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ELECTRODE FABRICATION AND DESIGN

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit of priority of U.S.
Provisional Application No. 62/731,496 titled “FElectrode
Fabrication and Design” and filed on Sep. 14, 2018, which
1s herein incorporated by reference in 1ts entirety for all
purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

Not Applicable

BACKGROUND

Implantable devices with electrodes can be used for
recording and stimulating electrical signals 1n target biologi-
cal tissue, such as the brain. However, during implantation
the electrodes can damage or inflame the biological tissue,
complicating the accurate study, diagnosis, and/or medical
treatment of the tissue. Moreover, immune response as well
as growth of the tissue around the implantation site may
degrade the long term viability and stability of implanted
clectrodes.

In addition, conventional electrodes may not be config-
ured to record and/or stimulate with precision at the depths
required 1n some biological applications.

Further, due to their size and/or material composition,
conventional electrodes used 1in implantable devices may be
prone to breakage and may damage biological tissue when
they break. As a result, conventional electrodes may be
impractical for use 1n 1implantable devices.

BRIEF SUMMARY

Generally, disclosed herein are flexible, ribbon cable-like,
microfabricated electrodes for implanting 1n biological tis-
sue, such as a brain. They include electrodes with linear
arrays of contacts along an edge, linear arrays with multiple
clectrodes per opening in a dielectric support layer, multi-
thread electrode arrays, tree-like electrode arrays, electrode

arrays with smaller recording/stimulating sites, electrode
arrays with projections, and combinations thereot. The elec-
trode arrays can have a biocompatible and bio-implantable
compliant dielectric having a top edge defined by a top and

a side along a length of the dielectric, isulated electrical
traces oriented along the length of the dielectric, and elec-
trode contacts coupled to the traces and situated on the side
along the length of the dielectric, where an exposed portion
ol a respective electrode contact protrudes bevond the top
edge of the dielectric.

The disclosed electrode arrays have improved biocom-
patibility and are able to record and/or stimulate target
biological tissue with increased precision, and at greater
depths within the tissue than conventional electrodes. Addi-
tionally, the disclosed electrode arrays have improved sta-
bility and resilience against mechanical strain and can be
configured for long-term use within biological tissue. The
micro-manufactured electrodes can be extremely small, thin,
and flexible, thereby mimimizing insertion wounds, allowing
the target tissue to grow around the implanted electrodes,
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improving the proximity between the electrode contacts and
the target sites, and allowing larger numbers of electrodes to
be 1mplanted.

In one aspect of this disclosure, a compliant electrode
apparatus comprises a biocompatible, compliant dielectric
having a top edge defined by a top and a side along a length
of the dielectric. The compliant electrode apparatus further
comprises electrical traces within the biocompatible dielec-
tric and oriented substantially along the length of the dielec-
tric, a respective electrical trace of the electrical traces
insulated from a second electrical trace of the electrical
traces. The compliant electrode apparatus further comprises
clectrode contacts situated on the side along the length of the
biocompatible dielectric, wherein an exposed portion of a
respective electrode contact protrudes beyond the top edge
of the dielectric, and wherein the respective electrode con-
tact 1s coupled to the respective electrical trace.

In some embodiments, the compliant electrode apparatus
turther comprises a reference electrode configured to read a

reference signal from a fluid 1 a biological tissue, the
reference electrode connected with one of the electrical
traces.

In some embodiments, the electrode contacts include
between 20 and 30 electrode contacts spaced along the
length of the dielectric by between 45 micrometers and 55
micrometers center-on-center spacing. An area of each elec-
trode contact 1s less than 350 square micrometers.

In some embodiments, the respective electrode contact
has a substantially oval shape.

In some embodiments, the biocompatible dielectric com-
prises polyimide, and the electrical traces and the electrode
contacts comprise gold or another metal.

In some embodiments, the biocompatible dielectric com-
prises one or more of: epoxy, polyparaxylylene, parylene,
and acrylic.

In some embodiments, the compliant electrode apparatus
further comprises an engagement component coupled to an
end of the dielectric for detachably coupling to an 1nsertion
needle.

In some embodiments, a thickness of the dielectric 1s
between 4 micrometers and 8 micrometers, and the length of
the dielectric 1s between 15 millimeters and 25 millimeters.

In some embodiments, a bottom of the protruding,
exposed portion of the respective electrode contact 1s cov-
ered with the dielectric.

In another aspect of this disclosure, a compliant electrode
apparatus comprises a biocompatible compliant dielectric.
The biocompatible compliant dielectric can have a plurality
of branches branching from a stem structure. The bio-
implantable compliant structure can further comprise elec-
trode contacts situated on one or more branches of the
plurality of branches. The bio-implantable compliant struc-
ture can further comprise electrical traces, a respective
clectrical trace at least partially situated within a respective
branch, coupled to a respective electrode, and 1nsulated from
a second electrical trace.

In some embodiments, the plurality of branches com-
prises at least four flexible strands, and the electrode con-
tacts are situated on the at least four tlexible strands.

In some embodiments, the electrode contacts are situated
at diflering positions from one another along the at least four
flexible strands.

In some embodiments, the stem structure of the biocom-
patible compliant dielectric includes a principal rod. The
branches each comprise a secondary rod branching from the
principal rod. The electrode contacts each are situated on the
secondary rod branching from the principal rod.
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In some embodiments, the electrode contacts are situated
substantially at ends of the secondary rods. One or more of
the secondary rods can branch at angles from the principal
rod such that the electrode contacts are separated from the
principal rod.

In some embodiments, the stem structure of the dielectric
includes a compliant scaflold configured to fold during
implantation.

In some embodiments, a maximum {feature size of the
electrode contacts 1s 10 micrometers, and an area of the
respective electrode contact 1s less than 350 square microm-
eters.

In some embodiments, the electrode contacts comprise at
least 20 electrode contacts.

In some embodiments, the biocompatible dielectric com-
prises polyimide and the electrical traces and the electrode
contacts comprise gold or another metal.

In some embodiments, the biocompatible dielectric com-
prises one or more of: epoxy, polyparaxylylene, parylene,
and acrylic.

In some embodiments, the biocompatible dielectric fur-
ther comprises an engagement component at an end of the
dielectric for detachably coupling to an 1nsertion needle. The
engagement component can comprise a loop with a length
between 40 micrometers and 60 micrometers.

In another aspect of this disclosure, a method of fabricat-
ing a biocompatible compliant electrode apparatus com-
prises depositing a first layer of a biocompatible, compliant
dielectric. The method further comprises depositing electri-
cal traces on the first layer of the biocompatible, compliant
dielectric such that the electrical traces are orniented substan-
tially along a length of the dielectric, and a respective
clectrical trace of the electrical traces 1s insulated from a
second electrical trace of the electrical traces. The method
turther comprises depositing electrode contacts on a side
along the length of the biocompatible dielectric. The method
turther comprises depositing a second layer of the biocom-
patible, compliant dielectric over the first layer, electrical
traces, and electrode contacts, leaving an exposed portion of
a respective electrode contact so as to protrude beyond a top
edge of the dielectric defined by a top and a side along the
length of the dielectric, and wherein the respective electrode
contact 1s coupled to the respective electrical trace.

In some embodiments, the method further comprises
fabricating any of the eclectrode apparatuses described
above.

In another aspect of this disclosure, a method of fabricat-
ing a biocompatible compliant electrode apparatus com-
prises forming registration marks on a surface, depositing a
first layer of msulation on the surface, metallizing the
surface, depositing a second layer of insulation on the
surface, patterning an outline for the device on the surface,
constructing a thread support layer on the surface, electro-
plating the current bus of the surface, and electroplating the
bond pads on the surface. In an embodiment, depositing the
first layer of insulation on the surface and metallizing the
surface, can be repeated multiple times before continuing to
depositing a second layer of msulation on the surface.

