1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Neural Eng. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
J Neural Eng. 2018 February 01; 15(1): 016007-. doi:10.1088/1741-2552/aa8f8b.

Amorphous silicon carbide ultramicroelectrode arrays for neural
stimulation and recording

Felix Dekul, Yarden Cohen?, Alexandra Joshi-Imrel, Aswini Kannegantil, Timothy J.
Gardner?, and Stuart F. Cogan?
1Department of Bioengineering, University of Texas at Dallas, Richardson, Texas, 75080 USA

?Department of Biology and Department of Biomedical Engineering, Boston University, Boston,
Massachusetts 02215, USA

Abstract

Objective—Foreign body response to indwelling cortical microelectrodes limits the reliability of
neural stimulation and recording, particularly for extended chronic applications in behaving
animals. The extent to which this response compromises the chronic stability of neural devices
depends on many factors including the materials used in the electrode construction, the size, and
geometry of the indwelling structure. Here, we report on the development of microelectrode arrays
(MEAS) based on amorphous silicon carbide (a-SiC).

Approach—This technology utilizes a-SiC for its chronic stability and employs semiconductor
manufacturing processes to create MEAs with small shank dimensions. The a-SiC films were
deposited by plasma enhanced chemical vapor deposition and patterned by thin-film
photolithographic techniques. To improve stimulation and recording capabilities with small
contact areas, we investigated low impedance coatings on the electrode sites. The assembled
devices were characterized in phosphate buffered saline for their electrochemical properties.

Main results—MEAs utilizing a-SiC as both the primary structural element and encapsulation
were fabricated successfully. These a-SiC MEAs had 16 penetrating shanks. Each shank has a
cross-sectional area less than 60 um? and electrode sites with a geometric surface area varying
from 20200 um2. Electrode coatings of TiN and SIROF reduced 1 kHz electrode impedance to
less than 100 kQ from ~2.8 MQ for 100 pm?2 Au electrode sites and increased the charge injection
capacities to values greater than 3 mC/cm2. Finally, we demonstrated functionality by recording
neural activity from basal ganglia nucleus of Zebra Finches and motor cortex of rat.

Significance—The a-SiC MEAs provide a significant advancement in the development of
microelectrodes that over the years has relied on silicon platforms for device manufacture. These
flexible a-SiC MEAs have the potential for decreased tissue damage and reduced foreign body
response. The technique is promising and has potential for clinical translation and large scale
manufacturing.
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Conflict of interest: none declared Abstract
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INTRODUCTION

Chronically implanted microelectrode arrays (MEASs) for recording extracellular neural
activity are central to scientific studies of neural circuit function[1-7]. These recordings help
in understanding how neurons encode information and how neural signals can be decoded to
provide insights into brain adaptation and learning. MEAs that penetrate the pial surface of
the brain to provide cortical recordings are typically fabricated in silicon using thin-film
processing techniques [3, 8, 9] or assembled as an array of polymer-insulated microwires
[10, 11]. The cross-sectional dimension of the intra-parenchymal shanks or wires on these
arrays vary with each particular design, but generally cross-sectional areas exceed 500 pm?
with a minimum transverse dimension greater than 10 pm. The most common MEAs of this
type are those based on the University of Michigan design (Michigan Probes)[3, 9], and
those developed at the University of Utah known as the Utah Array[12]. The ability of these
multielectrode arrays to provide reliable chronic recordings is limited by the foreign body
response and insertion trauma that results in gliosis, scar formation, and a substantial loss of
viable neurons within about 50 um of the electrode site[7, 13-16]. In addition, degradation
of polymer encapsulation, loss of low impedance coatings at electrode sites, and
delamination in thin-film multilayer structures have been identified as likely contributors to
the reduced reliability of these devicesfor chronic recording[17, 18].

Recently, it has been recognized that the severity of the foreign body response is greatly
reduced with implanted microelectrodes that have transverse cross-sectional dimension less
than approximately 10 pm[13, 19-21]. Polymer insulated carbon fiber microelectrodes with
shank diameters of 8.4 um or less have demonstrated minimal gliosis and provided high
quality single-unit recordings in acute and chronic studies[14, 16, 22—-25]. However, it has
proved challenging to manufacture carbon-fiber MEASs by processes that are amenable to
fabricating large numbers of MEAs with a consistent electrode geometry. Here, we report on
the development of MEAs based on amorphous silicon carbide (a-SiC). Amorphous SiC has
emerged as a promising material for encapsulating implanted neural devices[26-29]. Films
of a-SiC are well-tolerated in the cortex and resistant to corrosion or dissolution in
saline[29-32]. In addition, a-SiC exhibits high intrinsic stiffness and, as a thin-film, is highly
flexibility, comparable to carbon fiber microelectrodes.

