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This review is dedicated to electronics materials enabling thin-film-based
neural interface and bioelectronics devices. First-generation bioelectronic
medicine devices feature hand-crafted bulk interface electrodes, wires and
interconnects, and insulators. This review discusses how modern materials
science, especially know-how repurposed from semiconductor and
microdevice technologies, enables next-generation bioelectronics. Those are
divided into two subgroups: second and third generation. The former refers to
rigid microscaled devices, while the latter is defined as soft, ultrathin, and
flexible microdevices. A critical assessment of different biointerface
electrodes, conductors for interconnects, and insulators for substrates,
passivation, and encapsulation layers is made. The goal is not to give an
exhaustive account of every use-example of given materials, but to point out
specific aspects that are relevant to making the right choices for materials for
a given device or application. Unique advantages of specific materials are

interfaces for artificial limbs. The list
of devices in clinical trials continues to
grow, and new applications are emerg-
ing. This increasing demand puts new
challenges in front of materials scientists
and engineers. The field of bioelectronic
medicine and neural interfaces relies on
electronic materials which must conform
to the strictest standards of robustness,
safety, and reproducible electrical and
electrochemical performance. The first
generation of bioelectronic medical tech-
nology, developed already from the post-
WWII period, relied on precision hand-
crafted noble metal alloys (based on Pt,
Ptlr, etc.) and bulk insulator coatings of
ceramics and silicone plastics or resins.

highlighted, while also focusing on weaker points and caveats that those
materials may have. The goal is to have an up-to-date handbook for persons
entering the field which also points out tips and tricks as well as challenging
problems that researchers can be inspired to confront and overcome.

1. Introduction

Bioelectronics and bioelectronic medicine represent growing
fields where electrical interventions are used in the diagnosis and
treatment of disease, often as a replacement or a supplement of
pharmacology. The primary target of such therapies are neuro-
logical illnesses such as epilepsy, Parkinson’s disease, chronic
pain, and various movement disorders.!'] Other applications in-
volve neuroprosthetic devices, which seek to restore lost function
of the nervous system. Examples of such technologies include
cochlear implants, retinal stimulators, and peripheral nerve
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While the materials science continues to
evolve, the majority of devices used in the
clinic today are primarily of this “First
Generation,” 1G, type. Examples are pe-
ripheral nerve electrodes, spinal cord
stimulators, cochlear implants, or deep
brain probes. In all cases, the bioelec-
tronic interface consists of a bulk metal
encapsulated with thick plastics, often with ceramic spacer lay-
ers. Many of these devices are assembled and tested by-hand by
master craftsmen, working not unlike watchmakers. Since the
1970s, there has been an increasingly accelerating trend towards
a “Second Generation” of bioelectronics (2G). What character-
izes the 2G approach is using thin-film materials and processing
techniques borrowed from the semiconductor industry to man-
ufacture much smaller, more precise, and potentially more re-
liable and less invasive technologies. This idea has tremendous
advantages. The first is scaling: wafer processing allows repro-
ducible replication of numerous identical devices. The second is
relative sizes of the resultant devices. Thin-film interface elec-
trodes, conductive paths, and encapsulation/passivation layers
can be processed down to sub-micrometer scale while retaining
suitable electrical properties. This means that unlike 1G devices,
with mm-scale thicknesses, 2G interfaces can be applied with to-
tal device thicknesses on the order of 1-100 um.[?! This signifi-
cantly lower thickness means smaller mechanical footprint and
lower invasivity, as well as potential to target specific anatomi-
cal structures more finely. Moreover, there are indications that
shrinking device sizes has positive implications for safety and
biocompatibility, resulting in less scar tissue formation. The
2G approach has relied almost exclusively on silicon wafers as
the substrate material. Monocrystalline silicon can be precisely
microprocessed with nanometric precision. 2G silicon neural
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Proposed next-generation solutions

Ultrathin brain probes, ~.01 mm @ cross section, based on thin films, polymers, and

section advanced ceramics

Peripheral nerve interfaces based on ultrathin plastics / plastic/ceramic
composites (.001 mm thickness)

Peripheral nerve /

Cuff electrode

Figure 1. First generation (1G) devices in current medical practice are shown in the left column. Probes with multiple electrode contacts are made on
the scale of mm thicknesses and lateral dimensions. Next generation (2G = rigid, 3G = soft/flexible) technologies are displayed in the right column.

interfaces are at the cutting edge of clinical translation, for
instance, in the form of penetrating multielectrode arrays for
brain—computer interfaces. At the level of fundamental neuro-
science research, ultrathin silicon multisite probes have become
the established standard for in vivo acute and chronic brain
recording from experimental animals, and a range of systems
is commercially available. The Si-based neural interfaces tech-
nologies are plagued by several drawbacks however. Silicon itself
is brittle and rigid, and the mechanical mismatch with soft tis-
sues leads to interfaces with poor chronic performance, as for-
eign body response is elicited by such probes. Silicon is also not
stable in physiological conditions, and will corrode, necessitating
careful passivation to prevent this effect. These mechanical and
chemical considerations have led to a 3G set of approaches which
rely on ultrathin flexible materials based on robust polymers or
ceramics. These hold the promise of even less invasivity and are a
logical choice for peripheral nerve “cuff” type devices.}] While ap-
pealing, flexible 3G technologies suffer from much lower repro-
ducibility than silicon technologies, and remain less technologi-
cally mature than Si processes. In short, many materials issues
must still be resolved to make 3G devices reliable and competi-
tive.

This review will cover electronic materials for thin-film-based
neural interface and bioelectronics devices, namely, those re-
ferred to as 2G and 3G. While references will be made to state-
of-the-art 1G devices, we will concentrate on what is enabling
next generation technologies and what makes them different

(Figure 1).
2. Bioelectronic Materials
2.1. Materials for Interface Electrodes

These materials must be electrically conductive and function
as the charge transfer interface between the ionic environment
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of the physiological surroundings and the “dry” electronic cir-
cuit of the bioelectronic device. Interface electrodes are the crit-
ical component for both neurostimulation and recording. Key
properties include: 1) good electrical conductivity. Especially for
microdevices, series resistance of leads and electrodes must be
minimized. 2) Low electrochemical impedance. Electrochemi-
cal impedance reflects the efficiency of charge transfer across
the electronic/ionic interface, and is therefore fundamental for
recording and stimulation. Recorded signals as well as stimula-
tion impulses have frequency content typically in the range of
10-2000 Hz, thus this range will be important. 3) Excellent sta-
bility with respect to corrosion and ideally also biofouling. The
next points, 4 and 5, are specific to stimulation electrodes only: 4)
As large as possible electrochemically inert water window. This is
the range of applied potentials in which irreversible electrochem-
ical reactions do not occur; therefore, this is the range of poten-
tials that can be safely applied to the electrode. 5) Charge storage
capacity (CSC), and charge injection capacity (CIC). There is vari-
ance in the definition of these two concepts. Generally, this refers
to the cathodic charge that can be transferred from the electrode
to solution in a safe and reversible way, i.e., within the poten-
tial of the water window.l*] An effective stimulation electrode is
one which can deliver a large amount of charge (or charge den-
sity) safely and reversibly without damage to the electrode or the
surrounding tissue. The CSC is most commonly defined from
the cyclic voltammogram of the electrode,*3] where the integral
charge under the cathodic part of the scan is regarded as “stored
charge.” Charge injection capacity, on the other hand, refers to
the charge that is cathodically transferred during a short neu-
rostimulation impulse, typically <1 ms in length.l’} Charge de-
livered up to the point where unsafe water-electrolysis voltages
are reached is regarded as a practical limit of CIC. There are very
large discrepancies between measurements of CSC and CIC in
the literature, as different researchers define parameters differ-
ently. Moreover, measurement techniques and setups also are far
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Figure 2. Gold. A) Cyclic voltammograms (100 mV s~') of a gold electrode in phosphate-buffered saline, with three conditions of oxygenation: nitrogen-
purged (deoxygenated, red trace), ambient air (21% O,, black trace), and oxygen-purged (100% O,, blue trace). These scans demonstrate the affinity of
gold for the oxygen reduction reaction. Drawn using data published in ref. [30c]. B) Impedance scans of evaporated gold thin films electrodes of various
sizes, deposited on glass. This shows a gold/electrolyte interface as a high-pass filter, with moderate capacitance and moderate faradaic component
at low frequency. Reproduced according to the terms of the CC CY license.l*?] Copyright 2016, the authors, published by Springer Nature. C) Organic
electrolytic photocapacitors (OEPCs) wirelessly stimulate the sciatic nerve in vivo and require a semitransparent bottom contact that has good adherence,
good conductivity/transparency trade-off, and suitable stability. 10-nm thick gold films fulfill this role, using a Pd sticking layer to ensure good adhesion
to the underlying parylene-c substrate. The Au exposed to physiological electrolyte should be encapsulated with a material to prevent anodic corrosion in
chloride-containing environment. ITO or Ti is suitable. Figure adapted with permission.[**] Copyright 2022, Springer Nature. D) Au-coated Ag nanowires
can be used to make competitive flexible MEAs for ECoG semitransparent arrays, providing light access for optogenetics as well as chronic stability for

up to five months in vivo. Reproduced with permission.[3>! Coypright 2019, Wiley VCH.

from unified. Table 1 represents a survey of the electrode ma-
terials discussed in the following section, which can serve as a
general guide to the state-of-the-art. Finally, general safety and
biocompatibility apply to interface electrode materials as well as
all materials constituting the implantable device. The ISO 10993
norm governs “Biological evaluation of medical devices” and de-
scribes how to test and score compatibility properties of medical
devices, including implants. This should always be used as an
established reference point when evaluating the compatibility of
the electronic materials discussed in this review.