In some embodiments, depositing a first layer of 1nsula-
tion on the surface may include spin coating a layer of
insulating materials (e.g., approximately 2 um of polyimide)
onto the surface, soft baking the surface on a hot plate, and
curing the surface at low temperatures 1n a vacuum oven. In
an embodiment, some or all of these steps can be repeated
multiple times as needed.

In some embodiments, metallizing the surface may
include spin coating a layer of resist (e.g., approximately
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350 nm of resist (e.g., LOR3A)) on the surface, spin coating
a layer of photoresist (e.g., approximately 420 nm of deep

UV) on the surface, exposing the surface in a stepper tool
with metal patterns, post-exposure baking the surface and
developing the photoresist, descumming or 10on mill etching
the surface, placing the surface 1n an electron beam evapo-
rator chamber, depositing a metal (e.g., platinum) onto the
surface by electron beam evaporation, performing metal
lift-off on the surface in a solvent bath, and performing a
desalt on the surface. In an embodiment, some or all of these
steps can be repeated multiple times as needed.

The disclosed electrode arrays may be fabricated using a
process that enables higher resolution features. In particular,
in some embodiments, the electrode arrays can be fabricated
using stepper lithography, which can pattern a large number
of electrodes onto the array. As a result, the electrode arrays
can have small feature size while providing large electrode
arrays with multiple recording/stimulation channels.

BRIEF DESCRIPTION OF THE DRAWINGS

—

The accompanying drawings, which are incorporated 1n
and constitute a part of this specification, illustrate several
embodiments and, together with the description, serve to
explain the disclosed principles. In the drawings:

FIG. 1A 1llustrates a schematic top view of an electrode
thread 1n a linear edge configuration, according to an
embodiment.

FIG. 1B 1llustrates a detail view of an electrode thread of
FIG. 1A.

FIG. 1C 1illustrates two cross-section views of an elec-
trode thread of FIG. 1A.

FIG. 2A illustrates a top view of multiple electrode
threads in the linear edge configuration, according to an
embodiment.

FIG. 2B 1llustrates a lengthwise cross-section view of one
of the electrode threads of FIG. 2A.

FIG. 3 illustrates three linear electrode arrays, according
to an embodiment.

FIG. 4 1llustrates a linear array according to a stereotrode
configuration, in accordance with an embodiment.

FIG. § illustrates an electrode array according to a tree
configuration, according to an embodiment.

FIG. 6 illustrates an electrode array according to a quad-
rapus configuration, according to an embodiment.

FIG. 7 two linear arrays according to a minimal-size
conflguration, according to an embodiment.

FIG. 8 illustrates an electrode array, according to an
embodiment.

FIG. 9 illustrates an electrode array according to a scai-
told configuration, in accordance with an embodiment.

FIG. 10 1s a flow chart illustrating an exemplary method
for fabricating a bio-implantable compliant electrode,
according to an embodiment.

FIG. 11 1s a flow chart 1llustrating an exemplary technique
for fabricating electrode arrays, according to an embodi-
ment.

FIG. 12 1s a flow chart illustrating an exemplary technique
for forming registration marks on a surface while fabricating
clectrode arrays, according to the present disclosure.

FIG. 13 1s a flow chart illustrating an exemplary technique
for depositing a first layer of insulation onto a surface while
tabricating electrode arrays, according to the present disclo-
sure.

FIG. 14 1s a flow chart illustrating an exemplary technique
for metallizing a surface while fabricating electrode arrays,
according to the present disclosure.
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FIG. 15 1s a flow chart 1llustrating an exemplary technique
tor depositing a second layer of insulation on a surface while

tabricating electrode arrays, according to the present disclo-
sure.

FI1G. 16 1s a flow chart illustrating an exemplary technique
for patterning an outline for a device on a surface while
tabricating electrode arrays, according to the present disclo-
sure.

FI1G. 17 1s a flow chart illustrating an exemplary technique
for constructing a thread support layer on a surface while
tabricating electrode arrays, according to the present disclo-
SUre

FIG. 18 1s a flow chart 1llustrating an exemplary technique
for electroplating a current bus on a surface while fabricat-
ing electrode arrays, according to the present disclosure.

FI1G. 19 1s a flow chart illustrating an exemplary technique
for electroplating electrical pads on a surface while fabri-
cating electrode arrays, according to the present disclosure.

DETAILED DESCRIPTION

The present disclosure describes various electrode arrays,
which may be included within an implantable device, and
methods for fabricating such electrode arrays. The disclosed
implantable device may be configured for implantation 1n
biological tissue, including sensitive living tissue, with a
single needle insertion via a small 1nsertion hole, yet can
provide a plurality of electrodes for recording and/or stimu-
lating electrical signals through such tissue. In particular,
embodiments of the disclosed electrode arrays can have a
small feature size (e.g., less than 10 micrometers (um)
maximum feature size, or characteristic size of the features
tabricated on the contacts) while providing large electrode
arrays, with multiple recording/stimulation channels,
capable of extending beyond an 1nsertion scar and surround-
ing a tissue site of interest. The combination of multiple
clectrode channels and the compliant, branched structure of
the arrays allows the system to form detailed stereoscopic
images of the target site.

Compared with conventional systems, the disclosed elec-
trode arrays can record and/or stimulate with increased
precision and at greater depths within biological tissue. In
addition, the disclosed system and methods have improved
biocompatibility and 1mproved stability and resilience
against mechanical strain, and can be configured for long-
term use within biological tissue.

In a typical example, the disclosed system and methods
may i1mplant 96 polymer threads into neural tissue, each
thread with 32 electrodes, for a total of 3,072 electrodes 1n
the array. The electrodes are designed to be compact, thin,
and flexible, with from 5 to 50 um width and nominal thread
thickness of 4 to 6 um, including up to three layers of
insulation and two layers of conductor. Typical thread length
1s approximately 20 mm. The extremely narrow thickness,
small size, and increased flexibility of these probes oflers
greater biocompatibility, enabling the probes to remain
implanted for long periods of time without triggering
immune responses. The small thread cross-sectional area
can also minimize tissue displacement 1n the target.

In a non-limiting example, the disclosed electrode arrays
may be used with an implantable device configured to be
implanted 1n a brain. In particular, one or more of the
disclosed electrode arrays may be used to record and/or
stimulate electrical signals through regions of the brain. The
disclosed electrode arrays may be implanted within the brain
at a greater depth than conventional systems, for example
approximately two millimeters. In some embodiments, the
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disclosed electrode arrays may be configured to record
action potentials, single neurons, multi-unit neuronal activ-

ity, and/or field potentials. In some embodiments, the dis-
closed electrode arrays can be configured to stimulate 1ndi-
vidual neurons, or a population of neurons.

In further examples, the disclosed system and methods
may be used with biological tissue including, but not limited
to: the brain, muscle, liver, pancreas, spleen, kidney, bladder,
intestine, heart, stomach, skin, colon, etc. Additionally, the
clectrode arrays may be used 1n connection with any suitable
multicellular organism including, but not limited to, mver-
tebrates, vertebrates, fish, bird, mammals, rodents (e.g.,
mice, rats), ungulates, cows, sheep, pigs, horses, non-human
primates, and humans. Moreover, the biological tissue may
be ex vivo (e.g., a tissue explant), or mn vivo (e.g., used
within a surgical procedure performed on a patient, or as part
ol a brain-computer interface).

I. Electrode Configurations

FIGS. 1A-9 illustrate various electrode configurations. In
various embodiments, many different thread and electrode
types may be used 1n the electrode arrays, including those
described 1n the examples of FIGS. 1A-9 as well as any other
designs, and are not limited by the present disclosure. The
threads may be fabricated with widths ranging from 5 to 50
um, and may incorporate recording sites of several geom-
etries, such as those described in the examples of FIGS.
1A-9 as well as other designs.

