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ABSTRACT
Flexible, bio-integrated electronic systems have wide-ranging potential for use in biomedical research and clinical medicine, particularly as
active implants with the ability to operate in a safe, stable fashion over extended periods of time. Here, the development of a thin, robust
biofluid barriers that can simultaneously serve as long-lived sensing and/or actuating interfaces to biological systems represents a signifi-
cant challenge. Requirements are for defect-free, biocompatible and impermeable materials that can be rendered in thin, flexible forms and
integrated with targeted device platforms. This perspective summarizes various material strategies for this purpose, with a focus not only on
properties and structures but also on their use in bioelectronic systems. The article begins with an overview of different classes of materials,
including means to grow/synthesize/deposit, manipulate, and integrate them into test structures for permeability measurements and into
systems for functional bio-interfaces. A comparative discussion of the most widely explored materials follows, with an emphasis on physically
transferred layers of SiO2 thermally grown on silicon wafers and on their use in the most sophisticated active, bendable electronic systems
for electrophysiological mapping and stimulation. These advances suggest emerging capabilities in flexible bioelectronics implants as chronic
implants with diagnostic and therapeutic function across a broad scope of applications in animal model studies and human healthcare.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5094415

INTRODUCTION

Advanced technologies that can establish long-lived, stable
electronic interfaces to targeted biological systems are essential to
the development of new classes of implantable devices with capa-
bilities relevant to academic research and healthcare.1–3 Flexible,
high-performance electronic/optoelectronic systems with chronic
operational stability in biofluids represent recent breakthroughs in
this context.4,5 Sophisticated, actively multiplexed platforms of this
type are increasingly well established, with embodiments that range

from thin sheets for electrophysiological mapping6,7 on cardiac tis-
sues to penetrating pins for neural recording in the brain.8–10 These
and other related systems are distinguished relative to technolo-
gies of the past by their compliant architectures and low bend-
ing stiffnesses as minimally invasive interfaces to curved, soft, and
dynamic biological tissues, with electrical performance characteris-
tics that can approach those of conventional wafer-based semicon-
ductor devices.11–16 Applications that involve long-term, safe oper-
ation in living organisms demand perfect isolation of the backplane
electronics from surrounding biofluids to avoid leakage currents
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into adjacent tissues and degradation of underlying devices.17 The
development of thin, defect-free layers of materials that can encapsu-
late such systems as robust biofluid barriers and, at the same time, as
electrical interfaces to the surrounding biology represents a funda-
mental challenge, where operational timeframes may extend to the
life of the patient (several decades or more).

Barrier layers must conform uniformly across the surfaces
of flexible bioelectronic systems as seals against warm, circulating
biofluids, with additional requirements for (1) low flexural rigidity,
preferably less than that of the underlying electronics, to allow con-
tacts with the moving, curved surfaces of targeted biological tissues,
(2) defect-free structural properties with complete water, ion, and
biomolecular impermeability over areas that can extend to many
tens of square centimeters, (3) multidecade lifetimes at physiolog-
ical conditions (i.e., temperature, pH, etc.), with engineering design
goals for timeframes that are larger by an order of magnitude, (4)
stable, low impedance bio-interfaces for sensing/stimulating the sur-
rounding biology, and (5) excellent compatibility not only with the
biology but also with a range of materials/devices in the under-
lying electronics. Previously reported materials, such as thin-film
polymers and organic/inorganic multilayer stacks,18,19 are of lim-
ited use primarily due to intrinsic limitations in water permeability
and extrinsic effects associated with localized defects (arising from
the growth process, i.e., pinholes, cracks, and grain boundaries),
respectively. Although these approaches have some utility,20–22 fur-
ther progress is needed in most cases, especially for applications that
involve most advanced, multichannel flexible electronic platforms
where arrays of transistors provide capabilities in local amplification
and multiplexed addressing.

The following summarizes the most effective flexible encapsu-
lation strategies, beginning with some historical perspectives and
requirements for various types of bio-integrated electronic plat-
forms. Following discussions review various thin-film flexible mate-
rials for these purposes, with emphasis on physically transferred
layers of SiO2 thermally grown on device-grade silicon wafers
(t-SiO2). A combination of detailed studies, systematic permeabil-
ity/immersion measurements, and comparative evaluations against

many of most widely explored encapsulating films provides some
context. Additional sections highlight the use of these materials with
actively multiplexed bioelectronic systems to emphasize the capabil-
ities and to describe opportunities for further progress. The results
summarized here suggest that these encapsulation strategies will cre-
ate opportunities for chronic operation of many types of flexible
bioelectronic implants.

