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ABSTRACT

Silicon carbide (SiC) has been used for centuries as an industrial abrasive and has been
actively researched since the 1960’s as a robust material for power electronic applications.
Despite being the first semiconductor to emit blue light in 1907, it has only recently been
discovered that the material has crucial properties ideal for long-term, implantable biomedical
devices. This is due to the fact that the material offers superior biocompatibility and
hemocompatibility while providing rigid mechanical and chemical stability. In addition, the material
is a wide-bandgap semiconductor that can be used for optoelectronics, light delivery, and optical
sensors, which is the focus of this dissertation research.

In this work, we build on past accomplishments of the USF-SiC Group to develop active
SiC-based Brain Machine Interfaces (BMIs) and develop techniques for coating other biomaterials
with amorphous SiC (a-SiC) to improve device longevity. The work is undertaken to move the
state of the art in in vivo biomedical devices towards long term functionality. In this document we
also explore the use of SiC in other bio photonics work, as demonstrated by the creation of the
first reported photosensitive capacitor in semi-insulating 4H-SiC, thus providing the mechanism
for a simple, biocompatible, UV sensor that may be used for biomedical applications.

Amorphous silicon carbide coatings are extremely useful in developing agile biomaterial
strategies. We show that by improving current a-SiC technology we provide a way that SiC
biomaterials can coexist with other materials as a biocompatible encapsulation strategy. We
present the development of a plasma enhanced chemical vapor deposition (PECVD) a-SIC
process and include material characterization analysis. The process has shown good adhesion
to a wide variety of substrates and cell viability tests confirm that it is a highly biocompatible

coating whereby it passed the strict ISO 10993 standard tests for biomaterials and biodevices.
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In related work, we present a 64-channel microelectrode array (MEA) fabricated on a cubic
3C-SiC polytype substrate as a preliminary step in making more complex neurological devices.
The electrode-electrolyte system electrical impedance is studied, and the device is tested against
the model. The system is wire-bonded and packaged to provide a full neural test bed that will be
used in future work to compare substrate materials during long-term testing.

Expanding on this new MEA technology, we then use 3C-SiC to develop an active,
implantable, BMI interface. New processes were developed for the dry etching of SiC neural
probes. The developed 7 mm long implantable devices were designed to offer four channels of
single-unit electrical recording with concurrent optical stimulation, a combination of device
properties that is indeed at the state-of-the-art in neural probes at this time.

Finally, work in SiC photocapacitance is presented as it relates to radio-frequency tuning
circuits as well as bio photonics. A planar geometry UV tunable photocapacitor is fabricated to
demonstrate the effect of below-bandgap optical tuning. The device can be used in a number of
applications ranging from fluorescence sensing to the tuning of antennas for low-power
communications.

While technology exists for a wide variety of in vivo interfaces and sensors, few active
devices last in the implantable environment for more than a few months. If these devices are
going to reach a long-term implant capability, use of better materials and processing strategies
will need to be developed. Potential devices and strategies for harnessing the SiC materials family
for this very important application are reviewed and presented in this dissertation to serve as a

possible roadmap to the development of advanced SiC-based biomedical devices.
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CHAPTER 1: INTRODUCTION TO SIC FOR ADVANCED BIOLOGICAL APPLICATIONS

1.1 Brain Machine Interface (BMI) Overview

The brain-machine-interface, or BMI, acts as a bi-directional manmade bridge from neural
tissue to the outside world. This technology is based upon a neural interface that allows for a
direct signal pathway to the neurological system, thus allowing for signals to be routed around
damaged tissue in addition to intercepting signals for use outside of the body. One of the most
important applications is in the area of robotic prosthetics, whereby functionality can be restored
after the loss of a limb such as a hand, arm, foot, leg, etc. The BMI system also includes
electronics, either on-board or outside of the body, and the associated software and algorithms
to restore nervous system functionality. BMI devices range from simple skin-electrodes that pick
up neural signals non-invasively, to those implanted directly into the brain or peripheral nervous
system. The long term goal of these interfaces is to restore lost senses, motor control, and
cognitive ability. Impressive BMI systems have been demonstrated for short periods of time,
typically on the order of months. However, without new biomaterials, these interface systems will
be frozen at their current state even as advances are made in BMI electronics and algorithms.
Clearly, a breakthrough is needed if BMI is to become a mainstream clinical therapeutic option
for patients suffering from neurological impairment/loss of limbs. This is the focus of our work in
this dissertation. We focus on improvements in biomaterials that can push the technology into the

next era of long-term implantable interface.
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Figure 1: BMI overview demonstrating the components of a BMI system. Feedback may be
required depending on the application thus motivating the need for a bi-directional BMI system.