The a-SiC MEAs fabricated for this study have intra-parenchymal shanks with a maximum
transverse dimension of 10 um and cross-sectional area less than about 60 um2. These
extremely small dimensions result in electrode sites with geometric surface areas (GSAS)
less than 200 um? and potentially as small as 20 pm?2. Consequently, the electrodes have a
higher impedance and more limited charge-injection capacity for stimulation than typical
silicon-based microelectrodes. However, the electrode sites are sufficiently small, in at least
one dimension, to exhibit ultramicroelectrode (UME) behavior[33-35] and consequently
higher charge densities, injectable charge per unit area, than larger microelectrodes with
GSAs greater than 1000 pm2. The electrochemical behavior of both titanium nitride (TiN)
and sputtered iridium oxide (SIROF) UMEs on the a-SiC MEAs has been investigated in
buffered physiological saline with a notable decrease in impedance and increase in charge-
injection capacity compared with microelectrodes (electrodes with typical GSA~2000 pum?)
of the same electrode materials. Finally, the ability of a-SiC UMES to provide neural
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recordings was evaluated acutely in the basal ganglia nucleus of the Zebra Finch and in the
motor cortex of rat.

METHODS

The a-SiC MEAs were developed using standard thin-film fabrication processes. The a-SiC
films were deposited by plasma enhanced chemical vapor deposition (PECVD) and
patterned by thin-film photolithographic techniques. Electrode sites, bond pads and the
device geometry were defined by reactive ion etching using an SFg plasma chemistry.
Electrical connection to the a-SiC MEAs was achieved by mounting an Omnetics connector
directly on the array. The assembled devices were characterized inphosphate buffered saline
( PBS) for their electrochemical properties, and evaluated in the basal ganglia nucleus of
Zebra Finches and in the motor cortex of rat for their neural recording capabilities.

PECVD a-SiC deposition

Amorphous SiC films were deposited in a PlasmaTherm Unaxis 790 Series PECVD system
at a substrate temperature of 325°C, RF power density of 0.20 Wem™2 (13.56 MHz), and
pressure of 1000 mTorr using a reactive gas mixture of SiH, and CH, at flow rates of 12
sccm and 36 sccm respectively. The total gas flow rate into the reaction chamber was
maintained at 800 sccm using Ar as the carrier gas. Scanning electron microscopy (SEM)
and atomic force microscopy (AFM) were used to determine the surface morphology of the
films. Film thickness was measured with a Nanometric NanoSpec 6100 analyzer using data
collected from 20 randomly selected points across the a-SiC film. Film stress was measured
using silicon control wafers with a Toho Technology FLX-2320 stress analyzer and
estimated using the Stoney equation[36].

Fabrication of a-SiC MEAs

The multilayered a-SiC MEAs were fabricated on prime-grade 100 mm Si (100) wafers
using polyimide (HD Microsystems, Pl 2610) as a release layer between the a-SiC MEA and
silicon substrate. The detailed fabrication steps are summarized in Figure 1. Briefly, an
approximately 1 pm polyimide film is spin-coated onto the Si wafer and cured at 350°C for
one hourunder nitrogen. A 2 -um thick a-SiC film is then deposited over the polyimide.
Metal traces are formed on the a-SiC by sputter deposition using lift-off photolithography to
define the metal pattern. To facilitate liftoff, a non-photosensitive LOR 5A (Microchem Inc)
layer and a photosensitive Shipley (S1813, Microposit) photoresist layer are spin-coated
consecutively on the a-SiC in a process designed to create an undercut in the two-layer
resist. The metallization is deposited by DC sputtering and comprised either a three-layer
coating of Ti/Au/Ti (30 nm/250 nm/30 nm, thickness) or a four-layer coating of Ti/Au/Pt/Ti
(30 nm/150 nm/150 nm/30 nm, thickness). After the metal deposition, the carrier wafers are
immersed in EBR-PG (Microchem Inc.) for metal lift-off. A second 2-um layer of a-SiC is
deposited over the metal traces to provide complete encapsulation of the metal in a-SiC. Vias
for the electrode sites and bond pads are opened by removing the top a-SiC layer and upper
titanium layer by reactive ion etching in an SFg plasma at low pressure using an inductively
coupled plasma (ICP) etcher (PlasmaTherm). The opening for the electrode sites was 2 um
by 50 um, resulting in a site GSA of 100 um? in the absence of a low impedance electrode
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coating. Singulation of the a-SiC into individual MEAs is also accomplished in a second SFg
RIE step in which the a-SiC superstructure of the MEA is protected by a 6.5 um thick layer
of photoresist. After the RIE singulation process, the devices are soaked in AZ400T (AZ
Electronic Materials) at 70°C to remove the remaining photoresist and then thoroughly
rinsed in deionized water to remove remaining residue. In the final step, the wafers with a-
SiC MEAs are immersed in deionized water at 87°C until the arrays release from the silicon
wafer. Electrical connection to the a-SiC MEAs is obtained with an Omnetics connector
mounted on the array using a solder reflow process and indium-based solder paste (Indium
Corporation). A medical grade epoxy (Loctite) or dental acrylic (Flow-It ALC, Pentron) is
then cured around the base of the Omnetics connector to provide mechanical strength.

