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Actively multiplexed, flexible electronic devices represent the Blology side

most sophisticated forms of technology for high-speed, high-resolution

spatiotemporal mapping of electrophysiological activity on the surfaces of the

brain, heart, and other organ systems. Materials that simultaneously serve as Thermal SiO,
long-lived, defect-free biofluid barriers and sensitive measurement interfaces
are essential for chronically stable, high-performance operation. Recent work
demonstrates that conductively coupled electrical interfaces of this type can
be achieved based on the use of highly doped monocrystalline silicon
electrical “via” structures embedded in insulating nanomembranes of
thermally grown silica. A limitation of this approach is that dissolution of
the silicon in biofluids limits the system lifetimes to 1—2 years, projected
based on accelerated testing. Here, we introduce a construct that extends this
time scale by more than a factor of 20 through the replacement of doped
silicon with a metal silicide alloy (TiSi,). Systematic investigations and reactive diffusion modeling reveal the details
associated with the materials science and biofluid stability of this TiSi,/SiO, interface. An integration scheme that exploits
ultrathin, electronic microcomponents manipulated by the techniques of transfer printing yields high-performance active
systems with excellent characteristics. The results form the foundations for flexible, biocompatible electronic implants
with chronic stability and Faradaic biointerfaces, suitable for a broad range of applications in biomedical research and
human healthcare.
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critical area of research on thin, flexible, implantable lifetimes might approach 100 years or more. A specific class of
electronic systems involves the development of device of interest here involves ultrathin, mechanically flexible
materials and device designs that enable safe, long- systems that incorporate active silicon electronics in the form
term operation in biofluids with little or no degradation in of arrays of transistors for multiplexed operation and local
performance.' "> For implants such as cardiac pacemakers and
deep brain stimulators, a relevant operational time frame October 12, 2018
corresponds to the life of the patient. For systems designed December 28, 2018
with robust engineering margins, the corresponding targeted January 4, 2019
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Figure 1. Material preparation and characterization of titanium silicide on silicon-on-insulator (SOI substrate). (A) Steps for forming
structures of TiSi, and highly p-doped Si bilayer on thermally grown silicon dioxide: (I) doping top-layer pristine Si by thermal diffusion of
boron to form p**-Si (concentration: 10*° atoms/cm?); (II) depositing Ti on top of p**-Si; (III) forming TiSi, film by thermal annealing at
850 °C in Ar. (B) X-ray diffraction patterns of SOI substrate with Ti before (black) and after (red) thermal annealing, confirming the
formation of TiSi, in orthorhombic structure. (C) Rutherford backscattering spectra of TiSi, film formed with 40 nm Ti on 180 nm p**-Si.
The measured thickness after thermal annealing (90 nm for TiSi, and 100 nm for p**-Si) indicates Ti reacts with Si in a 1:2 ratio. (D)
Scanning electron microscopy images of surface morphology of TiSi, (left), with side views showing no change in the thickness of ~90 nm
TiSi, as a result of soaking in PBS (pH 7.4) at 96 °C for 10 days (middle and right).

signal amplification, with capabilities in high-speed, high-
resolution, large-area mapping of electrophysiological activity
across the curved, dynamic surfaces of the brain, heart, or other
organs.'”"*7** The development of interface materials that can
serve as chronically stable barriers to isolate the backplane
electronics in these systems from the adjacent biotissues and
biofluids represents a daunting challenge.”>™*° Ideally, these
interface materials should also provide direct conductive
coupling and capabilities for Faradaic charge injection, as the
basis for optimal measurement fidelity and, in the case of
stimulation, charge transfer.”” For capacitive interfaces, ultra-
thin, physically transferred layers of thermal SiO, (t-SiO,)
exhibit exceptional characteristics, as defect-free, mechanically
flexible materials that can serve as barriers with projected
lifetimes of several decades in simulated biofluids. Recent
reports show that incorporating patterned regions of highly
doped silicon into the t-SiO, yields electrical “via” structures
(denoted as p**-Si//t-SiO,) to conductive pads on the
opposite side that serves as conductive biointerfaces.”®
Although this approach yields a stable platform for flexible
electronic systems, the rate of dissolution of the silicon under
physiological conditions (0.5—100 nm/day depending on ionic
concentrations and other factors)”” is orders of magnitude
higher than that of t-SiO, (0.04—1.26 nm/day)."**" As a
result, dissolution of the silicon limits the lifetimes of electronic
platforms with 100 nm thick layers of Si nanomembranes as
encapsulation to values in the range of 0.5—2 years. The ideal
solution to this problem would provide a thin and conductive
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water barrier that does not react with biofluids for chronic and
high-quality bioimplants.

