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Biomedical implants that incorporate active
electronics and offer the ability to operate in a safe, stable
fashion for long periods of time must incorporate defect-
free layers as barriers to biofluid penetration. This paper
reports an engineered material approach to this challenge !
that combines ultrathin, physically transferred films of
silicon dioxide (t-SiO,) thermally grown on silicon wafers,
with layers of hafnium oxide (HfO,) formed by atomic
layer deposition and coatings of parylene (Parylene C)
created by chemical vapor deposition, as a dual-sided
encapsulation structure for flexible bioelectronic systems. Accelerated aging tests on passive/active components in
platforms that incorporate active, silicon-based transistors suggest that this trilayer construct can serve as a robust, long-
lived, defect-free barrier to phosphate-buffered saline (PBS) solution at a physiological pH of 7.4. Reactive diffusion
modeling and systematic immersion experiments highlight fundamental aspects of water diffusion and hydrolysis
behaviors, with results that suggest lifetimes of many decades at physiological conditions. A combination of ion-diffusion
tests under continuous electrical bias, measurements of elemental concentration profiles, and temperature-dependent
simulations reveals that this encapsulation strategy can also block transport of ions that would otherwise degrade the
performance of the underlying electronics. These findings suggest broad utility of this trilayer assembly as a reliable
encapsulation strategy for the most demanding applications in chronic biomedical implants and high-performance flexible
bioelectronic systems.
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Figure 1. An ultrathin, trilayer of Parylene C, HfO,, and t-SiO, provides the basis for a dual-side encapsulation strategy for flexible electronic
implants. (a) Scheme for fabricating flexible electronic structures that incorporate silicon transistors: 1. Fabrication of a 2 X 2 array of
transistors on an SOI wafer; 2. Pressure bonding the top surface of this wafer, face down, onto a t-SiO, layer that is coated with a thin film of
polyimide; 3. Removal of the silicon handle wafer by dry etching; 4. Peeling the flexible device from the substrate; conformally coating with
ALD HfO, and CVD Parylene C. (b) Optical image of samples produced in this manner with a trilayer barrier (Parylene C/HfO,/t-SiO,) on
both sides. The upper inset shows a single test transistor with a scale bar of 200 gm. (c) Left: transfer characteristics plotted in both linear (red)
and semilog scales (blue), at a supply voltage Vj,g= 0.1 V. The inset shows gate leakage current. Right: Current—voltage characteristics, for Vg
from 0 to 4 V with 1 V steps. (d) Results of bending tests of the NMOS transistor with Parylene C/HfO,/t-SiO, trilayer barrier. The insets are
optical images of a 2 X 2 transistor array with 1 cm bending radius and transfer characteristics before/after 200 bending cycles. (e) Schematic
exploded-view illustration of the material stack for a 2 X 2 array of NMOS transistors. (f) Transfer characteristics collected during immersion in
PBS solution at pH 7.4 and 95 °C, with Parylene C/HfO,/t-SiO, (left) and Parylene C/HfO,/PECVD-SiO, (right) barriers, respectively, as a
comparison. The upper insets show that devices fail catastrophically at their corresponding lifetimes (Day 13 of Parylene C/HfO,/t-SiO, and
hour 13 of Parylene C/HfO,/ PECVD-Si0,). The lower insets are schematic illustrations of the NMOS transistor stack.
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he emergence of high-performance flexible bioelec-
tronic systems' ~° with long-term operational stability sues'**” and on the surfaces of the brain.**"** Long-term
when completely immersed in biofluids represents a operation in vivo requires isolation of the underlying backplane
electronics from surrounding biofluids, to avoid leakage currents
into adjacent tissues and corrosion of the active devices.