Low impedance electrode coatings

Low impedance coatings of sputtered iridium oxide (SIROF) or porous titanium nitride
(TiN) were deposited onto electrode sites by reactive DC sputtering from iridium or titanium
metal targets, respectively. Lift-off photolithography was used to restrict deposition to the
electrode sites. However, a narrow band of the electrode coatings is deposited on the rim of
the a-SiC at the electrode site resulting in electrode coatings with approximately a 150 um?
(3 um x 50 um) GSA. The film thickness, determined by surface profilometry, was 300 nm
for the SIROF coatings and 2 um for the TiN coatings.

Electrochemical characterization

The electrochemical properties of the a-SiC UMEs were evaluated at room-temperature in
inorganic phosphate buffered saline (PBS), having a composition of 126 mM NaCl, 22 mM
NaH,P0O4.7H,0 and 81 mM Nay,HPO,4.H,0 at a pH of 7.2, that was purged with argon to
remove dissolved oxygen gas[37, 38]. The electrochemical characterization included cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS) and voltage transient
measurements in response to constant current pulsing. The cathodal charge storage capacity
(CSC,) of the electrodes was calculated from the CV measurements that were made at a
sweep rate of 50 mV/s between potential limits of —0.6 V and 0.8 V versus Ag|AgCI[39]. A
three-electrode cell comprising the SIROF or Pt UME working electrode, a large surface
area Pt counter electrode and a Ag|AgCl reference electrode was used for all measurements.
EIS measurements were made with a 10 mV rms AC perturbation about the open circuit
potential over a 1 Hz to 10° Hz frequency range. The CV and EIS data were acquired with a
Gamry Reference 600plus potentiostat using vendor-supplied software. The stimulation
charge-injection capacity of the electrodes was determined from voltage transient
measurements using cathodal monophasic current pulsing combined with active control of
the interpulse potential of the electrode to maintain charge-balance [40]. Anodic bias
potentials of 0.0 V to 0.8 V versus Ag|AgCl in the interpulse period were investigated [39].
A pulse width of 200 ps and repetition rate of 50 pulses per second were used throughout the
study. The maximum charge-injection capacity of the electrode coatings was determined by
increasing the current during pulsing until the iR-corrected electrochemical potential of
theelectrode reached a value of —0.6 V Ag|AgClI.
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Acute implantation and neural recording

In the first study of neural recording with a-SiC MEAs, the arrays were implanted in the
basal ganglia nucleus, area X, of Zebra Finch. All procedures were approved by the
Institutional Animal Care and Use Committee of Boston University and follow methods
previously described[22]. Briefly, the zebra finches were anesthetized with 4 % isoflurane
(mixed with pure oxygen at 0.5 L/min flow rate) and maintained at 1-2 % isoflurane during
the surgical procedure. A 120 pL dose of analgesic Meloxican (1 % in PBS) was injected
intramuscularly into the right breast at the start of the surgical procedure and the animal was
placed into a stereotaxic instrument. An incision was made in the scalp anterior-posterior
(AP) axis and the outer bone leaflet removed using a dental drill. Using an ophthalmic
scalpel, the lower bone leaflet was carefully removed[41] exposing a 1 mm diameter portion
of the dura. An incision of 1 mm was performed in the dura to facilitate the MEA
penetration into the brain. The a-SiC MEAs were mounted on a manual manipulator
attached to the stereotaxic instrument and slowly lowered through the brain. Prior to
mounting the arrays, the a-SiC MEAs were embedded in a droplet of polyethylene glycol
(PEG) following methods described elsewhere[23]. Recordings were made from
spontaneously active cells using an Intan RHD 2000 system with a 16-channel unipolar
input head stage. Data was sampled at 20 kHz with filter cutoffs set to 350 Hz and 7.5 kHz.