In order to give a general overview of BMI systems one must first consider the fundamental
biological basis for the signals that control the central nervous system (CNS) and peripheral
nervous system (PNS), and how these signals can be analytically measured and modified though
external stimuli. The brain consists of billions of specialized brain cells, called neurons, that
contain voltage-gated ion channels within their membranes. These channels have a homeostatic
state that results from a complex balance of various ions across the cell membrane. This semi-
stable state is called a resting potential and is exhibited as a membrane potential of around -70mV
in humans. The neuron will maintain this potential until it is perturbed by an adjacent neuron’s
depolarization or other outside force. Depolarization occurs when the membrane threshold value
rises to approximately -55 mV in humans [1]. Within milliseconds a chain of events in the ion
channels cause a sharp rise to a final value of +40 mV and then a slow reset over several
milliseconds back into an attentive (resting) state. The frequency of the system can operate in a
range of 1 Hz to over 5 KHz [2].

The small amplitude rise of a single neuron’s action potential provides challenging
recording conditions for BMI devices. At these small amplitudes the EM field radiated from the

neuron is very weak and close to the electrical noise floor which is due to thermal oscillations and



external fields. To further complicate the problem the surrounding conductive fluid provides a
current path further shunting the signal away from the recording electrode.

The Electroencephalography (EEG) system is the least invasive way of recording these
signals. This is a transdermal system that takes advantage of the alignment of similar groups of
spatially aligned neurons providing a collective action potential beat frequency that can be
detected outside the body. Electrodes are placed on the subjects scalp for a high-impedance
contact to the head. EEG is the oldest form of neural recording and is currently used clinically as
a first line of defense for diagnosing stroke, brain tumors, and other serious neurological
problems. The technique requires extensive processing and only provides very limited spatial
resolution. Research in the area of digital processing for EEG derived signals has been an
increasing field of research but ultimately the resolution of the technique is very limited and only
allows for one-way signaling.

Taking EEG one step further, Electrocorticography (ECoG) places electrodes directly onto
the exposed cortex during a surgical procedure (i.e., under the scalp). The technique provides a
far superior spatial resolution to EEG as the signals are not dissipated across the skull thus
allowing for a higher signal to noise ratio (SNR). ECoG is most commonly used as a surgical

procedure for determining the epileptogenic zones that begin a seizure.

Table 1: Comparison of direct connection BMI techniques

Pros Cons Reference
Electroencepha- | ¢  No trauma to the subject e  Spatial accuracy is very [3]
lography e  Electrode systems are easy to fabricate due to large poor
(EEG) size e  One-way communication

. High Signal to noise ratio of collective action potentials
e High channel counts are easily achievable

Electrocortico- e  Good signal to noise ratio of collective action ¢ Implantation requires | [3][4]
graphy (ECoG) potentials surgery

. Spatial/temporal resolution better than EEG. . One-way communication

. High channel counts are also easily achievable
Single Unit e  Extremely Spatially Accurate e Insertion Trauma damages | [3][4]
Recording e  Single neuron or groups of multiple neurons can be neural tissue

recorded. . Short Interface Duration
e  Very high SNR . Recordings can’t be used to

extract any sensory
information directly.




Recently, new advances in implantable microelectrodes have opened the door for the
development of implantable interfaces. The interfaces allow the brain to link to an external system
with high levels of temporal and spatial precision. Some experiments with BMI implants in
monkeys have recently led to exciting new demonstrations. One experiment in particular by
Nicolelis et. al demonstrated an implantable electrode system that facilitated a direct link between
the motor cortex of a primate to a robotic arm [5]. The primate was taught to perform the certain
task of stacking blocks using the arm and was given a juice reward in return.

These implantable devices, however, fall short in the area of useful device duration.
Generally, any implant placed in the brain will fail after only a few short weeks or months due to
gliosis and other immune system degradation [4]. Once the interface degrades the electrode is
encapsulated and the electrical impedance of the system rises to a level unusable for recording.
This would be unacceptable for human implantation due to the high risk of brain surgery
procedures. Thus, new hardware is needed in this exciting field to bridge the gap to long-term
solutions as current interface materials fall short of implantation goals.

1.2 Electrical Neural Interface

Although providing an exhaustive history of microelectrode arrays may be outside of the
scope of this document, substantial progress has been made in the field. Many reviews have been
published on the topic that include study of materials and methods on making microfabricated
neural probes [6][7][8].

The first team to do work in the field was at Stanford in the mid-1960s. Kensall D. Wise
and James B. Angell were some of the first to use microcircuit fabrication techniques to solve
many of the problems that plagued traditional wire electrodes [9]. Shortly after this, in 1971, Wise
and Angell reported to have created an onboard integrated circuit for the buffering of signals from
one of their microelectrodes [10]. In 1984 the University of Japan created the first fully monolithic
brain probe with amplifiers, multiplexing, and multiple recording sites along the probe’s shank

[11].