The results reported here show that replacing the silicon
with a bilayer structure of a metal silicide alloy and silicon
enhances the operating lifetimes of these types of implantable
electronic systems by more than an order of magnitude.
Specifically, TiSi,, formed by the high-temperature reaction of
thin metal films of titanium deposited on monocrystalline
silicon, represents an attractive choice due to the biocompat-
ibility and low cost of Ti and the high conductivity of the
alloy.”" When generated from the device layer of silicon on a
silicon-on-insulator (SOI) wafer, the TiSi, intimately bonds to
the t-SiO, that serves as the buried oxide to yield a construct
denoted as p**-Si/TiSi,//t-SiO,. Here, the use of “/” indicates
an interface between films, and “//” indicates a via structure
through another layer. An aligned opening formed through the
underside of the t-SiO, after removal of the supporting wafer
yields a Faradaic contact interface between adjacent biological
tissues and electronics on the opposite side. Flexible systems
built with ultrathin silicon transistors integrated by transfer
printing onto the surface of the t-SiO, exhibit long-lived, high-
performance operation when immersed in biofluids, limited
only by the spatial uniform, slow dissolution of the t-SiO,.
Detailed studies, including temperature-dependent soak tests,
reactive diffusion modeling, leakage measurements, and
electrical performance assessments reveal the material proper-
ties and key advantages of TiSi, in this context. Demon-
strations with basic electronic components including passive
electrodes and metal-oxide-semiconductor field-effect transis-
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tors (MOSFETs) highlight the essential features of the
approach. This metal silicide alloy thin film serves as an
excellent electrical interface and encapsulation for various
flexible electronic systems at the micro- and nanoscale for
electrophysiological sensing and electrical stimulation, with

high fidelity operation.
RESULTS AND DISCUSSION

Figure 1A presents a schematic illustration of steps for
preparing the TiSi,. Here, p™*-Si, TiSi,, and t-SiO, are derived
from a monocrystalline Si nanomembrane. Doping and
silicidation take place on a silicon-on-insulator substrate
purchased from University Wafer, as described in Figure 1A.
The sequence begins with an SOI substrate (Figure 1A)]).
Thermal diffusion with a boron solid source at 1000 °C for 15
min yields p**-Si from the device layer of silicon on the top of
the SOI with a carrier concentration of 10*°/cm® (Figure 1A,II,
initial concentration: 10'7/cm?®). Electron-beam evaporation
and photolithography forms patterned pads of thin Ti on the
p**-Si. Thermal annealing at 850 °C creates TiSi,, with some
remaining p**-Si underneath. An important aspect of this step
is that it only partially consumes the p**-Si to yield a rough
interface between the Si and the TiSi,, thus avoiding through-
thickness and interfacial defects that could otherwise result
from the large volumetric increases associated with the
silicidation. Figure S1 presents images of TiSi, with defects
caused by the silicidation with excess amounts of Ti. The
thickness of the Ti defines the ratio of TiSi, to p**-Si. This
ratio balances considerations for creating a layer of TiSi,
sufficiently thick to act as an effective barrier to secure 100%
yield of long lifetime operation but sufficiently thin to leave a
continuous layer of p™*-Si after silicidation, including its rough
interface to the TiSi, (previous studies report the interface
root-mean-square roughness for TiSi, formed at 890 °C to be
22 nm).*” In most cases reported here, the ratio of thicknesses
(TiSi, to p**-Si) is ~1:1, as will be discussed below.

X-ray diffraction patterns collected before (black) and after
(red) silicidation yield additional information associated with
this process (Figure 1B). Peaks associated with crystalline,
highly oriented (001) Ti (black triangles) with hexagonal
structure disappear after annealing, and the sample shows
peaks corresponding to low resistivity phase C54-TiSi, (red
dots).” The sheet resistance drops from ~30 to ~2.5 Q/sq
after annealing, consistent with the high conductivity of the
alloy. These results confirm the complete reaction of Ti and
the formation of TiSi, in the orthorhombic structure. Studies
using 2 MeV 4He" Rutherford backscattering spectroscopy
(RBS) provide the depth-dependent elemental content of the
multilayer structure formed by the reaction between 40 nm Ti
and 180 nm p**-Si (Figure 1C). The dashed curve corresponds
to simulations of the backscattering spectrum of the target
sample for RBS analysis, obtained using the software SIMNRA
7.0. The simulated and experimental curves fit closely,
suggesting good accuracy for the measured thicknesses of
TiSi,, p™*-Si, and t-SiO,. The data show 90 nm of TiSi, and
100 nm of p**-Si, consistent with the expected reaction of Ti
with Si in a 1:2 ratio. Scanning electron microscopy (SEM)
images in Figure 1D highlight the surface morphology (left)
and the cross-sectional profile (middle and right) of the sample
after thermal annealing. Immersing the substrate with the TiSi,
on the top into phosphate-buffered saline (PBS) (Figure 1D)
allows for measurements of the reactive dissolution of this
material. Unlike the previously reported case of p**-Si/t-SiO,,
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where significant reductions in the thickness of the electrical
interface material (ie, Si) occur due to immersion in
PBS,'#**73% the TiSi, exhibits no measurable change, even
for soaking in PBS at 96 °C for 10 days (pH 7.4). This
observation suggests that the TiSi, is completely insoluble,
from a practical standpoint, and that the lifetime of the
resulting interface construct is limited only by dissolution of
the t-SiO,. Although the current studies use PBS as a substitute
for biofluids, other components and interactions may also alter
some of the conclusions here, such as nonspecific interactions
of proteins.