2.1.1. Metals and Their Compounds

Gold:  Gold is well-known standard material thin film con-
ductor used in electronic devices. Gold can be deposited re-
markably easily by physical vapor deposition (PVD) techniques,
namely, thermal evaporation or sputtering, and also can be chem-
ically coated via electrochemical or electroless deposition tech-
niques. Gold has one of the highest conductivities of any metal
~4 X 107 S m™! and relative to other high-conductivity metals
like copper, silver, and aluminum it is chemically much more in-
ert. Under ambient conditions, gold does not form an oxide layer
and thus is regarded as a noble metal. This notion of gold sta-
bility and “nobility” holds true when considering normal “dry”
electronics applications; however, this notion is not accurate in
wet physiological conditions. In physiological solutions gold is re-
markably electro(chemically) active. Under anodic polarizations
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in chloride-containing electrolytes, gold is susceptible to oxida-
tive corrosion via the formation of soluble AuCl,~. Under ca-
thodic polarizations, gold is highly electrocatalytically active with
respect to the oxygen reduction reaction and cathodic water split-
ting. Due to electrocatalytic activity and chloride-assisted corro-
sion, gold itself is not suitable for neurostimulation electrodes
due to its very narrow passive potential window. The presence
of chloride ions and electrical potential causes electrodissolution
of gold and the long-term device function with uncovered gold
in chronic implants is essentially impossible.[?!] Gold possesses
high electrocatalytic activity for oxygen reduction reaction (ORR)
with high selectivity for two-electron oxygen reduction to hydro-
gen peroxide (Figure 2a). The hydrogen peroxide evolution on
gold thin films was found to be as maximal for (111) oriented
Au surfaces.””) The generation of peroxide on exposed gold thin
films may be a confounding factor in certain bioelectronics de-
vices. Itis not possible to perform stimulation without unwanted
accompanying chemical reactions which are potentially harmful
for tissues due to the production of toxic hydrogen peroxide un-
der very low cathodic polarizations of a few hundred millivolts.3!
It should be said that this phenomenon of peroxide and reactive
species generation has been proposed, on the other hand, to be
an interesting strategy for biological experiments.’!] Gold thin
films have relatively low specific capacitance around 10-20 pF
cm~2, with impedance being dominated by faradaic reactions at
low frequency (Figure 2b).

In microfabricated bioelectronics, without question gold is the
most popular conductive material for encapsulated conductive

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Table 1. Survey of charge storage capacity (CSC) and charge injection capacity (CIC) reported for different neurostimulation electrode materials. While
impedance values will differ with electrode size and cannot be reliably normalized, CSC and CIC are normalized to electrode geometric area in cm?.
Despite this, quantitative comparison of these values should be considered with caveats, as measurement techniques and assumptions on “safe” water

window values differ across the literature.

Material Preparation method / sample CSC [mCcm™?] CIC [mCcm™?] Charge injection Ref.
structure mechanism
Au Microdots 2 1.9 Capacitive double layer + [6]
(0.4 V bias) Faradaic
Thin film - 1.27 7
Thin film 0.103 + 0.015 (CSC¢) 0.02 [8]
IrO, Sputtering 100 5 Pseudofaradaic- — [9]
(SIROF)—thin film on UTAH reversible changes of
electrodes the valance state of Ir
Electrodeposited (EIROF) on C 48.7 + 1.2 (CSC¢) 1(0V bias) [10]
fiber 17 (1V bias)
EIROF on Pt thin film 12 (CSCc) 2 [11]
Comparative study of site 36.15 - [12]
electrodes 68.20
SIROF 40.07
EIROF
AIROF (activated IROF)
Pt and Ptlr alloys Sputtered Pt 16 - Capacitive double layer + [13]
Sputtered Ptlr (55:45) (both 22 Faradaic
thin films)
Ptlr tube alloy (90:10) 16.8 (rough) - [14]
1.1 (smooth)
Pt disc - 0.003-0.054 [15]
Pt thin film 3.18 (CSC¢) 0.08 +0.02 [17]
Pt thin film (roughened) - 1.39 [16]
TiN Thin film 2.35 (CSCy) 0.9 Capacitive double layer N7
2.47 (CSC¢)
Porous thin film 22-53 - 18]
(in PBS based on scan
rate)
Thin film - 4.45 (electrode voltage of [19]
—3 V and bias of
-0.8V)
Candits Printed graphene 313 0.43 Capacitive double layer + [20]
allotropes CNT-based MEAs 12 0.5 pseudofaradaic [21]
Glassy carbon microelectrodes 61.4+6.9 3 [22]
PEDOT Electropolymerized on site 756 +5.4 5 Pseudofaradaic- — [23]
electrodes (PEDOT:PSS) reversible changes of
Spin-coated (PEDOT:PSS) 17.71 2 the redox state of the [24]
PEDOT:PSS hydrogel (13 vol% 60 8.3 PEDOT backbone, with 25]
DMSO) counter ions
) transported in and out
Electropolymerized 80.1+6 - of the film [26]
(on Pt thin film) 366+ 1.8
PEDOT:PF¢ 18.4 +1.23
PEDOT:CIO,
PEDOT:PSS
PPy Electrodeposition CSC, / CSC¢ 32 Pseudofaradaic — [27]
(on Pt wire) 317 [ 495 5.0 reversible changes of
PPy/Cl 444 705 7.5 the redox state of the
PPy/PSS 785 [ 1244 PPy backbone, with
PPy/SWCNTs counter ions

transported in and out
of the film
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leads, because the electrical conductivity is still unbeaten.3?!

Furthermore, gold has also excellent conductivity even at very
low thickness under ~#10 nm. Such films are conductive and
also semitransparent, giving optical transmission in the range
from 40% to 60% in the visible spectrum.**] This feature is
exploited in the fabrication of photocapacitors for wireless pe-
ripheral nerve stimulation (Figure 2c) Ultrathin gold is used as a
return electrode, versus a primary stimulation electrode compris-
ing organic semiconductors on a flexible parylene substrate.34]
Gold on flexible substrates appears to be a good solution, but it
brings the issues of poor adhesion on polymeric substrates, thus,
it must be combined with appropriate adhesion layers such as Cr,
NiCr, Pd, ITO, or Ti. These thin interlayers help to ensure good
adhesion on the polymeric substrate without sacrificing trans-
parency. This example of photocapacitors also highlights gold
electrochemical stability in physiological media. The areas of
gold which are in direct contact with the surrounding media are,
for chronic applications, encapsulated with a thin layer of indium
tin oxide (ITO). Another approach to achieving semitransparency
while maintaining high conductivity is to prepare high-aspect-
ratio nanowires. Araki et al. demonstrated impressive long-term
in vivo stability (up to five months) in cortical recording from
nonhuman primates using Au-coated Ag nanowires. These are
solution-processable suspensions, which the authors patterned
onto flexible plastic substrates, achieving good recording per-
formance and optical transparency. They prevented the problem
of fouling of the gold surface by using hydrogel coatings.**! It
is important to mention that the chemical properties of gold
allow easy functionalization, via the formation of sulfide bonds
between free thiol (-SH) groups and the gold surface. This can
be used to covalently attach adhesion layers for crosslinkers
and enzymes in biosensors, for instance, in the application of
mRNA detection.l**] Moreover, thiol chemistry can be used to
make excellent sticking layers onto which gold can be deposited,
presenting a good alternative to underlayers like Cr.*”] Due to its
electrocatalytic properties, gold can be used for nonenzymatic
electrochemical sensing of glucose.®® Another application of
gold is as a substrate for conducting polymer electrodes. Gold is a
suitable electrode for electrochemical polymerization of conduct-
ing polymer monomers, such as 3,4-ethylenedioxythiophene
(EDOT). Gold ensures sufficient electrical contact and conduct-
ing polymers have good adhesion on gold surfaces.!*!

Hafnium Oxide: HfO, is well known for its high-k dielec-
tric constant and is used in fabrication of CMOS integrated cir-
cuits and memory devices. It can be prepared by both chemi-
cal vapor deposition, (CVD) and PVD methods. Though it is an
insulator, it is usable as an interface electrode material due to
its high dielectric constant and thus high capacitance. Further-
more, in its ferroelectric crystallographic phase, it could afford
even higher charge injection capacity. The notion of using di-
electric oxides (TiO,, ZrO,, Ta,Os, etc.) as purely capacitive in-
terfaces for ultimate “safe” non-faradaic extracellular stimulation
has been championed by various researchers, with Fromherz be-
ing the most notable proponent.*!l He utilized multielectrode
chips with Si/HfO, capacitor pixels for capacitive extracellular
stimulation. Charge injection can be further boosted exploiting
ferroelectric phases in HfO,. It should be noted that to reach op-
timal crystallography during deposition or during postprocessing
usually requires elevated temperatures which can be problematic
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for flexible substrates.[*? Exploiting ferroelectric materials for
stimulation microelectrodes was evaluated in a theoretical study
by Becker. This study considered the ferroelectric Hf,, ;Zr, s O, ox-
ide. It was calculated to possess charge injection capacity on the
order of tens of uC cm=2 for thickness of 9.5 nm while the elec-
trode diameter was 50 um. A further material of interest behav-
ing similarly was Al,_, Sc N.[*}] It is necessary to mention that
real results can be different from these models. In general, the
idea of high-k interface electrodes for stimulation remains largely
untested, and one practical issue is the difficulty in fabricating
pinhole-free layers with high dielectric strength at such low thick-
ness on electrode areas in hundreds or thousands of um?. This re-
quires extremely clean and well-optimized conditions which are
difficult to accomplish in academic research laboratories. These
same issues also plague passivation/encapsulation layers, as will
be discussed later in this review.