Much later, the University of Michigan became a forerunner in the field. It was here that
the Center for Neural Communications Technology (CNCT) was founded in 1994 [12]. The center
developed the first implantable boron-doped silicon probes for use in the brain. This was a large
leap forward from the then currently used microwires and glass pipettes because it offered high
channel density multichannel recording. By using implanted Boron as an etch stop nearly any 2D
probe geometry could be made through chemical etching. The drawback was that the Boron-
doped etch and release process developed was expensive and not ideal from a biocompatibility
point of view [13].

Recently, the largest boon for the fabrication of implantable BMI devices has been the use
of Reactive lon Etching (RIE) and Dry Reactive lon Etching (DRIE) techniques. By using various
chemically reactive ion chemistries, such as Fluorine containing gasses, namely sulfur
hexafluoride (SFe), Silicon could be selectively etched at high aspect ratios with photopolymer
masking. This new etching technique also allows our team to process SiC substrates for neural
probes that cannot be wet chemically etched.

Today, microfabrication allows for a spatial resolution of 1 um or better and high channel
densities. These new miniature electrodes make it possible to record the surrounding membrane
potential and stimulate externally through either a voltage or current stimulus pulse on a neuron
specific level addressable over large areas. Much of today’s research is accomplished in-vitro
through the use of planar microelectrode arrays (MEAs) as shown in Figure 2. In many
applications these MEAs can replace the glass capillary electrodes that were once used in single
cell recordings and provide the extra benefit of high channel densities. Through microfabrication,
the 2-dimensional chips can easily have channel counts that allow for over a thousand recording
sites. Generally, cells are cultured directly onto the devices and are recorded long-term for up to

several weeks.



Figure 2: A photograph of a gold conductor on 3C-SiC MEA. Photo produced by Frewin et. al
[14], [15]. The device was fabricated on a 2 inch diameter 3C-SiC on Si(100) epitaxial wafer
grown at USF via hot-wall CVD.

For in vivo, studies electrodes are fabricated down a central mechanical support called a
shank. The shank is use for targeted insertion of the electrodes into specific brain regions. These
neural implants operate much like an MEA by sending and receiving signals to the onboard
microelectrodes.

The devices are generally less than 1 mm thick and 300 um wide to reduce surgical
insertion damage and contain several electrodes with metal traces that run down the length of the
device. The main drawback of these implantable electrodes is that channel count is directly
proportional to the size of the electrode. Larger, high channel-count devices inherently cause
more damage during insertion. The devices are size limited and the conductor size can only be
reduced to a point due to increasing electrical impedance. Some work has been done with 2D
and 3D electrode arrays but generally at the cost of degraded recordings.

1.3 Optical Neural Interface

Before 2005, implantable brain interfaces only consisted of electrical interfaces. While this
work continues, due to certain system advantages, optical stimulation systems have become
commonplace with the advent of optogenetics techniques by Karl Deisseroth at Stanford

University. This recent discovery allows us to change the way we think of BMI devices. With a

subtle genetic manipulation, certain photo-sensitive ion channels can be added to a neuron’s cell



membrane making it generate evoked action potentials (EAPS) or silencing its action based on
light wavelength. That is to say we can turn the neuron into an optical switch.

The technology has already revolutionized how we model neurological disorders and will
soon change how these diseases are treated [14][15][16]. Replacing metal electrodes in
implantable BMI systems is also paramount to long-duration BMI performance, so the technique
is a large step towards long-term chronically implanted systems.

Deisseroth and his team genetically isolated a photosensitive ion channel called
Channelrhodopsin-2 (ChR2) that responds to blue light (centered at 473 nm in wavelength). Once
iluminated, the ChR2 channel opens, allowing Na* cations to flow inward, increasing the
depolarization of the membrane past threshold level, and instigating an action potential in the
neuron (see Figure 3). Normally, the ChR2 opsin protein is found in a specific type of green algae;
Chlamydomonas reinhardltii. Deisseroth’s team gained international notoriety when they were
able to recreate a ChR2 ion channel within a population of mammalian neurons by using a viral
delivery vector [17]. ChR2 only requires one gene to be expressed in the host animal, works with
visible light wavelengths, and provides precise millisecond temporal control of the neuron. In 2009
the technique gained even more momentum when ChR2 was used on living, non-human,
primates to allow precise targeting and control of neurons (Xue Han et al 2009).

Just as blue light can activate ChR2, yellow light (centered at 580 nm in wavelength) can
be used to activate another light driven CI- ion pump such as Halorhodopsin (NpHR ). In contrast
to ChR2, NpHR can effectively assist in repolarizing the neuronal membrane to essentially “turn
off” the action potential. Total bipolar state control (i.e. on and off states) through neuronal action
potentials can be realized using these two ion-channel structures in conjunction with blue and

yellow light stimulation.