A schematic illustration of the overall structure and the
integration strategy for conductively coupled flexible platforms
with the p™-Si/TiSi,//t-SiO, as a Faradaic electrical interface
appears in Figure 2. Doping, deposition, patterning, and
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Figure 2. Schematic illustration of the fabrication and integration
steps for using monolithically bonded structures of TiSi,, p**-Si,
and thermally grown silicon dioxide as electrical biointerfaces and
biofluid barriers in a flexible, biointegrated electronic system. (A)
Doping, depositing, and patterning regions of p**-Si and Ti on a
SOI substrate. (B) Thermal annealing to form TiSi, and p**-Si as
described in Figure 1A. (C) Placing a transistor next to TiSi, using
transfer printing. (D) Fabricating active circuits containing
MOSFET and TiSi,. (E) Bonding the circuits to a glass substrate
coated with polyimide thin film (12 gm) and removing the handle
Si by reactive ion etching. (F) Flipping the device, forming via
openings through the SiO,, and peeling the device away from the
glass substrate.

etching steps form isolated islands of p**-Si and Ti on SOI
substrates (Figure 2A). Thermal annealing yields TiSi, (Figure
2B). Transfer printing places a collection of separately
fabricated, n-type transistors based on nanomembranes of
monocrystalline silicon (Si NMs) at locations adjacent to the
pads of TiSi, (Figure 2C). The fabrication of the transistors
begins with device-grade Si NMs derived from SOI wafers, as
purchased (p-type Si, concentration: 10" atom/cm?®). The
subsequent steps follow standard procedures for forming n-
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Figure 3. Effect of the encapsulation layer thickness and materials type on the lifetime of devices. (A) Schematic illustration of the device
structure for tests that use a thin film of Mg as a sensor for water penetration (inset: top view showing the exposed p**-Si//TiSi, barrier
layer). (B) Sequence of optical images of Mg in a representative test device immersed in PBS solution (pH 7.4) at 96 °C with different
thickness of p**-Si and TiSi,. (C) Change in thickness of a membrane of p™*-Si as a function of immersion time in PBS at 96 °C and
summary of lifetime of a p**-Si//TiSi, barrier with different thickness, as shown in Figure 3B. (D) Results of accelerated immersion tests

using different barrier materials.

type MOSFETs. We used transfer-printed transistors in the
following studies of active circuits that contain MOSFET and
TiSi,. Subsequent deposition, lithography, and etching steps
yield interconnections between these transistors and p**-Si/
TiSi, as the Faradaic biointerface (Figure 2D). A transfer
process bonds the top of the structure to a temporary glass
substrate that supports a thin film of polyimide (PI).
Eliminating the silicon substrate leaves the bottom side of
the buried t-SiO, exposed (Figure 2E). Flipping the structure
and removing the t-SiO, at small regions centered at the
locations of the pads of p**-Si/TiSi, exposes the conductive
interface. As an option, metal pads can be formed in patterned
arrays aligned to these openings as a means to increase the fill
factor of the conductive interface, in a manner similar to that
described previously.”® Peeling the device away from the glass
completes the process (Figure 2F). In this design, the
monolithic structure of t-SiO,, p**-Si, and TiSi, together acts
as the barrier against biofluid penetration. The conductive p*'-
Si/TiSi, bilayer enables Faradaic contact with biotissues via an
electrical interface to the channel of the transistor. The
fabrication process flips the sequence of materials layers as
described in Figure 1. In the following study, the soak tests
involve the structure biofluid/ p**-Si/TiSi,// t-SiO,.