EMERGING CLASSES OF FLEXIBLE, BIO-INTEGRATED
ELECTRONIC SYSTEMS

Encapsulation for conventional implants generally features
rigid, thick (millimeter-scale) structures of metals, such as hermetic
housings of titanium (Ti),23 or of ceramics, such as cofired alumina-
glass packages.24,25 These robust enclosures isolate the electronics
from surrounding biofluids, with lifetimes that can be measured in
decades, as implants in humans. Unfortunately, the resulting sys-
tems are bulky and mechanically rigid and they do not allow for
direct interfaces between the electronics and the curved, soft, time-
dynamic surfaces of biological tissues. Specifically, these architec-
tures separate the electronics from the biology in a way that dramat-
ically limits the sophistication that is possible at the interface, with
contacts that typically occur only at individual or small collections
of hard-wired passive electrodes. Deep-brain stimulators, pacemak-
ers, and other commercially available implants adopt these types
of engineering designs.26,27 An important future is one in which
the electronics themselves, not just the electrodes, integrate directly
with targeted tissues at scales, across areas and with levels of func-
tionality that cannot be reproduced with existing paradigms. Flexi-
ble, high-performance electronic and optoelectronic platforms with
chronic biocompatibility at the level of the mechanics, the geom-
etry, and the constituent materials are of specific interest in this
context.

Figure 1 outlines some of the most interesting and most recent
implantable devices of this type in forms that include (a) filamen-
tary probes, (b) open mesh networks, and (c) flexible sheets. More
specifically, Fig. 1(a) highlights ultraflexible (a bending stiffnesses

FIG. 1. Emerging classes of flexible, bio-integrated electronic systems. (a) Optical image of ultrathin (1.5 µm), narrow (10 µm) polymer (photodefinable epoxy, SU-8) needles,
each of which supports four passively addressed electrodes (500 nm thick Au layers, an area of 200 µm2). The inset shows an optical image of two such electrodes. The
scale bar is 10 µm. Reproduced with permission from Luan et al., Sci. Adv. 3, e1601966 (2017). Copyright 2017 American Association for the Advancement of Science
(AAAS). (b) Optical image of an open mesh platform for passive electrodes, injected into an aqueous solution through a syringe. Reproduced with permission from Liu et al.,
Nat. Nanotechnol. 10, 629 (2015). Copyright 2015 Springer Nature. (c) Photograph of a flexible sheet of actively multiplexed electronics placed on the cortical surface of a
feline model. Reproduced with permission from Viventi et al., Nat. Neurosci. 14, 1599 (2011). Copyright 2011 Springer Nature.
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of 10−15 N m2) brain-penetrating probes for neural recordings, in
which polymer needle substrates (a width of 10 µm and a thickness
of 1.5 µm) serve as supports for thin metal pads and interconnects
(the inset, 500 nm thick Au layers).28 Here, carbon fibers (7-µm-
diameter) allow for mechanical insertion of these soft probes into
brain tissues as chronic implants. Related systems involve open mesh
constructs, as shown in Fig. 1(b), delivered via syringe injection
into the depths of tissues to establish a distributed electronic inter-
face.29 Another platform relies on thin, flexible sheets [Fig. 1(c)],
distinguished relative to the other two examples by the use of active
electronics based on silicon-nanomembrane (Si-NM) transistors for
active matrix addressing and local amplification in high resolution
spatiotemporal mapping of electrophysiological activity from curved
surfaces of the brain.30

PERSPECTIVES ON THIN, FLEXIBLE
ENCAPSULATION MATERIALS

Encapsulation for these systems represents a key challenge and
is the focus of recent research, where the goal is for chronic stability
and, ultimately, safe and robust operation over time scales that can
span the lifetime of the animal models or the patients, for biomed-
ical research or human healthcare, respectively. Some examples of
promising approaches appear in Fig. 2. Early techniques for the types
of systems highlighted in Fig. 1(c) involve thin, spin cast layers of
epoxy based polymers,31 as in Fig. 2(a), where arrays of intercon-
nected Si-NM transistors on a polyimide substrate (∼25 µm, Kapton

film) are protected in this way, with the epoxy (∼20-µm thick layer,
SU-8, MicroChem) photopatterned to leave the measurement elec-
trodes exposed. Another strategy uses relatively thick coatings of sil-
icone elastomer [poly(dimethylsiloxane), PDMS, 700 µm, formed by
drop casting] bonded on top of thin, flexible Si-CMOS circuits based
on Si-NM transistors on polyimide substrates in buckled configura-
tions.32 These “wavy” shapes, taken together with the low modulus,
elastic mechanics of the PDMS, yield systems that can both bend
and stretch with performance comparable to otherwise similar sys-
tems built on rigid, planar semiconductor wafers [Fig. 2(b)]. The
compliant mechanics allows for intimate contacts to dynamic tissue
surfaces.