Neural recording with the a-SiC MEAs was also investigated acutely in rat motor cortex
using the procedure described below and approved by the institutional animal care and use
committee (IACUC) at the University of Texas at Dallas. The MEAs were implanted in the
motor cortex of male Long-Evans (Charles River Labs, MA) rats (~300 gram) under
anesthetized conditions. The animals were anesthetized by intraperitoneal injection of a
mixture of 65mg Ketamine, 13.33mg Xylazine and 1.5mg Acepromazine per kg body
weight of the animal post isoflurane (2-3%) induction. Atrophine (0.05mg/kg) was also
administered to prevent cardiovascular depression under anesthesia. The hair of the animals’
scalp was expunged, cleaned and disinfected with 10% povidone iodine solution and 70%
ethanol. The head of the animal was then placed in a stereotaxic frame. Prior to the midline
incision, dexamethasone was administered subcutaneously over the shoulders followed by
0.16 cc of 0.5% lidocaine under the incision site. The skull was exposed by retracting the
surrounding skin and muscles and scraping the periosteum above the planned implant site. A
dental drill (Fine Science Tools, Foster City, CA) was used to create holes on the
contralateral side of the skull to secure two bone screws for grounding and securing of the
Omnetics connector. A 2mm by 2mm craniotomy was performed anterior to the bregma for
array implantation. To prevent thermal damage due to drilling, the skull surface was
periodically flushed with sterile saline at 37°C. To constrict local blood vessels and reduce
bleeding, gauze moistened with epinephrine at 1 mg/ml was applied to the craniotomy for 1
minute, followed by an additional flush of the craniotomy with 0.9% saline. The dura (~80-
100pm) was gently retracted with a 30 gauge needle tip. The a-SiC MEAs were mounted
onto a custom built array holder and aligned to the skull opening with the electrode tips
facing the cortex using a micro-positioner (Kopf Instruments, CA) attached to the stereotaxic
frame. The PEG stabilized tips were advanced using the micro-positioner set at a speed of 50
um/s to ensure dissolution of the PEG as the arrays are advanced into the brain. The arrays
were inserted to a depth of ~2-3 mm from the cortical surface. Spontaneous neural activity
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was recorded using a 32 channel OmniPlex data acquisition system (Plexon Inc., USA). Post
signal amplification (20 X), the signal band passed filtered between 50 Hz and 8 kHz was
digitized at 40 kHz and recorded for 5 minutes.

Residual film stress of the a-SiC

A significant challenge in developing the a-SiC MEAs was control of the intrinsic film
stress. Building multilayer structures requires stress balance between individual layers to
avoid interlayer delamination, and to maintain the desired planar geometry once the MEASs
are removed from the silicon carrier wafer. For PECVD a-SiC, the intrinsic film stress is
dependent on deposition conditions such as RF power density, deposition temperature,
deposition pressure and the flow rates of the SiH, and CH, reactive gases[42-45]. Using the
deposition conditions described above, we obtained amorphous films with a compressive
stress in the range of 80-120 MPa for a 2 um thick film. To balance the stress across the
multilayer device, the thickness and tensile stress in the Ti/Au/Ti or Ti/Au/Pt/Ti
metallization was adjusted by controlling sputtering power and pressure during metal
deposition. A metal stress of 40-100 MPa in tension produced planar MEAs with good
interlayer adhesion.

As shown in Fig. 2(a), the rmssurface roughness for the 2 pm thick a-SiC was 3.75 nm,
indicating a surface that is sufficiently smooth for subsequent photolithographic processing.
SEM inspection of the 2 um thick a-SiC films under high magnification revealed a nodular
surface morphology as shown in figure 2(b).

Amorphous-SiC MEA fabrication

For intracortical studies, the a-SiC MEAs were fabricated with 16 penetrating shanks with
one electrode per shank. Each shank was 4 — 5 pm thick, 9 um wide and terminated in a
sharply pointed tip with an angle of 10 —14. The shank length for this study was 4 mm and
the GSA of the Pt and Au electrode sites was 100 um?2 and 150 pm? (3 um x 50 pm) for the
SIROF or TiN coated electrodes. The electrode sites were located at the distal end of the
shank as shown in Fig. 3. The metal interconnects, either gold or a gold/platinum bilayer,
run approximately along the neutral axis of each shank, connecting the electrode sites at the
distal end and bond pads at the proximal end. A top layer a-SiC was deposited over the
metallization and the first layer of a-SiC to completely encapsulate the metal traces.