In an embodiment, the disclosed electrode array can
include a bio-implantable compliant structure and multiple
openings 1n a support layer, which may be made of parylene.
The openings 1n the support layer can expose electrodes
(also referred to as active sites) to allow recording and/or
stimulating electrical signals. In some embodiments, the
compliant structure includes a linear array of electrodes, as
in the examples of FIGS. 1A-4 below. Alternatively, the
compliant structure can include a plurality of branches
branching from a stem structure and multiple electrodes
situated on one or more of the plurality of branches, as in the
examples of FIGS. 5-6 and 8-9 below.

In some embodiments, such a plurality of branches may
wrap around an insertion needle to present a smaller cross-
section during insertion into biological tissue, hence mini-
mizing the msertion wound 1n the tissue. The branches can
then be configured to splay upon removal of the insertion
needle. A further feature of the branching structure 1s its
ability to dissipate mechanical strain on the individual
branches. Accordingly, the disclosed structures can provide
technical advantages such as being less invasive to the target
tissue, greater biocompatibility, and resilience against struc-
tural damage.

Each thin film array may be composed of a “thread” area
that features electrode contacts and traces, and a “sensor”
arca where the thin film interfaces with custom chips that
enable signal amplification and acquisition. In a typical
embodiment, each array may have 48 or 96 threads, and each
thread may contain 32 independent traces terminating in
clectrode contacts. A waler-level microfabrication process
cnables high-throughput manufacturing of these devices.
For example, ten thin film arrays may be patterned on a
single wafer, each with 3,072 electrode contacts. In an
example, each such array may be implanted via a single
surgical bore in a patient’s cranium. In various embodi-
ments, any other numbers of arrays, devices, threads, traces,
and/or contacts are possible, and are not limited by the
present disclosure. Integrated chips are bonded to the con-
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tacts on the sensor area of the thin film using a flip-chip
bonding process. This approach provides the technical
advantage ol maintaining a small thread cross-sectional
area, 1n order to minimize tissue displacement in the brain.
To achieve this, while keeping channel count high, stepper
lithography and other microfabrication techniques may be
used to form the metal film at sub-micron resolution.

The array can further include multiple electrical traces
coupled to the electrodes and insulated from each other. In
an embodiment, the electrode arrays can have a maximum
feature size of 10 um, and can have a typical scale of
approximately 100 nanometers (nm) for the electrodes. In an
embodiment, the electrical traces can have a typical scale of
several hundreds of nanometers.

The maximum feature size may refer to a characteristic
s1ze of the features fabricated on the contacts.

The maximum feature size of 10 um may improve the
ability of cells 1n the target tissue to grow around the
clectrode array and/or communicate with one another, as
well as providing mechanical buflering. Accordingly, the
small size, tlexibility, and diffuse geometry of the disclosed
clectrode arrays can provide a technical advantage by allow-
ing the target neural tissue to grow more freely, while still
allowing large numbers of electrodes, such as 3,072 elec-
trodes per array, to be implanted. In addition, the disclosed
system’s flexibility and branching structure enable the elec-
trode arrays to extend beyond an insertion wound and
surround tissue sites of interest. These properties, such as the
geometric configuration, size, shape, and flexibility of the
disclosed electrode arrays can also help to maximize the
distance between an electrode’s recording site and any scar
tissue formed during implantation of the electrode.

In some embodiments, electrode arrays may include one
or more openings 1n the support layer. In the illustrated
embodiments, openings 1n the support layer are depicted 1n
spaced hatching. The openings in the support layer may
expose electrodes (also referred to as active sites) configured
to stimulate and/or record. Additionally, 1n the illustrated
embodiments, electrode contacts are depicted 1n cross-
hatching. Electrodes may include metals such as gold,
platinum, iridium, etc. The electrodes may be mnsulated by
materials such as polyimide, epoxy, polyparaxylylene,
parylene, acrylics, alumina, silicon nitride, etc. For example,
the main substrate and dielectric used 1n the probes can be
polyimide, which can encapsulate the electrical traces. In the
illustrated embodiments, the substrates for the electrode
arrays are depicted in clear segments. In the illustrated
embodiments, electrical traces are depicted 1n dotted lines.

The electrical traces may include metals and/or metal
alloys, including nickel, gold, platinum, platinum alloys, etc.
For example, the electrical traces may comprise a thin gold
film. In an embodiment, the electrode array can be covered
in a parylene sheet, which can have holes for the multiple
clectrodes. In particular, parylene-c may be deposited onto
the threads, forming a film on which the threads may be
attached until removal by a robot during robotic surgical
implantation.

In some embodiments, a reference electrode configured to
read a reference signal from a fluid 1n a biological tissue may
be included on each electrode thread. Thus, 1n an embodi-
ment, an mdividual reference electrode may be on each
thread and 1n close proximity to the electrodes for measure-
ment and/or stimulation of the target tissue. This configu-
ration, referred to as an on-probe reference, may provide the
technical advantage of providing a more accurate reference
clectrode reading that reduces spurious eflects due to long-
distance drifts or random local variations 1n the potential 1n
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the biological fluid. Accordingly, the disclosed system and
methods can reduce noise and improve accuracy. In another

embodiment, the reference electrode may be on a separate
thread, and 1s not limited by the present disclosure.

II. Linear Array Configuration

FIG. 1A illustrates a schematic top view of an electrode
thread 100 1n a linear edge configuration, according to an
embodiment. In some embodiments, the linear edge con-
figuration of electrode thread 100 may combine favorable
technical features of some of the other electrode configura-
tions described below. In this example, a plurality of elec-
trode wire traces 102 can be formed from a conductor, such
as thin gold film or another metal, and deposited on a base
104 of a compliant, biocompatible, bio-implantable dielec-
tric material, such as polyimide. In a typical example, there
may be thirty-two traces on a single thread 100. The wire
traces 102 may be substantially parallel to each other and to
the length of dielectric base 104.

In this example, each trace terminates in an electrode
contact. For example, trace 106 terminates in contact 108.
The contacts can be situated on an edge 172 along the length
of the dielectric, hence the configuration of thread 100 1s
referred to as a “linear edge™ configuration. In an embodi-
ment, this configuration can provide a technical advantage
by bringing the contacts into close proximity with the target
(e.g., a neuron) to be recorded and/or stimulated, for
example by equalizing the heights of the contacts and
targets, and by having the exposed contacts extend beyond
the dielectric edge. Accordingly, the recording and/or stimu-
lation signal can be stronger and clearer by virtue of the
linear edge configuration’s geometry. In an embodiment, the
configuration can also maximize the distance between the
recording sites and any scar tissue caused by implantation of
the electrode. The contacts may be substantially oval-
shaped, and may have dimensions of approximately 14x24
um-~, as measured along the minor and major axes of the
oval, respectively, and a total area of less than 350 um~. The
clectrode contacts may also be referred to simply as elec-
trodes.

Thread 100 can be very long and thin, with a width from
5 um to 50 um and a nominal thickness from 4 um to 6 wm,
and a length of approximately 20 mm, 1n a typical example.
The thread’s thin dimensions and flexibility provide greater
biocompatibility, and can minimize tissue displacement in
the target. To manage these long, thin threads prior to
isertion, parvlene-c may be deposited onto the threads to
form a film on which the threads remain attached until the
surgical robot pulls them off.

In some examples, 1t may be necessary to maintain
suflicient device and/or electrode thickness 1 order to
ensure device integrity and strength, particularly in the linear
edge configuration having electrodes along the device edge.
In particular, thread thickness in the range of 4 um to 6 um
may provide suilicient structural integrity.

In some embodiments, electrode thread 100 may include
an on-probe reference configuration. For example, one of
traces 102 may be a reference electrode configured to read
a reference signal from a fluid 1n the target biological tissue.
This may provide a more accurate reference electrode read-

ing that reduces spurious eflects due to random local varia-
tions.