Cell-type-specific promoters for genetic modification can add ChR2 or NpHr ion channels
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Figure 3: lon channel overview for optogenetics. Blue light (473 nm) opens the ChR2 channel
to allow membrane depolarization leading to AP stimulation. In contrast, yellow light (589 nm)
can repolarize the membrane and thus ‘turn off’ the action potential. Thus full bi-state control
can be realized. This field of research is known as Optogenetics.
to specific types of neurons. This differential targeting provides a great advantage over traditional
electrical stimulation, which has very low levels of neuronal selectivity. Moreover, through this
high level of selectivity, diseased brain circuitry can be traced allowing the development of new
models for neuropsychiatric diseases. Other variants of these two ion pumps have been
discovered with a wide range of sensitivity and selectivity options. These options can lead to the
generation of complex techniques, which have been thus far unobtainable by any other
methodology. Optogenetics may help unlock not only therapeutic relief of diseases like
Parkinson’s, but can help in the generation of cures for this and many other neurological disorders.
Optogenetics is now being used in laboratory animals to perform localized brain
stimulation in mice with induced Parkinsonian tremor [18]. In these systems, glass-based optical
fibers take the place of implanted electrodes for an entirely different mode of stimulation. Impulses
of light travel down the optical fibers and then excite genetically modified neurons, which then
respond to blue and yellow light. This important step has already changed the field of
neuroscience by providing genetically targeted stimulation and control of neural tissue. If this

treatment were tailored for Parkinson’s patients, this would mean avoiding many of the common
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side effects caused by stimulating the wrong brain region. It is not uncommon for deep brain
stimulation (DBS) patents to have mood and sensory problems due to imprecise stimulation when
their DBS pulse generator is active [19].

The current standard for localized optical stimulation in laboratory animals is a glass fiber
implanted through the skull and held into place with cranial cement, see (Figure 4). The glass
fiber protrudes out of the animal and is coupled into a high intensity light source. Light travels

down the fiber and is delivered to a wide area inside the brain at the tip of the fiber.
Fiber Guide —Optical Fiber
Cranial Cemen& ‘ _skull
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Figure 4: Standard glass fiber procedure for optogenetics in animals
This technique leaves much room for improvement. Glass fibers are not chemically bio
stable and it has been shown that that the presence of glass can evoke an immune response in
cortical tissue that can impede the light-to-neuron optical interface [20]. This glial scarring of brain
tissue effectively lowers the spatial resolution and power output of the system. Second, the
fragility of an implanted glass fiber is a problem that has yet to be fully addressed.
1.3.1 Clinical Uses for Optogenetics
The field of optogenetics BMI has some exciting years ahead. Never before have brain
signals been explored with such granular detail and high temporal resolution. Already, research
has shown that in animal models some visual sensory input can be restored, interconnections
between brain regions that were lost due to a stroke can be improved, and motor function can be
regained through the control of external prosthesis [21],[22],[5]. However, many hurdles still exist
in long-term implantation of these strategies. Development of biomaterials that can survive the

rigors of the in-vivo environment still provides one of the largest impediments to the technology.



Another short-term goal is the use of optogenetics to provide better deep brain stimulation
protocols than those that already exist clinically. This has particular bearing on the research
presented herein as current DBS technology is a rudimentary BMI interface that has vast room
for improvement.

Parkinson’s patents that do not respond to standard drug regimens have little choice for
treatment. Often, these patents turn to direct neurostimulation wherein low-voltage electrical
pulses are directly delivered to the subthalamic nucleus (STN) through metal electrodes implanted
deep within the brain. This technique is approved by the FDA, but only as a humanitarian device
exemption and is not approved for all cases [23]. The reason for this harsh control is the danger
involved with DBS implantation and the long-term side effects of the prosthetic. Currently, the
materials used in these implants give rise to the chronic immune system response from the body’s
own immune system. Eventually, this destructive cascade leads to neural degeneration around

the implant (Figure 5)[24].

Figure 5: Deep brain stimulation electrodes implanted in the brain of a mouse. Implant shows
extreme neural degeneration, marked by the presence of astrocytes stained against glial
fibrillary acidic protein (GFAP) in red. Gliosis is especially noted around the active tips. Image
from [25].
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1.3.2 Optrodes for Optogenetics

An optrode is simply the combination of an optical fiber or monolithic waveguide combined
with a conductive trace for closed-loop recording. Initially, optrodes for BMI were simple step index
fibers implanted in mouse models. These devices worked well in short-term implantation, but were
lacking multiple channels, spatially resolved emitters, and glass has been shown to be potentially
toxic in chronic implantation [20]. Just as microfabricated electrodes revolutionized BMI,
optogenetics technology could clearly benefit from microfabrication methods. Recent work has
moved toward implantable microfabricated waveguides made from SU-8 and other biocompatible
photo-patternable materials [26][27]. These are fabricated alongside metal electrodes for
recording to create a bidirectional interface. Even with these designs, material challenges still
exist but the great flexibility that microfabrication provides makes this technique superior in most
respects.

