Electrodes spacing can be modified by the designer to
obtain a desirable density and distribution of the array needles. 3- Electrode cross-sectional size
can be controlled to obtain extremely fine, sharp and slender needles, crucial for minimizing tissue
damage and improving chronic stability of implanted probes. 4- Any desired distribution of
electrodes with customizable length, diameter and pitch across the array can be obtained to realize
near-ideal application-specific neural probes.

Potential capabilities of this work are investigated. These include integration of optical waveguides
and chemical sensors and drug delivery channels to create sophisticated multi-modal multi-channel
probes for electrophysiological studies of brain at the cellular levels. Limitations of developed
DRIE, bonding, and LPCVD processes and tissue volume displacement by high-density arrays are
discussed and a number of solutions are proposed. These results suggest maximum electrode
length of ~2.5 mm and 20 pm thick electrodes. A maximum density of ~225 electrodes/mm? for

10 um thick electrodes is suggested for chronic applications.

XVi



Chapter 1: Introduction

1.1 Brain Organization and Function

Being the size of two clenched fists and weighing about three pounds, the human brain has around
one hundred billion nerve cells (neurons) connected by hundred trillion connections (synapses)
which are heterogeneously distributed throughout the brain making it “the most complex object in
the known universe” as described by the eminent neuroscientist, Christof Koch [1-2]. Neurons, the
primary components of the nervous system, are long cells with dendrites on one end and axon
terminals on the other. Dendrites of one neuron are connected to the axon terminals of other
neurons forming an extremely complex network of interconnected neurons that communicate with
each other via electrical events called “action potentials” and chemical neurotransmitters. A neuron
transmits an electrical action potential signal through its axon which causes the release of a
chemical neurotransmitter at the synaptic junction. The neurotransmitter travels across the synaptic
junction to be received by the receiving neuron’s dendrite. The sum total of dendritic inputs
determines whether the target neuron will fire an action potential [3]. Figure 1.1 illustrates a
simplified depiction of brain neural network, structure of a neuron and neuronal communication

mechanism as briefly described above.

Understanding the brain functions and decoding its underlying neuronal circuits relies on realizing
why a neuron fires an action potential and how it propagates in the brain neural network which

makes it a challenging problem considering the massive number of neurons and their extremely



dense and complex interconnected network [6-8]. Therefore, accurate mapping of neuronal circuits
requires tools that can track neural signals at various spatial scales from single neuron to clusters
of neurons, and interactions between various brain regions [9] with sufficient temporal resolution.
In other words, neuroscience studies need a large-scale high spatiotemporal resolution probing
device. Neuroscience studies can be generally categorized to systems neuroscience and clinical
neuroscience. Systems neuroscience studies brain structure and function by exploring neural
pathways, neural circuits, and larger brain networks as well as high-level mental functions such as
memory, consciousness, language, etc. Clinical neuroscience is focused on the scientific study of
fundamental mechanisms explaining the brain and central nervous system diseases and disorders
with a goal of developing diagnostic and therapeutic tools and techniques. Neuroscience
community has used various techniques such as optical [10], magnetic [11,12], chemical [13] and
electrical [14-17] for scientific and clinical applications. Considering the spatiotemporal
resolution of these techniques, implantable electrophysiological recording and stimulation neural

probes are a promising tool to decipher the brain neural circuits [22].
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Figure 1.1: (a) Conceptual illustration of the human brain complex neural network.
[http://www.me.gatech.edu/featured_robotsrecordbrainactivity] (b) Neural electrochemical
communication via electrical action potential signal and chemical neurotransmitter at the synaptic
junction (Image from [5]).

1.2 Neural Interfaces: Electrophysiological Recording

A neural interface is a bidirectional transducer used to communicate with neurons in the central
nervous system (CNS) or nerves in the peripheral nervous system (PNS). This communication is
established through the interface site which can be realized by electrodes, waveguides and fluidic
ports for electrical, optical and chemical recording and stimulation, respectively. As mentioned
before, considering the spatiotemporal resolution of available techniques, electrophysiological
recording and stimulation neural probes are a promising tool to decipher the brain neural circuits
[22]. Electrophysiological neural interface technologies are widely used to study the brain by
mapping neural circuits. In this technique, brain electrical signals are recorded by electrodes placed
in various locations. In electroencephalography (EEG), the electrodes are placed on the scalp,
recording a spatiotemporally smoothed version of the brain local field potentials (LFPs). The soft

3



and hard tissues between the signal source and the recording electrode distort and attenuate the
signal and therefore, individual neuron activity cannot be distinguished [15]. To improve the
spatial resolution of the recording and reduce the distortion and attenuation caused by the skull
and intermediate tissue, electrocorticography (ECoG) employs subdural electrodes to record neural
signals directly from the surface of the cerebral cortex [15]. To further improve the recording
spatiotemporal resolution and enhance the signal quality, implantable brain-penetrating electrodes
are used to directly record from an individual neuron. This provides a tradeoff between the
recording spatiotemporal resolution, fidelity and invasiveness. Implantable electrodes are a
promising approach for decoding brain neural circuits, as MEMS and microfabrication
technologies can be utilized to enable micro-electrode arrays (MEAS) obtain large-scale high

spatiotemporal recording and stimulation of neurons with reduced invasiveness.

The focus of this thesis is on the design and development of user-definable scalable 3D high-
density high-count micro-electrode arrays for extracellular recording to understand the brain neural

circuits and for potential neural prosthesis applications

1.3 Micro-Electrode Arrays

One of the earliest neural action potential recording using a micro-electrode array was
demonstrated in 1939 by Hodgkin and Huxley [23]. Later in 1950s, metal microwires were used
to record neural extracellular electrical signals. These electrodes were metal wires that were
insulated except at the recording site at the tip of the wire [25]. To increase the number of
electrodes, wire bundles were made using manual assembly [26]. This type of micro-electrodes
can be manufactured easily at low cost, however it suffers from lack of accuracy, repeatability,

limited electrode density and count due to manual assembly. To address these issues, Wise and



Angell utilized thin-film and microfabrication technologies in 1970s and introduced a new
generation of neural probes known as silicon-based neural micro-probes [17,24]. Later in 1980s,
Wise and Najafi at the University of Michigan continued working on developing silicon micro-
probes which led to the famous “Michigan Probe” [27-32]. Figure 1.2 shows the silicon-based
micro-probes developed by Wise and Najafi. These probes have a planar design with multiple
recording sites patterned across the length of the probe, the shape and thickness of the probe shank

was defined using micromachining techniques.

In 1991, another type of silicon-based probe was developed and introduced at the University of
Utah. As shown in Figure 1.3, the Utah Electrode Array (UEA) has a three-dimensional out-of-
plane design which is manufactured by creating deep trenches in thick silicon substrates to form
silicon pillars followed by chemical etching to from an array of micro-needles. Micro-needles are
insulated by an insulation layer except at the tips which are coated with metal to form the recording

site [33-36].

Wise, 1970 Najafi, 1985

Figure 1.2: One of the earliest planar silicon-based microfabricated neural probes developed by K.
D. Wise in 1970 with two recording sites [17] (left) and developed at the University of Michigan
by K. Najafi in 1985 with 4 recording sites [27] (right).



Utah Electrode Array, 1991

Figure 1.3: Utah Electrode Array (UEA) developed at the University of Utah in 1991. UEA has a
3D out-of-plane structure with 100 recording sites at the tip of each micro-needle [37].

Many types of MEAs with various designs, materials, electrode density and electrode count have
since been developed using MEMS and microfabrication technologies. Considering the focus of

this thesis, we will mainly review the high-density high-count electrode arrays in the next section.

1.4 Current State of Neural Micro-Electrode Arrays Technology

Microelectrodes have been widely used to study the nervous system by recording the
electrochemically generated extracellular potentials by a single neuron or a group of neurons. This
approach has facilitated understanding of a single neuron operation and about the functions of
some neural structures. However, it is not an efficient way to decode the underlying neural circuits
which is crucial for mapping the brain and understanding how the nervous system works. This
shortcoming mainly arises from the fact that conventional microelectrodes only record from a

single point in tissue at a time. Better understanding of neural circuit is obtained by simultaneous



recording from and/or stimulating of higher number of neurons with higher resolution. Therefore,

multi-site arrays of electrodes can play a significant role in neuroscience and medical fields.

1.4.1 Electrode Count

The ever-increasing need to map larger collections of neurons has pushed the scientific and
engineering community to develop new technologies and designs capable of allowing this, but
with limited success and progress. As highlighted by Stevenson & Kording [38], the number of
simultaneously recorded neurons has approximately doubled only every 7 years since the 1950’s.
The number of available sites in neural probes for simultaneous recording has been doubled almost
at the same rate since 1930’s, as shown in Figure 1.4. This data clearly demonstrates that our
understanding of neural circuits and structures has been limited and contained by the lack of
suitable multi-channel probes. This limitation is driven by the types of fabrication technologies
and available deigns and materials for making such probes. The need to increase the number of
sites is motivated by the need for accurately mapping the brain circuits, which will be improved
by increasing the number of simultaneously recorded neurons in various parts of the brain.
Moreover, high-density electrode arrays are required to obtain higher spatiotemporal resolution

and better understanding of the brain network functionalities.

Using no more than a few hundred small electrodes in the brain, people with paralysis have been
able to control prosthetic arms for things like self-feeding and computer control [39, 40]. Reliable
interfacing with the nervous system may be able to treat an even wider range of medical conditions,
but because signals are mixed at the level of single cells, one must be able to access thousands or
millions of individual neurons or nerve fibers to record from or control the system. Some efforts

are being made toward arrays with tens of thousands of electrodes, but these have fundamental



challenges. Systems with penetrating electrodes are limited in number of electrodes and are
difficult to properly package and integrate. Systems using surface electrodes have poor signal
specificity. Drawing on decades of work on truly integrated neural microsystems at the University
of Michigan, we have developed a technology capable of manufacturing high-density electrode
arrays scalable to millions of electrodes with high spatiotemporal resolution. This technology is
capable of making extremely sharp and small electrodes, the size of capillaries that fit through the
interstitial spaces between cells, with minimal damage. In addition, this technology enables future
integration of closely-packed electrical, optical and chemical reading/stimulating electrodes
providing neuroscientists great opportunities in studying neural interactions under various
circumstances.

8192
4096 |

2048 | Simultaneously Recorded Neurons

1024 - = Recording sites -
512

256
128

1920 1940 1960 1980 2000 2020

Figure 1.4: Simultaneously recorded neurons and number of recording sites available for
simultaneous recording in a neural array over the past few decades (adapted from Stevenson &
Kording [38]). The number of simultaneously recorded neurons has doubled approximately every
7 years since 1950’s, and the number of recording sites in a probe array available for simultaneous
recording has double approximately at the same rate.



1.4.2 Electrode Array Structural Design and Spatial Coverage

Traditionally, sites on a multi-site neural probe can be arranged in a number of ways, referred to
as linear (1D or 1.5D), planar or areal (2D), and volume (3D), as shown in Figure 1.5. Not all of
these different arrangements can be easily fabricated. Linear 1D probes provide a series of
individual sites along the length of a shank. This simple structure has indeed been extremely useful
for many years because it has allowed researchers to use these penetrating depth probes to study
neural circuits in the cortex by allowing access to different neural regions. One of the most famous
examples of linear 1D arrays is the Michigan probe. These linear 1D arrays are still extremely
useful and utilized widely by the neuroscience community. One of the most advanced 1.5D probes
(i.e., probes with many groups of a few sites distributed primarily along the probe shank) is
reported in [21] and has ~966 sites along a 10mm long probe. 2D arrays consist of many sites
distributed on multiple probe shanks to record from neurons along an imaginary plane formed by
the sites. Many penetrating probe technologies offer multiple shanks to house these neurons. For
example, reference [41] reports 1000 electrodes on five parallel shanks [41]. In such 2D probes,
the recording plane is primarily perpendicular to the surface of the cortex (i.e., the recording plane
is the same as the plane formed by the probe shanks). 2D probes can alternatively be formed by
an array of electrodes whose tips form the recording sites, which form a recording plane. In this
case, the recording plane is primarily parallel to the cortical surface, allowing recording from a
single neural layer. The most well-known, and probably most widely-used, probe of this kind is
the Utah Electrode Array (UEA) [19] (shown in Figure 1.3), which is fabricated using planar
microfabrication from silicon. 2D arrays have also been demonstrated with significant improved
capabilities and with many more sites by bundling insulated microwires or fibers [42,43], or by

assembling carbon fibers [44-47], each of which forms a recording site at the tip. Injectable macro-



porous networks or recording sites formed on extremely thin and flexible layers of polymers have
also been reported by [48-50]. These recording electrodes are formed in a 2D fashion on a polymer
substrate, which is then rolled up and injected through a delivery needle. The rolled film opens up
once in tissue and ostensibly forms a 2.5D arrays of recording sites. The location and exact
distribution and shape of location of the sites is obviously not controllable. The Utah probe, like
the microwire or carbon bundles, is 3D in structure but primarily 2D in its recording ability. The
slanted Utah array [51] allows recording from multiple neural layers with its recording plane
angled to the cortical surface, and is referred to as a 2.5D probe. Most of these 1D and 2D probes
exhibit excellent in-depth spatial resolution, however their poor areal coverage due to their large
shank size or large shank-shank separation limits their use in applications which require large-
scale recording within a specific depth of brain. In this case, probes with wider shanks or multiple
parallel probes are needed to cover a larger area which both will result in more tissue damage and
reduced chronic stability. Out-of-plane electrode arrays can potentially have sufficient planar
(areal) coverage, however they have a poor depth coverage. These shortcomings, in terms of
latitudinal and longitudinal spatial resolution, have hindered true three-dimensional neural studies

with high spatial resolution.
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Neuropixel Probe, 2017

* Planar 2D structural design
* 1D sites spatial coverage

* Example: Michigan Probe
|

* Planar 2D design
* 1.5D sites spatial coverage
* Example: Neuropixel (IMEC Probe)

Utah Electrode Array, 1991

Michigan 3D Array, 1991

* Out-of-Plane 3D structural design
* 2D sites spatial coverage * Out-of-Plane 3D structural design

* Example: Utah Electrode Array * 3D sites spatial coverage
* Example: Michigan 3D Array

Figure 1.5: Electrode arrays structural design and spatial coverage.

3D recording arrays should be capable of recording from neurons distributed in a volume of tissue.
Multiple sites are distributed along the length of several shanks, which are themselves distributed
along an area of tissue. The distribution and layout of the shanks and the sites located along their
length defines the volume from which recordings can be obtained. The Michigan group
demonstrated one of the earliest 3D probes of this kind for both recording and stimulation [52-54].
The 3D system consisted of 2D multi-shank silicon probes fabricated using planar
microfabrication techniques and then assembled onto a platform with precisely arranged features
to accommodate and align the 2D probes into the final 3D structure. Rios at Caltech [55] has also
recently demonstrated a large-count 3D probe by stacking several individual planar multi-shank

and multi-site silicon probes, instead of assembling them through a platform as the Michigan group
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did. The Michigan system also included electronics on individual probes or on the supporting

platform for signal amplification and multiplexing to enable recording from all sites

simultaneously. These two systems separated in time by almost 20 years represent true 3D

recording probes. The structure of both of these probes is also similar to the UEA, that is the

probes consist of many electrodes (shanks), with the difference being that the Michigan/Caltech

electrodes can each support a linear array of recording sites, whereas the Utah electrodes could

each support only one recording site at the tip of each electrode. Table I summarizes the

comparison of recently reported high-density 2D and 3D neural electrode arrays. Several extensive

review papers have been published by researchers that provide extensive review of the state-of-

the-art probe technologies. One of the more recent papers is by Seymour which provides more

detailed description of some of the systems highlighted here [56].
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Spatial Resolution in
Depth, microns

20

NA

12-65

250

Planar Spatial
Resolution

NA

>
200pm

250-1000
Hm

1 mm

50 um

150um

Electrode Density
Sites/mm2

1380
Sites/mm?

25

Sites/mm?

1706
Sites/ mm?

1
Site/mm?

80
Sites/mm?

~44
Sites/mm?

Dimension

L=10mm
W=70pm
T=20pm
L= 300-800
pm
@ =100 pm
L=1mm
W= 65um
T=21pm

L=0.3-1mm
P=30-50um

L= 6.5mm
W = 1mm
T<1

L=0.5-5 mm
@ =8.4 um

Table 1: Comparison of the state of the art high-density/high-count 2D and 3D neural
microelectrode arrays.
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1.4.3 High-Density High-Count Electrode Arrays Strengths and Shortcomings

Table 1 summarizes the state-of-the-art high-density high-count electrode arrays and compares
their features and specifications from various aspects. In this section, strengths and shortcomings

of each of these probes will be discussed.

