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Abstract— We present for the first time the design, fabrication,
and preliminary bench-top characterization of a high-density,
polymer-based penetrating microelectrode array, developed for
chronic, large-scale recording in the cortices and hippocampi
of behaving rats. We present two architectures for these tar-
geted brain regions, both featuring 512 Pt recording electrodes
patterned front-and-back on micromachined eight-shank arrays
of thin-film Parylene C. These devices represent an order
of magnitude improvement in both number and density of
recording electrodes compared with prior work on polymer-
based microelectrode arrays. We present enabling advances in
polymer micro-machining related to lithographic resolution and
a new method for back-side patterning of electrodes. In vitro
electrochemical data verifies suitable electrode function and
surface properties. Finally, we describe next steps toward the
implementation of these arrays in chronic, large-scale recording
studies in free-moving animal models. [2020-0109]

Index Terms— Microelectrode array, brain machine interfaces,
neural probe, Parylene, bioMEMS.

I. INTRODUCTION

ILICON microelectrode arrays (MEAs) featuring
Shundreds to thousands of recording sites represent the
state-of-the-art in penetrating brain-machine interfaces [1], [2]
however the significant mismatch between the mechanical
properties of stiff silicon and soft brain tissue (Young’s mod-
ulus > 150 GPa and ~1 kPa, respectively) presents a tremen-
dous obstacle for chronic recording. Strain-induced tissue
damage at the tissue-implant interface can occur from normal
micromotion of the brain, exacerbating the chronic immune
response and leading to astrogliosis, scar encapsulation, neu-
ronal migration and even neuronal death [3]-[5]. In both for-
mal and anecdotal accounts, silicon MEAs are often associated
with a drop in recording performance and prominent immune

response following 2-4 weeks post implantation [6]—[9].
Polymer-based MEAs have drawn increasing interest as a
possible solution. Polymer MEAs can be up to 100x softer
than their silicon counterparts and offer additional benefits like
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optical transparency, flexibility, and material biocompatibility.
However, polymer MEAs have lagged far behind silicon
devices in terms of electrode density and count, typically
featuring just tens of electrodes across an array. Recent
breakthroughs have demonstrated the first large-scale polymer
MEAs, with high resolution micromachining of solvent-cast
polymers (SU-8, polyimide) [10]-[12]. However, even these
devices are limited to just 32 electrodes per penetrating
shank, compared to hundreds for the state-of-the-art in sili-
con. Improvements in microlithographic processes on polymer
materials is required to achieve the resolution required to close
this gap.

Here we present a new approach for high-channel count
polymer MEAs, a dual-sided array built using vapor deposited
Parylene C. Our Parylene MEAs (Fig. 1) possess the highest
electrode count per probe (64) of any polymer neural probe
described to date. In this work we describe the design, fabrica-
tion, and initial testing of prototypes intended for both cortical
and hippocampal chronic recording in rat models.

II. METHODS

A. Design

The overall design of the 512-channel Parylene C MEA
builds upon prior Parylene MEA architectures [13]-[15] and
consists of 8 polymer shanks, each supporting 64 platinum
electrodes (32 each on the front and back). Two layouts are
presented here (Fig. 2), one with 2 mm long shanks for cortical
recording in rat models, and one with 5.5 mm long shanks
for hippocampal recording. Shanks are tapered from 230 xm
down to 140 xm wide at the tip. The 8 shanks connect into a
single 12 mm long ribbon cable which terminates in a series
of contact pads for connection to an electrode interface board
by way of a zero-insertion force (ZIF) connector.

Each electrode is 30 #m in diameter, with the outer 5 um
insulated with Parylene C, such that the exposed electrode is
20 um in diameter. Each electrode is individually addressed
by a 2 um wide platinum trace patterned on the same layer
as the corresponding electrode. No vias were used for the
construction of these devices. Traces are spaced just 2 um
apart to minimize shank width.