A key feature of these systems, then, is in the barrier layers,
where targeted lifetimes for prevention of biofluid penetration
can reach decades, or more, for certain envisioned applications
in humans. The constituent materials must be biocompatible,
with exceptionally low water/ion permeability and with uniform,
thin film geometries to enable low flexural rigidity and large area
coverage. Conventional means for forming surface coat-
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breakthrough in biological interface engineering, with powerful
capabilities of value in academic research and biomedical
practice. Recent advances allow the construction of bioelec-
tronic technologies with mechanical properties and geometrical
shapes similar to those of targeted biological systems.”~"* Such
platforms can conform to the dynamic surfaces of targeted
tissues as minimally invasive interfaces that also support levels of
electronic performance and functionality associated with

conventional wafer-based integrated circuits.">~"” Some of the ings,”’~** such as spin-casting, chemical vapor deposition
most sophisticated embodiments involve compliant sheets for (CVD), atomic layer deposition (ALD), physical vapor
multiplexed electrophysiological mapping on cardiac tis- deposition (PVD), and others, typically fail to yield films that
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Figure 2. Accelerated soak tests and comparisons among different encapsulation strategies. (a) Top-view (left) and exploded-view (right)
illustration of the layer configuration for accelerated soak tests that use arrays of Mg pads as indicators of water penetration. (b) Comparison
results for accelerated immersion tests that involve immersion in PBS solution at pH 7.4 and 95 °C. Lifetimes corresponding to Parylene C/
HfO,/t-Si0,, Parylene C/t-SiO, and HfO,/t-SiO, are 14, 4, and 3.5 days, respectively. (c) Optical properties of a trilayer of Parylene C/HfO,/t-
SiO, before (black)/after (orange) 12-day soaking in PBS solutions at T = 95 °C. Insets show top-view optical images of trilayer barrier on a
silicon wafer before/after soaking. The scale bar corresponds to a length of 1 cm. (d) Real-time measurements of thickness of t-SiO, during soak
tests. Inset shows the trilayer at the surface/edges of a silicon wafer during accelerated soak tests.

meet the essential requirements because of either intrinsic
limitations in the materials or extrinsic effects associated with
grain boundaries, pinhole defects, or incomplete coverage of
underlying surface topography. A recently reported alternative
approach uses physically transferred layers of SiO, thermally
grown on the polished surfaces of device-grade silicon wafers.”*
The intrinsic, defect-free properties (due to the nature of growth
process and the perfection of the growth substrate), the ultralow
water permeability, and the transfer procedures enable use of
ultrathin, bendable layers of this form of SiO, (t-SiO,) as a
robust barrier layer for flexible bioelectronic systems.
Representative results’ include the application of films of t-
SiO, with thicknesses less than one micron as barrier layers and
simultaneously as capacitive measurement interfaces for
electophysiological mapping arrays that use flexible silicon
nanomembrane (Si-NM) transistors for multiplexing and
buffering on a per-channel basis.

Here, the rate of hydrolysis of t-SiO, defines the limiting time
scale (~100 nm/day over 95 °C)** for stable operation. A
consequent challenge is that reductions in thickness improve the
mechanics and enhance the capacitive coupling, yet decrease the
lifetimes. Additionally, some species of ions in biofluids can
diffuse through t-SiO,, thereby degrading certain properties of
the underlying transistors.”® The addition of a capping layer of a
material such as SiN, can partially address these limitations.””**
Nevertheless, the ultrathin geometries and the unavoidable

pinholes/defects that can form during deposition of such
coatings typically lead to leakage currents and biofluid
penetration.””*”*” These concerns motivate the pursuit of
further improvements in schemes for encapsulation.

The following results outline a trilayer assembly that
combines t-Si0,, ALD-deposited HfO, and Parylene C layers
formed by CVD for encapsulation, along with methods for
device integration and system-level examples of such stacks in
representative devices. The resulting barrier structure can be
integrated across the surfaces of high-performance, flexible
electronic systems, with excellent size scalability (over an area at
any wafer size), good biocompatibility, defect-free interfaces,
and projected lifetimes that extend over decades in the human
body, even at thicknesses of only a few tens of nanometers.
Accelerated soak tests of active devices and comparative
evaluations against various other encapsulation strategies
illustrate that such trilayers can provide robust biofluid barrier
in ultrathin forms, with characteristics that exceed those of other
material systems by orders of magnitude. Systematic experi-
ments reveal the essential material properties and the ultimate
failure mechanisms. Reactive diffusion modeling suggests that
the capping layers (HfO, and Parylene C) can effectively slow
the rates of water diffusion and the hydrolysis reactions of the
underlying t-SiO,, thereby yielding stable, long-term operation
in implantable bioelectronic systems. Additional ion drift-
diffusion tests with active electronics, depth-dependence
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measurements of ion concentrations and temperature-depend-
ent simulations demonstrate that this trilayer also provides
superior capabilities in blocking ion transport driven by
electrical bias. The results create significant opportunities in
chronic operation of the most advanced types of flexible,
biointegrated systems with active electronic functionality.