The challenge with polymers such as polyimide, epoxy, and
silicone is that their intrinsic barrier properties are limited by
finite rates of water permeation, thereby limiting functional life-
times as in vivo implants to time scales of days, weeks, or several
months, typically. The water vapor transmission rate [WVTR, unit
as (g/m2)/day]33 serves as a useful comparative metric for the perme-
ability across various barrier coatings and multilayers. Figure 2(c)
illustrates the range of requirements for various different types of
flexible electronic devices at specific conditions [i.e., 25 ○C and 100%
relative humidity (RH)], together with some data on different barri-
ers based on recent reports.33–35 Popular polymers (i.e., SU-8, Pary-
lene C, polyimide, etc.) generally show high rates of permeation
when used as films with micron-scale thicknesses, either spin coated
(polyimide) or deposited from the vapor phase (Parylene C). Specific
values range from 102 to 10○ (g/m2)/day.33,34,36 Inorganic materials

FIG. 2. Encapsulation materials in bio-electronics and in other functional systems. (a) Photograph of a thin, flexible system of electronics that supports actively multiplexed,
amplified operation, encapsulated by a thin layer of photopatterned epoxy. Reproduced with permission from Viventi et al., Sci. Transl. Med. 2(24), 24ra22 (2010). Copy-
right 2010 AAAS. (b) Images of a twisted Si-CMOS circuit in a thin, “wavy” geometry (∼1.4 mm thick), encapsulated in PDMS. Reproduced with permission from Viventi
et al., Sci. Transl. Med. 2(24), 24ra22 (2010). Copyright 2008 AAAS. (c) Illustration of the range of rates of water permeation [WVTR, water vapor transmission rate, unit
as (g/m2)/day] for materials used to encapsulate common flexible electronic devices such as OFETs (organic field-effect transistors), TFTs (thin-film transistors), and LCDs
(liquid crystal displays). Reproduced with permission from Choi et al., Prog. Polym. Sci. 33, 581 (2008). Copyright 2008 Elsevier. (d) Photograph of flexible RFICs (radio
frequency integrated circuits) with 50-µm thick layers of LCP for encapsulation, showing that the LCP can provide conformal contact on curvilinear surfaces. Reproduced
with permission from Hwang et al., ACS Nano 7(5), 4545 (2013). Copyright 2013 American Chemical Society. (e) Flexible OLED supported by a Fe–Ni alloy metal foil (40 µm
thickness). Reproduced with permission from Park et al., Adv. Mater. 27, 4308 (2015). Copyright 2015 John Wiley and Sons.
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(i.e., SiNx Al2O3, etc.) grown directly by techniques such as atomic
layer deposition (ALD) and chemical vapor deposition (CVD) offer
superior properties.37–39 Nevertheless, in most cases, particularly
those encountered in research laboratories, extrinsic limitations
associated with heterogeneities in the growth processes, surface relief
on the target surface and other chemical effects, and/or contam-
inants almost invariably lead to some density of micro/nanoscale
material defects (i.e., pinholes, cracks, nanopores, and grain bound-
aries) that are difficult or impossible to eliminate entirely over areas
(∼cm2) of interest for many classes of implants. Approaches that
further improve barrier performance [∼10−4 (g/m2)/day] adopt mul-
tilayer geometries [Fig. 2(c)], commonly as alternating stacks of
organic/inorganic materials, to reduce the potential for such types
of defects to extend throughout the thickness. For example, multibi-
layer structures of Al2O3/ZrO2 (ALD, 2 nm/2 nm) with total thick-
nesses of 30 nm can effectively encapsulate films of calcium (Ca)
(over 1 cm2, 200 nm thickness) exposed at 85 ○C to 85% RH for sev-
eral days. Here, the electrical conductance of the underlying Ca film
decreases as water vapor transmits through the barrier to oxidize
Ca, consistent with a WVTR of 2 × 10−4 (g/m2)/day.40 In prac-
tical systems, additional challenges arise from difficulties in form-
ing such coatings on prefabricated electronic systems that present
complex topography and widely varying surface chemistries. Fur-
ther constraints stem from requirements that the deposition and
associated processing conditions (temperatures, chemistries, plasma
parameters, etc.) must be compatible with the electronics.