The Neuropixel probe has one of the highest number of available recording sites and site density,
however its spatial coverage is 1.5D, therefore, in order to obtain 3D spatial coverage across
various brain regions, multiple probes need to be implanted which increases tissue damage and
adds to the complexity of the system. The Slanted UEA is a commercially available probe and one
of the most widely used probes by the neuroscience community (it is the only electrode array
approved by FDA for human studies), however the UEA has limited electrode count, density and
shank length. Furthermore, its large electrode shank size causes tissue damage which degrades the
chronic stability of recording. The stacked probe developed by Rios et al [55] has a 3D spatial
coverage with high electrode count, however it has a low planar spatial resolution. Bundle arrays
have a relatively simple manufacturing process and can potentially offer large electrode count and
high site density but they suffer from lack of controllability over site location as electrodes splay
out during insertion in tissue. The injectable mesh developed by Lieber group at Harvard [48-50]
has small cross-sectional dimensions which is critical for recording stability, however it has limited
electrode count and density. The Carbon fiber array has demonstrated long chronic stability [57]
due to fiber’s small cross-sectional size [58-60]; however, it is made using manual assembly which
is labor-intensive and is prone to accuracy and repeatability issues and electrode count and density

cannot be scaled easily.
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Although the above-mentioned probes, and others currently under development through several
federally-funded programs like the NIH BARIN initiative, have advanced the state of the art in
probe technology in terms of electrode count and structure, there still is significant room for
improvement and advancement. For many applications, a three-dimensional, high spatial
resolution neural recording and stimulation probe array is needed. One such application is in
mapping of the hippocampus with a seahorse shape (human brain) or ram’s horn shape (rat brain)
with extremely dense neuron cells and an arbitrary 3D shape. For decades, neuroscientists have
been deprived of a true 3D array with sufficient density and number of recording sites to
simultaneously access large number of dense neurons in an arbitrary volume due to technological

barriers.

1.5 Research Objectives and Thesis Contributions

The main goal of this research is to develop a new class of extremely dense, high-count, and
versatile electrode arrays for interfacing with neural structures. Such electrode arrays can provide
researchers with the ability to record from many thousands of neurons and to also potentially
reduce damage to tissue due to their small size. The developed fabrication technology and new
device structure will allow the fabrication of electrode substrates consisting of a large array of
sharp, long, and narrow electrodes, each of which can interface with the surrounding tissue in the
vicinity of its tip region. Each electrode can support one site for interfacing with tissue, and many
electrodes can be densely packed (with a spacing of >10um) since each electrode is extremely
small. This technology will also allow the user to design a multi-shank/electrode array with any
number of shanks placed in any arbitrary fashion on a substrate with any arbitrary shape. In
addition, the technology developed in this work will enable integration of optical waveguides and
microfluidic channels along with electrical recording/stimulation.
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The work in this thesis makes the following contributions:

Design and development of a fabrication technology for producing customizable three-
dimensional out-of-plane high-density high-aspect-ratio high-electrode-count electrode
arrays for neural recording and capable of manufacturing scalable (thousands and
eventually millions of electrodes) arrays of extremely dense (up to 2500 electrodes/mm?),
sharp and slender electrodes. This technology enables fabrication of customized
application-specific arrays of electrodes with various side-by-side shank length (tens of
micrometers to several millimeters), diameter (as small as 10 um), spacing (as close as 10
pum), tip shape and sharpness (submicron size with small opening angle) and arbitrary
distribution across the array. These are achieved by developing a number of techniques
including:
— Acustom-developed DRIE process to make deep high aspect-ratio thru-wafer holes
with controlled sidewall slope,
— A method of extending the thru-wafer holes depth by aligning and then fusion
bonding multiple silicon substrates already having holes etched in them,
— A process for conformal refilling of ultra-deep (mm-long) ultra-high aspect-ratio

holes with dielectric and conductive films,

Methods of forming the recording sites using self-aligned mask-less metallization

processes.

Design and fabrication of millimeter-long, narrow, sharp (submicron tip size), high-density
high-count silicon electrode arrays using the developed technologies. Arrays of electrodes
with various side-by-side length, density, cross-sectional size and distribution is fabricated

to demonstrate the technology capabilities in producing user-defined 3D electrode arrays.
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e The capabilities and limitations of the developed technologies is studied through theoretical

calculations, FEM simulations and experimental data. These includes:

— Investigation of the maximum electrode length for successful penetration through pia
mater and the underlying tissue,

— Capabilities and limitations of the developed DRIE process in obtaining ultra-deep
ultra-high aspect-ratio thru-wafer holes with controlled sidewall slopes,

— Limitations of the ultra-deep ultra-high aspect-ratio holes refilling process to predict
the upper limits of the holes aspect-ratio that can be refilled using the LPCVD process,

— Capabilities and limitations of the wafer bonding technique is studied and a number of
solutions are proposed to mitigate the bonding process challenges to increase the

maximum length of the electrodes.

e Verification of the developed SEA array functionalities by performing acute in vivo local
field potential (LFP) recordings in a rat barrel field cortex. The array was able to seamlessly
penetrate the pia mater and tissue with no tissue dimpling or electrode buckling thanks to
the sharp tip. Acute histology results showed successful penetration through the white
mater with no electrode bending or deviation.

e Development of a fabrication technology that enables realization of integrated multi-modal
probes. This technology is capable of integrating electrodes with electrophysiological,

optical and chemical recording and stimulation modalities.

In summary, the ultimate contribution of this research is the development of a new technology to
manufacture a user-definable 3D electrode array with electrode-count and volumetric spatial

resolution well beyond the state-of-the-art.
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1.6 Organization of the Thesis

Chapter 1 includes the motivation of this thesis, background and current status of Micro-Electrode
Arrays (MEAs) technology, research objectives and contributions of this thesis. Chapter 2
introduces a near-ideal neural probe features and presents a qualitative and quantitative design
approach to obtain an electrode array that provides the features of a near-ideal probe. Chapter 3
describes the fabrication technology used to produce a silicon-based penetrating three-dimensional
high-density high-count electrode array that is capable of realizing a near-ideal electrode array.
Chapter 4 presents the experimental results including fabrication results, characterization data and
acute in vivo studies results.  Chapter 5 provides details about unique features, potential
functionalities and limitations of the neural electrode array technology developed in this thesis.

Chapter 6 concludes the work and proposes future steps in this research.
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Chapter 2: Design of a Near-Ideal Implantable

Neural Electrode Array

2.1 Near-ldeal Implantable Neural Probe Features

Despite many research activities, we are still some ways from building an “ideal” probe. In fact,
the “ideal” probe for mapping the activities of individual neurons and neural circuits might not be
in reach for many more decades because the ideal probe needs to record from many neurons
through a 3D volume of tissue, and be able to achieve this with no damage. However, we can
come close to this ideal probe, and possibly produce a “near-ideal” probe with features that help

overcome the shortcomings of existing probes.
What are these desirable physical features for a ‘near-ideal” probe?

Figure 2.1 conceptually depicts this near-ideal probe for neuroscience and clinical applications,

including hippocampus mapping. Many applications require a probe with the following features:

1) Customizable user-defined design:

— Electrode count and distribution: control over electrode/shank count and distribution within
the volume being accessed,

— Electrode shank length: variable side-by-side shank length (L) to cover the irregular shape of

various brain regions and minimize tissue damage to regions lying above and within it;
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— Electrode density (spatial resolution): high spatial resolution in any arbitrary plane (P1) and in

depth (P2)

2) Insertion and tissue damage:

— Tip shape and sharpness: a sharp and well-defined tip that allows easy initial insertion into the
top tissue (pia), and further penetration into the underlying tissue (cortical mater);

— atapered cross section approaching the tip of the shank;

— small shank cross-section to minimize tissue damage and improve chronic stability;

3) Site positioning and placement: control over the position and placement of

recording/stimulation site positions following implantation;

4) Multi-modality: ability to record/stimulate electrically, and interface optically and chemically

through a single shank.

In other words, we want a probe which can provide a large array of individual electrodes with
controllable length, spacing, footprint, area distribution, shank and tip shape and sharpness.
Further, if the probe could provide an optical and chemical interface with the tissue in addition to

electrical recording/stimulation, many new results previously unattainable could be achieved.

Such a high-density array of electrodes capable of electrical, optical, and chemical interfacing with
a large number of neurons in tissue could help expand our fundamental understanding of brain
circuits in all of their complexity. The applications for such high-density, large-count, and multi-

modal probes are many.
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Figure 2.1: Conceptual illustration of a “near-ideal” probe for recording and manipulation of rat
hippocampal neurons: Hippocampus dense neurons require an electrode array with arbitrary-
shaped 3D spatial coverage with high spatial resolution in all dimensions. Py is the planar spatial
resolution and P is the in-depth spatial resolution which is obtained by varying the length (L) of
side-by-side electrodes. Changing of electrode length together with the small size shank and sharp
tip reduces tissue damage, thus improving chronic stability.

2.2 Design of a Near-ldeal Neural Probe

In this section, we will present a qualitative and quantitative design of a near-ideal neural electrode

array based on the guidelines described in the previous section.
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2.2.1 Electrode Array Structural Design and Spatial Coverage

As mentioned before, accurate mapping of complex brain neural circuits requires a neural interface
that can access many neurons in different layers and across various brain regions, therefore a true
3D electrode array is preferred. An example of such application is recording and manipulation of
hippocampal neurons as shown in Figure 2.1. A rat’s hippocampus has a 3D irregular ram’s horn
shape with high neuron density, therefore, a near-ideal neural probe should be capable of accessing
the neurons in 3D with high dexterity. One approach is to implant many planar electrodes
individually or through stacking method as developed by [52,55]; however, this results in increased
tissue displacement which negatively affects the chronic stability of the recording. Another
approach is to use a 3D out-of-plane structural design similar to Utah electrode arrays. The Utah
arrays only allow recording from the tip of the electrode shanks, therefore, are 2D or 2.5D (in
Slanted Utah array) arrays as shown in Figure 2.2 [61]. Furthermore, they do not really utilize any
of the precision microfabrication techniques, which limits how small, compact and dense it can
make an electrode array. Therefore, the desired electrode array structural design is a 3D out-of-
plane geometry with small and dense electrodes to cover many neurons in any 3D volume with

high spatial resolution and minimal tissue damage.

2D 3D

Quasi 3D (2.5D)

Figure 2.2: Spatial coverage of MEAs with various structural design [61]. Available out-of-plane
arrays such as Utah Array (UEA and USEA) provide 2D and 2.5D spatial coverage with low
resolution. An array of small electrodes with 3D and dense spatial coverage is desired.
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2.2.2 Customizability of Electrode Array

The human brain consists of many different regions and layers with different surface convolution,
neuron types, density and irregular-shaped tissues. Therefore, a neural electrode array design
should be tailored based on the application and the region of study. As an example, the
hippocampus has a seahorse or ram’s horn shaped tissue positioned across different depths of the
brain with densely packed neuronal structures [62-64] as shown in Figure 2.1. Thus, a near-ideal
neural electrode array technology should be capable of manufacturing arrays with various
electrode count, density, length, shank/tip size and distribution (layout). We will quantitatively
investigate the above design parameters (length, shank/tip size, density) and their practical

limitations in the following sections.

2.2.2.1 Electrode Geometry Effects on Insertion

Ideally, electrodes with minimum shank thickness (diameter) are preferred to minimize the tissue
response caused by glial scarring during insertion and post-implantation. Furthermore, electrode
shanks should provide sufficient mechanical robustness to survive various compression and tensile
forces during the insertion and post-implantation [24]. Mechanical failures that can possibly occur
during insertion of electrodes are bending/yielding, rapture, and buckling. For rapture to happen,
the axial force applied to the electrode tip should exceed the ultimate compressive strength.
Similarly, yield occurs when the applied stress to the electrode exceeds the maximum tensile yield
strength. In the case of an electrode during insertion into the tissue, rapture and yield are unlikely
to be responsible for mechanical failure as the ultimate compressive strength and the maximum
tensile yield strength are much larger than the critical buckling load [65]. Rapture and yield failures

mainly depend on the material properties while buckling failure is more dependent on the geometry
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of the electrode. In practice, buckling can prevent electrode penetration, insertion misalignment,
breakage or tissue fracturing [66]. Therefore, we focus on the critical buckling load to study the
effect of electrode geometry on insertion and to present a quantitative analysis of design parameters

such as shank diameter, length and tip size/shape using theoretical analyses and FEM simulations.

Critical buckling load (force) is the maximum load which a column can bear before buckling and
can be calculated using Euler’s column formula as shown in equation (1), where Per is the Euler’s
critical load, E is the elastic modulus, I is the relative area moment of inertia, L is the unsupported
length of the column and K is the column effective length factor. Any load larger than the critical
buckling load results in buckling failure. There are five buckling modes for a column which
determine the value of K in this formula. Based on the tissue insertion experiments done by
Marshall et. al [65], the buckling mode is shown to have boundary conditions of a column with
one end fixed and the other end hinged, therefore, the column effective length (K) value will be

0.7.

T2EI
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2.2.2.2 Finite Element Model (FEM) Simulation Results

In this section we will study the effects of geometry on the insertion of electrodes in the brain pia
mater and tissue using critical buckling load simulations in COMSOL Multiphysics 5.1.

(COMSOL, Inc., MA, USA).
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Setup

We have studied the effects of electrode geometry on tissue insertion using the linear buckling
analysis in COMSOL Multiphysics. Figure 2.3 shows the 3D and 2D images of the simulated
electrode geometry and materials in these studies which are chosen to represent the fabricated
electrodes described in chapter 3. As shown below, the electrode geometry consists of two parts,
a cylindrical base shank with length of Ly, inner radius of Ry, thickness of T, which sets the outer
radius to be (R1+T), and a top electrode part which has a conical shape with sharp tips for easier
penetration into brain tissue. The conical tip part has a length of L, with the base inner radius of
R2, outer radius of (R2+T) and tip radius of Rs. As mentioned in the previous section, for the
buckling load analysis a fixed-hinged boundary condition is chosen, meaning that the shank base
is fixed and the tip has a hinged boundary condition in the shank axial direction with no lateral
displacement as illustrated in Figure 2.4. Table 2 shows the material properties used in these

simulations.

2
b &

___________________
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Figure 2.3: 2D and 3D structure of modeled electrode geometry and materials in COMSOL
Multiphysics.
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Figure 2.4: Boundary conditions of linear buckling load analysis: Electrode shank base is fixed
while the electrode tip has a hinged boundary condition.

Material Young’s Modulus | Poisson Ratio Density (kg/mm?®)
Polysilicon 160 GPa 0.22 2320
SiO2 70 GPa 0.17 2200
SiaNa4 250 GPa 0.23 3100

Table 2: Material properties used in the buckling load analysis simulations.

2.2.2.2.1 Electrode shanks cross-sectional size (diameter)

Electrodes with minimum shank diameter are preferred to minimize the tissue response caused by
glial scarring during insertion and post-implantation. However, there is a tradeoff between shank
diameter and critical buckling load, i.e., thinner shanks have a smaller critical buckling load which
makes them more susceptible to buckling failure. In this section we use FEM simulations to study
the effect of the shank diameter on the critical buckling load to determine the minimum shank
diameter required for successful insertion into the pia mater and the brain tissue underneath it. In

this simulation the values shown in Table 3 are used for the shank geometry.
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Neural electrode insertion forces through the pia mater of a rat brain have been measured to be
approximately 0.5 to 2 mN in different studies using various electrode geometries and materials
[67-75]. Penetration forces are highly dependent on the electrode tip shape, size and sharpness,
with larger tips exhibiting larger penetration forces [67-75]. Also tips with larger opening angle
require higher forces for penetration [67]. The opening angle is the acute angle of the probe tip
from edge to edge as shown in Figure 2.5 [75]. Probes with tip opening angles of <20° have shown
easy penetration through dura without dimpling, while probes with opening angle of >40° have
exhibited difficult dura penetration [75,76]. Other studies using silicon probes have shown the
significance of tip opening angle on the insertion forces, as reducing the tip angle has reduced the

penetration forces exponentially [ 73,75].

Figure 2.5: The electrode tip opening angle is defined as the acute angle of the tip from edge to
edge [75]. Smaller tip opening angle results in smaller insertion force and easier penetration.

Patel et al. [65] demonstrated insertion forces of 780 uUN for 6.8 um diameter Carbon fiber
electrodes with blunt tips which means the required stress for successful penetration through mater
to be around 20 MPa. Najafi et al. reported the rat pia penetration stress to be between 0.04

mN/pm? and 0.12 mN/um? for Michigan probes with a cross-sectional area of 900 um? and 1200
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um? respectively with the tip opening angle of 60°[77]. Jensen et al. used various tapered probes
with different tip opening angles and shank diameters to measure the pia penetration forces in rats.
They reported penetration forces of 0.48-1.15 mN for various electrodes [67]. The closest probe
used in this work to our structure was a tungsten electrode that was manually electro-sharpened
with an opening angle of 4° and shank diameter of 50 um. This probe exhibited a penetration force
of ~0.62 mN [67]. The probe structures used in our simulations have an opening angle of 3° which
is very close to the tungsten electrode in [67]. Although Jensen’s shank diameter is much larger,
the size and shape of the tip is the main determining factor for estimating penetration forces and
buckling loads. Therefore, we assume the required pia penetration forces to be 0.62 mN, although
we expect it to be smaller for our probe as the shank diameter is smaller. This is a very conservative

but safe assumption for determining the penetration forces and critical buckling load values.