Openings in the top a-SiC were formed by reactive ion etching to expose the electrode sites
and bond pads. Figures 3(f) and 3(g) show an electrode site opened through the top a-SiC
layer. The photolithographic patterning process ensures control of the GSA of the electrode
site which is recessed approximately 2 um. As seen in Fig. 3(g), the ICP etching process
produces a near-vertical side wall profile. The depth of the recess is such that the current
distribution during stimulation should be approximately uniform over the surface of the
recessed electrode[46, 47].

In order to release the devices from the carrier wafer, the a-SiC MEAs are immersed in DI
water. When carefully withdrawn from the DI water, the 16 individual shanks form a shank
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bundle with an approximate diameter of 40 um (Fig. 3(a)). The tip of the bundle is shaped
by the layout design of the shank arrays. Fig. 3(b) and 3(d) shows two different tip
configurations of as fabricated devices prior to release and their resultant bundle-profiles
(Fig. (3(c) and 3(e)) after release. Bonding pads, 750 x 500 um in dimension, with a 635 um
pitch designed to mate with a 16 channel Omnetics connector (Omnetics, A79040-001), are
located at the proximal end of the array. An indium-tin eutectic solder paste (Indium
Corporation) reflowed at 200 °C was used in creating electrical connection between the
bond pads and the connector. Fig. 4 shows the a-SiC MEA after fabrication (4(a)), after the
Omnetics connecter has been soldered (4(b)) and after the connector is securely fixed with

epoxy (4(c)).

Electrochemical characterization

Cyclic voltammograms (CVs) of gold, platinum, SIROF and porous TiN UMEs on the a-SiC
MEAs are compared in Fig. 5(a). Each CV is an average of 10 CVs from one MEA. The
CSC. of the SIROF and TiN-coated UMEs was 35+2.2 mC/cm? and 12+2.8 mC/cm?2 (Mean
+SD, n=10), respectively. The uncoated platinum and gold UMEs had lower CSC.’s of
10+1.7 mC/cm? and 2+0.3 mC/cm?, respectively. These CSC,’s were calculated over a
nominal water window range of —0.6 V to 0.8 VV Ag|AgCl and a higher CSC. would be
expected for the TiN if the negative potential limit was extended to the TiN water reduction
potential which is close to —0.9 VV Ag|AgCI[39, 48]. Impedance spectra for each UME,
normalized to the electrode GSA, are compared in Fig. 5(b). As expected, the UME
impedance measured at 1 kHz was reduced by at least two orders of magnitude for both TiN
and SIROF coatings compared to the gold UMEs. The average impedance values measured
at 1 kHz for SIROF, TiN and Pt are 90.2+26.1 kQ, 31.1+7.3 kQ and 481.3+67.9 kQ
respectively, compared to 2.86+0.3 MQ for Au UME sites. The ability of the SIROF and
TiN-coated UMEs to deliver charge for stimulation was investigated by voltage transient
measurements in response to constant current pulsing. Fig. 6(a) shows representative voltage
transient responses for anodically biased and unbiased electrodes at the current amplitude
that drives the iR-corrected electrode potential (Eq,c) to the —0.6 V water electrolysis
limit[39, 48, 49]. The average maximum driving current for TiN-coated UMEs was 24.2 pA
(0 V bias) and 46.9 pA (0.8 V bias), and for SIROF-coated UMEs, 25.4 pA (0 V bias) and
114.6 A (0.8 V bias). The maximum charge injection capacity (Qjn;) of the TiN and SIROF
UMEs as a function of anodic bias is shown in figure 6(b).

The charge injection capacity for SIROF increased with anodic bias from ~ 3.4 mC/cm? at a
0.0 V bias to 15.3 mC/cm? at a 0.8 V bias. A similar trend was observed for TiN whose
charge injection capacity increased monotonically from 3.2 mC/cm? to 6.2 mC/cm? over the
same anodic bias range. The Qjyj values reported here are generally higher than those
reported for microelectrode arrays (electrode GSAs ~ 2000 um?) with the same electrode
coatings[39, 48].