FIG. 1B illustrates a detail view of electrode thread 100
of FIG. 1A. In this example, the traces 132 are substantially
parallel to the dielectric base 134, and may have creases
tollowing contours and/or modulations of width of the base
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134. As 1n the example of FIG. 1A, contacts 136 and 138 are
situated on an edge along the length of the dielectric base.
The electrode contacts may be substantially oval-shaped,
and may have dimensions of approximately 14x24 um?, as
measured along the minor and major axes of the oval,
respectively, and a total area of less than 350 um”. In an
embodiment, the electrode contacts are spaced along the
length of the dielectric by between 45 um and 55 um
center-on-center spacing, €.g. 50 um spacing. The contacts’
small area and compact spacing can provide greater bio-
compatibility, and can minimize tissue displacement 1n the
target. The electrode contacts may also be referred to simply
as electrodes.

Since the mndividual gold electrode sites can have such
small geometric surface areas, surface modifications may be
used. Such treatments may provide technical advantages
lower the impedance for electrophysiology and increase the
ellective charge-carrying capacity of the interface. Two such
treatments include the electrically conductive polymer poly-
cthylenedioxythiophene doped with polystyrene sulifonate
(PEDOT:PSS) and iridium oxide (IrOx). In an example,
such treatments may achieve impedances of 36.97+4.68 k&2
(n=257 electrodes) and 56.46+7.10 kL2 (n=588) for PEDOT:

PSS and IrOx, respectively.

These techniques and processes may include other types
ol conductive electrode materials and coatings, and are not
limited by the present disclosure.

FIG. 1C illustrates two cross-section views of an elec-
trode thread of FIG. 1A. In this example, cross-section view
160 1s a cross-section A-A corresponding to section lines
A-A shown 1n FIG. 1A. In this example, cross-section view
160 shows dielectric base 162 (corresponding to dielectric
base 104 in the example of FIG. 1A), partial dielectric cover
164 (also referred to as a top of the dielectric), electrical
traces 166 and 168 (corresponding to traces 102 in the
example of FIG. 1A), and electrode contact 170 (corre-
sponding to electrode contact 108 in the example of FIG.
1A). In a typical embodiment, dielectric base 162 and partial
dielectric cover 164 may comprise a biocompatible, com-
plhiant dielectric matenal, such as polyimide. Alternatively,
the dielectric base 162 and/or partial dielectric cover 164
may comprise other materials, such as epoxy, polyparaxy-
lylene, parylene, acrylics, alumina, and/or silicon nitride,
and are not limited by the present disclosure. Traces 166 and
168 may be isulated from each other by the dielectric
material, for example by cover 164 and/or other portions of
the dielectric matenal.

As shown, electrode contact 170 may have a rectangular
cross-section, but may have a rounded shape, such as an oval
shape, from a top view, as in the example of FIG. 1B.
Accordingly, electrode contact 170 may be an approxi-
mately oval or elliptical cylinder. In a typical embodiment,
the top and inside of the electrode may be exposed, as 1n the
example of cross-section A-A 1 FIG. 1C.

In this example, the electrode thread has an edge 172,
which can contain electrode contact 170 1n the linear edge
configuration, as described above. Accordingly, the biocom-
patible, compliant dielectric of the electrode thread can be
referred to as a single dielectric. Thus, the electrode thread
and/or the dielectric has a top 164, a bottom 162, and a side
174, and has a top edge defined as the edge 172 where the
top 164 meets the side 174. In the linear edge configuration,
a portion of electrode contact 170 uncovered by the dielec-
tric can protrude beyond edge 172. The uncovered portion
may still rest on dielectric base 162, but may not be covered

by top 164.
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[Likewise, cross-section view 180 1s a cross-section B-B
corresponding to section lines B-B shown 1n FIG. 1A. In this
example, cross-section view 180 shows dielectric base 182
(corresponding to dielectric base 104 in the example of FIG.
1A; and also referred to as a bottom of the dielectric), partial
dielectric cover 184 (also referred to as a top of the dielec-
tric), and electrical traces 186 and 188 (corresponding to
traces 102 1n the example of FIG. 1A). Again, dielectric base
182 and partial dielectric cover 184 may comprise a bio-
compatible, compliant dielectric material, such as polyim-
ide, or another material. In this example, the electrode thread
has an edge 190, which can contain electrode contacts 1n the
linear edge configuration, as described above. Again, the
clectrode thread and/or the dielectric has a top 184, a bottom
182, and a side 192, and has a top edge defined as the edge
190 where the top 184 meets the side 192. However, 1n this
example, the B-B cross-sectional portions of traces 186 and
188 1n cross-section 180 may be fully covered by top 184 of
the dielectric. Traces 186 and 188 can also be msulated from
cach other by the dielectric material, for example by top 184
and/or other portions of the dielectric material. Other cross
sectional portions of the traces may be uncovered, or only
partially covered, as described below.

FIG. 2A illustrates a top view of multiple electrode
threads 200 in the linear edge configuration, according to an
embodiment. In a typical embodiment, a single electrode
array 200 may have 48 or 96 threads, and each thread 202
may contain 32 independent traces terminating in electrode
contacts. During robotic implantation of the electrode
threads, a pillbox-cartridge assembly holding a plurality of
clectrode threads, such as array 200, may be positioned
together with an insertion needle 1n the surgical field. In an
embodiment, the individual threads, such as thread 202, may
be arranged on such a pillbox-cartridge assembly.

Each thread 202 may end in an engagement feature, which
can facilitate robotic engagement by an insertion needle
prior to surgical implantation in the target tissue. In this
example, the threads may end in a (16x50) um” loop, such
as loop 204, to accommodate needle threading, where the
loop dimensions may be measured along the major and
minor axes of the loop. During robotic implantation, such
engagement features may be arranged on the cartridge
portion of the pillbox-cartridge assembly for engagement by
a robotic assembly. A robotic assembly may engage such an
engagement feature, e.g. by threading an insertion needle
through loop 204 on the electrode, 1n order to remove the
clectrode from the cartridge in preparation for surgical
implantation in the target tissue. In an embodiment, the
engagement feature, such as loop 204, may comprise the
same biocompatible, compliant material, such as polyimide,
as dielectric bases 104, 162, and 182 of the examples of
FIGS. 1A and 1B. Alternatively, the engagement feature,
such as loop 204, and/or the dielectric base may comprise
other materials, such as epoxy, polyparaxylylene, parylene,
acrylics, alumina, and/or silicon nitride, and are not limited
by the present disclosure.

In this example, each thread 202 may be partially covered
in a second layer 206 of the biocompatible, compliant
dielectric. Second layer 206 may correspond to partial
dielectric cover 164 and partial dielectric cover 184 in the
example of FIG. 1C. Thus, mn an embodiment, the second
layer 206 may comprise the same biocompatible, compliant
dielectric maternial, such as polyimide, as bases 104, 162, and
182 of the examples of FIGS. 1A and 1B. Alternatively, the
second layer 206 and/or the base may comprise other
materials, such as epoxy, polyparaxylylene, parylene, acryl-
ics, alumina, and/or silicon nitride, and are not limited by the
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present disclosure. Each thread 202 may also have exposed
portions 208 of metal, for example where an electrical trace,
a plurality of electrical traces, such as traces 132 1n the
example of FIG. 1B, or a thin metal foil 1s not covered by
the second layer 206 of the diclectric. However, these
exposed portions 208 may also be partially covered by
strips, such as strip 210, of the biocompatible, compliant
dielectric matenal.