As shown in Table 3, the R: and R values are changed in the range of 6-10 um and 2-5 pm,
respectively, and the critical buckling load is simulated for all the combinations of these values.
Figure 2.6 shows the simulation results for the critical buckling load values for various
combinations of R1 and R2 values. To ensure successful penetration, the critical buckling load
should be larger than 0.62 mN. The Ry, R2 value combinations that satisfy this criteria are marked
by dashed lines in the plot. Figure 2.7 shows the simulated critical buckling load values for
electrode structures with smaller R1, R2 values. These results (Figure 2.6 and 2.7) show that the
minimum Ri, Rz values that show critical buckling load of >0.62 mN are 5 pm and 5 pum,
respectively. Figure 2.6 clearly shows that the radius of the conical tip base (R2) has more effect
than the cylindrical shank base inner radius (R1), as changes across the y-axis of the plot is more

significant than changes across the x-axis.

27



Cylindrical Base Length (L1) 1000 pm
Conical Tip Length (L2) 200 pum
Shank Thickness (T) 4 um
Tip Radius (Rs) 0.5 um
Base Inner Diameter (R1) Swept [6-10 um]
Tip Base Diameter (R2) Swept [2-5] um]

Table 3: The electrode geometry parameters used in the buckling load simulations. The effect of
cylindrical base and conical tip base diameter on critical buckling load is investigated by varying
the R; and R values.
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Figure 2.6: Simulation results of critical buckling load of electrodes with various R1 and R values.
The marked area with dashed line represents the electrode R1 and R values that exhibit critical
buckling load larger than 0.62 mN.
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Figure 2.7: Simulation results of critical buckling load of electrodes with equal R1 and R values.
The marked area in green shows the electrode R1 and Rz values that exhibit critical buckling load
larger than 0.62 mN.

These simulation results suggest that to obtain critical buckling loads of larger than 0.62 mN to

ensure successful pial penetration, R1 and Rz should be > 5 um.

Figure 2.8 demonstrates the effect of R1 and R values on the electrode buckling shape and von
Mises stress distribution along the electrode at the critical buckling load applied to the tip of the
electrode. As shown, in electrodes with smaller Rz, buckling mainly occurs at the conical part of
the tip and since this part has a smaller diameter, the critical buckling load will be much smaller
compared to an electrode with larger R>. Also, the stress concentration at the tip with equal applied
force (load) will be much higher in electrodes with smaller R and makes it more susceptible to

buckling and breakage.

As mentioned before, smaller shank cross-sectional size is desired, however, different applications

require electrodes with various lengths, and there is a tradeoff between electrode length and the
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critical buckling load. Therefore, to determine the minimum Rz and Rz values, we have performed
linear buckling load simulations on electrodes with various lengths. These simulations suggest the
smallest cross-sectional sizes to obtain electrodes up to 5 mm long that have critical buckling load
of lager than 0.62 mN are Ry >9 um and R> > 5 um. The details of these results will be discussed

in the next section.

To reduce the stress concentration factor around the stepped shank and improve the mechanical
robustness, values of R1 and R> are chosen closer for a smoother transition [4] as shown in Figure
2.9. Ideally, electrodes with R1 = R are desired, however due to fabrication technology challenges
(discussed in chapter 5), R1 has to be larger than Rz. Therefore, R1 =9 pum and Rz =5 pm are the
minimum sizes to satisfy the critical buckling load conditions, technology limitations and reduced

tissue displacement by minimizing the cross-sectional sizes.

2.2.2.2.2 Electrode Shank Length

The length of the electrode is another parameter that determines the shank critical buckling force,
meaning that longer electrodes exhibit smaller critical buckling force. Depending on the species
and the target brain region, electrodes with shank length of 0.2 mm to 100 mm are needed [75].
Using the values obtained for R1 and R2 in the previous section, we simulated the critical buckling
force of electrodes with various L1, Lo, Ry and R values to obtain a safe range of electrode length
that ensure successful rat brain pial penetration without buckling and breakage. In this simulation
the following values are chosen for the shank geometry. Figure 2.10 shows the simulation results
of the critical buckling load for various combinations of L1, Lo and Ry = Rz = 5um values. These
results show that for electrodes with R1 = R2 = 5um, the maximum length to obtain critical buckling

load larger than 0.62 mN is very limited (<3mm) which limits the electrode array neural
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applications. Figure 2.11 shows simulations results of critical buckling load of electrodes with R1
=7 pum, R2 =5 pm and various L1 and L values. As shown, the maximum length to obtain critical

buckling load larger than 0.62 mN is limited to 4mm.

Figure 2.12 results show that for electrodes with cross-sectional sizes of R1=9 um, R> =5 um,
the length can be increased to 6 mm and still obtain critical buckling load of > 0.62 mN. For most
neural applications, in particular, in rodent species, these lengths are sufficient. These simulation
results also suggest that the best way to obtain sufficiently large critical buckling load for long

electrodes is to keep the conical part length (L2) short, as this part has the smaller thickness.
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Figure 2.8: Electrodes buckling shape and von Mises stress distribution along the electrodes with
various R1 and R sizes at critical buckling loads.
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Figure 2.9: Theoretical stress concentration factor (K) for round shafts with shoulders with various
D, d and r sizes. As shown, smoother transition at the shoulder (more beveling with larger r)
reduces the stress concentration. Also, the stress concentration is reduced for shafts with smaller
D/d [4].

Cylindrical Base Length (L1) Swept [1-12 mm]
Conical Tip Length (L>) Swept [0.2-0.3 mm]
Shank Thickness (T) 4 um
Tip Radius (Rs) 0.25 um
Base Inner Diameter (R1) 57,9 um
Tip Base Diameter (Rz) 5um

Table 4: The electrode geometry parameters used in the buckling load simulations. The effect of
cylindrical base and conical tip base length (L1 and L) and base inner diameter (R1) on critical
buckling load is investigated by varying the L1, L> and Ry values.
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Critical Buckling Load
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Figure 2.10: Simulation results of critical buckling load of electrodes with Rt = R2> =5 pum and
various L1 and L values. As shown, in electrodes with R1 =5 pum, the maximum length to obtain
critical buckling load larger than 0.62 mN is very limited (<3mm) which limits the electrode array

neural applications.

Figure 2.13 visually demonstrates the effect of L1 on the electrode buckling shape and von Mises

stress distribution along the shank. As shown, in electrodes with smaller L1, buckling mainly

occurs at the conical part since this part has a smaller diameter, while for longer electrodes,

buckling occurs along the longer cylindrical part of the shank.
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Figure 2.11: Simulation results of critical buckling load of electrodes with R1=7 um, R, =5 um
and various L1 and L values. As shown, the maximum length to obtain critical buckling load larger
than 0.62 mN is limited to 4mm.
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Figure 2.12: Simulation results of critical buckling load of electrodes with R1=9 um, R2 =5 um
and various L1 and L values. As shown, electrodes with these cross-sectional sizes and as long as

6 mm can exhibit critical buckling load of larger than0.62 mN which is sufficient for many neural
applications.
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Figure 2.13: Effect of electrode length on the buckling shape and von Mises stress distribution
along the shank. In shorter electrodes buckling mainly occurs along the conical part of the tip while
in longer electrodes, buckling is more evident along the cylindrical part of the shank.

2.2.2.2.3 Electrode Shank Tip Diameter

Another parameter that determines the penetration force is the tip shape, sharpness and size. Blunt
tips, conical tips with larger opening angles, and tips with larger diameter exhibit higher
penetration forces which results in dimpling and increased tissue damage. In our design, we focus
on sharp tips with various tip diameters. We have simulated the critical buckling load of electrode
shanks with various length (L1) and tip diameter ranging between 0.5um and 4 pum as shown in
Figure 2.14. These results show that electrodes with smaller tip diameters (sharper tips) have a
smaller critical buckling load. This is due to the fact that the conical tip part base has a fixed
diameter (R2) and reducing the tip diameter (R3) will reduce the diameter along the conical tip part,
therefore, lower forces are sufficient to cause buckling of the conical part close to the tip as shown
in Figure 2.15(A). However, it should be noted that in these simulations, in order to calculate the

critical buckling load, it is assumed that the electrodes are prevented from penetrating the pia. This

35



assumption is required for critical buckling load calculations. In practice, electrodes with smaller
tip size require smaller insertion force and therefore are less susceptible to buckling failure despite
having smaller critical buckling load. In other words, the results shown in Fig. 2.14 should not be

considered as the required penetration forces for various electrode tip sizes.

Figure 2.14 also suggests that by increasing the electrode length, the critical buckling load is
mainly determined by the electrode length and therefore a decrease in critical buckling load is
observed as the electrode length is increased as shown in Figure 2.15(B). In other words, in longer
electrodes, buckling occurs at lower insertion forces due to buckling at the long cylindrical part of
the shank while in shorter electrodes, buckling occurs at the conical tip where it has a smaller
diameter and is more prone to buckling. These results suggest that to obtain critical buckling load

of larger than 0.62 mN the tip size should be larger than 0.6 um.
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Figure 2.14: Simulated critical buckling load values for electrodes with various tip size and length.
Electrodes with tip diameter > 0.6 um for various lengths exhibit sufficient critical buckling load
for successful pial penetration.
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Figure 2.15: Effect of electrode tip size and length on critical buckling load: (A) Effect of tip
diameter on the buckling of electrodes, as shown reducing the tip diameter results in reduced
thickness of the conical tip section and therefore larger buckling close to the tip. (B) Effect of
electrode length on the buckling of electrodes, in longer electrodes the buckling occurs along the
long cylindrical base of the electrode whereas in short electrodes the buckling mainly occur along
the conical tip section.

2.2.2.2.4 Electrode Penetration through Pia Mater Simulations

In this section we study the penetration of an electrode through the rat brain pia mater using a
finite-element model. Figure 2.16 shows an axisymmetric indentation model of a layered structure
developed in COMSOL 5.3a. The model consists of three components, an electrode, a thin elastic
layer representing the pia mater membrane and an elastic bulk material representing the brain tissue
beneath the pia. The electrode geometry parameters obtained in previous sections are used in this

simulation as shown in Table 5.
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Cylindrical Base Length (L1) 1 mm
Conical Tip Length (L2) 0.15 mm
Shank Thickness (T) 4 um
Tip Radius (R3) 0.3 um
Base Inner Diameter (R1) 9 um
Tip Base Diameter (R2) 5 pum

Table 5: Electrode geometry parameters used in the pia mater penetration simulations.

The pia layer 3D model is a cylinder with a thickness of 10 um and diameter of 1 cm. Similarly
the brain tissue has a cylindrical structure with height and diameter of 5 mm and 1 cm respectively.
Table 6 presents the material properties used in the brain model to accurately match the rat brain
structure [75, 78-81]. To examine whether the electrode can successfully penetrate through the pia
layer without buckling, we applied a force at the other end of the electrode and simulated the von
Mises stress distribution through the pia layer volume. The applied force is chosen to be below the
electrode critical buckling force. Based on the linear buckling simulation results obtained in
previous sections, the critical buckling load of the electrode used in this simulation is around 665
MN. Therefore, we applied a load much smaller than the critical buckling load (100 uN) to the
electrode to prevent buckling. Figure 2.17 shows the von Mises stress distribution in the 3D model
of the electrode-pia-tissue structure. These simulations show that the pia layer stress reaches as
high as 120 MPa which is much larger than the required stress needed for penetration through pia
(40 MPa) as reported in [67, 77, 82]. Therefore, this model predicts the designed electrode is
capable of penetrating the rat pial membrane without buckling. Also, the small volumetric stress
concentration is a sign of minimal dimpling and tissue stress which demonstrate the importance of

tip size and sharpness.
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<+«— Electrode

Figure 2.16: An axisymmetric model of layered structure representing a rat brain tissue, pia mater
layer, and a penetrating electrode. The electrode geometry parameters and tissue properties used
in the simulation are shown in Table 5 and 6 respectively.

Material Young’s Modulus | Poisson Ratio Density (kg/mmq)
Pia Mater 15.8 MPa 0.45 1130
Brain Tissue 30 kPa 0.45 1050

Table 6: Material properties used in the brain model to accurately match the rat brain structure
[75, 78-81].
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Von Mises Stress (N/m?)

Figure 2.17: Von Mises stress distribution in the 3D model of the electrode-pia-tissue structure.
By applying a 0.1 mN load the pia layer stress reaches as high as 120 MPa which is much larger
than the required stress needed for penetration through pia (40 MPa). Therefore, this model
predicts the designed electrode is capable of penetrating the rat pia membrane without buckling,
also, the small volumetric stress concentration is a sign of minimal dimpling and tissue stress
which demonstrated the importance of tip size and sharpness.

2.3 Conclusions

In this chapter, the features of a near-ideal neural interface technology are described and used as a
guideline to design and develop a new electrode array technology. These features include:

. Control over electrodes length, count, distribution and density across the electrode array to
obtain 3D spatial coverage.

« High spatial resolution in any arbitrary plane to obtain high-density large-scale electrode
arrays.
« Small cross-sectional size with tapered shank sidewalls profile approaching an ultra-sharp

tip to minimize tissue damage during and post implantation.
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« Multi-modal recording and stimulation of neurons using electrophysiological, optical and

chemical methods.

FEM simulations were used for analysis of electrode insertion through the rat brain pia mater using
critical buckling load simulations in COMSOL Multiphysics. The simulation results suggest a
minimum inner diameter of 10 um and 14 pum for the base of the cylindrical and conical parts,
respectively, and maximum length of 6 mm to ensure pial penetration without buckling. In these
simulations the pial penetration force is assumed to be 0.62 mN based on the values reported in
literature for other electrodes with very similar tip shape and size.. Using these results, the final
electrode geometry was determined (length of 1.2 mm, base outer diameter of 22 um with sharp
submicron tips) which showed successful pia penetration with insertion forces well below the
electrode critical buckling load. These electrode design parameters were used for the electrode

array as discussed in the following chapters.
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Chapter 3: Fabrication Technology

3.1 Introduction

As explained in the previous chapter, many different kinds of multi-channel electrodes are
available today, utilizing different fabrication technologies. One can categorize these fabrication
technologies into two broad classes. One utilizes assembly and manipulation of individual
electrodes (such as carbon fibers or microwire bundles) to fabricate the final array structure. This
approach could work well when making only a few complete systems, and where high precision
is not needed in either making the individual electrodes (e.g., control of dimensions, tip shape,
sharpness, etc.), or in controlling the features of the multi-electrode array (e.g., minimum distance
between electrodes, distribution pattern of electrodes). Although some of these aspects could be
better controlled using mechanized tools, ultimately these systems are limited to at best a few
thousand electrodes, and provide limited precision and control for applications that require such
precision. The second approach relies on planar microfabrication technologies, such as those used
for semiconductor electronics fabrication. This approach provides excellent control over device
dimensions, material properties, and pattern and shapes on a two-dimensional plane. Anything
that can be fabricated on a silicon wafer, can be fabricated with precision and extreme control and
freedom over layout and shape. The main drawback of this approach is that anything that needs
to have a third dimension and be thicker than ~0.5mm (which is the thickness of a standard 4”
diameter silicon wafer) cannot be fabricated in silicon. The Utah electrode array is the only silicon

3D array not needing assembly following fabrication. However, it does not really utilize any of
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the precision microfabrication techniques, which limits how small or compact and dense it can

make an electrode array.

The fabrication technology developed in this work (SEA technology) will allow us to combine the
best features of both of these approaches. The SEA technology can radically increase the density
and count of these electrode arrays. We have developed a technology capable of fabricating
electrodes with a diameter of less than 10-20 um near the bottom and less than 1um at the tip, with
lengths as large as several millimeters. An areal density of more than 400 electrodes/mm? is
obtained which can be increased to densities as high as 2500 electrodes/mm? assuming a diameter
of 10 um and spacing of 10 um between electrodes. Although such a dense array could displace
as much as 25% of the tissue and thus not desirable in many applications, the technology is still
capable of producing such an array, thus providing the user complete freedom in designing the
pattern and distribution of these electrodes for a given application. The fabrication technology
does not change, only the layout that the user defines on photolithographic masks used to produce
the array will have to be modified. The technology is capable of producing electrodes as small as

a few microns in diameter and several millimeters long.

3.2 Sea of Electrodes Array (SEA): Fabrication Technology

In this section, we will describe in detail the fabrication technology to produce silicon-based micro-
electrode arrays. The SEA manufacturing process employs a scalable technology to fabricate a
new generation of 3D arrays with high-density high-electrode-count neural recording electrodes
made from silicon. To overcome the shortcomings and issues of previously reported arrays, a
fabrication process based on refilling deep ultra-high aspect-ratio holes in a silicon substrate with

deposited layers followed by etching away the support substrate to leave thousands and eventually
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millions of electrodes, is developed. In the following sections of this chapter, first we describe the
refilling-based technology to make conical micro-needle electrodes and then we present a

fabrication process to obtain millimeter-long functional electrodes for neural recording.