1.3.3 Photocurrent Considerations

Whenever a metal electrode is illuminated with a high intensity light source a current is
created. The so-called Becquerel effect generates a photocurrent that is amplified as if it were an
evoked action potential (EAP). For devices with combined optical stimulation and electrical
recording this can lead to recording artifacts [28]. The effect seems to be a larger problem with
high powered lasers [29]. In the literature it has been found that driving longer 1 s low-power laser
pulses in the range of 0.1 mW-3 mW minimizes this effect [28].

Generally, it is best to try and keep the electrodes out of the beam path of the optrode,
this is a tradeoff however because the highest spike counts from ChR2 are recorded nearest the
beam [29]. Another way to minimize the effect is through changing the material of the electrode
altogether. Certain conductors such as Indium Tin Oxide (ITO) seem to completely eliminate the
effect, but using ITO has drawbacks of protein absorption and a lack of longevity [30].

1.4 SiC for Biophotonics
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Due to the wide bandgap property and mechanical resilience of SiC it lends itself well to
biophotonic devices such as Optogenetic light delivery and other implantable in vivo sensors. The
production of UV photodetectors in single crystal SiC is well documented in the literature [31]. In
addition, it has been shown that visible high-index optical waveguides can be made from the
material [32]. This makes the candidate a likely replacement for system components used in
optogenetics and as a sensing element for in vivo florescence microscopy using system on a chip
architecture. The literature shows promising data for SiC material as this material (in both
amorphous and cubic forms) preventing bio-fouling that may obscure an optical sensor providing
for un-needed insertion loss [33][34].

1.5 Materials Challenges

Any foreign object placed into the body will inevitably trigger an immune cascade that
evokes an attack by the body’s immune system. The brain in particular is a special case of this.
The brain has specialty cells called astrocytes and glia that activate when an unwanted substance
is detected.

Generally, this reaction is warranted when cancerous neurons go awry or toxic substances
are introduced. These cells trigger a process that ends in macrophages enveloping the problem
area and sealing it off from the rest of the brain. However, for a cortical implant, this cascade goes
into overdrive thus damaging interconnects with the electrodes and optical emitters. Controlling

this cascade is the primary factor when designing devices for the body (see Figure 6).
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Figure 6: Various states of immune response for a cortical implant [35]. Some stages shown are
the gradual activation of astrocytes, connective tissue, and giant cells formed by interconnected
macrophages.

Materials for BMI have changed very little since their inception. The way these implants
are created has rapidly become more complex but little ground has been gained in the area of
long-term biocompatible materials for all the necessary components to the system. Although
many of the currently used biomaterials have found some clinical success, these materials still
fall far short of the requirements of long-term implantation goals. Commonly used insulators, such
as polyimide, degrade and crack over time and metals leach ions into the body [8], [36].

In order for the immune response to begin, protein absorption must happen first so
controlling this parameter is key to long-term performance [37]. Nearly all material surfaces,
including metals, absorb proteins over time. While little is known about the mechanisms involved
with protein absorption, a link has been made between the surface roughness, surface wettability,
and surface charge and cell proliferation [38]. Also, many bio-active surface coatings have been
developed to enhance a given material’s biocompatibility through limiting surface absorption or
improving cell attachment but the duration of the effect is limited [36]. A high variability exists in
the biocompatibility data. This is not surprising considering the variability in biological testing.
Even when concurrent tests are done with the same material on the same animal the data can
differ [36]. Despite this, some things are well known about the material performance and we

summarize herein some of the more important material players for BMI.
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Generally, we are referring to materials used to manufacture passive implant devices, and
we further separate the materials into categories as insulators and conductors. Waveguides will
be discussed briefly as they relate to Optogenetics, but they are generally the same materials
used for dielectric insulation.

It is important to note that significant evidence exists to support the belief that the
fundamental driving factor behind the chronic inflammatory reaction is not simply the insertion
trauma itself, but instead the chronic implantation and the materials within the implant. For
example, a recent study performed by Ludwig K. et al. compared the glial response of mouse
models that had nearly identical surgical procedures where Michigan style probes were inserted
into the brains of adult male mice (species Fischer 344) [21] [39]. The control group had the
probes immediately removed while other groups had the implants chronically inserted for 2 or 4
weeks before the animals were sacrificed for analysis. Using glial fibrillary acidic protein (GFAP)
stain for astrocyte activity and ED1 analysis for the presence of macrophages, the brains of the
mice were analyzed. Although both groups showed a response, the response from the control
group was nearly non-existent indicating that the bulk of the immune response had occurred as
a result of chronic implantation. This is strong evidence that the primary immune response comes
from the chronic implantation and new materials must be developed to mitigate the local immune
response.