RESULTS AND DISCUSSION

The overall encapsulation system consists of an ultrathin stack of
Parylene C/HfO,/t-Si0, (50/50/100 nm), uniformly covering
the top and/or bottom surfaces of implanted electronic
platforms, with biocompatible properties."”*" The trilayer
serves not only as an excellent biofluid barrier against water/
ion penetration into the underlying active electronics but also as
a capacitive interface for biophysical or biochemical measure-
ment. Recent methods in semiconductor processing and transfer
printing enable the formation of high-performance flexible
electronic systems that incorporate this barrier structure (Figure
1a). A sequence of fabrication steps appears in Figure la. The
first defines arrays of Si n-channel metal-oxide semiconductor
(NMOS) transistors on a silicon-on-insulator (SOI) wafer. A
bonding process joins the device side onto a preformed trilayer
structure (Parylene C/HfO,/t-SiO,, 50/50/100 nm), with the
t-SiO, side against a polymer film/glass plate as a temporary
support. Dry-etching techniques remove the silicon wafer and
stop at the back surface of buried-oxide (BOX, 100 nm; t-SiO,)
layer of the SOI platform. Conformal coatings of HfO, (50 nm)
and Parylene C (50 nm) formed by ALD and CVD, respectively,
yield ultrathin capping layers on the exposed t-SiO,. Peeling the
system from the glass substrate yields a piece of flexible
electronics encapsulated by trilayers of Parylene C/HfO,/t-SiO,
on the front and back sides. Details appear in the Methods.

This encapsulation strategy can scale easily to sizes limited
only by the dimensions of the silicon wafer (current maximum
size: ~450 mm diameter). Figure 1b shows an optical image of
an encapsulated system that consists of a 2 X 2 array of
transistors, wrapped around a cylindrical surface. The scanning
electron microscope (SEM) image in the inset shows a set of n-
type transistors (channel length L = 17 pm, width W = 200 ym,
thickness ¢+ = 100 nm). Figure lc summarizes the electrical
properties of a representative transistor, in which the on/off ratio
and electron mobility are ~10° and ~500 cm® V™!, respectively,
as calculated from standard field effect transistor models (see
Supporting Information).*> Mechanical bending tests in Figure
1d illustrate outstanding levels of robustness and flexibility. For
~1 cm bending radius (left inset of Figure 1d), the device
performance remains unchanged after 200 cycles of bending/
unbending, as shown in the right inset of Figure 1d.

A schematic illustration of the trilayer, Parylene C (biofluid
side) /HfO,/t-SiO, (device side), appears as an exploded view in
Figure le. Results of tests of transistors during complete
immersion in PBS solution at a pH of 7.4 are in Figure 1f,
accelerated by high temperatures (95 °C), in the form of transfer
characteristics of a typical n-type transistor. As shown in Figure
1f (left), these transistors, with trilayer barrier (Parylene C/
HfO,/t-8i0,, 50/50/100 nm), exhibit stable performance until
failure due to leakage currents that appear on Day 13 (inset). By
comparison, a related trilayer of Parylene C/HtO,/PECVD-
SiO,, 50/50/100 nm, fails catastrophically after only 13 hours
(Figure 1f, right) because of pinholes in the PECVD SiO,.”* The
lower insets show the layer configurations associated with the
soak tests. As additional comparisons, bilayer barriers of HfO, /t-
Si0, (50/100 nm) and Parylene C/t-SiO, (50/100 nm) as in

Figure S1, Supporting Information, also fail quickly at 3.5 days
and 4 days (details are in Methods), respectively. The
combination of Parylene C/HfO,/t-SiO, offers a superior
long-term encapsulation strategy.