3.2.1 Refilling Technology

Figure 3.1 shows an overview of the refilling-based fabrication technology. Details of each step
are discussed in the following sub-sections. The fabrication process begins with a custom high
aspect-ratio deep reactive ion etching (DRIE) of holes in a p-type (100) silicon wafer (Figure
3.1A). DRIE Aspect Ratio Dependent Etching (ARDE) effect and DRIE lag effect are utilized to
obtain a tapered profile at the bottom of the holes, which is required to obtain electrodes with
conical shape and sharp tips. These holes are then refilled with multiple layers of low-pressure
chemical vapor deposited (LPCVD) films to form the electrode conductor and insulator layers. In
the current process, we deposit the following layers in order: 1) a sacrificial polysilicon layer
(which is etched away in the final structure) of a few microns in thickness to reduce the hole
diameter and thus the final needle shank diameter (Figure 3.1B); 2) a composite layer consisting
of LPCVD Oxide-Nitride-Oxide (ONO) to form the outer insulator of each individual electrode
(Figure 3.1B); 3) a second LPCVD polysilicon layer that is highly doped to form the conductive
core of the electrode (Figure 3.1C); and 4) a second LPCVD ONO inner insulator layer (Figure
3.1C). The ONO insulator layers are used for electrical insulation and protection of the n-type
polysilicon layer in the following wet etching of the silicon substrate needed to reveal the
electrodes. At this point the holes refilling step by LPCVD layers is completed and the top surface
of the wafer is flat. The top dielectric ONO layers are removed selectively to provide electrical
access to the core polysilicon conductor and a metal layer is deposited in these contact regions to
create pads for electrical connection to each of the sites (Figure 3.1C). In Figure 3.1 we only
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show one individual electrode. Needless to say, the process can form hundreds of thousands of
these needles side by side. The next step is to expose the tip and coat it with a conductor to form
the recording/stimulation site. This is achieved by doing a maskless blanket silicon plasma etch
to expose the electrodes and then using an oxynitride RIE etch to expose only the tip by etching
the outer ONO layer and metallizing the tip, typically with gold, using a double-layer lift-off
technique (Figure 3.1D). Details of the tip dielectric etching and metallization are discussed in the
following sections. Next, a wet silicon etchant such as EDP is used to dissolve the substrate and
sacrificial polysilicon, leaving behind insulated and instrumented electrodes (Figure 3.1E). The
details of the above process steps are discussed in the following sections. It is noted that another
research group [113] had proposed and fabricated an electrode array using the RIE and refill
technology to refill 250 um deep and 5-10 um diameter holes in silicon substrates using LPCVD
tungsten (W) films to make an electrode array for extracellular in vitro application. However, this
technology is not capable of producing the implantable and dense arrays that are needed for cortical

applications.
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Silicon Substrate Poly-Si 0O-N-O Metal (Cr/Au)

Figure 3.1: High-density high-electrode-count probe array fabrication technology. (A) Deep ultra-
high aspect-ratio DRIE of <25um diameter holes, DRIE lag effect is utilized to get tapered profile
at the bottom of holes which is required to obtain sharp electrode tips. (B) Refilling of holes with
multiple low-pressure chemical vapor deposited (LPCVD) films: 1- sacrificial polysilicon to
reduce shank thickness, 2- outer oxide-nitride-oxide (ONO) insulator. (C) n-type polysilicon and
ONO LPCVD as the electrode conductive core and the inner ONO insulator layer respectively
followed by Contact pads patterning on wafer top to electrically access the electrode conductive
core. (D) Maskless DRIE of silicon substrate to expose the electrodes followed by RIE etching of
the ONO layer at the tip to expose the n-type polysilicon and electrodes tip metallization using a
lift-off process to form ohmic contact to obtain proper impedance required for electrophysiological
recording. (E) Dissolving the substrate and sacrificial silicon by EDP etching.

3.2.1.1 Deep High-Aspect-Ratio DRIE

A customized fixed-parameter DRIE recipe is used to form the deep high-aspect-ratio holes. It
also utilizes DRIE lag effect [83-85] to taper the bottom of the holes to form sharp tips (Fig. 3.1A).
Tip sharpness is critical for array implantation into the brain tissue, for reducing tissue damage
and consequently increasing chronic stability as discussed in the previous chapter. We used an

inductively coupled plasma (ICP) STS Pegasus etcher to conduct all the experiments. The standard
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recipe has fixed process parameters throughout the etch. The deposition sub-cycle is 2 seconds
long with a 13.56 MHz ICP power of 2000 W, pressure of 24 mTorr, and C4Fg flow of 250 sccm.
The etch sub-cycle is 2.6 seconds with the ICP power at 2800 W, 380 kHz RF bias power at 60 W,
pressure at 30 mTorr, SFe flow at 390 sccm, and Oz flow at 39 sccm. Table 7 shows the DRIE

process parameters used to make deep holes with tapered sidewall profile.

To obtain the deep etching with tapered profile and converged sidewalls to form a sharp tip, the
DRIE process is performed for 210 minutes to ensure it has reached its limits due to DRIE lag
effect. A thick oxide hard mask along with a thick photoresist film was needed to provide sufficient
masking materials for the long DRIE process. As shown in Figure 3.2, ~10 um-thick SPR220 (7.0)
photoresist in addition to 2 um-thick SiOz layer is used as the DRIE mask materials. Circular holes
with different diameters ranging from 15-35 um are etched with the fixed-parameter recipe. As
shown in Figure 3.3, 15 pm and 25 pum holes are etched to <400 pum and 482 um within 210 min
respectively. The 35 um holes, however, are etched all the way through the wafer (~550 pm).
Tapering and convergence of sidewalls are observed at the bottom of the holes. Since the holes
converge to submicron points at the very bottom, sharp points cannot observed by cleaving the
silicon wafers. Due to the ion flux and ion energy dependency on in-plane aspect-ratio (&/@ for
holes and L/W for trenches), obtaining high-aspect-ratio in hole/via etching is more difficult than
etching a trench with the same width as the hole diameter. After DRIE processing is done, the

remaining photoresist/oxide mask layer is stripped before the following LPCVD films depositions.
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Etch Passivation
DRIE Recipe
380 kHz Bias Power | Step Time Pressure Step Time Pressure
(Watt) (s) (mTorr) (s) (mTorr)
Fixed 60 2 30 2.6 24
Time 210 min

Table 7: DRIE process parameters (fixed-parameter recipe) used to make deep holes with
tapered sidewall profile.

~10 pm

meI

After
Patterning

m—)

Figure 3.2: DRIE masking material used for ultra-deep high-aspect-ratio long DRIE processes.

210 min Hole DRIE Hole Diameter: 35 um Hole Diameter: 15 um
Hole Diameter: 25 um - Etch Depth: 482 um Etch Depth: 392 um

482um

Figure 3.3: SEM images of holes with various diameter etched for 210 min with the fixed-
parameter process. The bottom of the holes converges to a sharp point and etch is terminated.
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3.2.1.2 Refilling Holes with LPCVD Films Deposition

To obtain high quality, conformal and uniform deposition inside the deep high aspect ratio etched
holes, low pressure chemical vapor deposition (LPCVD) is used. LPCVD is a chemical vapor
deposition technique that uses heat to initiate a reaction of a precursor gas on the solid substrate to
form a solid phase material. In LPCVD, the substrates are usually heated and the reactions occur
as gas species hit the substrate, therefore, the deposited films have very high quality and
uniformity. The low pressure environment in the LPCVD process reduces the unwanted gas phase
reactions and collisions, therefore, gas species reach all area, even narrow gaps and channels,

which results in a uniform and conformal deposition.

The following LPCVD depositions are done to form the electrodes structural materials:

1- Sacrificial Layer: A 4 um-thick polysilicon as the sacrificial layer to reduce the final electrode

shank diameter,

2- Outer Insulator Layer: An oxide-nitride-oxide (ONO) composite layer with a total thickness
of 1.25 pm as an electrical insulation layer and a protective layer (etch stop) in the following wet

silicon etching process.

3- Conductive Core Layer: An n-type in-situ doped polysilicon layer with a thickness of 2 um

as the electrode conductive core.

4- Inner Insulator Layer: Another oxide-nitride-oxide (ONO) insulator layer as the inner

insulator and etching protection layer with a total thickness of 1.25 pm.
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Figure 3.4 schematically depicts the deposited LPCVD layers relative position inside the etched

holes. Table 8 presents the LPCVD process details used to deposit the above films.
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Silicon Substrate Poly-Si O-N-O Metal (Cr/Au)

Figure 3.4: Deposited LPCVD films to refill the etched holes. Polysilicon is used as the sacrificial
layer, ONO is used as the insulation and etch stop layer, and doped polysilicon is used as the
conductive core.

LPCVD Pressure | Temperature | Process Gas Deposition Dep. Avg. Film Deposition Avg
Process (mT) (°C) Gases Flows | Time (min) Rate Thickness Non- Stress
(sccm) (A/min) A uniformity% | (MPa)
Polysilicon 220 585 SiH4 85 910 44 ~ 40000 1.22 +288
HTO 350 900 DCSIN:O | 60/120 135 37 ~ 5000 1.90 -170
Nitride 200 800 DCS/INHs | 50/150 47 53 ~ 2500 1.66 +1076
N-type 300 585 SiHi/PH, 70/30 606 33 ~ 20000 0.84 +335
Polysilicon

Table 8: LPCVD process parameters used to deposit the polysilicon, high temperature oxide
(HTO), silicon nitride and n-type polysilicon layers.
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3.2.1.3 Electrode Tip Metallization and Releasing the Electrodes

Figure 3.5 illustrates on approach for tip metallization to form the recording sites discussed earlier.
This tip metallization process begins with a mask-less short (10 min) standard DRIE process to
etch the silicon substrate and expose a certain length of the electrode tips (Figure 3.5 A). Next, the
outer ONO layer is etched using an oxynitride RIE etch to expose the n-type polysilicon at the tip
(Figure 3.5B). Next a blanket deposition of a 2 um-thick Al layer is done using sputtering to obtain
good step coverage and sidewall deposition (Figure 3.5C) followed by photoresist coating and
reflow to expose the sharp part of the tip. The PR reflow process is done on a hotplate at 115 °C
for 20 minutes in atmospheric pressure (Figure 3.5D). Next, an oxygen plasma etch is carried out
to remove the thinner parts of the PR layer on the tip exposing the Al layer (Figure 3.5E). The tip
Al layer is then over-etched to form undercut in the Al layer underneath the PR which will facilitate
the lift-off process later (Figure 3.5F). Next, a Cr/Au layer is deposited on the electrode tips using
an evaporator. This tip metallization process is finished by a lift-off process to etch away the Al
and PR layers. Figure 3.6 shows the SEM images of the electrode tips throughout this tip

metallization process.
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A) Electrode exposing

B) Outer ONO etch
to expose N-Poly

. . . C) Thick Al deposition
M

D) PR coating and reflow
to expose the tip Al layer

. Silicon Substrate

Aluminum

E) Oxygen Plasma to etch
the thinner PR layer parts

F) Tip Al over-etching to
form undercut under the
PR layer

G) Cr/Au deposition using
evaporation technique

H) Al and PR lift-off

N-type Polysilicon

Site Metal Layer (Cr/Au)

Figure 3.5: Electrode tip metallization process to form the recording sites. (A) Exposing the
electrode tips using a maskless short DRIE to etch the silicon substrate, (B) exposing the n-type
polysilicon layer at the tip by etching the outer ONO layer, (C) thick Aluminum layer deposition
using sputtering as the sacrificial layer, (D) PR spin coating and reflow to expose the tip Al layer,
(E) oxygen plasma etching to remove the thinner PR layer on the exposed tip, (F) over-etching of
the tip Al layer to form an undercut under the PR layer, (G) recording site metal layer (Cr/Au)
deposition using electron-beam evaporation technique, (H) Al and PR layers lift-off using wet

etching in Al etchant.
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Exposed
N-Poly

Figure 3.6: SEM images of the electrode tips throughout the tip metallization process. (A)
Electrode tips exposing after etching the first few tens of microns of the silicon substrate, (B)
exposing the n-type polysilicon layer at the tip, (C) after thick sacrificial Al layer deposition, (D)
After PR coating, reflow, oxygen plasma etching and Al over-etching, the undercut under the PR
is evident in the SEM image, (E) electrode tips is metallized after Cr/Au layer deposition and lift-
off.

In order to release the electrodes, the thick silicon substrate needs to be removed while electrodes
remain intact, therefore, an etching technique with ultra-high selectivity between silicon and
oxide/nitride etching is needed. Most dry etching techniques have oxide/nitride etch rates
comparable to silicon etch rate, and are not suitable for this application. Anisotropic wet silicon
etching processes such as KOH, TMAH and EDP however, exhibit very high selectivity between

silicon and oxide/nitride etching. We used Ethylenediamine Pyrocatechol (EDP) etching technique
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due to its high etch selectivity and etch rates. We measured the EDP etch rate for silicon to be

around 80 pum/hour at 115 °C while it does not etch oxide or nitride at any appreciable rates.

This tip metallization process resulted in a low yield (<5%) due to a number of reasons. First, in
most high-density arrays (with 50 um pitch), because the photoresist has high viscosity it covers
the entire surface of the dense array of tips. This will prohibit exposing the tips by oxygen plasma
etching (Figure 3.5 D and E) and result drastically lowers the lift-off yield as shown in Figure 3.7.
Second, the tip metal layer was delaminated after the EDP etching step as shown in Figure 3.8.
This could be due to the poor adhesion of Cr/Au layers to the electrodes surface which can be
improved by further cleaning of the electrodes before site metal deposition step. Although using
this process, the recording site surface area can be accurately controlled, this metallization process
is only compatible with arrays of electrodes with the same height (length), therefore another
recording site formation process is developed to be used for arrays with variable electrode lengths

as described in section 3.2.2.3.

Al and Cr/Au layers

10.0kV 29.5mm L-x700 200um

Figure 3.7: Lift-off process failure: poor conformal coverage of high-density electrodes with
photoresist layer prohibits exposing the tips by oxygen plasma etching which is based on the
difference of the photoresist thickness at the tips and the bottom surface.
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10.0kV 30.1mm L-x600

Figure 3.8: Delamination of the tip metal layer during the releasing process (EDP etching) which
is mainly due to the poor adhesion of metal layers to the electrode surface.

3.2.2 Modified Process to Obtain Millimeter-long Electrodes

Human Brain neural recording/stimulation applications require electrodes with lengths of 1 to 100
mm [75], while centimeter-long probes are needed mainly for reaching deep structures in human
subjects, millimeter-long probes are needed even for non-human subject. In the fabrication process
presented in Figure 3.9, the electrode length is defined by the DRIE Aspect-Ratio Dependent Etch
(ARDE) and DRIE lag effects, therefore, for opening holes with a diameter of <30 um, the
electrode length is limited to ~500 pum. In order to obtain neural arrays with millimeter-long
electrodes, we have developed another novel process which is based on bonding of multiple silicon
wafers. This approach starts with preparing multiple separate wafers containing through-wafer
etched holes using a special ultra-deep high-aspect-ratio DRIE process (UDRIE) as described in
the following section. One wafer is etched using the custom DRIE recipe described in the previous

section to utilize the DRIE lag effect to form the tip shape and sharpness (Figure 3.9 (a)). This
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and all other wafers are bonded to form mm-deep holes as shown in Figure 3.9 (b). These long
holes are again refilled with the same fabrication process described in Figure 3.1 to obtain mm-

long electrode arrays. The details of each one of these steps are discussed in the following sections.
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Figure 3.9: Fabrication of millimeter-long needles: (a) Process starts with preparing multiple
separate wafers containing through-wafer etched holes using ultra-deep high-aspect-ratio ramped
recipe and one wafer etched using a custom DRIE recipe to utilize the DRIE lag effect to form the
tip shape and sharpness. (b) Next, all the wafers are bonded to form a mm-deep hole, (c-€) then
the holes will be refilled with the same fabrication process described in Fig. 3.1 to obtain mm-long
electrode arrays.

3.2.2.1 Custom-Developed Ultra-Deep Ultra-High Aspect-Ratio DRIE Recipe (UDRIE)

We have developed a modified DRIE process to minimize the standard DRIE process
shortcomings (ARDE induced tapered sidewall/etch termination/DRIE lag, and pattern
dependency) presented in the previous section. Ultra-deep ultra-high AR features with controlled

sidewall slope are obtained by dynamically ramping the Bosch DRIE process parameters [83-83].
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This section will present detailed description of this modified DRIE process with ramped process

parameters and comparison with the standard fixed-parameter recipe.