Soak tests using structures of p**-Si/TiSi,//t-SiO, formed in
this way, but with thin layers of magnesium in place of the
electronics (described subsequently), enable rapid, visual
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evaluation of water penetration that follows from hydrolysis
of the magnesium (Mg + 2H,0 = Mg(OH), + H,). The Mg
serves as a visual means to detect the penetration of water, as it
only reacts with water if the encapsulation layer fails and allows
water to pass. Its presence does not affect the processes of
dissolution before the point of failure. Other materials that
react rapidly with water, such as calcium, could also be used for
similar purposes. Due to the slow dissolution rate of p**-Si and
t-Si0,, PBS solution at elevated temperature serves as a means
to evaluate the lifetime and to study the chemical and physical
processes. Accelerated immersion tests correspond to studies
of dissolution processes at elevated temperatures. The aim is to
increase the rates of dissolution, to allow assessments of
reaction rates on laboratory time scales that are too small at
room or body temperatures. From measurements at multiple
temperatures, Arrhenius scaling laws can be applied to
extrapolate lifetimes at elevated temperatures to those at
body temperature.'**%**

A schematic illustration of the experimental setup appears in
Figure 3A (inset is a photograph of the top view of the test
structure). Here, a 5§ X 5§ mm* opening through the t-SiO,
exposes p**-Si/TiSi, to surrounding PBS solution (pH 7.4)
confined in a well built with poly(dimethylsiloxane) (PDMS;
Sylgard 184, Dow Corning). A thin film of Mg under the
encapsulation layer serves as a sensor to detect water
penetration. Figure 3B shows a sequence of optical images of
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Mg encapsulated by p**-Si/TiSi, with different thickness
combinations during soak tests in PBS at 96 °C. The bilayer of
140 nm p**-Si and 45 nm TiSi, provides stable encapsulation
for 21 days, at which point the Mg dissolves quickly and
uniformly. Additional studies on the same test system reveal
lifetimes of 15 days at 100 °C. Immersion at 37 °C provides
additional information on the chronic stability. The devices
have survived for 0.5 years under these conditions and remain
intact as of the writing of this article. Similar experiments with
different thickness combinations of p**-Si/TiSi, (100/90 nm
and 60/140 nm) reveal lifetimes of 31 and 42 days,
respectively, at 96 °C. Separate evaluations using reflectometry
(MProbe, Semicon Soft) show that the rate of dissolution of
p**-Siin PBS at 96 °C is ~90 nm/day (Figure 3C, top). In this
sense, the p™*-Si is transient and dissolves within 1—2 days at
96 °C. The remaining TiSi,//t-SiO, structure serves as the
biofluid barrier and conductive biointerface, with long lifetimes
due to the relative insolubility of the TiSi,.

The biocompatility of the products of dissolution of p**-Si,
specifically those associated with the dopants, merits some
attention. Previous studies established the biocompatibility of
doped silicon with low to moderate doping levels.”>*® The
total mass content of boron is extremely low in our ultrathin
layers of p**-Si even at a doping concentration of 10*° atom/
cm?®. Specifically, the amount of boron in a uniform sheet of
p™-Si (5 X § cm? 100 nm thick) is ~400 ng. A point of
comparison is the average adult dietary intake, which is ~1
mg/day, and the tolerable upper intake level for adults, which
is 20 mg/day.”” Ongoing efforts seek to further investigate the
effect of highly doped Si NM on biotissues for their
applications in bioelectronics implants.

Figure 3C (bottom) summarizes the correlations between
the thickness of the TiSi, and the lifetime. In all three cases,
the dissolution of Mg initiates at a single point and then
propagates laterally across the entire surface. Secondary ion
mass spectrometry reveals more details about the failure
mechanism. Figure S2 in the Supporting Information shows
the cross-sectional depth profile of [Na*] in a layer of TiSi,
with a thickness of 90 nm on a SOI substrate and immersed in
PBS (pH 7.4) at increased temperature (96 °C). The
concentration of Na* increases by ~10 times after 10 days
and ~1000 times after 30 days, suggesting the gradual diffusion
of PBS through point defects related, for example, to vacancies
or interstitial depletion, as reported in previous studies of this
material.>> Figure 3D summarizes results for other encapsu-
lation structures. A 170 nm thick layer of p*™*-Si survives for
only 2 days, consistent with the dissolution rate of p**-Si
mentioned in Figure 3C. A single layer of Ti (40 nm) formed
by electron-beam evaporation leads to almost immediate
failure (~10 min) even at room temperature due to the
penetration of water through pinholes and/or grain bounda-
ries. Similarly, adding a layer of Ti between p*™*-Si and Mg
without silicidation does not improve the lifetime compared to
p**-Si alone (2 days). Coating Ti onto the side of p**-Si in
contact with PBS increases the lifetime compared to bare p**-
Si by a factor of ~2, mainly by slowing the rate of diffusion of
water to the surface of the silicon.