Neural recording

To evaluate the functionality of the a-SiC MEAs, the arrays were implanted in Zebra Finch
basal ganglia nucleus Area X. Following the method introduced previously[23], the shanks
of a-SiC MEAs were coated with poly-ethylene glycol (PEG).
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PEG-coatings proved reliable in creating stiff assemblies in which individual shanks are held
apart prior to implanting. During insertion, the PEG dissolved from the comb allowing the
shafts to enter the tissue without buckling. We determined an insertion speed of 50 um/s to
be adequate to ensure dissolution of the PEG during implantation. It is however possible that
some PEG may remain on the penetrating shanks and the effect of the PEG-residue on the
chronic functionality of the devices is yet to be evaluated. The data shown in Fig. 7 were
recorded in an acute preparation immediately after surgery using a Pt a-SiC UME with 100
um2 GSA. Fig. 7(a) shows the recorded voltage trace and 7 (b) is an overlay of neuronal
spike waveforms from a single channel demonstrating single unit spiking activity. The
feasibility of recording spontaneous activity with PEG-stabilized a-SiC MEAs arrays was
also tested in anesthetized rat motor cortex. For this study, a 16 shank a-SiC MEA with
SIROF-coated UMEs was mounted on a motorized drive and inserted into the cortex. Figure
8(a) shows spontaneous neural activity recorded simultaneously on three channels in a single
trial. Distinct spiking activity across multiple channels confirms that the electrode array
recorded from spatially selective neuronal population. Post-processing of the recorded
activity revealed depth dependent single unit activity on 9 of the 16 electrodes, as the
electrodes were inserted incrementally to 2-3 mm below the cortical surface. Array yield,
quantified as number of electrodes with identified single unit spikes was 56% for the acute
trial

The single unit mean peak-to-peak amplitudes across all recorded electrodes were in the 45—
200 pV range. Fig 8(b) shows 3 single unit signals from Channel 1 (CH1) identified after
offline processing of the neural spikes. The waveforms of the units show a mean peak to
peak amplitudes of 45 pV, 87 uV and 114 pV for Unit A, Unit B and Unit C respectively.
The spike shapes shown here are typical to previously reported cortical single unit recording
[50-52]. Fig. 8(c) shows the corresponding autocorrelograms of the sorted units in 8(b)
computed with a bin size of 2 ms and smoothing with a Gaussian filter (filter width = 3
bins). The autocorrelation function show a bimodal distribution which clearly indicate
distinct single unit spikes. While Units B and C have a stronger bimodal distribution with
refractory periods >1ms, Unit A has a weaker distribution with some multi-unit
contamination in the sorted units, indicated from the firing frequency distribution.

DISCUSSION

Minimizing insertion trauma and the foreign body response to implanted multielectrode
arrays is an important objective in the development of recording and stimulation devices for
brain-machine interfaces in both research and clinical settings. The insertion trauma and
foreign body response lead to electrode encapsulation and death or damage of neurons at
distances up to approximately 100 um from the implant site[6, 7, 53-55]. The length scale of
this tissue reaction is detrimental to neural recordings, since action potential amplitudes
decay exponentially with distance from an electrode[56-58]. As a result, chronically
implanted electrodes are typically limited to recording from a larger population of weak
signals, limiting spike sorting and single neuron resolution - a problem that is particularly
severe for small animal models with small, densely packed neurons. Approaches to
minimizing the foreign body response have included the development of polymer-based
electrodes that reduce the elastic modulus mismatch between the electrode and neural
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tissue[59-63], the development of wireless interfaces that eliminate wired connections and
reduce electrode micromotion[64-66], and the use of stiff but highly flexible electrodes with
cross-sectional dimensions typically smaller than 10 um[16, 22, 23, 25]. The a-SiC MEAs,
described here, are designed to address insertion trauma and foreign body response by
employing the latter strategy with the maximum transverse dimension of individual shanks
under 10 pm and the cross-sectional area of individual shanks under 60 pm2. One obvious
benefit of employing a-SiC as the primary material of array construction is the ability to
fabricate devices by established thin-film deposition and photolithographic patterning
processes. The thin-film fabrication of a-SiC MEAs is highly reproducible with inherent
flexibility in the design of the arrays.

It is possible to fabricate arrays with individual shanks having multiple electrode sites along
the length of the shanks and optionally with different shapes and GSAs. An example of a
two-electrode combination of gold electrodes with a GSA of 100 pm?2 in a 2 x 50 pm and 10
x 10 um configuration at the distal end of a shank is shown in Fig. 9.

This UME geometry is part of an ongoing study to investigate the effect of perimeter-to-area
ratio on the /n vivoand in vitro electrochemical properties of ultramicroelectrodes. Although
arrays with individual shanks having a tetrode layout have been fabricated, we have yet to
evaluate the possibility of using this configuration for spike sorting.

Similarly, it is possible to build in geometries that promote splaying when using the
bundling properties of the shanks to insert the MEASs into tissue. A 16-channel MEA with
shanks having intrinsic curvature intended to direct the splaying action during insertion is
shown in Fig. 10. An array with the splayed geometry forms a monolithic and tight bundle
of shanks when withdrawn from water so that insertion into tissue can be initiated without
the shanks buckling.