1.5.1 Insulator Materials

Silica (SiO2) was one of the first electrical insulators used for microfabricated implants and
has been used even in recent work. It was a natural development as the first implantable probes
were being made with pre-existing semiconductor tooling. The material is easily deposited by
Plasma Enhanced Chemical Vapor Deposition (PECVD), created with thermal oxide growth, or
even sputtering techniques. The material etches well with common Hydrofluoric Acid (HF) and
can be patterned using standard lithography. Silicon Nitride (SisN4), a similar coating, is deposited
with the same techniques but is somewhat more difficult to pattern. While standardized
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biocompatibility testing is not yet prevalent in the literature, material dissolution can give a picture
of how much material is lost into the surrounding environment. Dissolution tests simply benchmark
the loss of material over time using spectrophotometry, transmission electron microscopy, or
liquid Fourier transform infrared spectroscopy (FTIR) measurements. A dissolution test performed
by Maloney et al., in 2005 showed that PECVD SisN4 implanted in rats had a slightly slower
dissolution rate of 2 nm/day as compared to that of 2.5 nm/day found in SiO, under the same
conditions [40].

The amorphous form of Silicon Carbide (a-SiC), has recently been gaining notice among
the electrophysiology community for its durability and chemical resistance. Deposited by PECVD,
a-SiC has shown no detectable dissolution when held in a bath of phosphate-buffered saline
(PBS) solution for 42 weeks at 37 °C [7]. The material’s resistivity (9.0E15 Qecm) is slightly higher
than that of SiO, (1.4E10 Q-<cm), providing better, more chemically resistant insulation when
tested on SiO, coated Si wafers [7].

In addition to deposited rigid materials, polymers are often used for electrically insulating
passivation layers as well as optical guides. Some common polymers used in cortical implants
are polyimide, Teflon, or SU-8 photopolymer, with polyethylene and polypropylene used to a
lesser degree. Most show good overall biocompatibility, but long term they tend to crack and fail
negating their purpose as a long-term passivation layer.

1.5.2 Electrode Materials

A chronically implanted BMI electrode is susceptible to the same chronic inflammatory
response as the rest of the implant. While stimulation mode systems such as deep brain
stimulation (DBS) pulse generators overcome this by increasing signal amplitude this is not an
option for recording. The EAP generated by the neuron will exist at fixed amplitude while the
electrodes interface to the surrounding tissue continues to degrade. This is why electrode design

for chronic implantation is so important. In order to improve the situation you must address both
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the damage to the interface caused by the body’s immune response, and by the faradic
interactions at the interface.

To mitigate the immune response, metals with low protein absorption are used. Without
absorbing the initial immunoglobulin G (igG) proteins the immune response would be greatly
mitigated. This mitigation would not be complete, however, due to trauma caused to the insertion
site. Metals such as gold (Au) and platinum (Pt) are particularly good at this and are heavily used
in implantable devices as a consequence.

Faradic interactions are a consequence of ionic charge transfer between the metal and
surrounding electrolyte. These reactions can be avoided altogether through eliminating charge-
based stimulation and using optical techniques but this is a long way off from clinical implantation.
These effects are reduced through using bi-phasic pulse stimulation waveforms so that no net
charge remains after the stimulation cycle (one complete charge and discharge) is complete.

Metal ion dissolution is also of great importance in chronic electrode implantation. Toxic
metals can leach into the surrounding tissue and cause cell death. Certain metals have less
dissolution but all available metals dissolve eventually. Therefore new electrode materials are
necessary.

1.5.3 SiC for BMI Devices

SiC can be formed in amorphous, crystalline and polycrystalline forms. The single crystal
form has over 250 known polymorphs but the most commonly grown varieties are the cubic 3C-
and hexagonal 4H- and 6H-SiC forms [13]. These forms are used by the semiconductor industry
as a wide bandgap semiconductor. 6H-SiC is commonly used to make LED emitters and power
electronic devices such as field-effect transistors [ref].

The mechanical properties of cubic SiC are particularly useful. For example, the Young’s
modulus of 3C-SiC is around 450 GPa, and a hardness of 2800 Kg/mm? give it very little
deformation under mechanical load and durability in hostile environments [41]. This allows for thin
devices that lower the risk of micro hemorrhage and damage to surrounding tissue.
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Optically, SiC varies in bandgap from 2.36 eV (3C-SiC) to 3.05 eV (4H-SiC) and can be
used as an optical waveguide for most of the visible spectra thus making the material a good
candidate for optogenetics devices as well as fluorescence sensing [34].

Work performed by previous members of our group has suggested that cubic SiC shows
good biocompatibility and hemocompatibility over and above other common substrate materials
such as silicon [13]. The cubic form of the material possesses many physical properties that make
it suitable for harsh chemical environments found in the body [34]. Work has been done by our
group to determine even within these common SiC polymorphs which one provides the best
biocompatibility or hemocompatibility and it was determined that this was somewhat application
specific .