FI1G. 2B illustrates a lengthwise cross-section view 250 of
one of the electrode threads of FIG. 2A. In this example,
cross-section view 230 1s a cross-section C-C corresponding
to section lines C-C shown 1n FIG. 2A. As shown, section
C-C mcludes electrical trace 252. In thus example, a bio-
compatible, compliant dielectric material forms a base 254,
a partial cover 256, a partial cover 258 including a side, and
partially covering strips 260 (corresponding to strip 210 in
the example of FIG. 2A). The biocompatible, compliant
dielectric material can comprise polyimide or another mate-
rial. Accordingly, together, partial cover 256, partial cover
258 mncluding a side, and partially covering strips 260 can
comprise the top or cover of the biocompatible, compliant
dielectric material, which partially covers electrical trace
252. Strips 260 and/or the rest of the dielectric top may cover
some portions of traces 2352, but not others.

In this example, partial cover 258 including the right side
may cover and/or insulate the night end of traces 252,
whereas the left end of traces 252 may lead to an engage-
ment feature, such as loop 204 in the example of FIG. 2A.
However, note that in some embodiments, loop 204 may
also comprise the biocompatible, compliant dielectric mate-
rial, such as polyimide. Thus, both ends of traces 252 may
be msulated.

FIG. 3 1illustrates three linear arrays 300 each having an
engagement feature 301, and a plurality of openings 303 1n
a support layer, such as parylene, according to an embodi-
ment. An opening 303 in the support layer may include an
clectrode 305. Flectrical traces 307 may connect the open-
ings 303 and electrodes 305 to an integrated circuit (not
shown). In the depicted embodiment, the electrode array 1s
substantially linear in shape and may have a number of
openings 1n the support layer and/or a number of active sites
(e.g., 8, 12 or more). The electrode 305 may be configured
to record and/or stimulate. The electrodes 305 may be
arranged towards the edge of the probe such that the exposed
metal 1s flush with the target tissue for implantation.

FIG. 4 illustrates a linear array 400 according to a
“stereotrode” configuration, according to an embodiment.
Linear array 400 includes an engagement feature 401 for
detachably coupling the array to an insertion needle, and a
plurality of openings 403 1n a support layer, such as
parylene, each opening having a group of two electrodes
405A, 405B. Such groups of multiple electrodes can facili-
tate sorting. In an embodiment, the groups can have more
than two electrodes, and are not limited by the present
disclosure. For example, a linear array having groups of four
clectrodes can be referred to as a “tetrode” configuration.
Electrical traces 407 may connect the openings 403 and
clectrodes 405A, 4058 to an integrated circuit (not shown).
As the two electrodes, 405A and 405B, located within an
opening 403 may record the same electrical activity (albeit

with an offset due to their relative positioning), in some
embodiments the electrical recordings obtained from the
clectrodes may be used for localization of the recorded
clectrical activity. The electrodes 405A, 405B may be
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arranged towards the edge of the probe such that the exposed
metal 1s flush with the target tissue for implantation.

III. Tree Array Configuration

Conventional implantable devices may be prone to
chronic inflammation and/or acute immune response at the
insertion site, which can interfere with the electrodes’ ability
to stimulate or record at the msertion site. In some embodi-
ments, the disclosed system and methods can avoid or
greatly reduce such problems by presenting a very small
cross-sectional area for insertion into biological tissue, while
also providing multiple electrodes configured to extend
beyond the site of msertion trauma to the tissue. In particu-
lar, 1n some embodiments, the disclosed electrode arrays can
be configured with a substantially tree-like structure, which
can avoid or greatly reduce such interference from an
isertion scar, or other immune system response.

A “tree” structure includes a structure with a central
longitudinal element with elongated branch elements, each
connected at one end to the central longitudinal elements, or
as otherwise known 1n the art.

FIG. § illustrates an electrode array 500 according to a
“tree” configuration, according to an embodiment. In this
example, electrode array 500 includes an engagement fea-
ture 501 for detachably coupling the array to an insertion
needle, and a plurality of openings 503 1n the support layer
(e.g., parylene), each opening exposing one or more elec-
trodes 505. Electrical traces 507 may connect the electrodes
505 to an integrated circuit (not shown). In embodiments
according to the tree configuration, the openings 503 and/or
clectrodes 505 can be situated on branching structures 509,
separated from the main structure (or “trunk™).

In particular, branching structures 509 can be configured
to extend from the main structure, such that they form acute
angles with the main structure and/or are perpendicular to
the main structure. Accordingly, the openings 503 and/or
clectrodes 505 may be located outside of an area of chronic
tissue 1nflammation and/or an insertion wound. In an
embodiment, diflerent branches can have differing branch-
ing angles from the main trunk. Alternatively, branching
structures 509 can pivot about their points of connection
such that branching structures 509 can expand away from
the 1nsertion area over time.

In an embodiment, branching structures 509 can wrap
around the insertion needle during nsertion. In an embodi-
ment, the branches and/or trunk (which can also be referred
to as a “shank”) can be made from compliant materials, such
as polyimide.

In an embodiment, the trunk can have a thickness of
approximately 25-30 um, while the branches can have an
approximate thickness of 5.5 um. The electrodes can have a
width of approximately 10 um, and the openings 1n the
support layer can each have an area of approximately 300

um-.

IV. Quadrapus Array Configuration

In another embodiment, the disclosed electrode arrays can
solve the problem of immune-response interference with the
clectrodes’ function by providing multiple thin, flexible
clectrodes that can extend beyond the site of 1nsertion over
a period of time. In particular, the electrode arrays can be
configured with structures referred to herein as a *“quad-
rapus’” and/or an “octopus.” Moreover, when implanted, the
active sites 1n this embodiment may surround an object (e.g.,
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a neurological structure) of interest, providing for three-
dimensional recording and/or stimulation of the object of
interest.

FIG. 6 1llustrates an electrode array 600 according to a

“quadrapus” configuration, according to an embodiment. In
this example, electrode array 600 includes an engagement
teature 601 for detachably coupling the array to an 1nsertion
needle, and a plurality of openings 603 1n a support layer
(e.g., parylene), each active site having one or more elec-
trodes 605. Flectrical traces 607 may connect the openings
603 and clectrodes 605 to an itegrated circuit (not shown).
As 1llustrated 1n FIG. 6, there are four opemings 603, each
located on a separate thread or strand 613 (which may also
be referred to as a “tentacle’), and the four threads or strands
can be joined at engagement feature 601, e.g. a loop.
In an embodiment, the openings 603 may be spaced at
different heights along the thread or strand 613. In some
embodiments, electrode array 600 1s not limited to four
threads or strands 613 and may have a plurality containing,
any number of threads. For example, an electrode array
having eight threads can be referred to as an “‘octopus’
structure.

In an embodiment, threads or strands 613 can wrap
around the isertion needle during insertion, and can splay
upon removal of the insertion needle. A turther advantage of
the plurality of threads or strands 613 1s their ability to
dissipate mechanical strain, for example strain exerted on an

individual strand has little influence on other strands.

V. Minimal-Si1ze Electrode Array Configuration

In an embodiment, the electrode arrays can be designed to
have a minimal size, so as to minimize the immune response
of the target biological tissue upon implantation. FIG. 7
illustrates two linear arrays 700 according to a minimal-size
configuration, according to an embodiment. Each having an
engagement feature 701, and a plurality of openings 703 1n
a support layer (e.g., parylene), configured to have one or
more electrodes 705. Electrical traces 707 may connect
openings 703 and/or electrodes 705 to an integrated circuit
(not shown). For that reason, the electrode arrays 700 may
be configured to be sized below 10 micrometer diameter, for
example electrodes 705 may be sized between approxi-
mately 2 to 10 um. In an embodiment, 1n order to reduce the
size of linear arrays 700 further, linear arrays 700 may be
configured with fewer openings 703 and/or electrodes 7035
so that biological tissue immune response 1s minimized.