While we observed the bundled shanks penetrate into cortex in the absence of PEG coatings,
we have yet to demonstrate that the intrinsic curvature promotes splaying while minimizing
insertion trauma. Nonetheless, the geometries shown in Figs. 9 and 10 give some indication
of the options available in designing UME arrays to address different study needs.

Irrespective of these benefits, a consequence of reducing the shank cross-sectional
dimensions is that at least one linear dimension of the electrode site is in the
ultramicroelectrode range[33-35] and the reduced GSA results in an electrode impedance
that is higher than that of a typical microelectrode used for neural recording[67].

However, UME-dimensioned electrodes have provided high quality neural recordings in
both acute and chronic preparations[16, 22, 23]. In previous studies, Gardner and colleagues
developed methods of assembling carbon fiber UME arrays and evaluated these electrodes in
chronic songbird preparations[22].

These studies confirmed that UMEs can provide stable long-term chronic neural recordings
in behaving animals and that small shank dimensions result in minimal foreign body
response. Similar studies also produced important findings regarding the nature of song
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stability at the level of neural coding in the high vocal center (HVC) of Zebra Finchpre -
motor cortex[68, 69].

Implanted a-SiC MEAs successfully recorded simultaneous neural activity in the two animal
models evaluated. Since the /in vivo studies were intended for pilot feasibility evaluation, the
analysis of the recorded signals was limited to the observations of single unit spikes from
spontaneous neural activity. Figure 11 shows the raw traces for both spike activity obtained
from high-pass filtered data and the corresponding local field potentials (low-pass filtered
data at <350Hz) showing the correlations in the temporal distribution similar to those
reported elsewhere[70, 71]. Detailed analysis of the local field potentials, especially in
different low frequency bands like delta, spindle and gamma among others will be evaluated
in future studies.

Electrical stimulation of neural activity is more challenging with UMEs. The use of SIROF
or TiN partially mitigates the impact of reduced electrode size. Charge-injection capacities
of 11.5 mC/cm? and 5.4 mC/cm?, respectively, were observed for 200 ps pulses in buffered
saline when the UMEs are biased to 0.6 V, and as high as 15.3 mC/cm? and 6.3 mC/cm?
respectively at 0.8 V bias. These charge-injection capacities are notably larger than those
obtained with similar coatings on larger microelectrodes[39, 48, 72, 73]. For example, using
similar pulse parameters, charge injection limits of approximately 4 mC/cm? and 0.87
mC/cm? were estimated for 4000 um? iridium oxide and TiN microelectrodes
respectively[48]. While the small size of UMEs results in an increase in charge-injection
capacity the total deliverable charge remains low even with electrode coatings. The
maximum charge that could be delivered in a 200 ps pulse was 23 nC/ph for SIROF and 9
nC/ph for TiN UMEs. The uncoated Pt and Au UMEs exhibited charge per phase values less
than 1 nC/ph, likely below the microelectrode charge threshold for neural activation[74]. It
remains to be seen whether reduced tissue damage and the likely presence of healthy
neurons in much closer proximity to UME sites compared with conventional
microelectrodes will result in reduced charge thresholds for neural activation. The UME
concept originated in the context of chemical sensing and quantification using voltammetric
electrodes and the extension of this concept to stimulation electrodes has limitations[75]. A
UME may be broadly defined as an electrode in which transport of the electrolyzed species
to the electrode occurs via spherical or hemispherical diffusion[33, 76]. Geometrically, at
least one dimension of a UME must be less than the diffusion layer thickness of the species
involved in the electrode reactions[33]. For neural stimulation electrodes the electroactive
species are the counterions that preserve electrode neutrality and these species are charged.

CONCLUSIONS

MEAs have been fabricated using a-SiC as the primary material of construction. The arrays
are designed with shanks that penetrate into target neural tissue with cross-sectional
dimensions that are expected to minimize insertion trauma and reduce foreign body
response. By employing conventional thin-film processing techniques, a wide variety of
array geometries are possible including the placement of multiple electrodes on a single
shank. Since the cross-sectional dimensions of the shanks are typically 5 um by 10 um or
less, the electrode sites have ultramicroelectrode dimensions with geometric surface areas
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between 20 um? and 200 um?. These electrodes recorded spontaneous neural activity in
acute Zebra Finch nucleus and rat cortical preparations. Implantation into cortex using
bundled a-SiC shanks was also demonstrated. Low-impedance coatings of SIROF and
porous TiN deposited on the UME sites were investigated as a means of providing sufficient
charge for neural stimulation. These coatings provided more than 1 nC/ph within water
electrolysis limits in a 200 ps pulse, which is comparable to neural activation thresholds
reported in some microelectrode studies[74]. However, additional studies are needed to
determine the extent to which the a-SiC MEAs minimize foreign body response and whether
the UMEs can provided functionally useful levels of charge-injection for stimulation.
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Microfabrication of amorphous silicon carbide microelectrode arrays (a-SiC MEAS). The
process flow features at least three photolithography steps: one for defining the metal traces