Unfortunately the mechanical resilience and chemical resistance of SiC come at a high
cost. No effective wet-chemical etching exists for single crystal SiC and dry etching techniques
are slow and expensive. This has been the primary reason for the biomaterial community not fully
embracing single crystal SiC systems. As part of our work, we seek ways to make the process
faster and more affordable thus paving the way for clinical use of this impressive material system.
1.6 Summary

The stimulation and recording of brain signals will provide a bright future for BMI in the
medical field. As a highly robust, wide-bandgap semiconductor, SiC can be used as mechanical
s, insulation, and active optical devices. The research suggests that SiC provides excellent
biocompatibility and hemocompatibility and works well as an encapsulation strategy in fabricated
devices. SiC may be an ideal candidate for many implanted, system-on-a-chip type devices,
particularly those involving optics. While a steady stream of promising literature exists for the
biocompatibility of SiC, little work has been done in the way of developing this material for use in
biomedical devices. The fabrication processes are still extremely difficult and time consuming thus
keeping the material from reaching commonplace use in the biomedical community. We therefore
explore using this material for BMI and photocapacitance based sensors for the biomedical device
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community. In this chapter we provided an overview of current implantable BMI strategies,
materials, and techniques as well as proposing the use of SiC in biophotonics applications.

In Chapter 2 we investigate amorphous coatings for whole device encapsulation
strategies. We develop a new PECVD process for the rapid deposition of a-SiC films over existing
materials and then characterize the material for both its material properties and biocompatibility
via in-vitro cell viability testing.

In Chapter 3 we lay the groundwork for electrical BMI interfaces through the development
of a micro electrode array (MEA) device for stimulation and recording using 64 channels. A point-
contact model was developed of the electrode-electrolyte interface and the fabricated device was
then tested against the model. The lessons learned from this device were then carried through to
the design of an implantable optogenetic stimulation device presented in Chapter 4.

In Chapter 4 we focus on implantable optrode development with the utilization of the a-
SiC coatings and SiC substrates developed by our team. Building upon the passive implant work
and MEA devices created by our team we develop new strategies for fabricating SiC based shank
probes and ultimately integrate electrodes and waveguides onto one device. The processes
developed allow for the biomedical device community to rapidly fabricate SiC based designs with
active electrode arrays.

Chapter 5 introduces work done on the use of semi-insulating 4H-SiC for sensing visible
UV light. In collaboration with The Naval Surface Warfare Center (NSWC), the sensor was

fabricated at USF and characterized for its response to visible light at 473nm.
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CHAPTER 2: AMORPHOUS SIC FOR BIODEVICES
2.1 Motivation for Amorphous Silicon Carbide (a-SiC) Films

Amorphous silicon carbide, denoted typically as a-SiC, has been proven to provide inert
encapsulation for biodevices in-vivo and may prove to be pivotal in increasing the longevity of
biodevice electronics. The material is inherently insulating, has high-K dielectric properties, high
wear resistance, and works well as a durable coating. Unlike its single crystal cousin, the highly
insulating property of a-SiC comes about from the amorphous microstructure and low deposition
temperatures used. The lower deposition temperature prevents dopants present during the
deposition from being electrically activated thereby providing an electrical insulator. The material
can be used as an insulating outer encapsulation layer, thereby replacing or enhancing current
polymer-based prosthetic coatings. The total encapsulation of electronic circuitry by a-SiC has
been tested and has led to low water absorption and high wear resistance [7].

Amorphous SiC is a material that is now being used as an encapsulation strategy for in-
vivo prosthetics. Most notably, the FDA has allowed a-SiC as a coating for commercially available
cardiac stents. Heart stents, such as the one produced by the German firm Biotronik GmbH under
the trade name Rithron-XR™, have ushered the coating into commercial clinical use. The material
has been used as an optical coating in the past but we are reviving this use as a biocompatible
coating that is easier to work with than single crystal variations of SiC.

2.2 Process Development

To develop this capability we began by benchmarking a PECVD a-SiC process that could
be performed here at USF. The characterization runs were done at the Nanotechnology Research
and Education Center (NREC) cleanroom on campus using a Plasmatherm 700 PECVD system.

Two-inch (100) silicon wafer substrates were coated with films at 250 °C using methane (CHa)
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and silane (SiH4) gas precursors with argon (Ar) as a bulk dilution gas. PECVD a-SiC film
uniformity is particularly sensitive to the deposition pressure. The literature shows that a uniformity
maximum exists near 900 mT [42]. Therefore, pressure was held constant at 900 mT for each run
while the precursor gas ratio (CH4/SiH4) was varied from a ratio of 6.6 to 30. The films were then
characterized for stress, chemical resistance, and optical index. In addition, transmission electron
microscopy (TEM) (Figure 26) was performed to ensure the films were amorphous. Over twenty
runs were performed with the goal of realizing an a-SiC film that would hold up to chemical
resistance testing.