Iridium Oxide: Iridium oxide, normally denoted as IrO,,
refers to a mixture of metallic iridium and different valences
of iridium oxide. It can be prepared via electrodeposition, an-
odization of metallic iridium layers (often referred to as “acti-
vation” in the literature), and via PVD (reactive sputtering), or
CVD, in a wide range of different temperatures.[*yl Among bio-
electronics electrode interface materials, IrO, is renowned for
low impedance and high charge injection capacity.*’! The high
charge capacity is connected to the pseudofaradaic phenomenon
of IrO, as a valence-change oxide.l*®) This means application of
electrochemical potential drives reversible redox reactions within
the IrO, layer itself, leading to extraordinarily values of charge ca-
pacity. This capacity can be further enhanced by tuning the prepa-
ration method and its parameters to increase layer roughness and
porosity, thereby leading to increase in active surface area.!*4>+7]
The measured electrochemical capacitance of IrO, thin films can
reach units of mF cm~2 which represent some of the highest val-
ues reported for thin film materials (Figure 3). In microfabricated
2G and 3G type devices, sputtered IrO, (commonly referred to as
SIROF) is the most popular, by virtue of reliable fabrication and
also, according to many reports, superior performance versus
IrO, prepared by other routes. This material has been involved
in many applications such as depth probes, “Utah style” multi-
site probes for stimulation and recording, and cuff electrodes or
MEAs.[*8] In a macroelectrode application, Lee et al. compared
IrO,, with Pt and Ir on cuff electrodes for rat sciatic nerve stimu-
lation using an electrode diameter of 0.8 mm. All materials were
prepared using magnetron sputtering on polyimide substrates.
The impedance at 1 kHz of IrO, was 0.72 kQ which is higher
than for Pt 0.48 kQ, but the charge injection capacitance reaches
the value of 60 mC cm~? which was several times higher than the
value for Pt, or pure Ir. Unlike the faradaic behavior of Pt, in cyclic
voltammograms of IrO,, reversible pseudofaradaic behavior was
apparent in the range from —0.7 to +0.7 V.*! IrO, microelec-
trodes for stimulation have proven to be effective in chronic appli-
cations, one remarkable example being as stimulation electrodes
in photovoltaic retinal implants. These have been successfully
tested in animal models and have shown success in a large clini-
cal trial, where implants are functioning for more than a year.*"’
From the point of view of harmful faradaic reactions, IrO, does
catalyze the oxygen reduction reaction;l>!l however, among a se-
ries of materials studied in biphasic stimulation protocols, IrO,
produces the least hydrogen peroxide as a byproduct.3%!
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Figure 3. 1rO,. A) Cyclic voltammogram of an activated (anodized) iridium oxide sample, showing the characteristic pseudofaradaic peaks corresponding
to redox reactions between the different valence states of Ir. The integrated cathodic current is defined as the charge injection capacity, aka charge

storage capacity, CSC. Reproduced with permission.[*2] Copyright 2008, A

nnual Reviews. B) Iridium oxide nanopillars (200 nm diameter) deposited

by electrodeposition from iridium chloride solution can perform high-quality single cell intercellular recording from MEA electrodes. Right scale bar =

200 nm. Reproduced according to the terms of the CC BY license.[32] Copyrig

ht 2014, the authors, published by Springer Nature. C) Cyclic voltammogram

and impedance recording of sputtered IrO, electrodes subjected to various treatments, compared with gold as a reference. The charge storage capacity is

clearly much higher in the IrO, case, which also corresponds to the lower im
Copyright 2018, the authors, published by Springer Nature.

Platinum and Platinum—Iridium Alloy: Platinum is known
as a noble metal and is eminent as an electrocatalytic mate-
rial. Tt has high electrical conductivity.®* Platinum is usually
prepared with PVD methods like evaporation, magnetron, or
ion-beam sputtering at ambient temperature. Preparation us-
ing CVD methods is also possible. Platinum electrical resis-
tivity is only ~3x higher than the resistivity of gold, making
it a suitable choice for many interconnect applications. Its re-
markably stable electrical resistivity is demonstrated by its use
as the resistor layer in ultrathin resistive temperature-sensing
layers.[]

Compared to other electrode interface materials in bioelec-
tronics, Pt and Pt-Ir hold the leading position in 1G and 2G
devices. Pt-Ir alloy in the form of bulk samples (i.e., wires, sheets,
etc.) is the most well-established material for clinical implantable
bioelectronics like deep brain stimulators and vagus nerve stim-
ulation electrodes. The majority of implanted bioelectronic
devices feature Pt or a Pt alloy. The addition of Ir to the alloy with
Pt is not for electrochemical performance reasons, but rather to
increase the mechanical resilience of Pt, which is otherwise too
soft to work with in bulk form. Pt is used in numerous neural
interfaces applications for stimulation primarily, such as deep

Adv. Electron. Mater. 2023, 9, 2300258 2300258 (6 of 23)

pedance values. Reproduced according to the terms of the CC BY license.[3!]

brain stimulation, cochlear implants, and similar. There are less
examples where Pt is employed for high-performance recording
applications, however clinical electroencephalography (EEG)
grids are normally made with Pt electrodes. As a neurostimula-
tion material, charge injection with Pt is primarily faradaic. Due
to the electrocatalytic properties of Pt, it is widely assumed that
faradaic reactions occurring at the Pt can be relatively reversible.
While Pt is relatively stable over long periods of time, electrode
performance can be decreased because of protein adsorption,>>!
and Pt is also prone to form soluble chloride salts, leading to
anodic dissolution at higher potentials. While the double layer
capacitance of Pt is modest, there are techniques to drastically
increase the geometric surface area of Pt and thus obtain highly
porous, high-capacitance electrodes. The surface of Pt can be
roughened by laser ablation or electrochemical treatment.!16>¢]
Record-high capacitance can be obtained by electrodeposition of
Pt (so-called nano-Pt, Figure 4). This technique leads to complex,
hierarchical nano/microstructures with extremely high surface
area and also outstanding stability with respect to electrical and
chemical stressing. Another method to yield porous Pt layers
of comparable performance is by reduction of sputtered PtO,
films, a method that is easily compatible with a microfabrication
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Figure 4. Platinum. These measurements are for long-term stability tests for nanostructured electrodeposited Pt layers known as “NanoPt,” fabricated
on 35 um diameter microelectrodes, reproduced with permission.[*] Copyright 2020, ACS. a) Voltage excursion during application of a 1.5 mC cm™2
stimulation pulse, demonstrating stable and safe charge injection over a billion cycles. The morphology, cyclic voltammetry, and impedance shown in
subsequent panels clearly do not change over a billion cycles of stressing. This showcases the promising stability of platinum, even in a nanostructured

form.

process.l’’l Due to its electrocatalytic properties and thus
propensity for driving reversible faradaic reactions, Pt is more
popular for fabrication of EEG electrodes utilized in stimulation
devices. However, most of the applications such in vivo stimu-
lation needles, oxygen sensors, or cancer treatment tools are not
used for long-term experiments.[>®!