Figure 4 shows the results of theoretical modeling of reactive
diffusion for dissolution of Mg with TiSi, encapsulation. The
schematic illustration of the model appears in Figure 4A, where
a one-dimensional geometry is sufficient because the initial
thickness (in the z direction) is much smaller than the lateral
dimensions (in the directions perpendicular to the z axis).
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Figure 4. Theoretical modeling of reactive diffusion for dissolution
of Mg with TiSi, encapsulation. (A) Schematic illustration of the
model. (B) Theoretical (line) and measured (dots) lifetimes of a
Mg/TiSi, structure with a constant 300 nm thick Mg layer and
different thicknesses of TiSi, layers. (C) Distribution of saturated
water concentration in a 300/140 nm thick Mg/TiSi, bilayer
(inset: a schematic illustration of the geometry). (D) Theoretical
prediction of temperature-dependent lifetimes of 300/140 nm
thick Mg/TiSi, and Mg/t-SiO, bilayers.

Because TiSi, does not react with water, as suggested by
experimental observations, the model only involves the
diffusion through TiSi,. The simulations incorporate both
reaction and diffusion for Mg due to the rapid hydrolysis (Mg
+ 2H,0 — Mg(OH), + H,). This bilayer model describes the
transient behavior of the structure, with the origin located at
the bottom and the z axis pointing upward (Figure 4A).

The diffusion equation for water in TiSi, is DTiSizazw/ 0% =

ow/ot (hy < z < hy + hyg,), where w is the water
concentration, which depends on position z and time ¢, Dr;g;,
is the water diffusivity, and h, and hry; are the initial

thicknesses of Mg and TiSi, layers, respectively. The reactive
diffusion equation®® applies for Mg, that is, DMgdzw/dz2 -
kyigw = 0w/0t (0 < z < hy), where Dy and ky are the water
diffusivity in Mg and the reaction rate constant between water
and Mg, respectively. Here, the reaction follows first-order
kinetics.””* The boundary conditions include Wl thes, = Wo
and dw/0zl,-, = 0, which imply a constant water concentration
wo (=1 g cm™) at the top surface of the TiSi, layer and zero
water flux at the bottom surface of the Mg layer. The
continuity of both the concentration and the flux of water at

the Mg/TiSi, interface requires wl,_j, _o = wl,_ .o and Dy, 0w/
0zl,_y,—o = Drigi,0w/0zl,_;, 0. Zero water concentration in the
structure at t = 0 constitutes the initial condition wl,_, = 0 (0 <
z < hy + hTiSiz)'

Applying the method of separation of variables to the above
governing equations under the boundary, continuity, and initial
conditions provides an analytic solution of water concentration
distributed in the bilayer, which gives the time dependence of
the thickness of the Mg layer, hy, (see details in Methods).
The present study applies a simplified expression of hy,, hyg/
hy % 1 — t/t ey Where
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different recording sites showing uniform magnitude and phase responses. (F) Time evolution of device impedance at 1 kHz associated with
different constituent materials during the dissolution test. Days 0—1: device encapsulated with p**-Si. Days 2—11: device encapsulated with
TiSi,. Day 12: Au interconnects exposed to PBS due to t-SiO, dissolution.
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represents the lifetime of the bilayer structure, that is, the time
when the Mg layer fully dissolves (hMg = 0). Herein, q (=2) is
the number of water molecules that react with each atom of
Mg, pumg (=1.74 g cm™) is the mass density of Mg, and My,
(=18 g mol™") and My, (=24 g mol™") are the molar masses of
water and Mg, respectively. Both single-layer and bilayer
reactive diffusion models determine the key parameters, kMg,
Dy, and DTlslz, based on the soak tests (see details in
Methods) For example, ky, = 26 857!, Dyg = 1.9 X 107" cm

! and Drigi, = 3 X 107" cm?® s7! in PBS solution at 96 °C.
Arrhemus scaling provides the constants at other temperatures
(see Methods).

Figure 4B shows the change in lifetime the Mg/TiSi, bilayer
with thickness of TiSi, in PBS solution at 96 °C, where the
initial thickness of Mg is 300 nm. As indicated by eq 1,
theoretical modeling reveals an approximately linear depend-
ence of the lifetime on TiSi, thickness (line), which shows
good agreement with the experimental measurements (dots).
The distribution of saturated water concentration in a 300/140
nm thick Mg/TiSi, bilayer before physical disappearance of
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Mg appears in Figure 4C, which corresponds to the steady-
state limit:
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Notably, the water concentration dramatically decreases
from top to bottom of the TiSi, layer, reaching a very low level
in Mg. This result indicates that the TiSi, effectively slows the
rate of hydrolysis of the underlying Mg. With ky,, Dy, and
Dryg;, at different temperatures, the theoretical temperature-