Early films exhibited large stress gradients causing telephone cord delamination showing
the process was significantly detuned. Often, the films would appear sound and delaminate
several days after the deposition. Profilometry based stress measurement was implemented as
a method of benchmarking the stress imparted to the wafer due to the deposition.

2.2.1 Profilometry Stress Measurement

Using profilometry for stress measurement is a straightforward process wherein the
wafer’s curve is measured before and after the film deposition. Any change in the geometry of the
surface is assumed to come from the film and the inherent stress of the film is then extrapolated
from the new curvature value. The imposed stress can be calculated with Stony’s formula (2.1)
[43].
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(2.1)

where E is the Young’s Modulus of the material, R, is the radius of curvature post deposition,
Ry is the radius before the deposition of the film, ¢ is the film thickness of the substrate, and t;

is the thickness of the film, and v is the Poisson’s ratio of the substrate.
Using a Dektak 150 optical profilometer we performed curvature based stress optimization
to the deposition process. The tool calculates stress using equation 2.1, pre scan curvature

measured before the deposition, and post scan data measured along the same path. Standard 2”
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(100) silicon wafers were RCA cleaned and marked with polyimide tape running across the length
of the substrate. The polyimide tapeline was used for film thickness verification and as a geometric
reference for the profilometer probe to measure in the same location each time. For the test, the
silane (SiH4) flow rate was held constant at 15 sccm while the methane concentration was
increased on each run. The deposition temperature was held constant for all of the tests at 250
°C and the pressure at 900 mT during the deposition. Argon acted as the dilution gas and had a

flow of 500 sscm. After each run, the stress was profiled and the results were compiled into Figure

7.
Average Film Stress (Mpa) vs. CH4/SiH4 Gas Ratio by Flow Volume
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Figure 7: Average film stress (MPa) vs. CH4/SiH4 gas ratio. A polynomial fit was applied to the
data as shown in the text box with an R? value of 0.9 indicating a strong fit.

The test resulted in very low stress for CH4/SiHs ~ 30. Again, several PECVD runs were
performed near this ratio while varying the SiH4 flow to determine the lowest stress value.
Eventually, we reached the accuracy of the tool for our measurement technique which is =10 MPa
and settled on the process shown in Table 2. This ratio was then set for future films to be deposited

at this null point used for further testing and characterization. It should be noted that although the
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gas precursor ratio used varies somewhat from those values in the literature, the systems for
PECVD vary greatly. Each process is thus unique due to the equipment constraints.

Table 2: Process conditions for low stress a-SiC films (PECVD).

Parameter Value
Single RF Supply 13.57 MHz
Temperature 250 C
Pressure 900 mT
Silane (SiH,) flow rate 12 sccm
Methane (CHj,) flow rate 360 sccm
Argon (Ar) flow rate 500 sccm

2.2.2 Atomic Force Microscopy (AFM)

Early a-SiC samples from selected for testing and imaged using atomic force microscopy
(AFM) for surface analysis and pinhole testing. The surface was very smooth and indicative of a-
SiC films found in the literature with a RMS roughness of 551.7 pm. However, pinhole defects

were found in the initial films thus indicating process improvements were necessary.

(A) (B)
5x5 um 10x10 um
Figure 8: AFM image of sample ID PASIC052112 (a) a 5x5 um AFM scan of the surface RMS =

551.7 pm (b) 1 10x10 um scan of the same sample. Data taken in tapping mode using a Park XE-
100 AFM by M. Nezafati, USF SiC Group.
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To alleviate this effect it was found that by adding an Ar sputtering step before the PECVD
deposition clean, pinhole free, thin films could be realized. The thickness of the film was

maintained for both tests of 230 nm.
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Figure 9: AFM image of sample ID PASIC102013 (230 nm thick a-SiC). (A) a 5x5 um AFM scan
of the surface showing 3D topology. (B) 5x5 um scan of the sample showing reduced roughness
and a lack of pinhole defects. Sample RMS roughness of 1.2 nm. Data taken in tapping mode
using a Park XE-100 AFM by M. Nezafati, USF SiC Group.
2.2.3 TEM/SAD/EDAX

Transmission electron microscopy analysis allows for cross sectional views of the sample
on an atomic level. The measurements were taken on a Technai F20 TEM system. The system
uses a Schottky Field emitter with an energy spread of 0.7 eV or less. In our test, the sample was
thinned and fixed using a focused ion beam (FIB) at the USF NREC facility.

The TEM micrograph shows the expected amorphous structure of the PECVD deposited
a-SiC film on top of the highly ordered Si substrate (Figure 10a). In addition, using selected area

diffraction (SAD) within the TEM, it was shown that the film has very little short-range order (Figure

10b)