As a means for visualizing patterns of water penetration, thin
films of magnesium (Mg) serve as test structures to replace the
transistors, as shown in Figure 2. Here, electron-beam-
evaporated arrays of pads of Mg (length = 300 um, width =
150 pm, thickness = 300 nm) react with water that passes
through barrier layers coated or transferred on top (Figure 2a)
according to Mg + 2H,0 — Mg(OH), + H,, to generate visible
signatures observable by optical microscopy. A schematic
illustration of the experimental setup appears in Figure 2a
(right), with an optical image of a set of Mg pads (left), all of
which are immersed in PBS solution at 95 °C. Observations
show that the Mg layer dissolves quickly (usually within hours)
across the entire region of interest after the appearance of an
initial defect. In the following, the lifetime corresponds to the
period between initial immersion and observation of the first
defect by optical microscopy. Details are in Methods.

Figure 2b displays results of accelerated soak tests with the
trilayer of Parylene C/HfO,/t-SiO,, and bilayers of Parylene C/
t-Si0, and HfO, /t-SiO,. Here, t-SiO, layers (device side) serve
as pinhole-free water barriers to prevent water permeation, and
capping layers (PBS side) reduce the rate of hydrolysis of the
underlying t-SiO,. Specifically, the bilayer systems (Parylene C/
t-Si0,, 50/100 nm and HfO, /t-SiO,, 50/100 nm) have lifetimes
of only 4 days and 3.5 days, with failures in a “bulk” (spatially
uniform reaction with the Mg) and a “pinhole” (localized
reaction) mode, respectively, corresponding to water perme-
ation across the entire polymeric layer (parylene) or penetration
through isolated, pinhole defects (HfO,). These findings
motivate a trilayer design that combines key characteristics of
both types of materials, to retard water penetration at the
locations of pinhole-defects. As shown in Figure 2b, the trilayer
of Parylene C/HfO,/t-SiO, (50/50/100 nm) significantly
extends the lifetime, where failure occurs with the emergence
of dense patterns of defects after 14 days. The lifetime assessed
in this manner is consistent with the transistor-performance
results in Figure 1f (left). In the same manner, Table S1
(Supporting Information) summarizes a profile of other
candidate structures for encapsulation, including various
materials, thicknesses and single/multilayer configurations, etc
(see details in Methods). In addition, Table S2 and Figure S2
(Supporting Information) highlight various properties of
different polymer-based barriers with t-SiO, layers, and the
superiority of Parylene C, consistent with findings in previous
reports.”” Of all of the examined single/multilayer systems, the
lifetime of the trilayer (Parylene C/HfO,/t-SiO,) is the longest
by a significant amount. Compared with PBS, other simulated
biofluids, such as artificial perspiration (Pickering Laboratories),
show slower rates of dissolution of the t-SiO, layer,*” as the basis
of trilayer assemblies (Figure S3 in Supporting Information).

Figure 2¢,d summarize the optical properties of such trilayer
structure, before/after the soak tests. Figure 2c is the optical
reflectance (Mprobe, SemiconSoft, USA) of the Parylene/
HfO,/t-Si0, (50/50/100 nm) trilayer before/after a 12-day
soaking test in PBS solution at 95 °C. The reflectance of before
(black) and after (yellow) remains unchanged in a wavelength
range from 450 to 1000 nm. The two top-view optical images in
the insets indicate no apparent change in color. Studies of the t-
SiO, layer thickness of this system provide additional details, as
shown in Figure 2d. The inset displays a schematic illustration of
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a Si wafer coated with a trilayer (Parylene/HfO,/t-SiO,, 50/50/
100 nm) completely immersed in PBS at 95 °C, without any
exposed edges. The thickness of the t-SiO, layer remains almost
the same during continuous soaking. The corresponding SEM
image shows the cross-sectional profile, with a thickness of ~100
nm of t-SiO, layer, after soaking for 12 days in Figure S4,
Supporting Information. The results suggest the eventual failure
follows from slow hydrolysis of the t-SiO, due to water
penetration through defects in the capping layers.