FIG. 8 illustrates an electrode array 800 having an
engagement feature 801, and a plurality of openings 803 1n
a support layer (e.g., parylene), configured to have one or
more electrodes 805. The electrodes 805 may have one or
more projections 811. In some embodiments, the projections
811 may be metallic. For example, in some embodiments,
projections 811 may be made of platinum, 1nndium, gold, or
similar materials. In some embodiments, the projections 811
may be sized in the range of approximately 500-1000 nm.
For example, projections 811 may be approximately 750 nm
in size. The projections 811 (which can also be referred to as
“fingers”) may be configured to extend into the biological
tissue, 1n order to be used for recording and/or stimulation.
In some embodiments, the projections 811 may be nonplanar
to the electrode array 800 such that the projections 811 may
be used for three-dimensional recording and/or stimulation.

V1. Scaflold Array Configuration

FIG. 9 illustrates an electrode array 900 having an
engagement feature 901, a scaflolding 903, and one or more
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clectrical traces 905 connected to the scatfolding 903. Each
of the electrical traces 905 may include one or more elec-

trodes 907 configured to record and/or stimulate biological
tissue. In some embodiments the scaflolding 903 may
include polyimide or similar materials. The electrode array
depicted 1in FIG. 9 combines aspects of the tree-like elec-
trode structure illustrated 1n FI1G. 5 with the structure of FIG.
6. In some embodiments, each strand of the electrode array
may be sized to be under approximately 6 um in diameter.
Additionally, 1n some embodiments, the polyimide scatiold-
ing may connect to approximately three electrical traces,
cach trace having a length between approximately 500 nm to
1000 nm. For example, in some embodiments, the metal
trace may be approximately 7350 nm or less. In some
embodiments the electrode array 900 illustrated 1n FIG. 9
may include thirty or more electrodes such as electrodes 907
providing thirty or more recording and/or stimulating sites.
Despite having thirty or more recording and/or stimulating
sites, the entire electrode array may be implanted in bio-
logical tissue with a single needle insertion. Notably, an
implantation system may implant flexible electrodes with
complex, porous geometries such as those illustrated 1n FIG.
9. During implantation (or insertion), the flexible electrode’s
extended structure may be compacted to fit within a small
insertion hole. Once implanted, the electrode will uniold
over time as cells grow 1nto the isertion area and repair the
wound.

VII. Variations

In various embodiments, one or more of the electrode
arrays illustrated 1n FIGS. 1-9 may be varied, combined, or
distributed 1n any suitable combination so as to create an
clectrode array. For example, in some embedlments the
tree-like structures 1llustrated 1n FIG. 5 may branch off of a
number of threads or strands, such as those 1n the quadrapus
configuration of FIG. 6. Such a configuration may reduce the
s1ze presented by the electrode array during msertion, while
also providing flexibility and separating the active sites from
the 1nsertion site.

In another example multiple electrodes located on the
same opening in the support layer such as those of the
stereotrode structure depicted in FIG. 4, may be placed
along various threads or strands, as in the quadrapus struc-
ture of FIG. 6. In an embedimentj the openings and/or active
sites can be situated at the same depth, but in different
orientations. In an embodiment, the multiple electrodes can
be at different heights on the same opening. Such hybnd
confligurations can minimize the collective impedance of the
active sites, as well as improving the system’s ability to
localize electrical signals 1n three dimensions.

In some embodiments, the disclosed electrode arrays
depicted 1 FIGS. 1-9 may be configured to terminate 1n an
engagement feature such as engagement features 201, 301,
401, 501, 601, 701, 801, and 901. In some embodiments, the
engagement feature may include a loop (a hole in the
substrate), a hook, a cup, a protrusion, an extended arm, a
“v,” etc. In some embodiments, the engagement feature may
be configured to detachably eeuple the electrode array with
one or more reciprocal engagement features on an 1nsertion
needle. In some embodiments, the disclosed electrode arrays
may terminate without an engagement feature.

In another example, a branched hierarchy of active sites
can be configured with one loop as an engagement feature.

In some embodiments, the disclosed electrodes in FIGS.
1-9 may be configured to transmit neurological impulses as
voltage or current signals and pass the signals to a specially
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configured integrated circuit. such as that described 1n U.S.
patent application Ser. No. 16/354,0359, “Network-on-Chip

for Neurological Data,” filed on Mar. 14, 2019, and hereby
incorporated by reference.

In some embodiments, an electrode array including one or
more of the electrode arrays illustrated in FIGS. 1-9 may be
assembled within a cartridge including one or more elec-
trode arrays. In some embodiments, a robotic system may
remove the electrode array from the cartridge and implant
the electrode array 1nto biological tissue. Example cartridge
and robotic systems include those described 1n U.S. patent
application Ser. No. 16/569,590, “Device Implantation
Using A Cartridge,” filed concurrently herewith, and hereby
incorporated by reference.

VIII. Fabrication Processes

The electrode arrays depicted i FIGS. 1-9 may be
manufactured by the fabrication processes illustrated in
FIGS. 10-19. In some embodiments, the electrode arrays can
be fabricated using stepper lithography, which can pattern a
large number (e.g., 32, 64, 128, 256) of electrodes onto a
single probe. In an embodiment, a wafer-level microfabri-
cation process enables high-throughput manufacturing of
the devices. For example, ten thin film arrays may be
patterned on a water, each array with 48 or 96 threads, e.g.
for a total o1 3,072 electrode contacts. In an embodiment, the
disclosed electrode arrays can be fabricated via a custom
process 1n order to produce neural probes that are minimally
displacive of the target tissue and contain a variety of
biocompatible thin film matenials.

FIG. 10 1s a flow chart 1llustrating an exemplary method
1000 for fabricating a bio-implantable compliant electrode,
according to an embodiment. In an embodiment, method
1000 may {fabricate a single thread containing multiple
clectrodes (e.g. 32, 64, or 128 electrode traces terminating 1n
contacts). In a first step 1001, a first layer of biocompatible,
compliant dielectric can be deposited along a length of the
dielectric. The first layer of dielectric can have a top edge
defined by a top and a side. The biocompatible, compliant
dielectric may be bio-implantable, 1.e., implantable for long
periods 1n biological tissue, such as brain or neurological
tissue, without 1nciting immune reaction. The dielectric may
be biocompatible and bio-implantable by virtue of its mate-
rials and/or 1ts other properties. For example, the biocom-
patible dielectric may comprise polyimide, epoxy, polypar-
axylylene, parylene, and/or acrylic. In an embodiment, the
dielectric has a thickness between 4 um and 8 um, and a
length between 15 mm and 25 mm. The dielectric can have
a width from 5 to 50 um.

In a second step 1003, insulated electrical traces may be
deposited on the first layer of bio-implantable dielectric. The
clectrical traces may be oriented substantially along the
length of the dielectric. A respective electrical trace may be
imnsulated from a second electrical trace. In an embodiment,
the insulated electrical traces can comprise at least 20
clectrical traces, e.g. 32 electrical traces per thread. The
clectrical traces may also be biocompatible, and can com-
prise gold or another metal. In an embodiment, the traces
may comprise another conducting material, and are not
limited by the present disclosure.

In some embodiments, the dielectric can have a plurality
of branches branching from a central stem structure, and 1n
this case the traces can be deposited along the branches. For
example, the branches can comprise multiple flexible
strands (e.g., at least four strands), as 1n the linear electrode
array 1n the example of FIG. 6. In this case, the traces can
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be deposited along the strands. In a second example, the
stem structure can include a principal rod, and the branches
can each comprise a secondary rod branching from the
principal rod, and the traces can be deposited along the
secondary rods, as in the tree structure in the example of
FIG. 5. In a third example, the stem structure of the dielectric
includes a compliant scaflold configured to fold during
implantation, as in the example of FIG. 9.