While Pt-Ir is normally deployed in its bulk form, it can also be
processed in thin films. According to some reports, Pt-Ir alloys
exhibit performance superior to pure Pt, for both neurorecord-
ing and neurostimulation. The alloy has lower impedance val-
ues over a broad frequency range.['*%! The most-used method
for preparation is magnetron cosputtering from Pt and Ir targets
which gives good control of Pt and Ir content in the alloy film. De-
position of this type does not require additional heating, which
makes it suitable for flexible devices.[*! Pt-Ir can also be pre-
pared by electrodeposition, which was published by Cassar et al.
They improved commercial penetrating MEAs and proved sig-
nificant performance increase in comparison to the commercial
one with promising results during long-term in vivo tests in rat
brain.[®!l Furthermore, Pt-Ir prepared by electrodeposition was
utilized on carbon microfiber electrodes (Figure 5) with tip di-
ameter of 2 um by Valle et al. They successfully deployed these
devices in vivo in rat brains, and reported a charge injection ca-
pacity of 1.25 mC cm~ using 0.5 ms pulses in PBS within the
passive water window.[??]
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Titanium: Titanium possesses excellent biocompatibility
and is often used in biomedical implants as a robust structural
material. For thin film 2G and 3G devices, titanium is frequently
used as adhesive layer for other metals or polymers, but rarely
as an interface electrode. While pure titanium has roughly
3% lower conductivity than gold, thin film titanium is nearly
always prepared in vacuum systems with imperfect vacuum
and deposited films have high oxygen content and significantly
lower conductivity than the “textbook” values for Ti. Hence, it
is not suitable for long leads as the main conductive material.
Titanium is however a well-known adhesion layer for Au, Pt, and
also for conducting polymer and diamond-like carbon coatings.
Furthermore, Ti can be also used as top-covering layer for gold
or platinum to promote adhesion of subsequently deposited
Parylene-C. Since it forms a stable surface oxide, that oxide
can be relied upon for chemical functionalization with linker
molecules like silanes, which is a convenient feature in design-
ing a reliable multimaterial stack. Use of titanium as a neural
interface electrode has been explored only minimally. Titanium
forms a highly stable semiconducting oxide on the surface, and it
has been suggested that anodized Ti/TiO, can be used for purely
capacitive stimulation electrodes. Titanium microwires used for
in vivo brain recording and stimulation have been reported, with
an anodized TiO, coating. These gave capacitive charge injection
capacities of 60 uC cm=2.[*12l Considering the extremely high
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Figure5. Pt-Ir. A) Scanning electron microscopy of a carbon fiber before (left) and after the Ptir coating (middle); and (right) SEM images of three different
PtIr-CF coatings.[®?] B) Smooth and hierarchical Pt-Ir electrode surfaces on a penetrating probe electrode (sPt-Ir and hPt-Ir). Reproduced according
to the terms of the CC BY license.["] Copyright 2022, the authors, published by Springer Nautre C) Electrochemical characterization: electrochemical
impedance spectroscopy (EIS) measurement (top left) of one sharpened carbon fiber before and after the plating process; as inset the mean and standard
deviation of the normalized impedance are reported before (red) and after (blue) the coating. (Top right) Cyclic voltammetry (CV) of a sharpened carbon
fiber before (red) and after (blue) the Ptlr plating process, the cathodic charge storage capacity of the electrode increases to 11 mC cm~2 after the coating
(0.2 mC cm~2 before the coating). 300 Hz electric pulse test: EIS (bottom left) of one PtIr-CF before (red solid line) and after (blue solid line) pulsing on
Day 1; as inset the circuit model used for fitting impedance data is shown. Voltage transient (bottom right) for one PtIr-CF in the beginning (red) and
at the end of pulsing test (blue); a biphasic pulse of 170 us duration and amplitude of 105 pA (1 mC cm~2) was applied. Reproduced according to the
terms of the CC BY license.[52] Copyright 2021, the authors, published by Frontiers.

number of studies on nanostructured anodized titania in the and to-date TiN MEAs of this type remain a standard in the field
materials science field, it is surprising that this has not been  (Figure 6a).[%! Since that time, TiN has been lauded as a stable
more explored in the context of neural interface electrodes. material with capacitive charge injection, which can be enhanced

Titanium Nitride: Titanium nitride is an excellent ceramic  via the preparation of porous structures. The overall charge injec-
material in terms of crucial properties for bioelectronics like  tion capacity of porous TiN is not as high as pseudofaradaic mate-
electrical conductivity, (electro)chemical stability, and biocom-  rialslike IrO, and PEDOT, but it can be suitable for many applica-
patibility. In its stoichiometric form, TiN has higher conduc- tions. At present, well-prepared TiN can compete with materials
tivity than pure Ti metal. Coatings prepared by sputter deposi-  like IrO, or Pt because of its low-price and notable chemical re-
tion can form rough and highly porous structures with high sur-  sistance and biocompatibility. It possesses excellent compatibil-
face and high capacitance, and were already used extensively in ity with many types of cells, and thus can serve as good electrode
coating of bulk electrodes in 1G devices, such as cardiac pace-  layer for cell cultivation with long-term recording/stimulation. %]
maker electrodes.®3] Porous magnetron-sputtered titanium was ~ TiN has been successful in chronic devices for neurorecord-
published in 1998 for MEAs for in vitro neuroscience research,  ing and neurostimulation.[®®] The most highly-optimized system
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Figure 6. TiN. A) Magnetron sputtered TiN MEAs, with cross-sectional electron microscopy showing the rough columnar morphology of these TiN
layers, which feature competitive impedance and high charge injection capacity. Reproduced with permission.[®] Copyright 1998, Elsevier. B) Multisite
brain probe “NeuroPixels 2.0” TiN microelectrodes of 144 um? size, with recording-setting impedance values. Low impedance is maintained via a rough
surface morphology of the TiN as well as microengineered pores to further increase surface area. Reproduced with permission.!”®l Copyright 2019, IEEE.
C) Impedance and cyclic voltammetry data of stoichiometric TiN films prepared by high-energy ion beam sputtering, before and after treatment with
hydrogen peroxide. Partial oxidation of the TiN surface clearly increases the capacitance by a factor of nearly 4x. Reproduced according to the terms of

the CC BY license.l”'ICopyright 2023, the authors, published by Wiley VCH.

to-date is the Neuropixel 2.0 recording and stimulation sys-
tem. It features up to thousands of channels comprising TiN
porous thin-film microelectrodes, each with an area of 144 um?.
These microelectrodes achieve an impedance of 150 kQ at
1 kHz, which is extremely competitive for such a small electrode
(Figure 6b).l”]

The actual materials science details of these competitive TiN
systems are not publicly known. What is clear is that there is a
wide range of actual stoichiometry and crystallinity of “TiN” ma-
terials which appear in the literature and different applications.
Most, if not all, to-date reported TiN formulations contain oxyni-
tride TION phases to a lesser or greater degree. Preparation of
stoichiometric of TiN is challenging, especially at low tempera-
tures. Oxygen contamination in sputtering systems is essentially
inevitable, and Ti is well-known getter material in vacuum tech-
nology. Many papers exist about the optimization of TiN depo-
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sition process, but the reported parameters are usually very dif-
ferent between publications. TiN deposition is highly dependent
on parameters such as: underlayer morphology (roughness and
crystallography), vacuum purity, substrate temperature, and par-
ticle energy. In general, last two mentioned parameters have the
most significant influence on adatom energy which is important
for layer properties.[®®] Not surprisingly, the impedance and ca-
pacitance values published in papers on TiN for bioelectronics
can vary by one or two orders of magnitude. Also, the passive
water window can vary by several hundred millivolts.[®¢ Stoi-
chiometric TiN prepared by high-energy ion-beam sputtering has
roughly ten times higher conductivity than commercial porous
“TiN”, however has significantly lower charge injection capac-
ity. However, after oxidative treatment of these films with hy-
drogen peroxide, charge injection capacity increases greatly, and
impedance drops (Figure 6¢). This indicates that some level of
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oxidation and oxynitride is tied to desired low-impedance prop-
erties of TiN.

For 3G devices, preparation of TiN on flexible polymeric sub-
strates like Parylene-C and polyimide is challenging. This is be-
cause deposition must be done within a limited thermal budget,
and TiN has a relatively high Young’s modulus and common
residual stress which can reach values lower than —1 GPa.l]
This latter effect can cause unwanted deformation of plastic
substrates. These limitations are problematic to obtain high-
performance TiN on flexible substrates.

Tungsten: W is a famous material in bioelectronics due to the
ease of preparation of finely sharp microneedles via electropol-
ishing. Such microelectrodes are a classic brain probe for acute
single-unit recording, and are commercially available for this pur-
pose. For chronic recording/stimulation applications, W cannot
be used due to its rapid corrosion in biofluids.”?) However, it
has been argued that the solubilized forms of tungsten arising
from corrosion are not toxic or harmful. This property, combined
with high electrical conductivity and ease of microprocessing,
has led tungsten to be the enabling material for the emerging
field of bioresorbable electronics.[”?! Bioresorbable electronics,
also known as transient electronics, are meant to be implanted,
function for a period of time, and then degrade in a programmed
way.”*l For such devices, tungsten is an attractive conductor ma-
terial. On top of this, tungsten has been explored in other forms
like WS, nanosheets or nanotubes to improve properties of biore-
sorbable scaffolds.[>! The oxide WO, is a thin film n-type semi-
conducting material which has been suggested for use biosen-
sors and nonenzymatic peroxide detection.”!