Recent work demonstrates the utility of an alternative mate-
rial strategy that circumvents these issues, wherein the fabrication
sequence begins with the separate, unconstrained formation of the
encapsulation layer on an ideal substrate surface such as that of
a device-grade semiconductor wafer [Fig. 2(c)].41 Next, a series of
processing steps performed on the surface of this layer yield the
necessary electronics such that removal of the substrate completes
the fabrication. Alternatively, schemes for releasing the layer from
its supporting substrate allow its physical transfer onto separately
fabricated electronic systems. Both routes exploit fully optimized
conditions for forming these layers, such as deposition/annealing
temperatures, pressures, chemical/plasma exposures, and substrate
surfaces/chemistries, selected without considerations associated
with the materials and devices of the active/passive components
of the electronics. Additional encapsulation of the backsides of the
resulting platforms can occur via another cycle of physical transfer.
This decoupling of device fabrication from encapsulation has many
benefits, including applicability across a range of different material
types.

Figure 2(d) illustrates the use of preformed layers of liquid-
crystal-polymer (LCP, 50 µm) with separately fabricated Si-NM
radio frequency integrated circuits (RFICs) in examples of retinal
and subcutaneous implants.42 Here, lamination of the LCP on the
top and bottom sides of the electronics provides robust barrier func-
tion in vivo and projected lifetimes of ∼2 years when immersed
in phosphate-buffered solution (PBS) at 37 ○C. Similarly, Fig. 2(e)
demonstrates the ability of a thin Fe–Ni alloy foil (40 µm) to serve
as a substrate and bottom side encapsulation for an array of OLEDs
(organic light-emitting diodes). By monitoring the conductance of
an underlying Ca film encapsulated by this foil at constant voltage
and at 25 ○C, 40% RH, suggests a WVTR of 5.5 × 10−4 (g/m2)/day.43

These options are interesting, but they are highly nonideal for

bio-integrated electronic systems. Both require thicknesses in the
range of tens of microns, thereby limiting the degree of mechanical
flexibility and preventing capacitive interfaces for electrical measure-
ment and/or stimulation. Additionally, metal foils do not allow for
electromagnetic coupling between the devices and the surrounding
biology.

PHYSICALLY TRANSFERRED LAYERS OF THERMALLY
GROWN SiO2 AS ENCAPSULATION MATERIALS

Recent efforts to bypass these disadvantages focus on the use
of submicron thick layers of SiO2 created by thermal growth on the
surfaces of device-grade silicon wafers.23 Formation of SiO2 in this
manner (which we refer to here as t-SiO2) yields layers of mate-
rial that are uniform, dense, and free of defects due to the pristine
chemistry and flat topography of the supporting substrate and the
optimized conditions (thermal oxidation, ∼1100 ○C) of the growth
processes.44 The resulting films are far superior to SiO2 thin films
formed in other ways, including those based on sol-gel processing,
CVD, or ALD.45 A combination of dry and wet etching, and/or
mechanical grinding, removes the silicon wafer to expose the bot-
tom surface of t-SiO2 as a biocompatible measurement interface
or to release the film for subsequent physical transfer onto a pre-
formed device platform.41,44 Figure 3(a) shows an array of patterns
of magnesium (Mg) (“I”-shape logo for the University of Illinois)
(left) and an active matrix system for electrophysiological mapping
(a collection of 252 Si-NM transistors, 18 rows by 14 columns)
(right) encapsulated by transferred layers of t-SiO2 with thicknesses
of 100 nm and 900 nm, respectively.41 This barrier structure can
be integrated across the surfaces of flexible electronic devices with
areas limited only by the dimensions of the growth wafer. The
thin geometries support excellent levels of bendability and, in their
bonded configuration, sufficient mechanical robustness [Fig. 3(b)].
The transparency of t-SiO2 allows for optical access,46 and the elec-
trically insulating properties and the small thicknesses can support
capacitive measurement and/or stimulation interfaces.47

Accelerated tests of t-SiO2-encapsulated electronics involve
complete immersion in solutions of PBS (pH 7.4, 70 ○C). Repre-
sentative results are in Fig. 3(c) with molecular dynamics simula-
tions41 that reveal the critical chemical aspects of t-SiO2 dissolution
in phosphate-buffered solution (PBS) [SiO2 + 2H2O → Si(OH)4].48