We use an inductively coupled plasma (ICP) Surface STS Pegasus etcher to conduct all the
experiments. Standard DRIE recipes have fixed process parameters throughout the etch step. The
etcher is operated at 13.56 MHz ICP power level of 2800 W and 380 kHz RF bias power at 60 W
in the etch sub-cycle and 2000 W ICP power in the passivation sub-cycle. C4Fg and SFs gas species
are alternated between the passivation and etching steps at 24 mTorr and 30 mTorr chamber
pressure, respectively. Holes with different diameters ranging from 15-35 pum are also etched with
the standard fixed-parameter recipe. As shown in Figure 3.3, 15 um holes are etched to <400 pum
within 210 min. The apparent etch rate is close to that of 5 um trenches at ~2 pm/min. The 35 um
holes however are beyond being etched all the way through the wafer (~550 pm). Tapering and
convergence of sidewalls are observed at the bottom of the holes. Since the holes converge to
submicron points at the very bottom, sharp points are not observed by cleaving the silicon wafers.
Due to the ion flux and ion energy dependency on in-plane aspect-ratio (&/@ for holes and L/W
for trenches), obtaining HAR DRIE in hole/via etching is more difficult than etching trench with
the same width as the hole diameter. This standard fixed-parameter recipe is used as a baseline
recipe to develop and tune the dynamic recipe with ramped process parameters to achieve straight
sidewalls and flat feature bottom. We attempt to address the key DRIE shortcomings (ARDE
induced sidewall tapering, etch depth limitations and DRIE lag; and pattern dependency) in order
to achieve ultra-deep ultra-high AR silicon etch by further developing and characterizing a
modified Bosch DRIE process initially proposed by Owen et al. [85]. Since these issues mainly
originate from the reduction in transport of etchant agents and ion bombardments at the bottom of

deep features as the AR increases, Bosch DRIE process parameters are continuously ramped to
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optimize the DRIE conditions at each depth as the etch proceeds. The STS Pegasus ICP DRIE
etcher allows process parameters to be ramped from a start value to an end value. The ramp rates
of different parameters are set in order to maintain as constant and high etch rate as possible as AR
increases. Then the overall etch time (recipe duration) is set to reach a desired etch depth. The start
and end values of the various parameters are calculated from the product of ramp rate and etch
duration. Three parameters of the DRIE process are ramped: 380 kHz RF bias platen power,
etching and passivation sub-cycle duration, and chamber pressure. It should be noted that the start
and end values need to be characterized for specific feature sizes, etch patterns and target depths.
For example, for 2-10 um trench width, the following set of ramped parameters are found to best
compensate the reduced etch rate and result in deep HAR structures by enhancing the etching
agents effect during the total 150 min DRIE duration: the 380-kHz bias power during etch step is
increased from 60 W to 140 W; the etch sub-cycle duration starts at 2.6 s and is ramped up to 5.6 s;
and the passivation step duration is increased from 2s to 3.5s. The chamber pressure is also
changed throughout the process: the passivation step chamber pressure is ramped up from
24 mTorr to 34 mTorr whereas the etch step chamber pressure is ramped down from 30 mTorr to

15 mTorr. The relevant parameters for the fixed and ramped processes are compared in Table 9.

In contrast to the converged bottoms shown in Figure 3.3, the ramped parameter process can create
flat bottoms even for etching circular holes as shown in Figure 3.10. Etch rate is also increased
compared to the fixed-parameter recipe. 25 um diameter holes are etched to >500 pm within
150 min using the ramped process while 210 min of the original fixed-parameter process only
obtained maximum depth of <400 pm. The in-plane AR (length /width, L/W) of the etched features
also play an important role on the etch rate. 15 um wide trenches reach a depth of more than

520 pm whereas the 15 pm diameter circular holes only reach a depth of ~400 pm with the same
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150 min ramped DRIE process. A rectangular pattern (8 umx50 um) is also etched deeper than
15 um diameter circular holes. This verifies that etch rate is also in-plane AR (W/L) dependent.

Long lines etch considerably faster than circular holes of the same width, or of even larger width.

Recipe Etch Passivation
380 kHz Bias [Step Time| Pressure Step Time Pressure
Power
(Watt) (s) (mTorr) (s) (mTorr)
Fixed 60 2 30 2.6 24
Ramped 60->140 2.6>5.6 30>15 2235 24->34
Time 150 min

Table 9: Fixed-Parameter vs. Ramped-Parameter DRIE process parameters [Tan17] for a 150-
minute DRIE duration.

of 25pm
holes at
an angle

Diameter: 15pum , Depth: 413um Diameter: 25um WxL=8x50um?

Depth: >500pum Depth: 488um

Figure 3.10: Ramped-parameter DRIE recipe results: Higher etch rate, larger depth, relatively
straight sidewalls and flat bottom are obtained compared to the fixed-parameter recipe. 25 pm
diameter holes are etched to >550 um within 150 min using the ramped-parameter recipe, while
210 min etch by fixed-parameter DRIE recipe only reaches maximum depth of <400 um.
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3.2.2.2 Wafer Bonding using Silicon Fusion Bonding

Silicon fusion bonding is the joining together of two silicon substrates without the use of any
additional intermediate layers or adhesives [86]. There are two types of silicon fusion bonding,
hydrophobic and hydrophilic. In hydrophobic bonding, silicon surfaces are rendered hydrophobic
by removing native oxide on the silicon surfaces which is done by immersing in hydrofluoric acid
(HF) [87]. After HF treatment, the silicon surfaces are mainly terminated by hydrogen and fluorine
[88]. The bonding mechanism of hydrophobic silicon surfaces is due to the bonding between Si-F
and H-Si across silicon substrate pairs [89]. In hydrophilic silicon bonding however, the silicon
wafers are immersed in a standard RCA solution to make the silicon surfaces hydrophilic. After
surface treatment with RCA and plasma surface treatment, the silicon wafers start to bond as soon
as they get in atomic contact even at room temperature due to hydrogen bonds between hydroxyl
groups and water molecules adsorbed on the wafer surfaces [90]. In both hydrophobic and
hydrophilic silicon fusion bonding methods, after the pre-bonding step at room temperature, the
wafers have to go through an annealing process for increasing the bond strength. Depending on
the bonding method, the annealing temperature can be between 150-1100 °C. However, for
successful full wafer bonding, annealing temperatures greater than 800 °C is recommended
[87,91]. The bonding strength of hydrophobic fusion bonding during the room-temperature pre-
bonding is weaker than that of hydrophilic bonding and is more susceptible to failure by surface
contaminations, therefore, we have used the hydrophilic fusion bonding method with the following

steps:

1) RCA cleaning of silicon wafers

2) Plasma surface treatment

60



3) Aligning and room-temperature pre-bonding

4) High-Temperature Annealing

3.2.2.2.1 RCA Cleaning

Silicon fusion bonding is very sensitive to surface contaminations, strong void-free bonding is
contingent on clean surfaces with no particles, organic and/or ionic contaminations, therefore, after
the DRIE step, the remaining DRIE mask materials (PR and oxide) will be stripped and then wafers

are cleaned using the standard RCA cleaning:

1) Standard Clean 1 (SC-1, Organic clean): NH4OH : H20: : Deionized H20 (1:1:5) (at 85 °C, 15

minutes)

2) Standard Clean 2 (Sc-2, lonic clean): HCI : H20. : Deionized H20 (1:1:6) (at 85 °C, 15 minutes)

After RCA cleaning, wafers are rinsed and dried using Spin Rinse Dryer (SRD).

3.2.2.2.2 Plasma Surface Treatment

It has been demonstrated that using a combination of RCA and plasma activation provides the best
pre-bond strength for room-temperature hydrophilic silicon fusion pre-bonding [87]. Various
gases plasma including O, N2, H2 can be used. Plasma surface activation enhances the chemical
reactivity of the surface with water and other chemicals to form silanol bonds [92]. Another effect
of plasma surface treatment is increasing surface charging forming field effects across the bonding
surfaces, which increases the atomic mobility of reacting species in the interfaces of mating
surfaces. Therefore, plasma surface treatment results in stronger pre-bonding between the silicon
surfaces [87,93]. Based on these studies, we performed a N2 plasma right after the RCA cleaning

using the Suss MicroTec NanoPREP 12 tool that generates a N2 plasma scanning over the wafer
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surface in air. The plasma power, number of scanning iterations and scanning speed can be
modified for various surface activation applications. We used a plasma power of 500 W and 6
scanning iterations. Another important step after the plasma activation and before pre-bonding is
to increase the number of bonds between the surface hydroxyl groups and water molecules. This
can be done by rinsing and drying the wafers. After the plasma surface treatment, wafers are ready

for the pre-bonding step.

3.2.2.2.3 Wafer Aligning and pre-Bonding

Immediately after the plasma surface treatment, a bond aligner tool is used to align the etched
holes on two wafers. Next, wafers are brought together which results in formation of pre-bonds
as soon as they get in atomic contact. The following occurs during the pre-bonding process and
the formed water molecule will migrate or diffuse along the interface during the high-temperature

annealing step [86]:

Si-OH + OH-Si = Si-O-Si + H20

After aligning and pre-bonding which is done at room temperature and in air (atmospheric
pressure), the pre-bonded silicon wafers are placed in a Suss MicroTec SB 6e bonder tool to apply
force to the wafers in vacuum and heat them to further strength the bonds formed during the pre-
bonding step and significantly reduce the voids formed at the interface of the bonding wafers. We

have applied a force of 5 kN at 100 °C and pressure of 20 uTorr for 1 hour.

Figure 3.11 shows the infrared (IR) microscope image of two aligned wafers after the pre-bonding

step, as shown the misalignment is around 6 pum.
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4

Top Wafer

Figure 3.11: IR microscopy image of two aligned wafers after the pre-bonding step, as shown the
misalignment is around 6 pm.

3.2.2.2.4 High-Temperature Annealing

Annealing at temperatures above 1000 °C for several hours should result in almost complete
bonding of the interface [91]. Above 800 °C native oxide gets viscous and starts to flow at the
interface, which increases the area of contacted surfaces. So, the diffusion of trapped hydrogen
molecules along the interface is enhanced and interface voids may reduce in size or disappear
altogether [94]. After the pre-bonding step, the wafers are annealed at 1100 °C in N2 environment
at atmospheric pressure for 12 hours. Figure 3.12 shows the Si-Si and Si-SiO2 hydrophilic fusion
bonding results. It should be noted that in case of Si-SiO fusion bonding, it is recommended to
use a high-quality oxide layer with high thickness uniformity across the wafer to prevent formation
of gaps or voids, therefore dry or wet thermal oxidation is preferred to CVD deposited SiO> layers.
The thickness of oxide layer in this bonding test was 2 um, however, successful fusion bonding of

Si-SiO» for various thicknesses is reported.
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Imperfect local bonding interface is likely to form as shown in the Si-Si fusion bonding interface
in Figure 3.12. However, relatively thick sacrificial polysilicon layer (~4 um) used in our process

completely fills these formed gaps and voids and prevents any major issues.

Bottom Wafer Top Wafer
—>»

Bottom Wafer Top Wafer
PRl Eb

Bottom Wafer

«——
500 um Top Wafer
«— >

Si-SiO, Fusion Bonding

Figure 3.12: SEM images of hydrophilic Si-Si and Si-SiO; fusion bonding interfaces after high-
temperature annealing step.
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3.2.2.3 Electrodes Recording/Stimulation Site Formation

Conventional planar micro-electrode arrays use standard patterning techniques to define the
electrode sites, this includes metal deposition, photolithography and dry/wet etching. The
developed electrode array in this thesis, however, has an out-of-plane design which is incompatible
with the mentioned standard patterning techniques. The tip metallization process described in
section 3.2.1.3 exhibited yield issues and also limitations for arrays with electrodes of various
length, therefore another process to define the recording sites is developed. We have developed a
self-aligned site metallization process which relies on direction-dependent reactive ion etching
(RIE) and metal deposition to circumvent the lithography step. Figure 3.13 shows the electrode

site metallization process flow.

EDP etching dissolves the silicon substrate and sacrificial polysilicon layer, leaving behind the
electrodes protected by the outer ONO dielectric layer (Figure 3.13A). Next, a highly directional
RIE recipe is used to remove the ONO dielectric layer from the top-most joint between the
electrode conical part and main shank body and exposing the underlying n-type polysilicon
conductive electrode core (Figure 3.13B). This etching step duration should be optimized to make
sure ONO etching only occurs at the topmost joint and the rest of the electrode remains insulated
by the ONO dielectric layer. Electrode site electroplating seed layer (chromium and gold) is then
deposited using an evaporation technique. Evaporation is used to exploit line-of-sight deposition
(poor step coverage) to avoid deposition on electrode sidewalls (Figure 3.13C). Next, gold
electroplating is done to reduce the electrode site impedance (Figure 3.13D). A wet etching step is
then performed to remove the excess seed layer from the rest of the electrode array to avoid any
electrical short circuit (Figure 3.13E). It’s worth mentioning that the electrode site metallization is

simplified by this self-aligned process which is based on direction-dependent RIE etching and
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metal deposition. Another advantage of this approach is controllability over the electrode site

surface area, which directly impacts the site impedance.

Reg¢ording
ite

(A)

Silicon Substrate N-Type Polysilicon 0-N-O Dielectric Cr/Au Electroplated Au

Figure 3.13: Electrodes recording/stimulation site formation: (A) Electrodes protected by the outer
ONO dielectric layer after dissolving the silicon substrate and sacrificial polysilicon by EDP
etching, (B) Removing the ONO layer from the topmost joint using a highly direction-dependent
RIE process to expose the underlying n-type polysilicon conductive layer, (C) Metal seed layer
(Cr/Au) deposition using evaporation technique, (D) Gold electroplating over the exposed n-type
polysilicon coated with seed layer, (E) Wet etching to remove the excess seed layer from the rest
of the electrode array to avoid any electrical short circuit.

The shortcomings and drawbacks of this process include: 1- Recording site surface area depends
on the flat horizontal surface area exposed to the RIE plasma etching, therefore, it is hard to control
the metallized site area and the site impedance post-fabrication. 2- The shifts along the electrode
shank due to wafer bonding misalignment (discussed in section 5.2.2) result in unwanted
horizontal surfaces that are exposed to the plasma and if RIE etching process is not accurately
controlled can expose the n-type polysilicon at multiple positions along the shank. 3- The metal-

deposited area can drastically change by even small tilting of the array, resulting in large variations
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of site impedance. 4- In general, relying on the dielectric layer (ONO) thickness differences along
the shank, directionality of the RIE etching and metal deposition processes is susceptible to
repeatability and reliability issues, in particular by changing the array design such as electrodes

length, diameter, etc.

We have employed the recording site formation process described in this section to make
functional electrode arrays for in vivo recording, however, further research is required to obtain

recording sites with proper impedance with high reliability, repeatability and stability.
3.3 Conclusions

In this chapter, we presented the developed techniques to fabricate 3D high-density high-count
electrode arrays capable of realizing the near-ideal neural interface described in the previous
chapter. These techniques include:
« Acustom-developed DRIE process to make deep (500 pm) high aspect-ratio (20-30) thru-
wafer holes with controlled sidewall slope,
« A method of extending the thru-wafer holes depth by bonding multiple silicon substrates
using fusion bending technique,
« A process for conformal refilling of ultra-deep (~2 mm) ultra-high aspect-ratio (80-100)
holes with dielectric and conductive films using LPCVD process,
« Methods of forming the recording sites using self-aligned maskless metallization

processes.

Using this technology, we have obtained millimeter-long (1.2mm), narrow (10 to 20um diameter),
sharp (submicron tip size), high-density (400 electrodes/mm?) high-count (5000+) electrode

arrays. Some of the limitations and capabilities of these developed techniques are discussed in this
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chapter. The experimental results including fabrication results, characterization data, in vivo tests
and more detailed discussions on the technology capabilities and limitations are presented in

chapter 4 and chapter 5.
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Chapter 4: Sea of Electrodes Array (SEA) Experimental Results

The Sea of Electrodes Array (SEA) microfabrication technology described in the previous chapter
was used to obtain high-density high-count electrode arrays to demonstrate the capability of this
technology in terms of scalability, density and electrode count. In this chapter, we present the
fabrication results of these technologies, mechanical and electrical characterizations of electrodes,

and acute in vivo tests.

4.1 High-Density High-Electrode-Count Array

In this section the fabrication results of the proposed technology described in Figure 3.1 are
presented. Figure 4.1A shows ~500um deep, 25um diameter holes with tapered bottom. Figure
4.1B shows a single electrode after exposing the conductor core (n-type polysilicon) by selectively
etching the ONO dielectric layer from the electrode tip. Figure 4.1C is SEM image of a 72x72
electrode array with 50um pitch, each electrode being ~500um long, 20um thick at the base and
<2um at the tip. A close-up of the metallized tip is shown in the lower inset. Figure 4.2 shows
three sets of arrays with different electrode shank diameters, tip shape and sharpness. Scalability
of this technology is demonstrated by fabricating arrays with various electrode counts. Figure 4.3
shows optical image of 32x32, 50x50 and 72x72 arrays of ~500um long, 20um diameter
electrodes with spacing of 50um. The mechanical strength of high-density electrode arrays is
tested by inserting them into different materials similar to brain tissue such as Agar, hard-baked

egg yolk and tofu; no electrodes broke in any test as shown in Figure 4.4.
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Figure 4.1: SEM images of fabrication process flow. (A) Deep high-aspect-ratio holes fabricated
by the fixed-parameter DRIE process. (B) N-type poly-silicon (conductor core) at the electrode tip
is exposed by RIE etching of the outer ONO layer. (C) SEM image of a 72x72 array: (upper inset)
close image of individual electrodes, (lower inset) Metallized electrode tip.

