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Abstract— Long-term microelectrode arrays (MEAs) are
essential devices for studying neural activity and stimulating
neurons for treating neurological disorders or for recording
neural activity to control prosthesis. However, practical use of
MEAs is impeded by unreliable chronic stability inside the host
body. We are proposing to implement amorphous silicon carbide
(a-SiC) as a replacement for the current standard practice of
using Parylene-C encapsulation on commercial Utah electrode
arrays (UEAs) manufactured by Blackrock Neurotech. By using
thermal accelerated aging (TAA), we can theoretically evaluate
the lifetime stabilities in comparatively short time. After 255
days at 87°C in phosphate-buffered saline (PBS), a device has
theoretically reached ~22 years at 37°C in PBS. We report on a
study of an a-SiC UEA using stability criteria of impedance
(Z1xnz < 70 k2) and cathodal charge storage capacity (CSC, >
10 mC/cm?). At 255 days, no total electrode failures have been
observed.

Clinical Relevance— This research demonstrates the
suitability of a-SiC to encapsulate MEAs during under long-
term stability in saline environments.

[.  INTRODUCTION

Chronically implantable microelectrode arrays (MEAs)
for recording and stimulation have grown in demand for
neural research and emerging clinical applications. MEAs
have been used as intracortical implants for brain-computer-
interfaces, neuromodulation treatments, volitional control
with sensory feedback of prosthetic limbs, and operating
assistive devices for communication. Despite these
capabilities and ongoing research, penetrating MEAs have yet
to maintain satisfactory reliability necessary for long-term
applications for the lifetime of patients.

MEAs are challenged by inconsistent chronic neural
recording due to waning quantity and quality of neural signals
[1]. One major source for progressive failing performance is
the degradation of encapsulation. In this study, we use Utah
electrode arrays (UEAs)—a 3D silicon-based devices and the
first FDA-approved intracortical implant for investigational
device exemption studies. While smaller feature sized MEASs
are under development, they have not yet been used clinically.
However, like all MEAs, UEAs have yet to demonstrate long-
term stable implantation that matches patient lifetime. While
Parylene-C is a common medical device coating, recent
studies have shown that Parylene-C is vulnerable to
electrolyte penetration, microcracks, and delamination [2]—
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[4]. In this study, we examined the use of amorphous silicon
carbide (a-SiC) as an alternative electrical encapsulation for
UEAs through a thermal accelerated aging (TAA) study.

II. METHODS

UEAs are commercially manufactured by Blackrock
Neurotech with Parylene-C as their standard practice for
encapsulation. These MEAs have emerged as the leading
standard for neural interface research and a core technology
for clinical studies.

A. Device Fabrication

The fabrication process of 10x10 configured UEAs (4x4
mm?) by Blackrock Neurotech is described by Bhandari et al.,
see Fig. 1(a) [5]. a-SiC film, shown in Fig. 1(b), was deposited
via plasma-enhanced chemical vapor deposition (PECVD) on
a Plasma-Therm Unaxis 790 Series PECVD system using
deposition parameters of 325°C, 1000 mTorr, and 200 W, 1:3
gas ratio of SiH44:CHa, and 800 sccm Ar [6]. The UEAs are
punctured through a Parylene-C-coated, thin sheet of Al foil as
a hard mask so that only exposed tips undergo reactive ion
etching (RIE). We removed a-SiC from the exposed tips to
reveal electrode sites of UEAs in a RIE system, using etch
parameters of 200 mTorr, 200 W, and 26 sccm SFs. The foil
covered UEAs are then coated with sputtered iridium oxide
film (SIROF) in an AJA ATC 2200 DC magnetron sputtering
system to deposit electro-active coatings at the electrode site,
depicted in Fig. 1(b). A 60-nm Ti adhesion layer was sputtered
at 4 mTorr, 200 W, and 50 sccm Ar; a 250-nm SIROF layer
was sputtered at 30 mTorr, 100 W, 1:3 gas ratio of O,: H»0O,
and 20 sccm Ar [7]. Individual UEAs were diced into 4x4
configuration, shown in Fig. 1 (c¢). In Fig. 1(e)-(f), 4x4
configured UEAs (2x2 mm?) were bonded to Au wire bundles
that were connected to printed circuit boards (PCBs) and
encapsulated in biocompatible epoxy.

A. Thermal Accelerated Aging Setup

TAA involves exposing a sample to higher temperature
than normally used in order to induce accelerate aging—
assuming Arrhenius behavior under the presumption that the
sample undergoes a first-order degradation process. TAA is a
commonly used reliability test to evaluate the shelf-life of
drugs and the stability of medical devices [8]. This aging
method has been used previously by Lei et al. for soak tests of
a-SiC, SiO,, and Si3N4 in phosphate-buffered saline (PBS) at
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Figure 1. 4x4 configuration of UEA for small animal application, made from
separated 10x10 UEA. Optical image of the received (a) 100-shank UEA.
Scanning electron micrographs (SEMs) of (b) a-SiC film from the shaft tip at
an angle and (c) SIROF and a-SiC. Optical images of (d) 16-shank UEA, and
Au wire bonding in epoxy to (e) a PCB connected to (f) metallized backside
of UEA.