dependent lifetime of a 300/140 nm thick Mg/TiSi, bilayer
appears in Figure 4D (blue line). The lifetime prediction of a
Mg/t-SiO, bilayer with the same thicknesses serves as a
comparison (red line; see Methods). The results in Figure 4D
suggest that the theoretically projected lifetime of TiSi, at 37
°C is 3 orders of magnitude higher than that of a t-SiO,
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Figure 6. Results for the behavior of NMOS transistors encapsulated with p**-Si//TiSi, and immersed in PBS solution at pH 7.4 and 96 °C.
Schematic cross-sectional (A) and exploded view (B) illustrations of NMOS transistors encapsulated with p**-Si//TiSi,. (C) Optical images
of an NMOS transistor produced by this manner with a 100/90 nm thick bilayer of p**-Si//TiSi, as a barrier on the top connected to its gate
electrode with a via opening on t-SiO,. (D) Output (left) and transfer (right) characteristics of a test transistor fabricated in this manner
(channel length L = 20 pm, channel width W = 400 gm). (E,F) Results (subthreshold and leakage characteristics) from soak tests of a device
with a p™-Si//TiSi, via exposed to PBS solution at 96 °C. Tests indicate stable operation until failure due to dissolution of the t-SiO, after
12 days. (G) Results from soak tests of a device with a p**-Si (~ 70 nm) via exposed to PBS solution at 96 °C. Tests indicate stable operation
until failure due to dissolution of the p**-Si after 1.25 days. (H) Summary of lifetimes of seven test devices with p**-Si//TiSi, via, p**-Si via,

and no via.

encapsulation with similar thickness (0.04—1.26 nm/day under
physiological conditions) based on experimental projections
that use the rates of hydrolysis of t-SiO,."*

Figure S demonstrates the use of TiSi, as both an electrical
interface for Faradaic contact and a barrier layer in a flexible
platform of individually addressed passive electrodes. Here, the
thicknesses of the p**-Si, TiSi,, and t-SiO, are 100 nm, 90 nm,
and 1 pm, respectively. Figure SA,B shows the cross-sectional
and exploded schematic illustrations of the device structure,
respectively. Openings (diameter: SO ym) through the t-SiO,
define areas of p**-Si/TiSi, that electrically connect to gold
electrodes. A flexible film of PI serves as the substrate. Optical
microscope and scanning electron microscope images in Figure
SC highlight the structure of the device after key fabrication
steps (I-IV) as well as the step edge between t-SiO, and p**-
Si(V). A photograph of a 61-channel system is shown in Figure
SD. Electrochemical impedance spectra measured in PBS
solution at room temperature provide additional information.
Figure SE shows the magnitude of the impedance and the
phase angle of electrodes collected at three different recording
sites. The results indicate high uniformity in response. The
impedance at 1 kHz (the frequency most relevant to neural
sensing) is ~2 MQ. The coating and patterning of conductive
materials (e.g, Pt, Au, and conductive polymers) aligned to
these openings can further slow the diffusion of water as well as
reduce the interfacial impedance for applications in high-
resolution electrophysiological recordings. The three-stage
time evolution of a representative electrode during a soak
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test in PBS at 96 °C appears in Figure SF. The impedance
drops abruptly at day 3, suggesting the complete dissolution of
p'*-Si and the exposure of highly conducting TiSi,. Another
significant decrease in impedance occurs at day 12,
corresponding to the dissolution of t-SiO, and a corresponding
increase in contact area of the electrode with PBS. The lateral
dimensions of the p**-Si layer and the size/density of the
openings in the t-SiO, can be important factors in determining
the lateral diffusion of biofluids that could limit the lifetime of
the electronics. Specifically, for certain combinations of
dimensions, it is possible for the p**-Si to dissolve laterally
(~0.5 nm/day at 37 °C, Figure S3) while the TiSi, is still
intact. Based on this result, the minimum lateral distance
required between the edge of the opening to the edge of the
p'*-Si can be estimated. For instance, to ensure a targeted
lifetime of 50 years at 37 °C, the minimal lateral distance is ~9
um, as determined by 50 years X 365 day/year X 0.5 nm/day.