4.2 Millimeter-Long Electrode Arrays

Millimeter-long probe arrays fabricated using the bonding-refilling technique described in
Figure 3.9 are shown in Figure 4.5. In this process, four 500um-thick silicon wafers are bonded
using fusion bonding to obtain ~1.7 mm deep holes. The bonded stack of wafers is then processed
using the fabrication technique described in Figure 3.1. 1.2mm long probe arrays with various
number of shanks, pitch and size are realized by etching the top three silicon wafers away and

leaving the bottom wafer as the substrate. For longer needles, more wafers can be bonded.

4.2.1 Electrode Recording/Stimulation Site Formation

Figure 4.6 shows the electrode recording/stimulation site formation using the approach described
in Figure 3.13. As mentioned in the previous section, the ONO plasma etching duration is
optimized to make sure ONO etching only occurs at the topmost joint and the rest of the electrode
remains insulated, then a chromium/gold (300/1000 A) seed layer is be deposited using the

evaporation technique to obtain a directional deposition. Next, gold electroplating is done with
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current density of 1.27 mA/cm? for 2 minutes. Figures 4.6A and 4.6C demonstrate the
controllability of the metallization approach if the ONO etching is done properly (with optimized
etching time). The electrode site is gold-plated. Electroplating does not occur at the tip since the
conductive n-type polysilicon is not exposed. Sites are gold-plated to reduce the impedance by
increasing the surface roughness which results in larger surface area (Fig 4.6D). The electrode tip

can also be metallized by increasing the ONO etching time and exposing the tip n-type polysilicon

(Fig. 4.6E).

Figure 4.2: Fabricated electrode arrays using starting holes with different diameters: (A) ~10 um
(B) ~20 um (C) ~30 um thick probe shanks resulted from 15 um, 25 um and 35 um hole diameter
respectively.
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32x32 Electrode Array
50x50 Electrode Array

72x72 Electrode Array

Figure 4.3: Demonstration of scalability of this approach: (A) 32x32 electrode array, (B) 50x50
electrode array, (C) 72x72 electrode array. Electrode pitch, length, thickness at the base and tip

are 50 pum, 500 pum, 20 um and <2 pum respectively for all the arrays.
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Figure 4.4: The electrode array strength is tested by implantation into various brain-like materials
such as Agar, hard-baked egg yolk and tofu with no electrode breakage. Part of an array with 500

pum long electrodes, ~20 um diameter and 50 pum spacing is showed after implantation in tofu and

explanting afterwards.
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Figure 4.5: SEM images show the fabricated mm-long electrodes using the process described in
Figure 3.9: 1.2 mm long shanks are realized by bonding four 500um-thick silicon wafers and
etching away the top three wafers to keep the last wafer as a backbone. As shown in the right part
of the figure, electrode shanks are ~20 um thick at the cylindrical base, ~8 pum thick at the tip
conical base and submicron size at the tip.
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A L-x6.00k

Figure 4.6: Electrodes recording site formation using the method described in Figure 3.13: (A) A
single electrode after metallization of the recording site by gold electroplating, (B) A close-up of
the electrode tip shows the controllability of the metallization process; tip ONO dielectric is not
fully removed by optimizing the plasma etching time due to the thickness difference. (C) Gold-
plated recording site with surface area >300 um?, (D) The interface between the electroplated gold
layer and the electrode sidewall ONO layer. (E) Tip metallization can be obtained by increasing
the ONO etching time to remove the tip ONO and expose the n-type polysilicon at the tip.

4.3 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is used to characterize the recording sites
electrical properties. Figure 4.7 (a) shows the impedance measurement setup which consists of a
stainless steel rod as the counter electrode, Ag/AgCl electrode (RE-5B, BASI, West Lafayette, IN)
as the reference electrode, a 1x phosphate buffered saline (PBS) solution (BP3994, Fisher,
Waltham, MA) and the probe. As shown, the counter electrode, reference electrode, and the probe
recording site are submerged in the PBS solution and impedance measurements are obtained by
applying a 10 mVpk-pk signal from 10 Hz to 50 kHz. Figure 4.7 (b) shows the impedance magnitude
and phase values for recording site# 1 at frequencies between 10 Hz and 50 kHz. Figure 4.8 shows

the impedance magnitude and phase values for 9 electrode recording sites measured at 1 kHz.
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Figure 4.7: Electrode recording site impedance spectroscopy setup and measurement results. (a)
Els setup consists of a counter electrode (stainless steel), reference electrode (Ag/AgCl), 1x PBS
solution, a measurement unit and the electrode. (b) Impedance measurement results (amplitude
and phase) of one of the recording sites which is measured to be 410 kQ at 1 kHz.
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Figure 4.8: EIS measurement results (impedance magnitude and phase) for 9 electrodes
recording sites measured at 1 kHz.

4.4 Mechanical Characterization of the Electrodes

Mechanical robustness and flexibility of the electrodes is tested by applying a bending force at the
tip of the electrodes using a micromanipulator probe tip under the probe station microscope. Figure
4.9 shows the electrode before and during application of the bending force at the electrode tips. As

shown, the electrode can bend for ~28° with ~115 um lateral displacement at the tip before
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breakage. The breakage ultimately occurs at the junction of the conical tip and cylindrical base as
expected (Fig. 4.9C). As shown in Figure 4.10, a neck is formed at the junction that reduces
mechanical robustness as a structural weak point. Although the bending test reveals the electrode’s
excellent flexibility and robustness, eliminating the neck and other weak points such as undesired
shifts along the shank due to wafer bonding misalignment (Fig. 4.10C) can further improve
electrode mechanical robustness which is critical for successful implantation and long-term in vivo
stability post-implantation. In the next chapter we will discuss in detail how the necking and

undesired shifts are formed and we propose solutions to eliminate or mitigate these issues.

Figure 4.9: Mechanical characterization of electrodes using a bending test: Robustness and
flexibility of electrodes is tested by applying a bending force at the electrode tips using probe
station tips. (A) Electrodes before applying the force, (B) Electrodes maximum bending and lateral
displacement right before breakage, the electrode tip is bent ~ 28° and displaced ~ 115 um laterally
before breakage occurs. (C) The breakage occurs at the junction of the tip conical part and
cylindrical base (the most right electrode).
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Necking

Bonding Misalignments

Figure 4.10: Electrodes structural weak points: (B) Necking at the junction of the conical tip and
cylindrical base and (C) undesired shifts align the electrode shank due to wafer binding
misalignment make the electrodes more susceptible to bending, buckling and breakage during
implantation and post-implantation.

4.5 Acute in vivo Studies

The first step to perform acute studies is to make electrical interconnections between the electrodes
and the external recording equipment. We used arrays with low electrode-count (<100 electrodes)
and large pitch size (100um-500um) and millimeter-long shanks (Imm-1.5mm) for acute studies.
We have devised a provisional method to make interconnections as shown in Figure 4.11. In this
approach, the array is placed in a jig upside down to protect the electrode shanks from breakage
during the interconnection process. Next, the electrode pads are wire bonded to the PC board pads
using a wedge-bonder machine. To insulate the wires and enhance the flexibility and robustness,

epoxy is applied to the wires to form a highly flexible insulated wire-bundle.
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Flexible Epoxy

Figure 4.11: Electrical interconnection method: Electrodes pads are connected to a PC board using
wire bonding. To insulate the wires and enhance the flexibility and robustness, an epoxy will be
applied to the wires to form a highly flexible insulated wire-bundle.

Upon incorporating the interconnections, the device is ready for acute in vivo studies. We have
used the electrodes with lower site impedances for in vivo recording. Acute studies are performed
on mice/rats under anesthesia. Immunohistology data will be used to assess the acute tissue
damage. The in vivo recordings and immunohistology studies are carried out in collaboration with
Professor Ahmed’s group at the University of Michigan, (Department of Psychology,

Biopsychology division).

The SEA arrays manufactured using the microfabrication process described in section 3.2.2. 2x2
and 3x3 arrays of millimeter-long electrodes were implanted in a rat brain under anesthesia. The
site impedance of the probes (the sites were located just below the tip), was in the range of a few
hundred kOhms at 1 kHz as shown in Figure 4.8. The sharpness of the probes ensured an extremely
straightforward insertion (Figure 4.12A). After recordings, the probes consistently remained fully
intact (Figure 4.12B), indicating their stiffness despite their narrow, small footprint. Recordings
under isoflurane anesthesia showed characteristic slow field potentials, along with occasional

epochs of 11 Hz oscillations (Figure 4.12C, 12D) that have been recently reported in recordings
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under isoflurane [95]. Thus, we have already performed the first series of implants to establish that
the probes are viable, easy to insert, resistant to breakage, and able to record electrical signals. An
acute histology study is done to investigate the electrodes insertion profile in the depth of the tissue.
Electrode shanks are first coated with Fast Dil prior to insertion. Shanks remained in brain for 3.5
hours under isoflurane anesthesia, followed immediately by perfusion. DAPI is used as the
counterstain and sections are 40 um thick. Figure 4.13 shows the histology results confirming the

penetration through the white matter with no bending or deviation.
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Figure 4.12: Acute recordings using the SEA array in vivo: (A) An image of a prototype SEA array
during implantation into rodent brain. The array was able to seamlessly penetrate brain tissue
thanks to the sharp needle design of the probes. (B) Image of SEA array after removal from the
brain showing fully intact probes. (C) LFP recordings in a rat barrel field cortex under isoflurane
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anesthesia recorded on one of the channels of the SEA arrays. (D) Spectrogram of the LFP
recordings showing characteristic slow oscillations and ~ 11 Hz epochs that are both hallmarks of
LFP under isoflurane anesthesia, demonstrating the ability of these probes to record high-quality
neural signals.

Figure 4.13: Acute histology results: The insertion profile of two electrode shanks of a 2x2 SEA
array shows successful penetration through the white matter with no bending or deviation.

4.6 Conclusions

The Sea of Electrodes Array (SEA) technology fabrication, characterization and in vivo
experiments are presented. These include:
. First generation SEA arrays: Arrays of 32x32, 50x50, and 72x72 electrodes with
diameters of 15-35 pum, maximum length of 500 um and spacing of 50-100 pm.
« Second generation SEA devices: Arrays of 2x2, 3x3, and 10x10 electrodes of 1.2 mm

long, 10-20 um, and spacing of 100-500 um with functional recording sites.
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. Electrochemical impedance spectroscopy (EIS) characterization of 2" generation SEA
devices showed an average impedance site of ~410 k€, however, recording sites
impedance exhibited high variation among electrodes of the same array and arrays of the
same batch. Further research is required to resolve the reliability and repeatability issue
of the site formation step to obtain highly stable sites with proper impedance for long-
term in vivo single unit recording applications.

« Acute in vivo studies are performed to show the electrodes robustness, insertion, and
recording functionality by LFP recordings in a rat barrel field cortex under anesthesia
using 2x2 and 3x3 arrays. Acute histology results showed successful penetration of

electrodes in the white matter without shank bending or deviation.

In the next chapter, the SEA technology innovative features, potential capabilities and limitations

are discussed.
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Chapter 5: SEA Technology Features, Limitations and Potentials

5.1 Overview of the Innovative Features

The broad goal of this research has been to develop a new class of extremely dense, high-count,
and versatile multi-mode and multi-functional electrode arrays for interfacing with neural

structures through electrical, optical, and chemical means.

From a technology standpoint, the SEA technology design, fabrication, and structure are all novel
and significantly different from current technologies. As explained in the previous chapters, many
different kinds of multi-channel electrodes are available today, utilizing different fabrication
technologies. One can categorize these fabrication technologies into two broad classes. One
utilizes assembly and manipulation of individual electrodes (such as carbon fibers or microwire
bundles), and the other relies on planar microfabrication technologies, such as those used for
semiconductor electronics fabrication. Our approach allows us to combine the best features of
both of these approaches. We can produce a very dense and high-count array of fine and slender
insulated silicon needles with variable length and width, a tapered cross-sectional shape along their
length, and sharp tips. Furthermore, the proposed new fabrication approach also allows each
needle to have a recording/stimulating site near its tip, incorporate a waveguide within its core for
optical transmission, and incorporate a fluidic channel that could be utilized for constructing
chemical sensors. In addition, the technology allows the formation of tightly-spaced clusters of

several extremely fine needles whose tips are at different heights, much like a tetrode, but with
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much better-defined dimensions and feature sizes. Figure 5.1 illustrates the innovative features of

the micro-electrodes that can be fabricated using the proposed technology. These features include:

1-

Individual needles can have different lengths, and still reside side by side, and can be
distributed in any arbitrary pattern. Needles as tall as several millimeters can be fabricated as
needed in many applications.

Needles can have variable pitch/density, with needles capable of being spaced as close as
10pm.

Needles can have different shank diameters, which helps in engineering the stiffness of each
shank. Shanks as small as a few microns in diameter can be fabricated. Obviously, there is a
tradeoff between stiffness and flexibility, which can be tailored for different applications by
the user.

Several needles with extremely small diameters can be fabricated in even closer proximity than
typical needles and form a cluster, like a tetrode, to monitor neural activity in depth within the
same column of tissue.

Although not shown in this figure, each needle can also function as an optical fiber and include
a recording/stimulation site at its tip, thus enabling multi-mode function, allowing optical and
electrical interface with neurons in the vicinity of the tip.

Finally, the needle can be hollow to form a micropipette. This micropipette can be

instrumented for chemical sensing.

In the following sections, we will discuss the details of the unique features, potential capabilities,

limitations and shortcomings of the developed SEA technology.
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Figure 5.1: Innovative features of the proposed micro-needles: 1- Individual needles can have
different lengths, and still reside side by side, can be distributed in any arbitrary pattern. Needles
can be as tall as several millimeters. 2- Needles can have variable pitch/density, capable of being
spaced as close as 10 um. 3- Needles can have different shank diameters, to allow design of the
stiffness of each shank. Shanks with diameters as small as a few microns can be fabricated. 4- A
cluster of closely spaced needles with different heights will allow depth recording.

5.1.1 Probe Shank Conical Shape and Tip Sharpness

The conical shape of the shanks and tips shown above is naturally obtained through a special
feature of the DRIE etch step called DRIE lag effect. DRIE etch rate is inversely proportional to
the aspect ratio of the hole/trench, in other words, holes/trenches with higher ratio of depth to width
are etched slower [96-102]. The variable etch rate at different depths will result in the conical
shape of the shank, producing a sharp tip which improves probe insertion into the tissue. Figure
5.2 shows three sets of electrode arrays fabricated with different starting hole sizes (15, 25, and 35

pm) resulting in shanks with different sizes and conical shape. Figure 5.3 shows SEM images of
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electrodes with various tips size and shape which is controlled by changing the opening hole
diameter. As shown in Figure 5.2 and 5.3, holes with smaller diameters result in tips with smaller

size and smaller opening angle and therefore increased sharpness.

Figure 5.2: Fabricated electrode arrays using starting holes with different diameters: (A) ~10 um
(B) ~20 um (C) ~30 um thick probe shanks resulted from 15 um, 25 um and 35 um hole diameter

respectively.
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Figure 5.3: SEM images of the submicron size electrode tips: (a) 10 um thick, (b) 20 um thick
electrode shank, sharp tips and small probe shank size reduces the tissue damage during the
implantation and post-implantation, improves the chronic stability and increases the array density.
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5.1.2 Varying Electrode Length, Size, Pitch and Distribution

There are several aspects of this fabrication technology that are critical for successful recording
and manipulation of neurons across multiple spatial latitudinal and longitudinal planes with high

spatial resolution. First, the length of side-by-side electrodes can be varied using two methods:

1- DRIE lag approach: By changing the hole diameters in the layout, due to the DRIE aspect-ratio
dependent etching (ARDE) and DRIE lag effect in holes with various depth, and electrodes with

various lengths as shown in Figure 5.4 can be produced.

2- Wafer bonding approach: By engineering the mask layouts used for patterning the holes in each
wafer, the length of side-by-side electrodes within a die can be controlled as illustrated in Figure

5.5.