87°C up to 120 days [9]. The rate constant k for the
degradation reaction is given by:

k=Aexp(—§—;,> (1

Equation (1) is the Arrhenius equation, where A is the pre-
exponential factor, E, is the activation energy, R is the gas
constant, and T is the absolute temperature. The ratio of rate
constants is readily obtained as:
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Equation (2) is the integrated form of the Arrhenius equation,
where T,.r and T, are the absolute reference and acceleration
temperatures, respectively, and k¢ and k,, are the respective
rate constants. TAA utilizes the “10-degree” rule, where
every increment (6 = 10K) results in magnifying the
reaction rate by a factor of 2:
_ kacc _
0=10K->—=2 3)

ref

Ap= 28779 (4)

Equation (4) is the acceleration factor based on the temperature
difference (AT) and the assumed difference in rate constants

between these temperatures. With the human physiological
temperature (37°C) as reference and utilizing acceleration
temperature of 87°C, the temperature-dependent acceleration
factor (A = 32) indicates that 24 hours at 87°C is 32 days at
37°C [10]. The devices are soaked in PBS (pH 7.2) for aging
studies.

B. Electrochemical Characterization

To evaluate the long-term stability of a-SiC-encapsulated
UEAs, electrochemical measurements were performed
periodically to monitor a-SiC encapsulation integrity. All
electrochemistry was performed with a Gamry Potentiostat
1000E in a three-electrode configuration in air-equilibrated
PBS—using Ag|AgCl as the reference electrode and a large
area Pt wire as the counter electrode. Electrochemical
impedance spectroscopy (EIS) was utilized to measure
electrode impedance from 107! to 10° Hz. Cyclic voltammetry
(CV) measurements were created by potential cycling within
the water electrolysis window of SIROF (-0.6 to 0.8 V). All
CV measurements were taken at a sweep rate of 50 mV/s—a
slow enough scan rate to access the entirety of the SIROF
coating on the electrode tip and to allow for identification of
oxidation-reduction waves associated with SIROF [11]. CVs
were used to determine the charge stored in the electrodes
during potential cycling, given by the following equation:

1 Loycle
CSC, = o f i.(0) de (5)
gs /0

The cathodal charge storage capacity (CSC,.) was calculated
from the integral of cathodal current (i.) as a function time (t)
over one complete potential cycle (f.ye) as a ratio to the
geometric surface area (Ay) of the electrode, namely the
SIROF coating.

C. Statistical Analysis

All figure plots and regression analyses were generated in
GraphPad Prism 8. This study used a single a-SiC-
encapsulated UEA with n =16 electrodes (technical
replicates) to undergo TAA.

III. RESULTS

This experiment reached 255 days in PBS at 87°C, which
corresponds with ~22 years in PBS at 37°C. We observed
variations in the stability of our sample.

A.  Electrochemical Impedance Spectroscopy

Representative EIS data for one electrode (Fig. 2(a)) shows
an increase in low frequency impedance (<10°! Hz), indicating
that there may not be Si exposure, and is consistent with an
absence of increasing electrolyte leakage pathways. At high
frequency (10° Hz) in Fig. 2(a), the impedance is unchanged
with soak time, suggesting no change in the exposed geometric
surface area of the electrode—no apparent damages to the
SIROF. Table 1 shows the average progress at certain points
of time of one UEA, where the Z;,;, increases from 1.97 +
0.38 kQ at Day 0 to 7.47 = 1.05 kQ at Day 255 (linear
regression analysis: y = 0.02x + 2.44, R? = 0.32). At low
frequency, reduction in impedance indicates exposure of the
underlying Si substrate while at high frequency, increase in
impedance indicates damage or delamination to the electrode
[12]. Table 1 however, shows that Z g, increased from 0.48
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Figure 2. Single representative on one electrode of a UEA. (a) Impedance spectra from 10 to 10° Hz. (b) Voltammograms with 50 mV/s sweep rate. Legend
is actual days soaked in PBS at 87°C: blue for 0 days, red for 35 days, green for 115 days, and purple for 255 days. The approximate respective theoretical

time in PBS at 37°C is 0 years, 3 years, 10 years, and 22 years.

+ 0.11 MQ at Day 0 to 2.36 £ 1.07 MQ at Day 255 (linear
regression analysis: y = 0.009x + 0.87, R? = 0.40). Table 1
also shows that Z g, reduced from 1.69 + 0.34 kQ at Day 0
to 1.13 +£ 0.37 kQ at Day 255 (linear regression analysis: y =
—0.35x +2.20, R* =0.16). Fig. 4 illustrates the present
stability of the UEA at the three frequencies of interest.