The devices are fabricated using multiple layers of vapor
deposited Parylene C and patterned thin-film platinum. The
base layer is 2 um of Parylene C, followed by the bottom
metal layer (containing back electrodes, traces and contact
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Fig. 1. Photograph of a large-scale, polymer-based brain-machine interface
designed to record from rat hippocampi. Magnified view (bottom) shows
256 visible electrodes matched by an equal number on the backside.
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Fig. 2. Electrode layout and relevant dimensions of the cortical and hip-

pocampal probe designs. The hippocampal probe electrodes are conformally
arranged to match the location of cell body layers.

pads, 200 nm thick). This layer is insulated in 8 xm of Pary-
lene C, which also serves as the support for the top metal layer
(200 nm). The top metal layer is insulated in a final 10 xm
of Parylene C. The total thickness is approximately 20 xm.

For the purposes of the experiments described here,
only 64 electrodes of the 512 total were addressable through
the electrode interface board, although all electrodes are
inferred to be functional. Future devices will integrate digital
multiplexing to allow connection to all electrodes without the
need for 512 analog connections exiting the board.

3. 6.

Fig. 3. Cross-section view of polymer MEA fabrication process flow:
(1) Parylene was deposited on Al release layer. (2) Oy etch created openings
for backside electrodes. (3) Electrodes, traces and contacts were deposited and
patterned. (4) Parylene was deposited followed by a second patterned metal
layer (5) Frontside electrodes were etched open with O, plasma. (6) Al layer
was dissolved and devices released.

B. Fabrication

MEAs were fabricated using a low-temperature, batch-scale,
multi-layer process summarized in Fig. 3. The final devices
consist of two metal layers sandwiched and insulated between
three layers of Parylene C. Processing was performed on
4-inch diameter silicon carrier wafers, which were coated in
a 100 nm Al sacrificial layer with a 10 nm Ti adhesion layer.
The Al layer was chemically roughened with an 8 minute
etch in CR-7 (Transene Company, Danvers MA) to maintain
adhesion of the base Parylene C layer during subsequent
processing. The base Parylene C layer was deposited by room
temperature chemical vapor deposition to a thickness of 2 um.
An isotropic Oj reactive ion etch, masked by photopatterned
P4620 photoresist (Integrated Micro Materials, Argyle TX),
was used to open holes in this base layer for the backside
electrodes. Next, Pt was deposited and patterned, containing
the 256 back electrodes and associated traces and contact pads.
The metal layer pattern was created using a lift-off photoresist
mask (AZ5214, Integrated Micro Materials, Argyle TX), hav-
ing a resolution of 2 gm. Then Pt was deposited by e-beam
evaporation to 200 nm total thickness, using four sequential
deposition steps of 50 nm with 30-minute cooling pauses in
between to reduce thermal stress. Next, an 8 um conformal
insulating layer of Parylene C was deposited over this first
Pt layer. A second layer of Pt electrodes, traces, and contact
pads was deposited and patterned in the same manner. This
layer was coated in a final 10 um of Parylene C. Finally,
the Parylene C over the top electrodes was removed using a
deep reactive O, ion etch across a P4620 photoresist mask,
and the outline of the MEAs was ‘cut-out’ using a second
etch step performed in the same manner.

Devices were released by dissolving the Al adhesion layer in
warm tetramethylammonium hydroxide. In a post-processing
step, individual devices were annealed at 200 °C for 48 hours
under vacuum, while pressed flat between two Teflon sheets.
This step served both to reduce curvature in the final device
and to reduce pore sizes in the semi-crystalline Parylene C.

C. Characterization and Analysis

Electrode properties and end-to-end continuity were eval-
vated using cyclic voltammetry (CV) and electrochemical
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impedance spectroscopy (EIS). MEAs were connected to
a printed-circuit board using a 71 channel ZIF connector
(FH43B-71S-0.2SHW, Hirose Electric Co, Tokyo) with a
~100 pum thick polyethylene terephthalate film backer for
structural support. The test board connected each of the
64 addressable electrodes to an array of header pins, which
were connected to a potentiostat (Reference 600, Gamry
Instruments, Philadelphia) for testing. CV was performed
in 0.05 M H;SOy in the potential range of —0.2—1.2 V versus
an Ag/AgCl reference and large Pt counter electrode. The
solution was purged with Ny prior to and during the CV.
Scan rate was 250 mV/s for 30 cycles. EIS was performed
in 1x phosphate-buffered saline (PBS) following CV cycling,
also using Ag/AgCl and Pt as the reference and counter,
respectively. Impedance was measured across 1 Hz—1 MHz.