The simplest reaction involves the fast formation of a Si–OH bond
between a water molecule (w1) and a Si atom. The reaction with a
second water molecule (w2) then follows, leading to a final prod-
uct of silicic acid [Si(OH)4] in the solution. Temperature-dependent
measurements of the rates of hydrolysis of t-SiO2 in PBS are in
Fig. 3(d). The results are consistent with Arrhenius scaling and an
activation energy of EA = 1.32 eV.41 A collection of SEM images
(right) highlight the controlled, systematic, spatially uniform nature
of the reductions in the thickness of t-SiO2 as a function of time
of immersion in PBS at 96 ○C. The results suggest that the limit-
ing consideration for use of t-SiO2 as a biofluid barrier is in this
slow hydrolysis process (∼15 nm/year at 37 ○C), as opposed to effects
associated with defects or water permeation.41 In addition to water,
certain species of ions such as sodium (Na+) in biofluids can also
potentially diffuse through barriers, thereby degrading certain prop-
erties of the underlying electronics. To address this issue, capping
layers of SiNx

49 by CVD or HfO2 by ALD50 can be included to block
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FIG. 3. Thermally grown layers of SiO2 as encapsulation materials for flexible electronic systems. (a) Optical image of an array of patterns of Mg (left) and an active matrix
circuit (right) encapsulated by a layer of t-SiO2 with thicknesses of 100 nm and 900 nm, respectively. (b) Demonstration of bendability of the circuit system. Y /Y0 is defined
as the ratio of the number of working transistors and the total number of transistors. (c) Results of immersion tests [PBS (phosphate-buffered solution) at 70 ○C, a pH of 7.4]
and simulations of the associated chemical reactions. (d) Dissolution rate of t-SiO2 at different temperatures (left). Series of images of the process of dissolution of a layer
of SiO2 (1 µm) soaked in PBS within 7 days at 96 ○C (right). Reproduced with permission from Fang et al., Proc. Natl. Acad. Sci. U. S. A. 113(42), 11682 (2016). Copyright
2016 National Academy of Sciences.

ion transport51 and/or to retard the hydrolysis of t-SiO2,50,52 thereby
offering a prolonged longevity of systems and stability of operation.

Comparisons to various encapsulation materials formed by
other techniques (e.g., spin-casting, ALD, and CVD) follow from
soak tests using setups that incorporate Mg films, as in Table I.
Here, the reaction of Mg with water that penetrates through the
encapsulation layers yields Mg(OH)2 and, by consequence, a read-
ily visible change in optical properties that can be monitored by
optical microscopy and/or visual inspection. The lifetimes of most
layers can be defined as the first observable “pinhole” defect eval-
uated in this manner. As shown in Table I, a 100 nm thick layer
of t-SiO2 survives for over 22 days of complete immersion in
70 ○C PBS at a pH of 7.4 (left in the first row), corresponding to
a 30-h lifetime in 96 ○C PBS, consistent with the hydrolysis rate
in Fig. 3(d), without appearance of any localized defects through-
out the testing process. Other inorganic/organic single/multilayer
systems, each deposited in academic cleanroom facilities with com-
mercial equipment to different thicknesses, exhibit rapid failure due

to water permeation either through the materials themselves (e.g.,
spin-coated polymers) or through localized defects (e.g., inorganic
materials) that commonly occur with densities between 1 and 5 per
cm2.41 The defect-free structure, thin-film geometry, and ultralow
permeability [∼2 × 10−8 (g/m2)/day for a case of 100 nm t-SiO2 at
37 ○C, 100% RH]53–55 of t-SiO2 represent improvements over any
other material system examined, as summarized in Fig. 2.

THERMALLY GROWN SiO2 AS ENCAPSULATING
LAYERS IN ACTIVELY MULTIPLEXED, CAPACITIVELY
COUPLED SYSTEMS FOR ELECTROPHYSIOLOGICAL
MAPPING

Initial examples of t-SiO2 for encapsulation of flexible, bio-
integrated electronic systems focused on high-density, capacitively
coupled devices with active multiplexed addressing and local buffer-
ing provided by a two dimensional array of Si NM transistors
(Fig. 4), configured for electrophysiology mapping on dynamic,
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TABLE I. Summary of comparative Mg soak test results for different barrier materials. Reproduced with permission from Fang et al., Proc. Natl. Acad. Sci. U. S. A. 113(42),
11682 (2016). Copyright 2016 National Academy of Sciences.

t-SiO2 100 nm PI2545 1 µm Parylene C 1 µm PDMS 1 µm LCP 25 µm
70 ○C, 22 day 37 ○C, 20.5 h 37 ○C, 1.5 h 37 ○C, 65 min 70 ○C, 9 day