Liquid Metal Eutectics: Metallic conductors are fundamentally
stiff and brittle to a great degree, and care must be taken in the de-
sign of all bioelectronic devices to create metallic interconnects in
a way to effectively accommodate the desired degree of flexibility.
One may to circumvent this problem is to use metallic materials
that are intrinsically flexible, stretchable, and conformable: liquid
metals. While the elemental metal Hg is a room temperature lig-
uid metal, it is far too toxic for consideration in any applications.
A much more suitable candidate is gallium. The melting point
of Ga is 29 °C, making it a liquid with a viscosity roughly twice
that of pure water. This allows Ga to be used as liquid metal at
physiological temperatures. For processing, however, dropping
the melting point below room temperature is desirable. It is pos-
sible to prepare various eutectic mixtures of Ga with In, Sn, Pb,
Cd, etc. For practical and safety reasons, eutectic Galn, known as
EGaln, is by far the most popular liquid metal tested in the con-
text of bioelectronic devices.””] EGaln, as a liquid metal, can fill
a microfluidic channel and thereby create a metallic conductor
that fills the shape of the channel. With this approach, by using
elastomeric microfluidics one can obtain metallic interconnects
that are highly flexible and stretchable, and even self-healing after
mechanical cutting of such a liquid metal interconnect. Another
considerable added value of EGaln is that it can impart excellent
hermeticity to elastomeric plastics, as with respect to gas trans-
mission it has the barrier properties of a metal. In on-skin (non-
implanted) devices, there have been many successful demon-
strations of liquid metal electrodes which leverage the excellent
mechanical properties of the liquid metal. As a neural interface
electrode, EGaln has been explored only minimally. In 2012, a
seminal report on the topic demonstrated the possibility of using
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EGaln electrodes in a MEA chip for in vitro neurostimulation.!”®]
In the work of Latif and colleagues EGaln in a flexible conduit
was tested as a neural stimulation electrode, and was reported to
have charge injection capacity and impedance values about an or-
der of magnitude superior to gold thin film reference samples.!””!
However, the long-term electrochemical stability in physiological
media of such electrodes remains to be established, as well as
fundamental properties like charge injection capacity should be
definitively studied. Another remaining issue is the in vivo toxi-
city of gallium, indium, and other metals used in such eutectics.
This topic has been recently reviewed and in the context of neural
applications remains an open question.[®]

2.1.2. Organic materials

Carbon and Its Allotropes:  Carbon exists in many forms, with
various levels of electrical conductivity and diverse electrochem-
ical properties. As a general rule, carbon electrodes display (usu-
ally) low faradaicity due to sluggish charge transfer kinetics in
processes like water splitting. Various graphite and glassy carbon
electrodes, in bulk form, are commonly used in bioelectrochem-
istry. Carbon electrodes typically have excellent electrochemical
stability and corrosion resistance. Thin film carbon-based devices
have begun to be explored extensively in recent years. Carbon
can be deposited by PVD or CVD methods in the form of glassy
thin films, or various 2D and 3D nanostructures such as nan-
otubes, graphene, buckminsterfullerene, or diamond-like carbon
thin films. These represent different allotropes of the element
carbon./®!]

Sputtered carbon thin films doped with varying boron concen-
trations are well-known in the field of biosensors. Kaivosoja et al.
employed carbon based thin films for dopamine levels detection
in neural sensing. Preparation was done using unbalanced mag-
netron at room temperature, which can be crucial for many flexi-
ble devices. These electrodes have a wide water window in range
broader than +1 V while the capacitance was in the range from 50
to 100 pF cm~2.182] Due to the low background of faradaic reac-
tions, such electrodes can be used for redox detection of sensitive
analytes like dopamine.

Graphene, as a topic of study, is the most popular carbon
allotrope due to its excellent electrical and mechanical proper-
ties studied in many fields such as FETs, gas sensors, strain
sensors, etc. It is not surprising that graphene has been tested
for in vitro and in vivo use as a neural interface electrode, for
both stimulation and recording. While graphene can display im-
pressively low impedance and moderate charge injection capac-
ity when processed into high surface-area 3D structures, many
studies have pointed out issues of biocompatibility and possible
cytotoxicity.!®3] An attractive emerging technique is that of laser-
induced graphene conductors/electrodes. In this method, laser
energy is used to pyrolyze insulating engineering polymers like
polyimide, producing conducting traces of pyrolyzed graphene.
This way, high surface-area electrodes can be patterned directly
into a suitable substrate. Such rough graphene layers can be eas-
ily functionalized with conducting polymer coatings to further
decrease impedance.[34]

Diamond-like carbon (DLC) is semiconductive form of amor-
phous carbon with sp* bonding. DLC possesses high mechanical
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Figure 7. PEDOT. A) Schematic illustration of the charging mechanism of an interface of electrolyte/organic mixed ionic-electronic conductor
(OMIEC) /electrode. This applies to PEDOT and related materials. Electronic charges move through the conjugated polymer backbone and can be
transferred to an underlying metal electrode. Meanwhile, ions can migrate into the PEDOT layer to balance the electronic charge on the backbone. This
charging effect, with accompanying ion transport, occurs throughout the whole bulk of the PEDOT, thus leading to the effect of volumetric capacitance.
This figure is reproduced with permission.[88] Copyright 2020, Springer Nature. B) Cyclic voltammetry of PEDOT films deposited on gold underlying
contacts, showing how the capacitive charge of the electrode corresponds to the thickness of the PEDOT, a clear evidence for the effect of volumetric
capacitance. Reproduced with permission.[>’] Copyright 2020, Wiley VCH. C) Examples of test structures used for in vitro testing of PEDOT electrodes
on flexible (polyimide) or rigid MEA substrates. Reproduced according to the terms of the CC BY license.[?®] Copyright 2019, the authors, published by

Wiley VCH.

hardness, wear resistance, and chemical inertness with a certain
level of optical transparency.®] It was demonstrated to be a
promising coating for orthopedic applications with proven
tissue tolerance.®®] DLC has been studied as a neural interface
electrode from the perspective of biocompatibility. An illustrative
example was published by Regan et al., demonstrating that
various neural cell types in vitro showed high affinity for DLC
electrodes, even allowing patterning of neural networks. These
studies were performed with DLC doped with phosphorus
(P:DLC), and it was found that cell affinity was further improved
by a UV light treatment which caused surface oxidation and
caused better cell adherence.[®’]

2.1.3. Conducting Polymers

Poly(3,4-ethylenedioxythiophene):  Poly(3,4-ethylenedioxythio-
phene) (PEDOT) has risen to popularity in bioelectronics and
has been demonstrated as a promising material for neural
interfaces for stimulation and signal recording. It stands out
compared to other conducting polymers because it is highly
stable in its oxidized p-doped form. It can be prepared by elec-
tropolymerization from 3,4-ethylenedioxythiophene solutions, or
chemically polymerized. Chemically-polymerized PEDOT with
poly(styrene sulfonate) as an polyanionic dopant and colloidal
stabilizer, so-called PEDOT:PSS, is an industrial material used
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since more than 30 years in electrolytic capacitors. Due to its
high conductivity, excellent stability, and commercial availability,
PEDOT:PSS has been one of the most extensively researched
materials in bioelectronics. Moreover, besides the mentioned
preparation methods, PEDOT:PSS is commercially available
as a solution-processable colloidal dispersion. Dip-coating or
spin-coating both are popular methods for PEDOT:PSS depo-
sition. The remarkable feature of conducting polymers, and
PEDOT:PSS archetypically, is the presence of mixed electronic—
ionic transport (Figure 7a). PEDOT:PSS soaks up water from the
environment and becomes a hydrogel, capable of conduction of
both electronic charges as well as ions. Due to this property, it
bridges the ionic—electronic signaling gap which is the essential
problem of neural interfaces.®8] Moreover, the entire volume
of the PEDOT:PSS electrode can participate in redox reactions
and the associated exchange of ions. Therefore the capacitance
scales with thickness, making PEDOT:PSS a so-called volumetric
capacitor (Figure 7b).%1 In this regard, it is analogous to IrO,
as a pseudofaradaic material which can accommodate extraordi-
narily high charge injection capacities. Capacitance can be tuned
with thickness, and several studies have shown charge injec-
tion capacity measurements as a function of thickness and/or
electropolymerization charge (this charge corresponds to the
total mass of polymer deposited).’”! High interfacial capacitance
corresponds also to low impedance values, making PEDOT a
competitive choice for recording electrodes. The parameters
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Figure 8. Silicon ceramics. A) Scanning electron microscopy (SEM) image of SIROF (sputtered IrO,) tip with a-SiC encapsulation layer. These devices
were subjected to accelerated lifetime testing and stability was projected to exceed a decade. This figure is reproduced with permission.l""7l Copyright
2021, IEEE. B) Flexible SiC on polyimide devices wrapped around a curved surface with diameter of 12 mm. Here, SiC is prepared on a Si wafer at high
temperature, and then etched and transferred as a membrane onto the polyimide. This figure is reproduced with permission.!"21l Copyright 2019, ACS.
C) (A) Colorimetric indication of changes in thickness and/or surface morphology due to hydrolysis from soaking in PBS at pH 7.4 and 96 °C for 4 d.
(B) Image of the devices used in determining etching depth by profile scanning. (C) Quantification of the hydrolysis of Si, PECVD oxide, thermal oxide,

and SiC.

of PEDOT microelectrodes in the context of neural interfaces
has recently been reviewed in detail by Niederhoffer et al.®!l
Waafi et al. utilized electrochemically grown PEDOT:PSS on
Pt electrodes on stretchable MEAs on PDMS substrates. They
determined charge delivery capacitance to be 31 mC cm™
which was approximately two order higher than the CDC of
original Pt electrode with the same planar geometry. The value
of impedance was 59 kQ at 1 kHz for electrode with area of
700 um?.(59! PEDOT was reported to excel in a comparison of
charge injection capacitance versus IrO, or Ptlr, when using