J Neural Eng. Author manuscript; available in PMC 2019 February 01.

and electrodes, a second for patterning the top a-SiC layer for electrode site and bond pad
openings, and a third photolithography step to singulate the a-SiC device geometries. A
fourth lift-off lithography step is used (not shown) to restrict deposition of SIROF or porous
TiN low impedance coatings to the electrode sites.
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(a)

Figure 2.

Surface morphology and topography of a-SiC films. (a) AFM image (2um x 2um) and (b)
SEM images show the surface morphology of 2 um thick PECVD amorphous-SiC deposited
on a silicon wafer. The surface roughness estimate from the AFM is below 4 nm rms.
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Figure 3.
SEM images show released bundles of a-SiC MEAs (a, ¢, and e) taken at 5kV, and shanks

still attached to the carrier silicon wafer (b, d, f, and g) taken at 2kV acceleration voltage. (a)
The shanks of a released a-SiC MEA form a bundle when drawn out of water. The tip of the
bundle is shaped by the layout design of the shank arrays, as shown in (b—c and d—e), (f)
shows the exposed electrode tip at the distal end of the shank and (g) shows the side wall
profile of the exposed electrode site at a 25 degree viewing angle.
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Electrode sites

Bond pads

As-fabricated

Bundled shanks

(b)

Assembled a-SiC MEA

after soldering

Figure 4.

7

2 mm

Optical micrographs show that the 16 shanks naturally bundle when the as-fabricated device
is pulled out of the deionized water. Omnetics connectors were mounted on the arrays using
a solder reflow process and medical grade epoxy. The figure shows (a) the as-fabricated a-
SiC MEA after release from deionized water, (b) after an Omnetics connector is soldered
onto the bond pads and (c) a packaged device for implantation or /n vitro electrochemical

characterization.
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Figureb.
Electrochemical properties of a-SiC UMEs coated with SIROF, TiN and Pt compared with

Au. (a) Cyclic voltammogram measured at 50mV/s between —0.6V and 0.8V limits. (b)
Electrochemical impedance spectroscopy measured using a 10 mV rms AC sinusoid.
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Electrical stimulation capabilities of ultramicroelectrodes (a) Voltage transient response to

current waveforms for TiN and SIROF electrodes biased at 0.6V vs Ag|AgCI (solid lines)
and without anodic bias (dash lines). The electrodes were polarized to a cathodal potential
limit of —0.6 V. The average current passed across the interface within the ‘safe’

electrochemical limit is 86.4 pA for SIROF (0.6 V bias) and 40.2 pA for TiN (0.6 V bias).

(b) Maximum charge injection capacity and charge per phase as a function of interpulse
bias. (Frequency= 50 pps, Pulse width = 200 ps).
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Figure7.
Acute neural recording immediately following implantation in basal ganglia of Zebra Finch

brain. The 16 recorded channels showed no strong coupling between contacts (a) single
channel acute voltage trace with a subcutaneous reference on the head and (b) an overlay of
a neuronal spike waveforms, detected by setting the threshold of the trace in (a) at — 50 uV.
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Figure 8.
Spontaneous neural activity in rat motor cortex: (a) simultaneous spike activity recorded

across three channels using the a-SiC MEA,; (b) sorted single units on CH1 with average
peak-to-peak amplitudes of 45 pV (Unit A), 87 pV (Unit B) and 114 pV (Unit C); and (c)
the corresponding autocorrelograms processed with a bin size of 2 ms.
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Figure9.
A SEM image of the distal tip of an a-SiC UME shank with two electrode sites located on

the same shank. The GSA of the exposed Au electrode sites is 100 um? but with unequal
perimeter. The perimeter of the square electrode site is 40 um versus 104 um for the
rectangular site.
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Figure 10.
A SEM image of a-SiC MEA with a built-in shank curvature. The intrinsic curvature is

expected to improve splaying capabilities of the a-SiC MEAs which form bundles when
drawn out of water.
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Figure11.
Raw traces showing simultaneously recorded spontaneous spike activity on channel 10 and

11 (CH10 and CH11) and their corresponding local field potentials (FP10 and FP11). (spike
and local field potential amplitudes in mV).
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