In the first technique (DRIE lag approach), reducing the holes opening size results in reduced
transport of the DRIE process etchant agents and ion bombardment at the bottom of the features
as the aspect-ratio increases throughout the deep etching process. This will cause reduced etch
rate, tapering and convergence of the holes sidewalls, and eventually termination of the etch
process. We have utilized this self-terminating process to obtain side-by-side electrodes with
different heights (lengths) using holes with various opening diameters in a single process as shown
in Figure 5.4. Using this technique, the maximum variation of length is limited to 500 pum for
reasonable hole diameters (<35 pum). To extend the range of electrodes length, another technique

based on wafer bonding is developed as described in the following.

In the second technique described schematically in Figure 5.5, electrodes length is dependent on
the hole layout design in each substrate of the bonded stack. In other words, larger holes (20-35
pum) are replaced by small holes (<10 um) to form a conical tapered hole instead of thru-wafer
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holes with straight sidewalls. Depending on the substrates thickness and the relative position of
hole sizes reduction along the bonded substrates stack, the final depth of the holes and therefore

final electrode shank length is determined.

The electrode pitch can be locally modified within the array, in other words the density of
recording sites can be customized based on the application by changing the layout. Studies have
shown that the electrode size plays an important role in determining tissue damage and chronic
stability of the implanted array [103]. Any arbitrary distribution of electrodes with various length,
shank diameter and pitch across the array is obtained. Optical and SEM images show the fabricated
array with all the features mentioned above (Figure 5.4). Employing the mentioned features
(varying side-by-side electrode length, pitch, and distribution) will enable 3D access of neurons
with extremely high spatial resolution. In particular the varying length feature is critical in
implantation into the brain convoluted surface and simultaneous recording/stimulation of neurons

at various depth of tissue.
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Figure 5.4: Arrays with various electrode length, thickness, pitch and distribution is realized using
the refilling technology. These features enable recording and stimulation of larger number of
neurons in the implanted tissue volume using minimum number of electrodes resulting in less
tissue damage and improved chronic stability. (A) SEM image of fabricated side-by-side
electrodes with varying length and diameter. (B) Optical image of an array with an arbitrary
distribution of electrodes with various length, shank diameter and pitch.

Cross-Sectional View Top View
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Figure 5.5: Realization of electrodes with various side-by-side lengths in steps of silicon wafer
thickness. As shown in the right, the layout design in each wafer determines the final electrode
shank length.
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5.1.3 Integrated Multi-Modal Needles for Optical or Chemical Interfaces

Optical interaction with neurons has attracted much attention recently. In this approach light is
used to study the neurons that have been genetically modified to demonstrate light-sensitive
behaviors [104]. Therefore, it is desirable to guide light to the neurons in cellular and subcellular
resolution by means of the neural probes. An important feature of the proposed technology and
structure is the flexibility over the usage of materials that can be used to refill the holes/trenches.
Optical fiber cladding and core can be formed by using materials with different refractive index in
the refilling stack. Light waveguides can be easily formed by using popular microfabrication
materials such as LPCVD oxide (SiO2) and oxynitride (SiON) layer to add optical recording and
stimulation and optogenetics functionality to the probe array. Figure 5.6A schematically depicts
the waveguide concept which is based on the total internal reflection of light occurring at the
interface of two materials with different refractive indexes. Figure 5.6B shows the realization of
waveguides for optogenetics applications, using the fabrication technology described earlier with

some minor modifications to the deposited materials.
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Figure 5.6: Formation of optical probes for optogenetics applications. (A) Optical waveguide
consists of a core with different refractive index than the surrounding layer (cladding). Total
internal reflections at the interface of the core and cladding layers guide light to the tip. This can
be used to locally record/stimulate the neuron activities, (B) Optical electrodes can be fabricated
using the same process flow described in Figure 3.1 by refilling the holes with materials having
different refractive indexes, e.g. SiON and SiOa.

In addition to the possibility of including optical guiding capability within the core of a single
needle, some needles can also potentially be instrumented to function as chemical sensors. Drug
delivery and chemical stimulation of the neurons are of great interest [105]. A microfluidic channel
can be integrated in the existing design by forming an opening at the tip of the needles. As shown
in Figure 5.7, if the hole diameter exceeds twice the deposited refilling layer thickness, the hole
will not be refilled completely and will leave a channel in the center of the needle hole, which can
be employed as the microfluidic port for drug delivery and chemical sensing. As shown in Figure
5.7, the fabrication process flow is the same as the one described in Figure 3.1 with an additional
RIE etching of the needle tip as the last step to make an opening at the tip which forms a connection
to the needle inner hollow. These hollow needles can be alternatively filled with appropriate solid
polymeric electrolytes, similar to micropipette chemical sensing, to form chemical sensing
electrodes. Although this is not the focus of this research, it is mentioned to indicate the potential

that these needle arrays offer as a multi-functional interface to the tissue.
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Fig. 5.7: Integration of microfluidic channel within the probe shank for drug delivery and chemical
stimulation purposes: As shown the fabrication process flow is the same as the one described in
Figure 3.1 with and additional RIE etching of the needle tip as the last step to make an opening at
the tip which forms a connection to the needle inner hollow. The microfluidic channel can also be
obtained by layout engineering as shown in the SEM image.

5.1.4 Multi-Electrode Clusters

Since the fabrication technology described in Figure 3.1 utilizes DRIE lag and ARDE effects, it is
feasible to form multiple recording sites in a small area, which greatly increases the density of
recording/stimulation sites per implanted volume. The concept of multi-electrode cluster probe
arrays is conceptually depicted in Figure 5.8. As shown, holes with different opening areas are
closely laid out, and the difference in opening areas results in various etch depths of the silicon
substrate due to DRIE Aspect-Ratio Dependent Etching (ARDE) effect. After DRIE, the
fabrication process is continued as described in Figure 3.1. At the end, a multi-electrode set of
needles is formed with recording/stimulation sites created at the tip of each needle as shown in
Figure 5.8. The number of recording sites per cluster is determined by the number of holes that are
laid out along the perimeter of the main shank. In approach 1, the holes around the main shank can
be laid out to be separated by solid silicon walls. In the second approach, holes can be connected

to the main shank through a narrow channel to increase the DRIE etch depth by reducing the ARDE
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effects. To ensure the channel is fully refilled by the sacrificial polysilicon layer, the channel width
should be narrow (<7 pm), otherwise the sites formed around the main shank will be electrically

shorted.

Top View Cross-Sectional View
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Figure 5.8: Realization of multi-site per shank using DRIE ARDE effect: Approach 1: holes with
different openings are laid out around the perimeter of the main shank isolated with substrate
silicon walls, sharp tips will form at various depths due to ARDE nature of DRIE. Approach 2:
holes are connected to the main shank through a narrow (<7um) channel to increase the DRIE etch
rate, the channel width is narrow enough to be fully refilled by the sacrificial polysilicon LPCVD
and therefore provides isolation of the sites formed around the main shanks. SEM images show
the fabricated multi-site (4 sites) per shank electrode using the approach described above.
Electrode tips sizes are sub-micron and the shank diameter at the base is ~15 um.
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5.2 SEA Technology Limitations:

In this section we will discuss some of the challenges and limitations of the SEA technology. These
limitations include LPCVD deposition inside ultra-deep ultra-high-aspect-ratio features, wafer
bonding misalignment when making long shanks, structural weak points (necking) and tissue

damage when the number and density of shanks increases.

5.2.1 LPCVD Refilling Limitations

As mentioned in the description of the microfabrication process, Low Pressure Chemical Vapor
Deposition (LPCVD) is used to refill the ultra-deep ultra-high aspect-ratio holes. LPCVD provides
uniformity and coverage superior to that of other CVD methods such as Atmospheric-Pressure
CVD (APCVD), Plasma-Enhanced CVD (PECVD) or physical deposition methods such as
evaporation and sputtering [106]. Coverage is defined as the ratio of thickness of deposited film

on the bottom of the etched feature to the film thickness at the surface as shown in Figure 5.9.
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Figure 5.9: Deposition coverage is defined as the ratio of film thicknesses deposited on the
bottom of the etched feature to the one deposited at the surface.
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Experimental results and theoretical modeling have shown that the coverage degrades by
increasing the feature aspect ratio [107]. In this section, we present a theoretical calculation to
predict the limitation of LPCVD in refilling holes and trenches with various aspect ratios.
Komiyama et al. have developed a theoretical model for CVD processes to study parameters such

as coverage and surface sticking probability.

For a cylindrical hole with depth of H and diameter of W, and for sufficiently large aspect ratios
(H/W), the deposition process inside the hole can be assumed a one-dimensional approximation

governed by the following equations and boundary conditions [108]:

d’¢c s
Doz = yhst =0 (5.1)
D 3—2 =k,C atz=0 (boundary condition 1)
C=Coatz=H (boundary condition 2)

Where D is the coefficient of the precursors, C is the concentration of the gas-phase components,
ks is the surface reaction rate constant, and S, V are the surface area and volume of a hole/trench,

respectively with the following analytical solution:

¢ cosh(Zp)+ %sinh(%q))

— = 5.2

Co cosh o+ %sinh ) ©.2)
— g |Sks

b=H i (5.3)
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For a high-aspect ratio etched feature (large H/W), the S/V ratio is 4/W for a cylindrical hole and

2/W for a trench. As the Knudsen diffusion dominates in a high aspect ratio micro hole/trench we

will have:

D= §Wv where v is the thermal velocity of a growth species molecule

ks = ivn based on Herz-Knudsen equation, where 7 is the sticking probability of the species
Therefore:

o= % 37" for a high aspect ratio trench, (5.4)

o= %ﬁ for a high aspect ratio hole, (5.5)

with the following equations for the coverage in hole/trench:

1
2W .
cosh ¢+ H—d)smh 0]

Coverage = (5.6)

To calculate the coverage for a particular aspect ratio, we need to have the sticking probability
value for a specific CVD process. As the sticking probability depends on various process
parameters such as temperature, pressure, reacting gas species, etc. we have estimated the sticking

probability of the LPCVD process used in our fabrication process based on experimental results.

Figure 5.10 shows the deposited LPCVD Oxide-Nitride-Oxide (ONO) film thicknesses at the
junction of the cylindrical and conical parts of the shank. This corresponds to the bottom of the 1.5
mm deep cylindrical hole with a diameter of 22 um, therefore, the total thickness of the ONO film

at the bottom of the 1.5 mm deep hole is around 300 nm while the thickness of the ONO film
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deposited on the surface of the silicon wafer is around 1.25 pm. To investigate the limitation of
the LPCVD processes used in our technology, we focus on the ONO LPCVD process. Oxide and
nitride LPCVD processes have the highest deposition temperature, and therefore the highest
sticking coefficient (1)), as shown in Figure 5.11 [108]. Therefore, the coverage of the LPCVD
ONO films and the inability to refill very deep trenches is the limiting factor in obtaining longer
electrodes. Figure 5.12 shows the thickness of the ONO and n-type polysilicon films on the
sidewall of a hole. The polysilicon thickness is reduced by 50% while the ONO thickness is
reduced by 68% (the polysilicon and ONO film thicknesses deposited on the surface of the wafer

are 4 um and 1.25 pm, respectively.)

From the values of coverage and hole aspect ratio we can calculate the sticking coefficient (1)
using the equation (5.5) for the ONO LPCVD process which is calculated to be n = 3.15x10 as

H/W = (1.5 mm)/(22 um) = 68 and step coverage is (300 nm)/(1.25 um) = 0.24.

Using the above values, we can plot the coverage versus aspect ratio (H/W) as shown in Figure
5.13. Asshown in Figure 5.13, the coverage for an aspect ratio of 100 is around 0.1. This means
that for a hole with a diameter of 25 um, the maximum depth of the hole that provides the coverage
of at least 10% is around 2.5 mm. This means electrodes with maximum length of ~2.5 mm and
~20 pum diameter (considering the sacrificial layers to reduce the final shank diameter) can be
fabricated. Minimum coverage of 10% for ~ 1um thick LPCVD layers of dielectric is chosen to
ensure a minimum thickness of 100 nm at the bottom of the etched features which is required for
electrical insulation and protection during the EDP etching step, however, for long-term recording
applications, thicker dielectrics of alternative materials with better in vivo stability such as SiC

should be considered.
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As a comparison, in a trench with the same width (25 um) an aspect ratio of around 140 yields a
step coverage of 0.1 as shown in Figure 5.14. Therefore, the trench depth will be around 3.5 mm.
This reduction of the dielectric layer (ONO) thickness as the aspect ratio increases is an issue,
since it degrades the electrical insulation of electrodes and affects the longevity of the device in
the tissue. Also, insufficient ONO thickness might result in fabrication failure during the EDP
etching step in which ONO is employed as a protection etch stop layer. Increasing the holes
opening size and/or increasing the deposited layers thickness can be employed to mitigate the
LPCVD step coverage issues, however, there is a tradeoff between the larger holes with better

LPCVD coverage and the tissue volume displacement induced by the larger electrode shanks.

~25pm Film thickness on surface (~1.2 pm)

—> 4"

Figure 5.10: Measurement of the ONO layer thickness at the interface of the electrode shank and
the conical tip (bottom of the 1.5 mm deep holes) using the SEM images. ONO layer thickness is
measured ~300 nm at the bottom of the 1.5 mm deep holes with a diameter of 22 um, while the
surface deposited layer thickness is 1.2 um.
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Figure 5.11: LPCVD process dependency on the process temperature and sticking coefficient:
Sticking coefficient (1) is increased by increasing the LPCVD process temperature (left) which
reduces the deposition step coverage (right) [108].

Figure 5.12: SEM images of a broken electrode shank exposing the inner/outer ONO layers and
n-type polysilicon. N-type polysilicon layer thickness is measured ~2 um along the shank while
the ONO layer is ~ 400 nm thick.
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Figure 5.13: LPCVD process coverage of ONO deposition in holes for various aspect ratio values.
The coverage is below 10% for aspect ratio of larger than 100.
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Figure 5.14: LPCVD process coverage of ONO deposition in trenches for various aspect ratio
values. The coverage is below 10% for aspect ratio of larger than 140.
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5.2.2 Electrodes Structural Weak Points: Wafer Bonding Misalignment

As mentioned in section 3.2.2, increasing the electrode length is achieved by a fabrication process
which is based on aligning and bonding multiple wafers. Each wafer bonding step introduces an
inevitable misalignment that results in undesired shifts along the electrode length as schematically
depicted in Figure 5.15. This results in reduced shank stiffness and lowers the chance of successful
penetration into the tissue. Also, for thinner electrodes, the misalignment becomes comparable to
the shank diameter and might prevent electrical connection through the conductive core (n-type
polysilicon layer) along the electrode shank. Although the bonding misalignment can be
minimized to as small as 1 um or smaller [109], we have observed misalignments as large as 6 um
due to bond aligner tool precision as shown in Figure 5.16. To address the misalignment issues or

at least to minimize its adverse effects, we have devised two approaches.

After Wafer Bonding After Releasing the Electrodes

Wafer# 1

Wafer# 2

~

misalignments

~

Wafer# 3

Wafer#5 Wafer#4

Figure 5.15: Wafer bonding misalignment (left) results in undesired shifts along the electrode
shanks (right).
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Figure 5.16: Wafer bonding misalignment can be as large as 6 um in some parts of the wafer.

5.2.2.1 Progressive Electrode Shank Size

As mentioned before, wafer bonding misalignment can result in reduced shank stiffness, increasing
the chance of breakage during and post implantation, and/or cause electrode conductive core layer
(n-type polysilicon) discontinuity. In order to prevent these failures, the thru-wafer holes diameter
can be designed in a way that the difference between adjacent bonded wafers holes radii are larger
than the bonding process misalignment, i.e., (Dx — Dk-1)/2 > misalignment (Figure 5.17). The
progressive increase in the hole diameters as shown in Figure 5.17 also provides more mechanical
robustness. The drawback of this approach is increased shank thickness along the electrode length
which results in more tissue displacement. We have devised another process to reduce the effects

of misalignment with no need to increase the shank thickness, as described in the next section.
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Figure 5.17: Thru-wafer holes diameter is increased progressively in the bonded wafers stack to
prevent the issues caused by the wafer bonding misalignment. Adjacent holes radii difference
should be larger than the bonding process misalignment, i.e., (Dk — Dk-1)/2 > misalignment.

5.2.2.2 Bond-then-Align Approach

As shown in Figure 5.16, the misalignment caused by the align-then-bond process can be relatively
large (>5um). Therefore, we have developed a process called “bond-then-align” to circumvent
the need for “bond” alignment, as schematically illustrated in Figure 5.18. The process begins with
thru-wafer DRIE of one of the wafers (wafer# (n-1)) (Figure 5.18A). Then a blank double-side
polished silicon wafer (wafer# n) is bonded to wafer# (n-1) without any alignment process (Figure
5.18B). Next, wafer# n is patterned using backside “pattern” alignment (not “bond” alignment)
with wafer# (n-1) backside alignment mark. Therefore, instead of using “bond” alignment which
causes large misalignment (>5um), a lithographic patterning backside alignment is used which has
smaller misalignment (<3um). Steps B and C are repeated as many times needed to obtain the

desired thru-wafer holes depth.
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Figure 5.18: “Bond-then-Align” process: (A) thru-wafer DRIE is performed on one of the wafers
(wafer# (n-1)), (B) then the next wafer (wafer# n) is bonded to the wafer# (n-1) without any
alignment process. (C) Wafer# n is patterned using the wafer# (n-1) backside alignment marks.
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5.2.3 Electrodes Structural Weak Points: Necking at the Bonding Junctions

As mentioned in section 4.4, in the millimeter-long electrodes a neck is formed at the junction of
conical tip part and the cylindrical shank base. This is due to the degraded LPCVD deposition
conformality as shown schematically in Figure 5.19, i.e., the sacrificial polysilicon layer is thicker
around the step corners at the junction where two wafers are bonded. This results in reduced
diameter of the conical tip part at the junction where it is connected to the shank cylindrical base
as shown in Figure 5.19 which we call it “necking”. The formed neck introduces a structural weak
point which can potentially degrade mechanical robustness of the electrodes during the

implantation and post-implantation.