Figure 3 summarizes the results of theoretical modeling of
reactive diffusion for the hydrolysis of t-SiO, with capping layers
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Figure 3. Theoretical modeling of reactive diffusion for the
hydrolysis of t-SiO, with polymer/HfO, capping layers. (a)
Schematic illustration of the model. (b) Simulated (line) and
measured (symbols) lifetimes of a Parylene C/HfO,/t-SiO, barrier
with constant $0/50 nm thick Parylene C/HfO, layers and different
thicknesses of underlying t-SiO, layers. (c) Distribution of water
concentration as a function of soaking time at the interface between
t-SiO, and Parylene C/HfO,, where saturation is reached at ~0.095
g cm ™2 after ~10 h. The inset shows a schematic illustration of the
geometry. (d) Distribution of water concentration in both 100 nm
thick t-SiO, and 50/50 nm thick Parylene C/HfO, layers after 10 h.
(e) Changes in thickness of the t-SiO, in Parylene C/HfO,/t-SiO,
barriers with 50/100 nm thick HfO,/t-SiO, and Parylene C with
initial thicknesses of 0, 30, 50, and 100 nm. (f) Simulated
temperature-dependent lifetimes of a layer of 100 nm thick t-SiO,
w/o 50/50 nm thick Parylene C/HfO, capping layers. The inset
shows a schematic illustration.

(Parlyene C/HfO,). Since the initial thickness of the structure is
much smaller than the length and width, a 1D model can capture
the hydrolysis process. As the reactions between water and
Parylene C/HfO, can be ignored,”® diffusion can be described
by considering these two capping layers as an equivalent single
layer of material. In combination with the t-SiO, layer, a bilayer
barrier model (capping layer and t-SiO,) on a pad of Mg is used,
as illustrated in Figure 3a, where the z axis points upward along

10321

the thickness direction, with z = 0 at the bottom of the structure,
that is, at the top of the Mg pad. For the equivalent capping layer
(Parylene C/HfO,), the equation of diffusion is

0w _ow ho<z<h +h
capping? - ; ( oSz hyt capping) (1)
where D i, is the equivalent diffusivity of water in the capping

layer with thickness h,pping (the sum of polymer and HfO,
thicknesses), w the water concentration that depends on time ¢
and position z, and h the initial thickness of the t-SiO,. For the t-
SiO,, the reactive diffusion equation applies

D 0*w

ow
N — kAW = — 0<z<h
510,752 t-Si0, ot ( 0)

2
where D, g0, and kg0, are the diffusivity of water in t-SiO, and
reaction constant between water and t-SiO,, respectively. The
constant water concentration w, (= 1 g cm™) at the top of the
capping layer and zero water flux at the bottom of the t-SiO,
require the boundary conditions: wl,_ 4, . = wo and ow/
0zl, _o = 0. At the capping layer/t-SiO, interface, the continuity
of both concentration and flux of water should be satisfied,
which yields wl, _j,, _ ¢ = wl, _p,, 4 0 and Dyg0,0w/0zl, _ ) _ o =
D capping

concentration in the structure requires wl, . =0 (0 <z < hy +

h

ow/0zl, _ 4, + o The initial condition of zero water

capping
The water concentration in the bilayer model can be
analytically obtained by applying the method of separation of

variables, which gives the thickness of the t-SiO,, h g0, as a
function of time (details appear in Methods). In the present

study, a simplified expression of the thickness change of the t-
SiO, is obtained as

ht-SioZ t

~1-—

hO tcritical (3)

where

qhopt_SionHZO

kt—SiO h;

wWoeM_si0, 4/ ke-sio,De-sio, tanh [ -
D si0,

Heaopi kesio.ho
capping t-Si0, "0

14+ — kt—SiOZDt—SiOZ tanh | —————

capping

t

critical —

Dt—SiO2

4)
represents the time when the t-SiO, layer fully dissolves (h, g0, =
0), that is, the lifetime of the barrier. Here, g (= 2) is the number
of water molecules reacting with each atom of t-SiO,, p, g0, is
the mass density of t-SiO, (= 2.33 gcm™), and My (=18 g
mol ™) and M, g0, (= 60 g mol ") are the molar masses of water
and t-SiO,, respectively.