PECVD low-dep SiO2 PECVD SiNx ALD Al2O3 ALD HfO2 SiO2/SiNx × 3
1 µm 1 µm 100 nm 100 nm 16.6/16.6 nm × 3
37 ○C, 15 min 37 ○C, 25 min 37 ○C, 10 min 37 ○C, 80 min 37 ○C, 15 min

Al2O3/HfO2 × 3 Al2O3/Parylene C Al2O3/Parylene C Al2O3/Parylene C × 3 Al2O3/PI2545
16.6/16.6 nm × 3 50/1000 nm 50/6000 nm 50/283.3 nm × 3 50/950 nm
37 ○C, 37 min 70 ○C, 7.5 h 70 ○C, 12 h 37 ○C, 50 min 37 ○C, 30 min

Al2O3/PI2545 × 3 HfO2/Parylene C HfO2/Parylene C × 3 HfO2/PI2545 HfO2/PI2545 × 3
50/283.3 nm × 3 50/950 nm 50/283.3 nm × 3 50/950 nm 50/283.3 nm × 3
37 ○C, 13.5 h 70 ○C, 250 h 70 ○C, 46 min 37 ○C, 5 h 37 ○C, 10 h

SiNx/Al2O3/Parylene C Ti/Pt Cr/Au Cr/Au
50/50/900 nm 5/100 nm 5/100 nm 5/1000 nm
37 ○C, 62.5 h 37 ○C, 5 min 37 ○C, 5 min 37 ○C, 75 min

5 mm
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FIG. 4. Layers of t-SiO2 for chronically stable encapsulation of capacitively coupled, actively multiplexed systems for electrophysiological mapping. (a) Optical image of
conformal contact of a device on the cardiac tissue via the action of surface tension. (b) Schematic illustration of the circuit cross section to illustrate the mechanism for
capacitively coupled sensing through a thermal SiO2 layer to an underlying transistor. (c) The response of a representative channel in this system to a sine-wave input (at
10 Hz) before and after 10 000 cycles of bending and saline immersion (PBS, phosphate-buffered solution, at 37 ○C) for 120 days. (d) Image of a device completely immersed
in PBS, during a soak test. (e) Accelerated immersion tests (PBS at 70 ○C) with in vitro measurement of active transistor electrode gain and yield. Reproduced with permission
from Fang et al., Proc. Natl. Acad. Sci. U. S. A. 113(42), 11682 (2016). Copyright 2016 National Academy of Sciences. (f) Phase maps measured at different time points (over
a period of 50 ms) during ventricular fibrillation. Reproduced with permission from Fang et al., Nat. Biomed. Eng. 1(3), 0038 (2017). Copyright 2017 Springer Nature.

curved surfaces of cardiac tissues.47 Figure 4(a) highlights confor-
mal contact between such a t-SiO2-encapsulated system and a rabbit
heart. Here, a uniform layer of t-SiO2 [0.95 × 1.15 cm2 with a thick-
ness of 900 nm in Fig. 4(a)] serves as a barrier layer for an underlying
sheet of flexible electronics that supports 396 multiplexed, capacitive
measurement channels in a layout with 18 columns by 22 rows.56

The principle of capacitive coupling to an electrode that interfaces
with a Si-NM transistor at an individual channel appears in Fig. 4(b),
where the biopotential associated with the tissue in contact with t-
SiO2 leads to a direct coupling to the semiconducting channel of a Si-
NM transistor. Consequently, the presence of the high-impedance
t-SiO2 layer (∼2.6 GΩ at 10 Hz) not only protects the electronics
from biofluids but also enables biopotential recordings at tissue/SiO2
interfaces. The former role favors larger thicknesses, while the latter
favors smaller; a balance between these considerations yields systems
that offer not only long-lived, reliable operation but also high fidelity
recording capabilities for both cardiac and neural electrophysiology.