Soak testing of similar devices but with active electronic
functionality yields additional information on lifetime and
stability. Schematic illustrations of cross-sectional and
exploded views are in Figure 6A,B, respectively. Each test
device includes an n-type MOSFET (channel length = 20 pm,
channel width = 400 pm) transfer printed onto the SOI
substrate and connected to the patterned TiSi, through the
gate electrode (Figure 6C). A via opening formed through the
t-SiO, on the opposite side exposes the p**-Si/TiSi, interface
to PBS. Figure 6D illustrates the output (left) and transfer
(right, linear and log scale) characteristics. The transistors have
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mobilities of ~300 cm? V! s7!, on/off ratios of 107,
subthreshold swings of ~200 mV/dec, threshold voltages of
0.7 V, and Ohmic contact behaviors. Mechanical bending tests
illustrate the robustness and flexibility of the system (Figure
S4). The electrical performance remains stable with a bending
radius of ~1 cm for 500 cycles. In the soak testing at 96 °C, the
transistor remains functional and stable until day 12 (Figure
6E), after which a sudden increase in leakage current causes
catastrophic failure (Figure 6F, inset: leakage current).
Considering that the observed lifetime (12 days) is consistent
with the complete dissolution of 1 ym t-SiO, at 96 °C as
reported in literature, it is reasonable to attribute the failure of
the device to the penetration of PBS into the transistor,
including the dielectrics. The observation of bubbles in the
transistor area supports this hypothesis (Figure S5). We also
performed time-dependent dielectric breakdown testing. As
shown in Figure S6, the leakage current shows a sudden
increase on day 13, indicating that the dielectrics remain stable
until complete dissolution of the t-SiO,. In contrast, a similar
device with only p**-Si (70 nm) as the conductive interface has
a lifetime of just 1.25 days, defined by dissolution of the p*™*-Si.
Figure 6G shows statistics of lifetimes of transistors with
different encapsulation layers, including t-SiO, with p**-Si/
TiSi, via (red), t-SiO, with no via (blue), and t-SiO, with 70
nm p**-Si via (black). Devices with p**-Si/TiSi, have lifetimes
comparable to those encapsulated by t-SiO, with no via
opening, suggesting that the lifetime is limited only by the
dissolution of t-SiO,. Figures S7 and S8 show the statistical
distributions with standard deviations and magnified images of
the highly stable material sets, respectively. The sheet
resistances of 100 nm p**-Si and 100 nm TiSi, measured by
the four-probe method are ~50 and 2.5 €/sq, respectively.
The heating in the via structures is, however, negligible due to
very small resistances that follow from short path lengths for
current flow. Infrared imaging reported in our previous studies
in related systems with t-SiO, reveals that there is no apparent
increase in temperature associated with operation of the
device."”

CONCLUSION

In summary, the results presented here establish materials and
integration strategies for use of ultrathin TiSi, simultaneously
as an insoluble biofluid barrier and conductive electrical
interface between active, flexible electronic systems and
targeted biotissues in chronic implants. Systematic inves-
tigations highlight the advantages of TiSi, compared to related
strategies that use highly doped silicon interfaces. For cases
reported here, the ultimate lifetimes of platforms that use this
encapsulation strategy are not limited by the conductive
interface materials but instead by the slow hydrolysis of
capping films of thermally grown silica (~0.04—1.26 nm/day
at a pH of 7.4 and 37 °C)."”'**° This scheme offers
applicability across both passively addressed and actively
multiplexed electronic platforms with broad relevance to
fundamental research and clinical practice. Such flexible
systems offer great potential for long-term and high-perform-
ance electrophysiology in neuroscience and other areas. Future
efforts include work to implement these concepts in actively
multiplexed platforms with varied dimension, sensing unit
location and interelectrode distance for studies of electro-
physiological processes in the brain and the heart.
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METHODS

Preparation of TiSi, Thin Films. The sequence for forming TiSi,
began with the back-grinding of the Si handle of p-type SOI substrate
(Soitec) to yield a structure with a 200 nm thick device Si layer
(initial doping level: 107 atom/cm?), a 1 um thick buried oxide layer,
and a 200 pm thick handle wafer. The back-grinding takes place on
the silicon substrate (handle wafer) side of the system and does not
affect the top-layer, device-grade Si NM for doping, silicidation, and
device integration. Thermal diffusion and activation of boron in the
device silicon yielded p**-Si with a concentration of 10*° atom/cm®.
Electron-beam evaporation (or sputtering), lithography, and etching
created a pattern of pads of Ti on p**-Si. Thermal annealing at 850 °C
formed TiSi, with some remaining p**-Si underneath. Ti reacted with
Si in a 1:2 ratio.

Fabrication Methods for Devices and Test Structures with a
TiSi, Encapsulation Layer. Monocrystalline Si (200 nm) as the
device layer on SOI substrates served as the transistor material. A
layer of SiO, (400 nm) formed by plasma-enhanced chemical vapor
deposition (PECVD) served as the diffusion mask. Photolithographic
patterning, reactive ion etching (RIE with CF,/0,), and wet etching
(buffered oxide etchant) followed by thermal diffusion doping with
phosphorus at 1000 °C defined the source, drain, and channel regions
of the transistors. After the removal of the diffusion mask by etching
with 49% hydrofluoric acid (HF), another photolithographic step
followed by RIE with SF4 defined regions of via holes. The holes
enabled etching of the buried oxide layer with 49% HF for 30 min. A
flat slab of PDMS (Sylgard 184, 1:4) retrieved the photoresist and Si
film for transfer printing onto a thinned SOI substrate (200 ym thick
handle wafer) with patterned TiSi,. A layer of spin-coated polyamic
acid (precursor to form PI, 1.5 um, PI 2545, HD Microsystems)
served as the adhesive between the SOI substrate and the transfer-
printed Si NMs. Rinsing with acetone removed the photoresist.
Baking in a vacuum oven completed the curing process of PIL
Photolithography and reaction ion etching with SF4 patterned the Si
film into isolated islands.