Adv. Electron. Mater. 2023, 9, 2300258 2300258 (12 of 23)

constant current stimulation at zero DC voltage bias.®2] There
is debate as to where the water window lies with PEDOT.[*?]
Higher positive potentials can overoxidize and damage PEDOT,
while cathodic potentials that can be safely applied appear to be
in excess of —1 V versus AgCLI®"l The cathodic water splitting
with PEDOT has a high overpotential, at least 1 V overpotential
at pH 7. Overoxidation can be used as a patterning method of
PEDOT, as photoresist can be used to protect wanted regions of
PEDOT while the unwanted regions can be electrochemically
or chemically overoxidized and rendered inactive.[”! Despite
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Figure 9. Parylene-C. A) Schematic representation of a complete Parylene-based neural probe consisting of three poly(3,4-ethylenedioxythiophene)
(PEDOT)-nanostructured electrodes and one gold electrode as control. The device is bonded using an anisotropic conductive film (ACF) onto a flexible
polyimide cable, which is then soldered onto a pin connector adapted to a wireless acquisition system. The cross-section shows bond pads from the
device bonded via ACF to the bond pads of the polyimide cable. Reproduced according to the terms of the CC BY license.[2] Copyright 2018, the authors,
published by MDPI. B) Microscopy pictures of a) interdigitated gold electrodes with lines and spaces of 20 um. A thin layer of Parylene C protects the
whole chip and is circularly opened to allow access to the sensor area. b) Sensor area consisting of interdigitated electrodes with WE made of gold and
CE/RE modified by electrodeposition of PPy:PSS (Q = 170 uC) in brownish color. No color change occurred at the contact leads due to their electrical
insulation by Parylene C. ¢) SEM image of the sputter-deposited gold and d) with PPy:PSS (Q = 170 uC) modified electrode surface, respectively. This
figure is reproduced with permission.'26] Copyright 2021, Wiley. C) (a) Schematic of the fabrication process of a flexible sensor; (b) 5 um-thick Parylene
C flexible pH sensing arrays; (c) PCB-based prototype with the flexible chemical array located in the middle. Reproduced according to the terms of the
CC BY license.['?’] Copyright 2014, the authors, published by MDPI. D) (a) Steps for fabricating an Au/parylene construct, and (b) transfer them onto
ECM substrate, integrate with SS stent, and ablate the using excimer laser. Images showing (c) ECM hydrogel (bulk), (d) ECM-microelectrodes, (e) tip
and recording sites of an ECM-microelectrode (scale bar: 100 um); AFM images of ECM substrates: (f) collagen |, (g) collagen I/collagen IV, (h) collagen
I/fibronectin, and (i) collagen I/laminin. This figure is reproduced with permission.[28] Copyright 2018, Springer Nature.

excellent indications for performance, long-term chronic in vivo
tests with PEDOT are rare. From a mechanical point of view,
PEDOT is softer than the other electrode materials mentioned
up to now in this review. It has low Young’s modulus in units of
GPa and is suitable for flexible devices even at higher values of
thickness in order of um.°°!

Adv. Electron. Mater. 2023, 9, 2300258 2300258 (13 of 23)

When applied for recording, neural interface electrodes typ-
ically transduce biopotential changes via capacitive coupling,
thus converting an input voltage into a voltage signal which is
then amplified and digitized. Because of the unique volumet-
ric electrochemistry of PEDOT, in recent years this material
inspired a new electrode concept for neural recording: organic
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Figure 10. PDMS. A) Stretchable nerve cuff electrode for recording from small peripheral nerves can be enabled by a combination of PDMS, gold
conductor lines, and PEDOT-based hydrogels. Reproduced according to the terms of the CC BY license.[*3] Copyright 2019, the authors, published by
Springer Nature. B) Flexible and foldable retinal stimulation device based on PDMS, the POLYRETINA. Folding allows easy implantation through a small
surgical opening in the eye. The device subsequently expands once inside of the eye, representing a unique advantage of using elastomers like PDMS.
Reproduced according to the terms of the CC BY license.['3¢] Copyright 2018, the authors, published by Springer Nature.

electrochemical transistors (OECTS), or its vertically modified
version (VOECTS) with submicron channel length. OECTs can
be fabricated into microelectrode pixels which, as transistors,
amplify the measured biopotential signal directly at the site of
recording. Thus, an input voltage is amplified into an output
current, and high gains are possible. This approach can lead
to higher signal-to-noise recording when compared to standard
PEDOT microelectrodes. While PEDOT-based transistors are
several orders slower than inorganic-based transistors, they
have high transconductance and still can be modulated at
around 1 kHz. Brodsky et al. demonstrated submicron channel
length VOECTs with electrochemically grown PEDOT:PF, and
spin-coated PEDOT:PSS. The highest transconductance (g,,)
value of 68 mS was reached for spin-coated PEDOT:PSS. They
also determined a cut-off frequency of 1.5 kHz. By using elec-
tropolymerized layers, the cutoff could be increased to 3 kHz,
but transconductance drops. Balancing high transconductance
with bandwidths suitable for high-quality neural recording will
determine if OECTs can compete with microelectrodes. Critical
comparison of performance of OECT-based neural recording
versus microelectrodes is an ongoing topic of study in the field.
Polyaniline:  Polyaniline is a material known since the 19th
century, and one of the most-studied classic conducting poly-
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mers. It is attractive as it is made from extremely low-cost pre-
cursors, and it can be easily prepared in a remarkably chemi-
cally and chemically stable form. It has two major drawbacks
that have prevented its deployment in bioelectronics. First, it
is only conductive in acid-doped form. The neutral pH present
in physiological conditions will dedope polyaniline and render
it essentially insulating.l®! This limits its use as an electrode
material. Second, the polymerization process, whether electro-
chemical or chemical, leads to low-molecular weight byproducts,
such as benzidine.[”! Indeed, benzidine and aniline are among
the most carcinogenic known organic compounds. There is ev-
idence that toxic low molecular weight byproducts can be com-
pletely rinsed from the polyaniline, however the stigma that ani-
line has in the biomedical community presents a major barrier
to exploration and acceptance of polyaniline for such applica-
tions. Cytotoxicity studies of “clean” polyaniline films are, unfor-
tunately, indicating of some inherent toxicity, therefore its devel-
opment in the field remains limited.') An intriguing utiliza-
tion of polyaniline was demonstrated by Liu et al. in form of self-
assembled enzymatically-polymerized polyaniline structures in
living neural tissues. Low molecular weight precursors are in-
jected together with a redox enzyme, and polyaniline polymer-
ization can be targeted at the cellular level. There is evidence
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Figure 11. Polyimide. A) Implantable multielectrode array for retinal stimulation experiments in rabbits, based on polyimide as both substrate and
encapsulant. Reproduced according to the terms of the CC BY license.['*%] Copyright 2013, the authors, published by Springer Nature. B) A 3D MEA for
in vitro experiments, utilizing polyimide which is mechanically bent to yield vertical “hinged” multielectrode probes. Reproduced according to the terms
of the CC BY license.l’*!l Copyright 2020, the authors, published by RSC. C) Ultraflexible 8 um polyimide MEA for both in vitro and in vivo recording
experiments. These devices have pores micromachined into them to allow healthy biofluid and gas exchange to the tissues. Reproduced according to
the terms of the CC BY license.l*l Copyright 2020, the authors, published by RSC. D) Graphene multielectrode arrays transferred to a commercial
25 um polyimide foil allow in vivo recording with simultaneous optical imaging, due to the optical transparency of such a MEA. Reproduced according
to the terms of the CC BY license.["2] Copyright 2014, Springer Nature. E) Polyimide-based penetrating multichannel electrodes used for transversing
peripheral nerves. Reproduced with permission.['3] Copyright 2011, IOP.

that such deposited polyaniline can have (electro)physiological ef-
fects on neural tissue, despite the fact that the polyaniline is only
in semiconductive form under these conditions.'°!] There is in-
terest in expanding this concept of self-assembled conductors in
vivo, as evidenced by a recent study on a self-doped polythiophene
derivative which can enzymatically polymerize in tissues. Thus,
despite attractive properties, polyaniline has yet to find its way
into bioelectronics devices of the 2G or 3G type.[1%%]

Polypyrrole:  This conducting polymer was, by virtue of its
simple chemistry and facile preparation, the first conducting
polymer to be extensively tested in neural interface applications.

Adv. Electron. Mater. 2023, 9, 2300258 2300258 (15 of 23)

Cui et al. published a groundbreaking study in 2001 concern-
ing modifying neural microelectrodes with polypyrrole coatings
via electropolymerization.'’] The study systematically evaluated
the influence of thickness and morphology on capacitance and
impedance of electrodes, finding significantly lower impedance
than unmodified controls. Polypyrrole shows evidence of hav-
ing good compatibility with neurons, demonstrating templat-
ing/directing effects both with and without application of elec-
trical potential.[1*! Polypyrrole possess many similarities with
polyaniline, in terms of originating from a simple and low-cost
monomer and having a low oxidation potential and thus being
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Figure 12. SU-8. A) Multifunctional multishank MEMS neural probe combining microfluidic drug delivery, optical excitation with blue light via a waveg-
uide, and electrophysiological recording. Reproduced according to the terms of the CC BY license.['#6] Copyright 2019, the authors, published by
Springer Nature. B) Self-standing flexible SU-8-based MEA detached from the Si substrate upon removal of the sacrificial underlayer. Reproduced with
permission.l#8] Copyright 2011, IOP. C) Penetrating probe with microfluidic drug delivery. Fluidic delivery at the tip, with tetrode configuration (left),
and eight-electrode version, with two fluidic outlets in the same face of the probe. The outlets are indicated with arrows (right). Reproduced according
to the terms of the CC BY license.['4°] Copyright 2015, the authors, published by Frontiers.
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easily polymerizable by electrochemical or chemical oxidative
routes. However, it has seen much more successful deployment
in the neural interface field than polyaniline.['®] Despite its ad-
vantages, polypyrrole has been overshadowed by PEDOT in re-
cent years, one reason is that polypyrrole is suffers from degra-
dation of conductivity due to overoxidation, a problem which is
less severe with PEDOT.[1%6]