A summary of a series of soak and bending experiments on
such platforms appears in Figs. 4(c) and 4(d).56 The amplifier output
response [Fig. 4(c)] to a 10-Hz sine-wave input before and after the

soak (37 ○C PBS with a pH of 7.4 for 120 days) and bending tests
(5 mm radius for 1000 cycles) demonstrates that the electrical per-
formance remains constant under these conditions. An image of a
setup for related studies is in Fig. 4(d) for the case of full immer-
sion in PBS. Similar evaluations, summarized in Fig. 4(e), involve
temperature-accelerated aging tests (70 ○C PBS for 10 days) of a
system of actively multiplexed electronics with 252 sensing sites
(14 columns by 18 rows), where a 900 nm thick layer of t-SiO2 encap-
sulates both the top and bottom surfaces of the system.41 The fabri-
cation in this case involves laminating a separately prepared film of
polyimide with a transferred thin t-SiO2 layer on its top surface onto
a preprocessed layer of electronics on an SOI (silicon-on-insulator)
electronic platform followed by removing the bottom wafer to yield
a flexible system protected on both systems by t-SiO2. Uniform gain
and yield values measured from such systems (gain corresponds
to ratio between output and input voltages; yield is the number of
working transistors divided by total transistor number) remain at
high levels (gain ∼1 and yield ∼100%) after 10 days of immersion in
70 ○C PBS, suggesting a lifetime of at least several decades at 37 ○C
by Arrhenius scaling.
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Figure 4(f) illustrates the application of a device of this type for
high resolution spatiotemporal mapping of electrical activity associ-
ated with ventricular fibrillation, characterized by disorganized car-
diac electrical activity.56 Here, the capacitively coupled array records
biopotentials [i.e., electrocardiogram (ECG) recordings] with layers
of t-SiO2 as encapsulation and sensing interfaces across the surface
of an isolated rabbit heart [as shown in Fig. 4(a)]. The results yield
electrophysiological phase maps recorded at 6 sequential time points
(over a period of 50 ms) from the heart during ventricular fibrilla-
tion. As a clinical method for assessing arrhythmias, calculation of
single phase values can identify the location of phase singularities
via analysis of these maps [Fig. 4(f)]. These representative demon-
strations suggest broad applicability of t-SiO2-encapsulated, flexible

bio-integrated electronic systems as stable, biocompatible interfaces
for long-lived recordings.48,57

THERMALLY GROWN LAYERS OF SiO2 AND HIGHLY
DOPED LAYERS OF MONOCRYSTALLINE SILICON
IN ACTIVELY MULTIPLEXED, CONDUCTIVELY
COUPLED SYSTEMS FOR ELECTROPHYSIOLOGICAL
MAPPING AND STIMULATION

Despite these advantages of t-SiO2, one fundamental limitation
is in the requirement for capacitive coupling in electrical sensing
and/or stimulation. Consequently, although useful in many scenar-
ios of interest, system layouts favor large sensing pads and thin

FIG. 5. Constructs of t-SiO2 and doped Si for chronically stable encapsulation of conductively coupled, actively multiplexed systems for electrophysiological mapping and
stimulation. (a) Design and characterization of an actively multiplexed array of conductively coupled sensors for electrophysiological mapping, with the p++–Si//t-SiO2 structure
as an interface. (b) Circuit diagram of the impedance test system with annotations for each component. (c) Comparison results that illustrate the lifetimes of a p++–Si electrode
(3 × 3 mm2, 170 nm thickness) and a Au electrode (3 × 3 mm2, 300 nm thickness) operated at different simulation voltages. (d) Accelerated immersion tests (PBS at 96 ○C)
with in vitro measurement of transistor electrode noise amplitude, gain, and yield. The performance remains stable until failure at day 3. Reproduced with permission from
Li et al., Proc. Natl. Acad. Sci. U. S. A. 115(41), E9542 (2018). Copyright 2018 National Academy of Sciences. (e) Photograph of a 61 channel passive electrode system
encapsulated by TiSi2 materials in the flexible form. (f) Optical images of Mg in a representative test device immersed in PBS (pH = 7.4) at 96 ○C. Reproduced with permission
from Li et al., ACS Nano 13, 660 (2019). Copyright 2019 American Chemical Society.
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geometries in t-SiO2. As a result, simultaneous scaling of designs
to allow both fine resolution and extreme longevity can be difficult.
A recent study presents a solution to this challenge that exploits an
interface that consists of highly doped Si (p++–Si, ∼1020 cm−3 boron
dopants) NMs intimately bonded to a layer of t-SiO2 in a sealed,
monolithic structure. In this context, the p++–Si-NM serves as the
basis of a Faradaic interface between the electronics and the targeted
biological tissues through a small opening through t-SiO2.58 This
construct allows for direct interactions of charges in the surround-
ing solution with a conductive path to the Si NM transistors in the
associated electronics, of relevance to both electrical recording and
stimulation [Fig. 5(a)].59