In a third step 1003, electrode contacts may be deposited
on a side along the length of the biocompatible dielectric.
Each electrode contact may be electrically coupled to a
respective electrical trace. The electrode contacts may also
be biocompatible, and can comprise gold or another metal.
In an embodiment, the contacts may comprise another
conducting material, and are not limited by the present
disclosure. In an embodiment, the multiple electrode con-
tacts can comprise at least 20 electrode contacts, or between
20 and 50 electrode contacts, e¢.g. 32 contacts per thread. In
an embodiment, a respective electrode contact has a maxi-
mum feature size, or characteristic size ol the {features
tabricated on the contacts, of 10 um, and an area of less than
350 um?. For example, a respective contact can have dimen-
sions substantially equal to 14x24 um?. In an embodiment,
the respective electrode contact has a substantially oval
shape, and the dimensions can refer to major and minor axes
of the oval shape. In an embodiment, the electrode contacts
are spaced along the length of the dielectric by between 45
um and 55 um center-on-center spacing, €.g. S0 um spacing.

These microscopic feature sizes and overall sizes, as well
as the electrodes’ flexibility, can enhance the electrodes’
biocompatibility. Accordingly, large numbers of electrodes
can be implanted, such as 3,072 electrodes per array, thereby
providing better recording and stimulation performance.

In embodiments where the dielectric has a plurality of
branches branching from a central stem structure, the elec-
trode contacts can be situated on the branches and coupled
to respective electrical traces also situated on the same
branches.

In a fourth step 1007, a second layer of the biocompatible,
compliant dielectric may be deposited over the first laver,
clectrical traces, and electrode contacts. An exposed portion
of a respective electrode contact may be left to protrude
beyond a top edge of the dielectric defined by a top and a
side along the length of the dielectric.

In an optional fifth step 1009, a reference electrode may
be deposited. The reference electrode may be configured to
read a reference signal from a fluid 1n a biological tissue. The
reference clectrode may be connected with one of the
electrical traces. Thus, 1n an embodiment, the reference

clectrode may be deposited directly on the same thread as
the electrodes for measurement and/or stimulation of the
target tissue, and therefore 1t 1s not necessary to fabricate a
separate thread holding the reference electrode. Thus, the
disclosed system and methods can provide an individual
reference electrode on each thread. This may provide the
technical advantage of providing a more accurate reference
clectrode reading that reduces spurious eflects due to long-
distance drifts or random local variations 1n the potential 1n
the biological fluid. Accordingly, the disclosed system and
methods can reduce noise and improve accuracy. In another
embodiment, the reference electrode may be on a separate
thread, and 1s not limited by the present disclosure.

In an optional sixth step 1011, an engagement component
configured to couple detachably to an insertion needle may
be formed and coupled to an end of the dielectric. In an
embodiment, the engagement component can comprise a
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loop with a length between 40 um and 60 um. The loop
length may be measured along the major axis of the loop.

FIG. 11 1s a flow chart illustrating an example process
1100 for fabricating electrode arrays in accordance with
various aspects of the present disclosure. In the illustrated
example, an electrode array 1s fabricated by forming regis-
tration marks on a surface 1101, depositing a first layer of
insulation on the surface 1103, metallizing the surface 1105,
depositing a second layer of insulation on the surface 1107,
patterning an outline for the device on the surface 1109,
constructing a thread support layer on the surface 1111,
clectroplating the current bus of the surface 1113, and
clectroplating the bond pads on the surface 1115. In an
embodiment, steps 1103 and 1105 can be repeated multiple
times before continuing to step 1107.

Exemplary techniques used in connection with the pro-
cesses 1llustrated 1n FIG. 11 are discussed in FIGS. 12-19. It
1s understood, however, that the present disclosure i1s not
limited to these specific techmiques, embodiments and
details, which are exemplary only. It 1s further understood
that one possessing ordinary skill 1n the art, 1n light of known
systems and methods, would appreciate the use of the
disclosure for its intended purposes and benefits 1n any
number of alternative embodiments, depending upon spe-
cific design and other needs.

FIG. 12 illustrates an exemplary techmique 1200 ifor
forming registration marks on a surface, related to step 1101.
By forming registration marks, the described process for
tabricating electrode arrays may allow for layer to layer
alignment at a resolution of approximately 40 nm. In this
manner, the described process for fabricating electrode
arrays may allow for higher resolution features. As 1llus-
trated 1n the figure, 1n an exemplary technique, the step of
forming registration marks on a surface 1101 may include
coating silicon watfers with photoresist 1201 (e.g., 1200 nm
Deep UV (DUV)), exposing the coated silicon waters 1n a
stepper lithography tool with primary mark (PM) reticle
1203, post-exposure baking (PEB) the coated silicon waters
to develop photoresist 1205, UV baking the coated silicon
walers 1207, etching a suitable depth (e.g., 120 nm) 1n the
surface using Reactive Ion Etcher (RIE) 1209, and stripping
the photoresist using oxygen plasma 1211.

FIG. 13 illustrates an exemplary techmique 1300 ifor
depositing a first layer of insulation onto a surface, related
to step 1101. As illustrated 1n the figure, in an exemplary
technique, the step of depositing a first layer of insulation on
the surface 1103 may include spin coating a layer of 1nsu-
lating materials (e.g., approximately 2 um ol polyimide)
onto the surface 1301, soit baking the surface on a hot plate
1303, and curing the surface at low temperatures in a
vacuum oven 1305. In some embodiments, soit baking the
surface on a hot plate 1303 may improve the polyimide
waler coverage and decrease the chances of solvents being
trapped 1n the film during the curing step 1305. In an
embodiment, technique 1300, or some steps therein, can be
repeated multiple times as needed.

FIG. 14 1illustrates an exemplary techmique 1400 ifor
metallizing a surface, related to step 1103. As 1illustrated in
the figure, 1n an exemplary technique, metallizing the sur-
face 1105 may include the steps of spin coating a layer of
resist (e.g., approximately 350 nm of resist (e.g., LOR3A))
on the surface 1401, spin coating a layer of photoresist (e.g.,
approximately 420 nm of deep UV) on the surface 1403,
exposing the surface 1n a stepper tool with metal patterns
14035, post-exposure baking the surface and developing the
photoresist 1407, descumming or ion mill etching the sur-
tace 1409, placing the surface in an electron beam evapo-
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rator chamber 1411, depositing a metal (e.g., platinum) onto
the surface by electron beam evaporation 1413, performing
metal lift-oftf on the surface i1n a solvent bath 1415, and
performing a desalt on the surface 1417. In an embodiment,
technique 1400, or some steps therein, can be repeated
multiple times as needed.

In some embodiments, the processes mvolved in metal-
lizing the surface 1105 may include one or more steps that
are specific to stepper lithography and may provide for
higher resolution features. In some embodiments, the step of
descumming or 1on mill etching the surface 1409 may
improve the adhesion of metal traces to the polyimide
surface.

FIG. 15 illustrates an exemplary technique 13500 for
depositing a second layer of insulation on a surface, related
to step 1107. As 1illustrated 1n the figure, 1n an exemplary
technique, depositing a second layer of insulation on the
surface 1107, may include spin coating an insulating mate-
rial on the surface (e.g., coat of approximately 2 um of
polyimide on the surface) 1501, soft baking the surface on
a hot plate 1503, and curing the surface at high temperatures
in a vacuum oven 1505,

Similar to the process described above in relation to FIG.
13, by soft baking the surface on a hot plate 1503, the
polyimide water coverage may be improved and the likeli-
hood of solvents being trapped 1n the film during curing 1s
decreased.

FIG. 16 1illustrates an exemplary technique 1600 for
patterning an outline for the device on the surface, related to
step 1109. As 1illustrated 1n the figure, in an exemplary
technique, patterning an outline for the device on the surface
1109 may include the steps of depositing a hard mask on the
surface 1601, spin coating photoresist (e.g., approximately
420 nm of deep UV (DUYV) photoresist) on the surface 1603,
exposing the surface 1n a stepper tool with a device outline
pattern 1605, post exposure baking the surface to develop
the photoresist 1607, UV baking the surface 1609, hard
mask etching the surface using reactive 1on etcher 1611,
ctching the polyimide using a reactive 1on etcher 1613,
roughening the carrier using the reactive ion etcher 1615,
and applying a water rinse to the surface 1617.