2.2. Passivation and Encapsulation Materials

Electrical insulation of bioelectronic devices of the 2G and 3G
type is a demanding materials science challenge. While 1G
devices can make use of “bulk” insulation of plastics and ce-
ramics in the thickness range of hundreds of micrometers up to
millimeters, the noninvasivity promised by next-generation thin-
film 2G and 3G devices must rely on micrometric or nanometric
encapsulation layers. Such encapsulation and passivation layers
must maintain excellent electrical insulation without defects, and
outstanding (bio)chemical stability with respect to degradation
and corrosion. On top of this, they need to be processable in ways
that are compatible with existing thin-film device stacks. In par-
ticular with flexible 3G devices, low-temperature processes are
typically necessary for compatibility with polymeric substrates.
Encapsulation layers can be divided into two categories: poly-
meric plastic materials, and inorganic ceramics materials. Both
categories of materials can provide good dielectric strength and
insulation, but have important chemical durability distinctions:
Inorganic ceramics typically provide a very good barrier to water
and to gases, like oxygen. However, they can be easily corroded
by aqueous species, like various ions and organic acids/bases.
Polymeric materials are, on the other hand, relatively inert with
respect to aqueous ions and organic species present in physio-
logical conditions. They are, however, very permeable to oxygen
and other gases. It is therefore reasonable to conclude that these
two material categories are mutually complementary, and that
solutions for long-term chronically implantable bioelectronics
most likely must rely on hybrid organic/inorganic encapsulation
layers. There are emerging standards in the bioelectronics field
for benchmarking the performance of encapsulation layers.!1%]

2.2.1. Inorganic Materials

Aluminum Nitride:  AIN is semiconductive piezoelectric ma-
terial with bandgap of 6.1 eV well-known from MEMS tech-
nology used for fabrication of piezoelectric resonators and trans-
ducers such as in cochlear implants or energy harvesters.['%8]
Furthermore, it is widely used for fabrication of heterojunc-
tions or plasmonic structures.l'®! AIN has good indications for
use in bioengineering applications, including promising biocom-
patibility and chemical resistance which were reported in sev-
eral studies.'') AIN exhibits high values of hardness which can
reach 22 GPa and relatively high Young’s modulus of 310 GPa,
which is comparable to metallic conductors. Thus, AIN is me-
chanically robust but still flexible at the nanoscale and mi-
croscale. Furthermore, it possesses CMOS compatibility and can
be prepared in a wide range of temperatures using many meth-
ods from CVD to PVD techniques.['1%111]
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Fabrication into thin film form is quite challenging to ob-
tain all desired parameters such as crystallography and dielectric
strength while keeping negligible residual stress. CVD methods
usually offer better quality in terms of crystallography and dielec-
tric properties but the preparation requires higher temperatures
than in case of PVD techniques.!'?] PVD methods such as mag-
netron sputtering, pulsed laser deposition, or ion-beam sputter-
ing allow preparation of AIN in a temperature range from ambi-
ent values up to ~500 °C.''3] Higher temperature usually means
better properties which can be problematic for polymeric sub-
strates or underlayers. Kaufman ion-beam reactive sputtering as-
sisted by secondary ion-beam source allows to prepare excellent
quality layers at 330 °C, on the other side, in case of this method,
it was proved that layers prepared at 100 °C possess sufficient
quality for encapsulation of bioelectronic devices. A combination
of AIN with Parylene-C are a promising encapsulation for long-
term measurement of MEAs.”!] AIN remains underexplored in
the field of bioelectronics.

Silicon Carbide: SiC is a CMOS-compatible material and is
under deep investigation because of its wide bandgap (x3.2 eV)
and high temperature stability for high-power electronics with
higher durability in comparison to Si.l'™l It has low leakage
current which makes it more interesting than SOI especially
for applications at elevated temperatures.[''] These properties
make this material interesting for ICs with mixed signals or
photonic applications.["'*] SiC possesses Young’s modulus of
~420 GPa and hardness of ~30 GPa. Furthermore, it can be
prepared in wide range of temperatures from ambient up to
more than #1500 °C based on the selected CVD or PVD method.
It is clear that SiC can vary in parameters like crystallography,
mechanical properties, dielectric strength, etc., according to
deposition method while the best properties are obtained for
epitaxial growth at temperatures usually higher than 1500 °C.[116]

Recently, SiC was used as a passivation layer for neural inter-
faces due to its chemical and electrochemical resistance. Nguyen
et al. replaced parylene-C with amorphous SiC prepared by
PECVD at 325 °C for encapsulation of Utah-type penetrating
MEAs (Figure 8a) and performed accelerated stability tests in
PBS which corresponded to ~22 years in PBS at 37 °C with no
recorded electrode failure.''’] A similar experiment with promis-
ing results about SiC utilization on MEAs was realized by Deku
et al.[1"8] Further, Cogan et al. performed stability tests of LPCVD
SiC and compared the dissolution rate to SiN. They demon-
strated zero etch rate of PECVD SiC in PBS at 37 °C while the
etch rate of LPCVD SiN was ~0.4 nm d~!. In addition, they
tested SiC deposited on quartz discs in the subcutaneous space
of rabbits and did not find inflammatory response.!** All these
mentioned devices were prepared at elevated temperature which
is not compatible with flexible substrates with a lower thermal
budget like parylene-C. SiC deposition on Parylene-C was men-
tioned by Bakhshaee et al. using 180 °C for SiC PECVD deposi-
tion process, though more study of stability of such structures is
necessary.[12]

Silicon Nitride: This material is known from CMOS inte-
grated circuits where it is used as diffusion barrier and passiva-
tion layer. Furthermore, it is also employed in MEMS technology
as an underlayer, i.e., for membranes. Due to its refractive in-
dex of »2 it is also interesting in optoelectronics for fabrication
of waveguides. Silicon nitride possesses decent biocompatibility,
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on the other side the chemical resistance in comparison to AIN
is worse making it less suitable for chronic application.[110122]
Hardness of silicon nitride can reach up to 15 GPa and Young’s
modulus up to 300 GPa which is quite similar to AIN. Variety of
deposition temperatures can be utilized, while in SiN case, the
CVD methods are more suitable than PVD because Si is not as
reactive as Al, thus, reactive sputtering is not a reliable method.
Fabrication is also quite challenging, similarly to preparation of
AN, because of the stoichiometry and residual stress. In the field
of flexible bioelectronic devices, where the deposition tempera-
ture is the most crucial parameter, PECVD at temperature below
100 °C is a good candidate method.

Silicon Oxide: In general, silicon oxide is used in form
of SiO, which is one of the oldest materials used in CMOS
integrated circuits and MEMS technology. It has been widely
used as a passivation layer for substrates and gate electrodes
and underlayer for MEMS sensors and actuators. Silicon oxide
has ~3x lower Young’s modulus than both AIN and SiN, which
makes this material more flexible. Recently, it is used in combi-
nation with other materials in multilayer stacks because of the
dielectric constant which leads to decreasing performance of
semiconductor, thus, it is used only as an extremely thin layer to
prevent device from gate leakage currents. Fabrication process
can utilize both CVD and PVD methods at broad range of tem-
peratures from ambient (evaporation) up to ~ 1200 °C (thermal
oxidation) which makes it interesting because of its simple
preparation. On the other side, it has been proven for many
times, that the chemical resistance is poor, thus, it is not possible
to use it as neural interface without any other encapsulation
material which will create chemical protection. It is important to
note that low-temperature silicon oxide has significantly worse
insulating properties than a thermally-grown one. Furthermore,
SiO, has also poor adhesion on noble metals like Au or Pt. Thus,
it needs an adhesive interlayer, which introduces an extra step.
When exposed to physiological medium, SiO, corrodes relatively
rapidly, as shown in Figure 8, therefore it cannot be used alone
as a passivation solution but must be combined with another
encapsulant.