Trace-to-trace capacitance was estimated using finite
element modeling in LISA software. Parylene C was assumed
to be perfectly conformal in the intercalary space between
traces, with a relative permittivity coefficient of 3.1, taken from
literature values [16]. Attempts to measure capacitance with
available equipment (Keysight E4980AL) confirmed values at
or below a noise floor of ~1 pF.

III. RESULTS

Several important observations were recorded during initial
attempts to fabricate the MEAs. Unlike prior Parylene MEAs,
a sacrificial Al layer was required to prevent the base Parylene
C layer from lifting off from the carrier wafer during process-
ing as a result of etched openings in the base layer for the
back electrodes. Parylene C exhibited very high adhesion to
sputtered Al, but almost no adhesion to evaporated Al, a result
we attribute to differences in surface roughness. Treating the
evaporated Al with CR-7 (measured etch rate ~6 nm/min)
introduced the desired adhesion. The sacrificial layer also
proved necessary during the first Pt deposition step. When
fabrication was attempted without the adhesion layer, the base
Parylene C (2 um) wrinkled following Pt evaporation, pre-
sumably from thermal stress. Presence of the Al eliminated
this effect. Achieving the 2 um resolution lift-off mask was
nontrivial and required tight control of all process parameters
and strong Parylene-photoresist adhesion (Fig. 4). Parylene
C is not compatible with typical surface treatments such as
hexamethyldisilazane (HMDS). Instead, prior to photoresist
spinning, wafers were baked for 30 minutes at 60 °C and
1/2 atm under a stream of dry N> to remove moisture without
oxidizing the polymer film. Following this treatment, lithogra-
phy was successful and repeatable, suggesting UV lithography
on Parylene C may be pushed to the optical limit.

Completed MEAs were functional and robust. The polymer
shanks were highly compliant despite the high density of metal
traces. Trace-to-trace capacitance was estimated as ~0.2 pF
from finite element analysis and did not measurably increase
electrode impedance. Electrical continuity of the backside
electrodes was confirmed with EIS and CV; Fig. 5 shows rep-
resentative measurement data of an electrode following cyclic
voltammetric cycling. Impedance of the 20 xm electrodes was
~1 MQ at 1 kHz. This is consistent with impedance values
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Fig. 4. Micrograph of patterned Pt traces and electrodes on Parylene substrate
with 2 gm pitch/width. Exposed electrode diameter is 20 gm.

108 1 -0
-10
S 107 -20
~ -30 g
g 108 40 N
= &
S 105 50 ©
(@)}
@ 60 O
= 104 -70
-80
103 ul ™ " " " " " -90
10 10° 10' 102 10°® 10* 105 106 107
Frequency (Hz)
20
15
—~ 10
<
c
~ 5
—
c
2 o
)
O 5
-10
15 . " " . . : R
-03 -01 01 03 05 07 09 1.1
Voltage (V)
Fig. 5. Data characterizing the impedance and surface properties of the

Pt electrodes. (Top) EIS data showing magnitude (left) and phase (right) of a
representative electrode in 1 x PBS. (Bottom) CV data of the same electrode,
after 30 cycles, showing characteristic hydrogen absorption/desorption and
oxide formation and reduction.

from larger electrodes (30 #m diameter; 0.5-0.6 MQ at 1 kHz)
produced on a prior Parylene C-based device [14].