Figure 5(b) presents a circuit diagram of a flexible system
of stimulation electrodes encapsulated with this type of structure,
which we designate as p++–Si//t-SiO2. Impedance measurements of
electrochemical stability, as shown in Fig. 5(c), follow published
procedures for pulsed-mode stimulation of neural and cardiac sys-
tems.59 An otherwise similar system based on Au as an interface
electrode exhibits evidence of reaction of Au with ions in the solu-
tion within a short period of time in the presence of a voltage due
to the formation of soluble complexes. By contrast, the electrode
encapsulated with 170 nm thick p++–Si exhibits stable impedance
values with an extended lifetime limited by the dissolution of Si
(after 3-day soaking in 96 ○C PBS, a pH of 7.4) even at high voltages
(5 V input). The results indicate that this material construct can act
as both an electrical interface and encapsulation layer for stimulation
electrodes.

Sensing electrodes of p++–Si (60 nm)//t-SiO2 (1 µm) can be
interfaced monolithically with Si-NM transistors for electrophysi-
ological mapping with an active matrix readout, analogous to the
capacitively coupled systems described previously. This design con-
tains an amplifier for conductive sensing via p++–Si//t-SiO2 to the
gate electrode. The Faradaic contact largely circumvents limitations
in resolution associated with the size of the sensing pad and in
coupling strength due to the thickness of t-SiO2. The fill factor
(defined by the ratio of the cumulative area of the electrodes to
the total area of the system) can approach values close to 100%
even though the p++–Si regions have a fill factor of only ∼5% or
less. Figure 5(d) shows stable electrical performance during full
immersion in PBS at 96 ○C for three days, corresponding to the
complete dissolution of the 170 nm thick layer of p++–Si. The
absence of significant changes of noise amplitude, gain, and yield
within this lifetime (<3 days) highlights the stability of such sys-
tem, results of which can be projected to a lifetime over 1 year
at 37 ○C.59

These results reveal that the limiting factor in these systems
is the relatively high dissolution rate of p++–Si compared to that
of t-SiO2 (p++–Si: ∼5 nm/day in 37 ○C PBS, pH 7.4 for a case of
1020 cm−3 boron dopants).58 A recent study indicates that replac-
ing silicon with a bilayer structure of a metal silicide alloy (i.e.,
p++–Si/TiSi2) and silicon enhances operating lifetimes of these types
of implantable electronics by orders of magnitude.60 In this case,
TiSi2, formed by the high-temperature reaction of thin metal films
(titanium, Ti) deposited on monocrystalline silicon, represents an
attractive choice due to its biocompatibility, its high conductivity,
and its relatively low cost. Figure 5(e) displays an optical image of a
61-channel passive system in the flexible form, with encapsu-
lation layers of p++–Si/TiSi2.60 Soak tests with Mg films using

setups described previously show excellent chronic stability (within
43 days) of such barrier (p++–Si/TiSi2, 60/140 nm) during immer-
sion in 96 ○C PBS (a pH of 7.4) [Fig. 5(f)]; indicating the pro-
jected water-permeation rate of TiSi2 at 37 ○C (∼0.14 nm per year)60

is lower by orders of magnitude than that of t-SiO2 (∼15 nm
per year).41 Consequently, such systems offer great potential for
long-term, high-performance bioelectronics.

CHALLENGES AND FUTURE DIRECTIONS

As highlighted in this article, advances in materials and integra-
tion strategies are essential to the successful development of chron-
ically stable, flexible bio-electronic implants. The performance of
Si-based thin films (i.e., Si, SiO2, and TiSi2) derived from wafer-
based sources of material appears to solve most of the key chal-
lenges; extensions and/or adaptations of the basic concepts will likely
lead to further progress and opportunities. An additional area for
future work is to build on these approaches or to develop alter-
natives that can support not only bending but also stretching and
twisting deformations that require low-modulus, large-strain defor-
mations, as demanded by integration with certain complex biologi-
cal surfaces. In all cases, biocompatibility at the level of the materials
themselves is important to consider as immunogenic scar formation
and other tissue reactions can isolate electrodes from target cells and
tissues, thereby reducing the effective lifetime of the entire system
even if the barrier properties are not compromised. Here, coatings of
conductive, functionalized polymers or synthetic/biological hybrids
or drug-eluting materials may have important roles. At the system
level, opportunities exist in the development of platforms for closed-
loop, real-time feedback and adaptive response in advanced neu-
roengineering and neuromodulation. Insights gained from the use
of such technologies and those summarized previously through in
vivo studies and trials in freely moving animal models will accelerate
further progress. These types of interdisciplinary efforts represent
fertile areas for research programs spanning biomedical research to
human healthcare.
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