B.  Cyclic Voltammetry

Fig. 2(b) depicts the CV current response at 50 mV/s sweep
rate as a function of aging time on a representative electrode.
The CV current response progressively increases as the UEA
undergoes aging. The CV is also the immediate step into the
investigation of CSC,. From Table 1, CSC, increased from
40.25 £ 5.15 mC/cm? at Day 0 to 56.04 + 21.00 mC/cm?at Day
255 (linear regression analysis: y = 0.06x + 31.85, R? =
0.14). Fig. 4 illustrates the changes of CSC, over time.

IV. DISCUSSION

Although other dielectric materials are used in MEA
insulation, a-SiC provides superior long-term electrical
encapsulation. Two commonly used dielectric materials in
semiconductor industry and MEA fabrication are silicon
dioxide (SiO7) and silicon nitride (Si3N4). While SiO and
Si3N4 are good dielectrics in electronics, Lei et al. observed
noticeable dissolution when submerged in electrolyte over
time unlike a-SiC [9]. This UEA that underwent TAA
exhibited the capability of a-SiC as a stable dielectric material.
Z 1wz temained under our 70 kQ threshold, suitable impedance
for neural recording and stimulation with SIROF electrodes
[7], [13], [14], and CSC, maintained our goal of at least 10

mC/cm?. The impedance at 1 kHz is typically defined as the
characteristic frequency of action potentials [15]. The drastic
increase in Z gy, starting at Day 213 in Fig. 3 could be caused
by oxidation of the Si substrate underneath the SIROF. We do
not believe that this increase is due to the delamination of
SIROF as the CSC, in Fig. 4 describes the SIROF coating to
be relatively stable. Also, the non-increasing Z oy, indicates
that there is no noticeable delamination of SIROF. The
noticeable reduction in Z;g,p, starting at Day 241 may be
associated with Si substrate exposure; however, this Si
substrate expsoure may not have originated from the a-SiC
encapsulated side. Day 255 in Fig. 2(b) indicates low
frequency leakage pathway development such that the tilt in
the CV can represent a possible resistive pathway formation.
A possible cause for onset of leakage is the dissolution of the
epoxy, resulting in leakage from the backside of UEAs. We
will need to perform scanning electron microscopy (SEM) to
examine any physical failure modes.

While TAA is a useful in vitro test method that gauges
stability, TAA does not provide sufficient conditions to
simulate a biological environment. Therefore, we may
consider implementing an additional mode of aging such as
adding H»O, to simulate reactive oxygen species from cortical
immune response. Takmakov et al. developed an automated
TAA system that maintained a constant concentration of
H,0,——called reactive accelerated aging (RAA)—and they
tested on Parylene-C-encapsulated UEAs [16]. However, there
is no established 4; in RAA as there was rapid degradation of
Parylene-C in Caldwell et al., preventing development of a
quantifiable aging scale [17]. To better simulate electrically

TABLE L Representative aging data for an a-SiC-encapsulated UEA (X £ s, n = 16 electrodes).
Time Impedance Charge Storage Capacity
Actual at 87°C Theoretical at 37°C At 100 mHz At 1 kHz At 100 kHz (mC/cm?)
(days) (years) M) (k) (k)
0 0 048 +0.11 1.97 +£0.38 1.69 £0.34 40.25+5.15
35 3 1.08 £0.27 3.52+222 1.95+0.67 34.01+£7.15
115 10 2.27+0.84 395+1.72 2.11£0.56 42.34+8.41
255 22 236+1.07 7.47 +1.05 1.13+£0.37 56.04 £21.00
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Figure 3. Representative Z1ggmuy» Z ks> a0d Z oy, of one UEA (X £ s, n =
16 electrodes). Impedance at 100 mHz (MQ) is red, 1 kHz (kQ) is blue, and
100 kHz (kQ) is green. The lower x-axis is the actual time soaked in PBS at
87°C while the upper x-axis is the accelerated time soaked in PBS at 37°C.
Dashed lines are trendlines generated by linear regression analysis.
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Figure 4. Representative CSC, of one UEA (¥ + s, n = 16 electrodes). The

lower x-axis is the actual time soaked in PBS at 87°C while the upper x-axis

is the accelerated time soaked in PBS at 37°C. Dashed lines are trendlines

generated by linear regression analysis.

driven degradation, electrical accelerated aging (EAA) should
be considered, which uses voltage as a mode of stress to cause
accelerated aging. EAA a common reliability test that to
evaluate dielectric properties of materials and the lifetime of
electronic devices [18], [19]. Future studies of a-SiC
encapsulation will employ EAA to determine susceptibility to
voltage-driven breakdown in comparison to other common
insulation materials.

V. CONCLUSION

We performed an accelerated aging study on a-SiC-
encapsulated UEAs—255 days at 87°C (~22 years at 37°C).
This TAA experiment demonstrated that a-SiC-encapsulated
UEAs may be capable of chronic stability in saline
electrolytes. Changes in electrochemical measurements may
not actually express a-SiC encapsulation failures such that:
(1) decreasing low frequency impedance may be caused by
leakage pathway developing from the backside via epoxy
dissolution and (2) increasing impedance at 1 kHz could be
oxidation of the Si substrate since slow sweep rate CSC, is
relatively stable.
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