Figure 5.20 schematically depicts a proposed method to prevent necking by a minor modification
to the etched hole sidewall profile. As shown in Figure 5.20 A, the hole entry sidewall is tapered
to avoid over-accumulation of LPCVD films at the sharp corners which are responsible for

necking.
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Figure 5.19: Formation of necking along the electrode shank at the bonded wafers junction: (A)
Bonded wafers with etched holes prior to refilling by LPCVD films, (B) After refilling with
sacrificial layer (LPCVD polysilicon) and other LPCVD films as described in Fig. 3.1, sacrificial
polysilicon layer is thicker around the corners at the bonding junctions, (C) Final electrode shank
after removing the silicon substrate and sacrificial polysilicon by EDP etching. The polysilicon
layer thickness variation around the corners is transferred to the final electrode shank resulting in
formation of necking where conical tip part is connected to the shank cylindrical base. (D,E)

Optical microscope image of electrodes shank with the close view of necking at the bonding
junction.
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Figure 5.20: Proposed method to prevent formation of necking: (A) Silicon substrates with etched
holes before wafer bonding. In the silicon substrate containing the tip holes, the holes entry
sidewall is tapered to avoid over-accumulation of LPCVD films at the sharp corners which is
responsible for formation of necking, (C) After refilling with sacrificial layer (LPCVD polysilicon)
and other LPCVD films as described in Fig. 3.1, sacrificial polysilicon layer is thicker around the
corners at the bonding junctions, (D) Final electrode shank after removing the silicon substrate and
sacrificial polysilicon by EDP etching. The hole entry sidewall slope is transferred to the final

electrode shank profile, increasing the diameter of the conical tip base at the junction of bonded
wafers which improves the mechanical robustness of the structure.

5.2.4 Tissue Volume displacement

The penetration of any foreign object into the brain tissue activates the neighboring microglia cells
that extend toward the implanted device and start encapsulating the implant. Due to this tissue
response, the implant becomes surrounded by microglial cell bodies forming a thin cellular
encapsulation that degrades the ionic exchange with the implant electrode site and impacts the
chronic stability of the recording [110]. Reducing the cross-sectional dimension of the implanted
electrodes will likely reduce the adverse tissue response caused by tissue volume displacement. A
smaller displaced tissue volume reduces mechanical strain on the tissue, which reduces the
pressure on transmembrane channels and pumps and also reduces the inflammatory tissue
response. It has been demonstrated that electrodes with subcellular cross-sectional dimensions

improve the electrophysiological recording performance [45,110].

106



In the case of an electrode array, the total tissue volume displaced by the whole implanted device
also needs to be minimized to prevent damage to the brain. Although there is no consensus on the
appropriate tissue volume displacement threshold, it is suggested that the displaced tissue volume

should be <1% of the brain’s volume [111].

In order to approximately determine the upper limits of the SEA array density, we have used a
chronically implanted microwire array with similar out-of-plane structure as a reference for safe
tissue volume displacement. In one study, Nicolelis et al. chronically implanted 96-704 electrodes
of 50 um diameter with spacing of 300 um in a macaque monkey and demonstrated 18 months of
recording [112]. Figure 5.21(a) shows the array of 96 microwires used in this study, the total
volume displacement by this array is ~0.48 mm?®. A SEA array of 2400 electrodes with 10 pm
diameter implanted in the same volume (3.5 mm x 3.5 mm opening area and 2.5 mm deep) will
result in the same tissue volume displacement which sets the minimum safe spacing to be ~ 60
pum. It is worth mentioning that the tungsten microwires used by Nicolelis et al. had blunt tips
while the SEA array electrodes have ultra-sharp tips with a conical tapered sidewall profile near
the tip (Figure 5.21 (b) and (c)). This drastically facilitates insertion, reduces dimpling and tissue
strain during insertion. Therefore, it is expected to obtain less tissue inflammatory response using
SEA arrays compared to the mentioned microwire arrays with larger electrode cross-sectional size

and blunt tips.

It is worth mentioning that above discussion has only considered the tissue volume displacement
effects on the chronic stability of the brain implant. However, it is widely known that there are
many more factors that affect the longevity of the device and the recording. These factors include
vasculature damage, insulation material layers failure in the tissue environment, recording sites

thin-film metal dissolution and delamination, interconnection fracture along the electrode shank,
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tissue damage and electrode breakage due to differences of brain and electrode Young’s modulus,

device tethering and brain micro and macro motions and other explored/unexplored factors.

Nicolelis et al. 2003
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Figure 5.21: Approximate maximum safe electrode array density using a comparison with similar
chronically-implanted arrays. (a) A tungsten microwire array of 96 electrodes used by Nicolelis et
al. in a chronic recording (18 months) in macaque monkey [112], (b) The microwire array consists
of tungsten electrodes of 50 um diameter and spacing of 300 um which results in a volume
displacement of 0.48 mm?, (c) SEA array with equivalent tissue volume displacement (0.48 mm?®)
with 10 um diameter electrodes and spacing of ~ 60 um.

5.3 Conclusions

In this chapter innovative features, potential capabilities, and limitations of the developed SEA
technology are discussed. The SEA technology features include:
. Individual needles can have different lengths, and still reside side by side, can be
distributed in any arbitrary pattern. Needles can be as tall as several millimeters.

. Needles can have variable pitch/density, capable of being spaced as close as 10 pum.
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« Needles can have different shank diameters, to allow design of the stiffness of each shank.
Shanks with diameters as small as a few microns can be fabricated.

« A cluster of closely spaced needles with different heights will allow depth recording.

Two techniques have been developed to control the side-by-side electrodes length: The first one
utilizes a self-terminating etch process based on the DRIE lag process. In this process the diameter
of the side-by-side holes determines the final etch depth, i.e., holes with smaller diameter result in
shallower etch depth and therefore shorter electrodes. Using this technique, the maximum variation
of length is limited to 500 um for reasonable hole diameters (<35 pum). To extend the range of
electrodes length variation, another technique based on wafer bonding is developed. In the second
technique, electrodes length is dependent on the hole layout design in each substrate of the bonded
stack. In other words, larger holes (20-35 um) are replaced by small holes (<10 um) to form a
conical tapered hole instead of thru-wafer holes with straight sidewalls. Depending on the
substrates thickness and the relative position of hole sizes reduction along the bonded substrates
stack, the final depth of the holes and therefore final electrode shank length is determined. A
method for realization of semi-multisite per shank is proposed using closely packed cluster of

electrodes with various length to record from different depths along the electrode shank.

As potential capabilities of this technology, modified fabrication process technologies and
materials are proposed to achieve other recording and stimulation modalities such as optical and

chemical integrated to the electrophysiological electrode arrays.

Some of the limitations of the SEA technology is discussed, these include the LPCVD deposition
inside ultra-deep ultra-high-aspect-ratio features, wafer bonding misalignment when making long

shanks, and tissue damage when the number and density of shanks increases.
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One of the limiting factors that determines the maximum achievable electrodes length is the step
coverage of the LPCVD process and the inability to refill very deep holes. Theoretical and
modeling analysis is used to determine the LPCVD process step coverage for holes/trenches of
various aspect-ratio values. These result suggest maximum electrode length of ~2.5 mm with

diameter of ~20 um can be fabricated.

The issues and limitations caused by the wafer bonding misalignment are discussed and possible
solutions are proposed to prevent mechanical and/or electrical failure of the electrode array. These
solutions include a progressive electrode shank size and another method, “Bond-then-Align”, to

circumvent the bond alignment step which causes relatively large misalignment.

Tissue volume displacement caused by the array insertion is used to determine the upper limits of
the electrodes density. Comparison with chronically implanted arrays of similar structure (3D out-
of-plane microwire array) suggest a maximum density of ~225 electrodes/mm? (60 um electrode

spacing) for 10 pum thick electrodes.
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Chapter 6: Conclusion and Suggestions for Future Research

The research presented in this thesis involved the design and development of a new silicon-based
fabrication technology for producing high-density, large-count, three-dimensional arrays of
extremely fine electrodes with user-defined length, width, shape and tip profile. Simultaneous
recordings from, and stimulation of, a large number of neurons with high spatiotemporal resolution
across multiple spatial planes is crucial to decipher complex neural circuits with causal single cell

precision.
Based on the results obtained in this thesis, the following conclusions can be drawn:

1- Near-ideal neural probe features are described as a guideline to design and develop a new

electrode array technology. These features include:

. Control over electrodes length, count, distribution and density across the electrode array to

obtain 3D spatial coverage.

. High spatial resolution in any arbitrary plane to obtain high-density large-scale electrode
arrays.

. Small cross-sectional size with tapered shank sidewall profile and an ultra-sharp tip to
minimize tissue damage during and post implantation.

« Multi-modal recording and stimulation of neurons using electrophysiological, optical and

chemical methods.
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2- Analysis of electrode insertion through the rat brain pia mater using FEM critical buckling load
simulations in COMSOL Multiphysics. Simulation results suggest a minimum inner diameter of
10 pm and 14 pm for the base of the cylindrical and conical sections of the electrode shank
respectively, and maximum length of 6 mm to ensure pial penetration without buckling. In these
simulations the pial penetration force is assumed to be 0.62 mN, therefore, the electrode critical

buckling load should be larger than 0.62 mN to prevent buckling/breakage during the insertion.

3- To overcome the shortcomings and issues of previously reported penetrating neural probe
technologies, a fabrication process based on refilling deep ultra-high aspect-ratio holes in a silicon
substrate with deposited layers followed by etching away the support substrate to leave thousands

and eventually millions of needles, is developed.

4- The capabilities and limitations of standard fixed-parameter DRIE process have been tested.
These results show that the etch depth for a 25 pum diameter hole is limited to ~ 500 um due to
aspect-ratio dependent etch (ARDE) effect of the DRIE process. Tapering and convergence of the
sidewalls due to DRIE lag effect is utilized to form electrodes with tapered shank sidewalls

approaching a sharp tip.

5- Electrode arrays with various design parameters are fabricated to demonstrate the capabilities
of the proposed technology. This includes arrays with different electrode count (4 - 5184), pitch
(50um-500um), electrode length (200pum-1.2mm), diameter (10pum-30pum) and arbitrary
distribution of electrodes with varying length, pitch, diameter across the array. These results
demonstrate our technology capabilities to make high-density large-scale arrays with true 3D

spatial coverage which are characteristics of the near-ideal probe described in chapter 2.
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6- A method of reducing the final electrode shank cross-sectional size is developed. This method
utilizes a sacrificial polysilicon layer deposited inside the etched holes as the first layer deposited
using the LPCVD process. This makes the sacrificial polysilicon to be the outermost layer of the
electrode shank which will be dissolved during the EDP releasing step, therefore reducing the

shank diameter.

7- A modified custom-developed ultra-deep ultra-high aspect-ratio DRIE (UDRIE) process to
minimize the standard DRIE process shortcomings (ARDE induced tapered sidewall/etch
termination/DRIE lag, and pattern dependency) is developed. Ultra-deep ultra-high AR features
with controlled sidewall slope are obtained by dynamically ramping the Bosch DRIE process
parameters. The ramp rates of different parameters are set in order to maintain as constant and high
etch rate as possible as AR increases. Higher etch rate, larger depth, relatively straight sidewalls
and flat bottom are obtained compared to the fixed-parameter recipe. 25 um diameter holes are
etched to >550 pm within 150 min using the ramped-parameter recipe, while 210 min etch by

fixed-parameter DRIE recipe only reaches maximum depth of <500 um.

8- A new fabrication technology based on bonding multiple wafers with thru-wafer holes is
developed to obtain arrays with millimeter-long electrodes. This technology uses the ramped-
parameter DRIE (UDRIE) process to etch thru-wafer holes in multiple wafers and the standard
fixed-parameter DRIE to make the tapered holes. These wafers are aligned and bonded using
hydrophilic Si-Si fusion bonding technique to form millimeter-deep holes along the depth of the

bonded wafers stack.

9- A method for controlling the length of side-by-side electrodes is developed by using the

following processes:
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. DRIE lag approach: By changing the hole diameters in the layout, due to the DRIE aspect-
ratio dependent etching (ARDE) and DRIE lag effect in holes with various depth and
consequently electrodes with various length. The length variation using this process is
limited to <500 pm.

. Wafer bonding approach: By engineering the mask layouts used for patterning the holes in
each wafer, the length of side-by-side electrodes within a die can be controlled. The length

variation using this approach depends on the silicon wafer thickness used in the process.

10- Limitations of refilling approach using LPCVD process have been studied theoretically and
experimentally. These results show that the LPCVD process step coverage is drastically reduced
as the hole aspect ratio increases. This issue is more severe for LPCVD processes with higher
deposition temperature such as oxide and nitride deposition. The modeling results shows the

LPCVD step coverage for holes with an aspect ratio of 100 is around 10%.

11- Limitations of the wafer bonding technique in terms of bonding misalignment and the issues

caused by it are discussed and two new methods are proposed to prevent these issues.

12- Two maskless self-aligned metallization processes are developed to form the recording sites.

13- Functionalities of the developed SEA array is tested by acute in vivo recordings in a rat barrel
field cortex using 2x2 and 3x3 arrays. The array was able to seamlessly penetrate the pia mater
and tissue with no tissue dimpling or electrode buckling thanks to the sharp needle design of the
probes. Local field potentials (LFP) recordings under isoflurane anesthesia showed characteristic
slow field potentials, along with occasional epochs of 11 Hz oscillations. Acute histology results

showed successful penetration through the white mater with no electrode bending or deviation.
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The electrode array technology enables fabrication of customizable application-specific probes for
various neural studies. We believe customization of neural probes based on the subject of the study
(various species), the target region of the central nervous system, and the neurophysiological study

type (acute, chronic) is key for studying different regions of the brain.

We believe the work presented in this thesis has provided solutions to some of the many challenges
that prohibit realization of neural interfaces for therapeutics and brain-machine interface
applications, however, further research is needed to address the unresolved problems. These

include:

1- Fabrication of electrodes with smaller cross-sectional size and longer length using the proposed
“bond-then-align” technique. It has been demonstrated that reducing the electrode shank diameter
to 10 um drastically alleviates the tissue inflammatory response. Longer electrodes are required to

target deeper neuron-rich brain structures such as hippocampus.

2- Modification of the recording site formation process to improve the recording site impedance,

repeatability, and reliability of the sites to obtain chronically stable recordings of single units.

3- Alternative dielectric and conductive materials for improved impedance and stability of
electrodes in vivo. SiC deposited using PECVD or LPCVD is suggested as the dielectric material
to replace the ONO as it has shown great in vivo stability in other electrode arrays. Pt, Ir and/or
electrodeposited PEDOT is suggested as the recoding site material to improve the impedance and

recording signal to noise ratio.

4- Design and development of flexible cables for interconnection and proper encapsulation and

packaging. Rivet bonding is suggested to connect the cable to the array for dense high-count arrays
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as manual wire bonding results in electrical shorts and reduced yield. Long-term recording in vivo

requires proper packaging and encapsulation.

5- Modification of fabrication technology to realize other recording/stimulation modalities such as
optical and chemical. Integration of all these modalities (electrophysiological, optical and
chemical) in a single probe can provide neuroscientists a great tool to advance our understanding

of the brain.

6- Design and development of functional multi-electrode clusters per shank to record from various
depths of the brain and drastically increasing the site density with minimal tissue volume

displacement.

7- Design and development of customized arrays for specific neural studies to unleash the potential
of this technology and realize a near-ideal neural interface. More in vivo studies using arrays with
various electrode configurations (length, cross-sectional size, density and distribution) are required

to further explore the capabilities and limitations of this technology.

In conclusion, | deeply hope that the research presented in this thesis can help neuroscientists and
technologists to decipher the brain circuitry and to develop new clinical, therapeutics, and
prosthetic devices for different neurological disorders such as epilepsy, depression, addiction and

paralysis.

Envisioning a future where brain implants are widely used to help people with mental and physical
disabilities to have a normal life or to enhance human cognitive abilities might sound like James
Cameron Sci-Fi movies! But, so did contact lenses, pacemakers, cochlear and retina implant in

the past.
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