In some embodiments, one or more steps of the exemplary
technique 1llustrated 1n the figure may be particular to a
stepper lithography technique and allow for higher resolu-
tion features. In some embodiments, roughening the carrier
using the reactive 10on etcher 1615 may improve adhesion of
the support layer to the carrier water, which may allow the
waler to be processed further without damaging devices.

FIG. 17 illustrates an exemplary technique 1700 for
constructing a thread support layer on a surface, related to
step 1111. As 1illustrated in the figure, 1n an exemplary
technique, constructing the thread support layer on a surface
1111 may include the steps of depositing an electrically
insulating matenal (e.g., approximately 6 um of parylene-C)
on the surface 1701, depositing a hard mask on the surface
1703, spin coating photoresist (e.g., approximately 2 um of
photoresist) on the surface 1703, exposing the surface in a
contact aligner with a support layer mask 1707, developing
the photoresist 1709, descumming the surface 1711, etching
the hard mask onto the surface 1713, and reactive 1on
ctching the electrically 1nsulating materials (e.g., parylene-
C) 1715. In some embodiments, the deposited hard mask
1703 may be configured (e.g., by choice of materials) to
enable higher resolution 1n the thread support layer.

FIG. 18 illustrates an exemplary technique 1800 for
clectroplating a current bus on a surface, related to step 1113.
As 1llustrated 1n the figure, mm an exemplary technique,
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clectroplating the current bus of the surface 1113 may
include the steps of spin coating a layer of photoresist (e.g.,
approximately 5.6 um of g-line photoresist) onto the surface
1801, spin coating a second layer ol photoresist (e.g.,
approximately 2.8 um of 1-line photoresist) onto the surface
1803, exposing the surface 1n the contact aligner with a bus
pattern (e.g., copper) 1805, developing the photoresist 1807,
descumming the surface 1809, depositing metals (e.g.,
approximately 10 nm of titanium and approximately 3 um of
copper) onto the surface by electron beam evaporation 1811,
and performing metal liit off on the surface 1n a solvent bath
1813.

In some embodiments, by performing metal lift off on the
surface 1n a solvent bath 1813, the disclosed fabrication
techniques may improve resolution of the electrode arrays in
comparison to electrode arrays fabricated using a wet etch
process. In some embodiments, the metal l1it off may allow
connections 1n the vias of the electrode array to be located
close to the bond pads, thereby reducing the space required
by and the footprint of the electrode array.

FIG. 19 illustrates an exemplary technique 1900 for
clectroplating the bond pads, related to step 11135. As 1llus-
trated 1n the figure, 1n an exemplary technique, electroplat-
ing the bond pads (e.g., nickel) on the surface 1115 may
include the steps of spin coating a layer of photoresist (e.g.
approximately 2 um of photoresist) onto the surface 1901,
exposing the surface i a contact aligner with a bumps
pattern (e.g., nickel) 1903, developing the photoresist 1905,
descumming the surface 1907, electroplating the bumps
(e.g., 10-20 um nickel bumps) 1909, stripping the photore-
s1st 1n a solvent bath 1911, and applying a water rinse 1913.

Although the present disclosure may provide a sequence
of steps, 1t 1s understood that 1n some embodiments, addi-
tional steps may be added, and described steps may be
omitted, and are not limited by the present disclosure.
Additionally, the described sequence of steps may be per-
formed 1n any suitable order.

Although the present disclosure has provided a range of
values, 1t 1s understood that each intervening value between
the upper and lower limits of that range 1s also specifically
disclosed.

While 1llustrative embodiments have been described
herein, the scope thereof includes any and all embodiments
having equivalent elements, modifications, omissions, com-
binations (e.g., of aspects across various embodiments),
adaptations and/or alterations as would be appreciated by
those 1n the art based on the present disclosure. For example,
the number and orientation of components shown in the
exemplary systems may be modified.

Thus, the foregoing description has been presented for
purposes ol illustration. It 1s not exhaustive and 1s not
limiting to the precise forms or embodiments disclosed.
Modifications and adaptations will be apparent to those
skilled 1n the art from consideration of the specification and
practice of the disclosed embodiments.

What 1s claimed 1s:

1. A tlexible, thin film, compliant electrode apparatus,
comprising:

a biocompatible, compliant dielectric having a top edge
defined by a top and a side along a length of the
dielectric;

clectrical traces within the dielectric and ornented sub-
stantially along the length of the dielectric, a respective
clectrical trace of the electrical traces msulated from a
second electrical trace of the electrical traces; and

clectrode contacts situated on the side along the length of
the dielectric,
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wherein the electrical contacts are confined to a side edge
along the length of the dielectric, and

wherein an exposed portion of a respective electrode
contact 1s entirely below the top edge of the dielectric
and 1s beyond the side edge along the length of the
dielectric, and wherein the respective electrode contact
1s coupled to the respective electrical trace,

wherein a bottom of the exposed portion of the respective
clectrode contact 1s covered with a dielectric base.

2. The compliant electrode apparatus of claim 1, further

comprising;

a reference electrode configured to read a reference signal
from a fluid 1n a biological tissue, the reference elec-
trode connected with one of the electrical traces,
wherein the reference electrode 1s communicatively
coupled to a processor configured to read the reference
signal.

3. The compliant electrode apparatus of claim 1, wherein

the electrode contacts include between 20 and 30 electrode
contacts spaced along the length of the dielectric by between

45 micrometers and 55 micrometers center-on-center spac-
ing, and wherein an area of each electrode contact 1s less
than 350 square micrometers.

4. The compliant electrode apparatus of claim 1, wherein
the electrode contact has a substantially oval shape.

5. The compliant electrode apparatus of claim 1, wherein
the dielectric comprises polyimide, and the electrical traces
and the electrode contacts comprise gold or another metal.

6. The compliant electrode apparatus of claim 1,

wherein the dielectric comprises one or more of:

CpPOXY;

polyparaxylylene;

parylene; and

acrylic.

7. The compliant electrode apparatus of claim 1, further

comprising;

an engagement component coupled to an end of the
dielectric for detachably coupling to an 1nsertion
needle.

8. The compliant electrode apparatus of claim 1, wherein
a thickness of the dielectric 1s between 4 micrometers and 8
micrometers, and wherein the length of the dielectric 1s
between 15 millimeters and 25 millimeters.

9. The compliant electrode apparatus of claim 1, wherein
the electrical contacts are implanted in a brain at a depth of
approximately two millimeters.

10. The compliant electrode apparatus of claim 1, wherein
the electrode contacts comprise gold treated with poly-
cthylenedioxythiophene doped with polystyrene sulionate
(PEDOT:PSS).

11. The compliant electrode apparatus of claim 1, wherein
the electrode contacts comprise gold electrode treated with
iridium oxide.

12. The compliant electrode apparatus of claim 1, wherein
the electrode contacts have rectangular cross-sections.

13. The compliant electrode apparatus of claim 1, wherein
the compliant electrode apparatus 1s one of a plurality of
compliant electrode apparatuses forming an array of more
than 3,000 electrodes.

14. The compliant electrode apparatus of claim 1, wherein
the compliant electrode apparatus 1s deposited onto
parylene-c to form a film on which the electrode apparatus
remains attached until removed for implantation.

15. The compliant electrode apparatus of claim 1, wherein
the biocompatible compliant dielectric 1s a partial dielectric
cover.
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16. The compliant electrode apparatus of claim 15,
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herein the respective electrode contact 1s below the top
e partial dielectric cover but entirely above a top
e dielectric base.
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