PECVD followed by atomic layer deposition (ALD) yielded S0 nm
thick layers of SiO, and 13 nm thick layers of Al,O;, respectively, as a
gate dielectric stack. Note that PECVD oxides have higher defects
compared to those of thermal oxides and corresponding increases in
charge trapping. As a result, the mobility of charge carriers is lower
than that of previously reported devices with thermal oxide as the
dielectrics."**® The transistors with PECVD oxides can, nevertheless,
offer electrical performance that meets the requirements of the
customized data acquisition system for electrophysiological map-
ping.** Wet etching by BOE formed openings defined by photo-
lithography on the gate stack. Electron-beam evaporation yielded
bilayers of 10 nm Cr/300 nm Au as metal contacts. Photolithography
and wet etching patterned source, drain, and gate interconnects.
Another layer of PI (1.5 ym) encapsulated the metal layer. A coating
of 20 nm Al,O; prepared by ALD on the top served as an adhesion
layer for bonding to a PI film laminated on a handling glass substrate
(with PDMS) and also coated with 20 nm Al,O;. Dispensing a
commercial adhesive (Kwik-Sil, World Precision Instruments)
between the two Al,Oj-coated layers of PI layers, applying a pressure
of ~50 kPa, and curing the adhesive at room temperature for 30 min
formed a robust mechanical bond.

RIE with SF4 and O, and inductively coupled plasma RIE (Surface
Technology System) removed the handle Si substrate. The highly
selective etching of Si exposed t-SiO, on the surface. Photo-
lithography and etching with CF, and O, removed the t-SiO, in
selected regions above p**-Si//TiSi,. Cutting the device using a razor
blade and peeling the device from the substrate completed the
fabrication process.

Procedures for the Soak Test. Wells formed with PDMS
confined the PBS over the active areas of the devices. Ultraviolet
ozone treatment enhanced the adhesion between the t-SiO, and
PDMS. For the testing of passive electrodes and active transistors,
metal traces prepared by electron-beam evaporation, photolithog-
raphy, and wet etching enabled electrical connections from the central
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regions to the probe pads outside of the well. An oven maintained the
test devices at stable temperatures.

Theoretical Modeling of Reactive Diffusion. The method of
separation of variables was applied to both the diffusion equation for
TiSi, and reactive diffusion equation for Mg. The analytic solution of
water concentration distribution in the bilayer structure was obtained
as w = wol 2,22 ,C, exp(—A,t)f,(z) + g(2)], with the expressions of C,,
A,y and f,(z) detailed in the Supporting Information. The summation
in the above solution shows exponential decay with time, indicating
the steady-state limit when t — oo, that is, the saturated water
concentration, w = wog(z), as given by eq 2, where the right-hand side
gives g(z). The time-dependent remaining thickness of the Mg layer
was obtained by integrating kywMygho/ (qPmgMi,0) over the
thickness direction and time, followed by subtraction from h, of the
integration. The summation was negligible in the present study (see
details in the Supporting Information), which yielded a simplified
exPreSSiOH; hMg/hO r1- t/tcriticall With tcritical shown in eq L

From a previous study,” the reaction rate constant kyg and
diffusivity Dy, at 25 and 37 °C were taken; with these known
parameters, we determined the two unknowns in the Arrhenius
equation describing temperature-dependent k(M§ or Dy, which
yielded kMg — 10(20—6737/T s7! and DMg = 10 4-2317/T cm? S_l,
where T is the absolute temperature. With the known ky, and Dy,
the only remaining parameter Dr;g; at certain temperature could be
determined from the present bilayer model by fitting the theoretical
lifetime result, as given by eq 1, with that from the experiment. The
experimental lifetime results for a 300/90 nm thick Mg/TiSi, bilayer
were &30 days at 96 °C and ~15 days at 100 °C, by which we
obtained Dryg;, at the two temperatures. In a similar way to that for

kyg and Dy, Dryg, was determined to be 1007958/T) 2 7!
according to Arrhenius scaling. To predict the lifetime of a Mg/t-
SiO, bilayer (Figure 4D, red line), the constants kg0, and Dy g,
were extracted from a previous study.”* For example, ke sio, = 2.1 X
10" X exp(—15313/T) s, Dy g0, = 53 X 1072% em® s™" at 37 °C, 9.5
x 107 cm? s7' at 70 °C, and 1.5 X 107'% cm? s7! at 96 °C.
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