IV. DISCUSSION

The fine microlithographic resolution achieved here,
combined with the multi-layer design, increased electrode
density while minimizing width of each flexible polymer
shank. Smaller pitch and spacing for microtraces on a polymer
MEA have been reported [12], [17], but using electron-beam
lithography, which is a low throughput, serial process that
substantially increases fabrication cost. UV lithography was

Authorized licensed use limited to: University of Southern California. Downloaded on October 18,2020 at 02:13:35 UTC from IEEE Xplore. Restrictions apply.



SCHOLTEN et al.: 512-CHANNEL MULTI-LAYER POLYMER-BASED NEURAL PROBE ARRAY

achieved at batch-scale and is amenable to mass production
with lower costs and higher yield.

EIS and CV measurements confirmed the required electro-
chemical properties for neural recording and validated our
approach for via-less front and back electrodes. Impedance
values were consistent with the exposed electrode diameter,
suggesting the dominant driver of impedance was electrode
surface area. As trace size for neural interfaces continues
to shrink, there is a risk that trace impedance or capacitive
coupling will drive up impedance, and therefore signal noise.
However, the results here suggest there is room for further
miniaturization, allowing polymer MEAs to approach the
channel density of silicon devices. The impedance values
of these electrodes (1 MQ at 1 kHz) may impede high
quality recordings but can be coated with a high surface area
platinum-iridium alloy [18], an approach we have demon-
strated with similar Parylene C MEAs in an unpublished
study.

The next steps are to obtain successful electrophysiological
recordings in rats using these MEAs and from two different
brain regions. Implantation of long, flexible polymer probes
can be challenging, as they are likely to buckle during inser-
tion. In prior work we demonstrated a simple insertion method
with similar Parylene C MEAs [14] that does not require use of
an introducer tool or stiffening agent. Instead, the probe shanks
will be partially encased by a brace made of polyethylene
glycol, leaving a short section of the tips exposed. By reducing
the effective length of the probes in this way, the buckling
force increases significantly, allowing the bare probes to be
gradually inserted as the remaining brace dissolves in saline.
This allows for insertion without introducing any material but
the Parylene C probes into the brain.

The most significant challenge in developing this technology
is addressing all 512 electrodes. Current ZIF connectors do
not extend to this size, and so the same connection scheme
(common to polymer MEAs) would require a split ribbon cable
and multiple connectors. Analog output connectors similarly
are not available with 512 channels, in a size suitable for
free-moving animal experiments. The most plausible path
forward will require integration of multiplexing ASICs directly
into the ribbon cable. We recently developed a novel ultrasonic
bonding method for direct packaging of ASIC to Parylene C
devices [19]. This approach will allow us to forgo both the
need for a ZIF connector and analog output, while reducing
the density of contact pads.

With respect to application, the high-density polymer-based
neural probe described here is developed in the context of
performing animal studies on long-term synaptic plastici-
ties, which requires high-quality, stable recordings of uni-
tary activities for long periods of time [20]. Such a probe
also has the potential to be used as a therapeutic device in
clinical applications such as closed-loop deep brain stimu-
lation (DBS) [21], [22] and cortical prostheses [23], [24]
for treating neurological disorders, where high biocompatibil-
ity and fine spatio-temporal resolution become critical. One
important future direction is to add stimulation capability
to the polymer-based neural probes to achieve bi-directional
communication between the device and the neural tissue.
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V. CONCLUSION

A Parylene C based MEA for cortical and subcortical
neural recording in free-moving rats was fabricated, bench-top
evaluated and tested. A novel microfabrication approach was
designed to allow for high-resolution patterning on the flex-
ible polymer base that enables front and back patterning of
electrodes on either side of a 140-230 xm wide Parylene C
probe shank. A key fabrication improvement was the addition
of a chemically roughened Al adhesion layer, that ensured the
Parylene C did not wrinkle or lift-off from the carrier wafer
and could be easily removed at the end of fabrication. The
devices presented here represent the highest channel count
per shank among polymer MEAs and among the highest
total channel count for a polymer MEA. The flexible, soft
composition of the probe array is expected to allow for chronic
recording in free-moving animals by mitigating tissue trauma.
The designs and method presented here pave the way for
polymer MEAs to match channel density of the state-of-the-art
in silicon devices.
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