2.2.2. Insulating Polymers

Parylene:  Parylene has been one of the most popular enabling
substrate and encapsulant materials for 3G devices (Figure 9).
This polymer is deposited from the vapor phase in a CVD pro-
cess, to yield an optically transparent, biocompatible, and chem-
ically inert electrical insulating polymeric material. Thicknesses
typically range between 1 and 10 um, though special deposition
tools can accomplish thicknesses lower or higher than this range.
The CVD process is unique and merits explanation: The di-(para-
xylene) dimer functions as the precursor, which is sublimated
and thermally cracked into reactive monomers in a higher tem-
perature furnace (=670 °C). The reactive monomers are then
transported to the deposition chamber, which is kept at ambi-
ent temperature. The final stage of the deposition involves rad-
ical polymerization of monomers at the substrate. The biggest
advantage of this process is low temperature, which basically al-
lows to deposit parylene on every type of solid material, as well
as unrivaled conformability of complex surfaces. The latter is
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afforded by the fact that the polymerization process occurs in
the gaseous phase. The parylene polymer, however, by virtue of
its chemical inertness, has poor adhesion to surfaces. The ad-
hesion of parylene can be sponsored by adding a surface treat-
ment with chemical functional groups that can participate in
radical polymerization, such as acrylate or methacrylate groups.
Thus, the growing parylene polymer attaches to the surface co-
valently. The methacryloyl silane A174 can be used for attach-
ing parylene to oxide surfaces, while thiol-containing silanes can
improve adhesion to gold. Other covalent linkers also have been
reported.!123]

Various derivatives of the di-(para-xylene) dimer exist, leading
to different types of parylenes. The most characterized in the con-
text of bioelectronics is the chlorinated Parylene-C, where each
monomer contains a chlorine substituent. This type of Parylene
is a good compromise between mechanical and electrical proper-
ties, it possesses slightly worse dielectric strength than unsubsti-
tuted Parylene-N. On the other side, Parylene-C is mechanically
more robust and the gas permeation rate is lower which is more
important because the dielectric strength is still extremely high
for most of the bioelectronics applications. The most significant
concern regarding to Parylene is the conformity of the layer—
mechanical defects can behave like pinholes in semiconductor
and can dramatically decrease the encapsulation properties
which will cause device failure in short time. The next common
type is Parylene-F (C,,HgF;) which exhibits poor gas permeability
coefficient but it possesses higher thermal resistance than previ-
ous types of parylene and is also UV-resistant. Gas permeability
may be issue in case of encapsulation when is demanded the
protection of device, on the other hand, it can be used as selective
membrane for hydrogen or oxygen molecules. It is possible to
consider stacking possibilities of different kind of parylene layers
to achieve the best properties in terms of encapsulation.[!?*] Re-
cently, it is also possible to find novel paryleen derivatives such
as Parylene-AF4 or Parylene-HT, which contain fluorine. These
modified parylenes are thermally resistant and have lower water
vapor permeation, and the precursors are more expensive. The
better barrier and thermal properties make them interesting can-
didate materials for bioelectronics, and to the best of our knowl-
edge these types of parylenes have not been reported in these
applications yet.

Polydimethylsiloxane: Polydimethylsiloxane (PDMS) is an
elastomeric material which is ubiquitous as insulation in 1G
devices. It is chemically inert, soft, and flexible (modulus 1-
3 MPa), and has a strong track record as a biocompatible and
safe material.'?] In 1G devices, it is deployed as an encapsulant
at thicknesses typically in excess of 100 um. It is a crosslinked
polymeric material which is processed by mixing a PDMS base
polymer together with a cross-linker. The material hardens by
crosslinking, the curing speed of which is determined by the tem-
perature, from room temperature up to around 150°.[13% Curing
conditions also determine the mechanical properties of PDMS.
Before it is cured, it can be spin coated or dip-coated onto sub-
strates. Thinner films can be achieved by diluting the PDMS
with a suitable organic solvent. Using these techniques, PDMS
can be incorporated into 2G and 3G thin film devices. Micro-
fabrication is complicated however as etching is difficult due
to its chemical inertness and mechanical softness.3! Its low
surface energy is problematic for adhesion of deposited metal
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layers. This problem can be partly solved by chemical treatment
or by thermal bonding when the PDMS is deposited on metal-
lic layers. Such processing is often not compatible with fabri-
cation of more sophisticated devices requiring several fabrica-
tion steps.[’¥?] Next option of adhesion improvement is depo-
sition of adhesion layer like Ti using high-energetic deposition
method such as high-power impulse magnetron sputtering.['*]
PDMS can withstand relatively high temperatures. The decom-
position starts in the range from 300 to 400 °C, depending on
the environment.l3 An advantage is its simple preparation on
wafers which can be realized by precursor spin-coating followed
by curing in wide range of temperatures up to 150 °C. Despite
its complications with microfabrication compatibility, it is widely
used as a substrate and encapsulant for next-generation bio-
electronics, such as MEAs for brain and peripheral nerve inter-
faces. PDMS can be used to make microscaled cuff electrodes
for nerve recording, which not only are flexible but also stretch-
able (Figure 10a).l'3%! PDMS is widely used in microfluidics, and
this knowledge was repurposed to make nerve microconduits
for regenerative peripheral interface, demonstrated on the sciatic
nerve.['3%] The highly flexible nature of PDMS is showcased in
the application of implantable MEAs for retinal stimulation.!*3”]
In these devices, PDMS is used for both substrate and encapsula-
tion to make a foldable implant which can be inserted through a
small surgical opening in the eye and then unfurled once inside
(Figure 10D).[137¢l

Polyimides: Polyimides are a type of engineering plas-
tic known for high thermal and chemical stability. They
contain imide groups (-R,CO-NR,—COR;-) in the polymer
backbone.[13¥]

Polyimides are mostly known from the field of printed circuit
board (PCB) technology. Flexible substrates for circuits contain-
ing surface mount devices or interconnections of devices in form
of flex cables rely on polyimides. Furthermore, it is also well-
known from the field of PCB repair, when it is used in the form
of Kapton tape to protect covered devices from outer heat sources
during repairs. From the point of view of 3G bioelectronics, poly-
imides have a significantly higher temperature tolerance than
competing materials like parylene-C or PDMS. This enables com-
patibility with a wider range of fabrication and etching processes.
Polyimides have relatively low Young’s modulus in units of GPa,
and is also reported to be well-tolerated by tissue during chronic
implantation."*1 They possess excellent insulation properties es-
pecially with thickness above 1 um. Contrary to the Parylene de-
position, which is simple and highly conformal process, poly-
imide require handling by solution deposition from precursor
polymers. These are usually spin-coated and heated to temper-
atures around 200 °C or even around 300 °C to create the highly
stable imide linkages required to form the target polymer. This
annealing process must be very careful controlled in terms of
temperature ramp and proper atmosphere, and usually takes sev-
eral hours.['®] This annealing processing step makes polyimides
sometimes inapplicable as encapsulation layer when devices con-
tain sensitive components, such as gold layers. Thus, a popular
approach is to use polyimide as the device substrate, while us-
ing parylene-C as the encapsulant. Figure 11 shows a range of
MEA applications based on polyimide, either for in vitro or in vivo
electrophysiology.
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SU-8 photoresist: SU-8 is negative epoxy-based photoresist
(PR) which is often employed as a first-choice encapsulation layer
because of its easy preparation and high-aspect ratio shape def-
inition using a straightforward UV lithography process. It con-
sists of a polyphenolic (aka Novolac) backbone modified with
epoxide functional groups, solvent, and photoacid generator. Im-
portant advantage is the possibility to prepare SU-8 with thick-
ness in the range from nanometers up to hundreds of um
based on the specific commercial formulation of the resin. As
a crosslinked epoxy material, the Young’s modulus is usually in
range from 2 to 5 GPa.l'* There is no unified statement about
its full biocompatibility, especially for in vivo applications. How-
ever, it is possible to perform surface modifications with oxygen
plasma treatment or grafting of biocompatible polymers to re-
duce biofouling.['*! For example, the SU-8 was studied for encap-
sulation of MEAs for extracellular recording of neurons of rat hip-
pocampus which were cultured on this device. They compared
this device to one encapsulated with SiN layer and confirmed sta-
ble impedance for three weeks, comparable to a “control” sample
using SiN encapsulation.*®! Tt is important to note, that SU-
8 is also famous because of its optical properties and can be
used as optical waveguide. Shin et al. fabricated multifunctional
multi-shank neural probes employing SU-8 optical waveguides
(Figure 12) and investigated their performance in vivo. They
reported that probes caused little immune response over two
weeks.[1*°] Luan et al. used SU-8 for preparation of highly flexible
nanoelectronic thread electrodes with subcellular dimensions.
They performed in vivo tests of implants in rats for four months
and proved excellent stability and reliability during whole period
of device stressing.!'*] These are among the thinnest probes ever
implanted, and such a long in vivo stability result is encouraging.

3. Conclusion

Bioelectronic devices, both for enabling basic research and novel
therapeutics, is a field that places high demands on advanced
electronic materials. The list of conditions materials must meet
for electronic performance, stability, and safety is extensive and
greatly exceeds that is normally expected for consumer electron-
ics and many other engineering applications. For conducting
electronic materials, key properties for interconnects are high
conductivity, ease of processability, and reliability/stability. For
neural interface electrodes, conductivity does not need to be high,
but interfacial impedance must be minimized and demands on
stability are paramount. At present, there is no ideal material for
either of these applications, always there are trade-offs to con-
sider. Often, a practical resolution cab be found in a judicious
combination of two or more materials, for instance gold with ad-
hesion layers as an interconnect, and a conducting polymer like
PEDOT as the interface electrode. On the side of encapsulation,
limitations exist as well. Neither ceramic nor polymeric materials
along fulfill necessary barrier properties for water vapor and ions
while combining resistance to corrosion. Here to a hybrid solu-
tion of two or more materials is the way forward. An example
can be parylene-C as a polymeric barrier to ions and corrosive
reactions, with a ceramic nitride layer to block water vapor/gas
permeability. In terms of actual applications outside of basic re-
search, the 2G and 3G devices discussed in this review have yet
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to compete with bulky 1G devices on a large scale. This is mostly
due to issues of safety and reliability. While the amount of sci-
entific papers disclosing advanced new materials and devices for
bioelectronics continues to grow, there is an increasing realiza-
tion in the community that it is time to move on from “proof-
of-concept” level demonstrations and invest time and effort into
studying materials and devices from the stability, safety, and re-
liability standpoint. This review has been aimed to provide an
introduction to materials and concepts in the thin film field, with
attention to practical advantages as well as challenges.
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