The D, g0, and k, g0, are determined by a single-layer reactive
diffusion model* based on the dissolution tests of t-SiO, as
kesio,= 1.8 X 107*s™ and D, g0, = 1.3 X 107" cm*s™" at 95 °C.
The constants at different temperatures can be obtained from
the dissolution tests and the Arrhenius equation (details appear
in Methods). Deapping at different temperatures are determined

by the established bilayer model based on the lifetime tests of the
trilayer Parylene C/HfO,/t-SiO, (50/50/100 nm) at 90 °C (~
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30 days) and 95 °C (= 13.5 days) according to Arrhenius
scaling, for example, D =1.6X 107 cm?s7! at 95 °C (see
Methods).

Figure 3b plots the lifetime of the Parylene C/HfO,/t-SiO,
barrier as a function of the initial thickness of the t-SiO, in PBS
solution at 95 °C, with 50/50 nm thick Parylene C/HfO,
capping layers kept constant. The simulated (line) and
measured (symbols) barrier lifetimes show good agreement,
both reflecting an approximately linear relationship between the
lifetime and t-SiO, thickness. Figure 3¢ predicts the distribution
of water concentration as a function of soaking time at the
interface (z = 100 nm) between the t-SiO, (100 nm) and the
Parylene C/HfO, (50/50 nm) capping layer. The water
concentration saturates at ~0.095 g cm™> after ~#10 hours,
suggesting that reaction and diffusion reach equilibrium in a
relatively short time. The distribution of water concentration
along the thickness direction after saturation is shown in Figure
3d. The distribution is uniform in the t-SiO, and nonuniform in
the capping layers, indicating that water diffusion in the capping
layers is much slower than that in t-SiO,. Therefore, the capping
layers effectively slow the rates of hydrolysis of the t-SiO,. Figure
3e predicts changes in the thickness of the t-SiO, layer when
capped with HfO, (50 nm) and Parylene C at thicknesses of 0,
30, 50, and 100 nm. The results show a linear decrease in the
thickness with time, as predicted by Equation 3. With the
specific kg0, Dy.si0, and D

capping

capping at different temperatures (see
details in Methods), the temperature-dependent lifetimes of a
single layer of t-SiO, (100 nm) and a trilayer of Parylene C/
HfO,/t-SiO, (50/50/100 nm) are obtained by each reactive
diffusion model,*” as shown in Figure 3f (the red and blue lines).
According to the theoretical modeling, the trilayer design is
expected to increase the lifetime projection at least by 3 orders of
magnitude in 37 °C PBS solution compared with the case of
single t-SiO,, a result of which is also consistent with the
experimental projections on measured hydrolysis rates of t-
Si0,.**

The previously described experiments and simulation results
identify that water permeation and a slow hydrolysis process are
essential causes of the eventual failure of the barrier structure. In
addition to water, ions present in biofluids, mostly positive
species such as Na*, are also important to consider, as they can
lead to unwanted electrostatic shifts in the characteristics of the
underlylng transistors (such as fluctuations in threshold voltage,
Vp)® particularly when ions approaching the device regions. In
this context, the barrier structure should not only prevent water-
leakage but also block ionic transport. Figure 4a (left)
schematically illustrates a 2 X 2 NMOS transistor array
immersed in PBS solution at 95 °C and pH of 7.4, with an
external electrical bias applied between transistor electrodes
(source, drain, gate) and a platinum probe in PBS. The bias
(Vippr 3 V) drives preferential flow of cations toward the Si
NMOS transistors. The t-SiO,, despite its excellent water-
barrier properties, is a poor barrier to ions, particularly sodium in
the presence of a positive electrical driving force,”” as shown in
Figure 4a (right). A capping layer of SiN, can prevent
penetration of sodium,””** but its high rate of hydrolysis in
biofluids (larger by orders of magnitude compared to that of t-
Si0,).*

Secondary-ion-mass-spectroscopy (SIMS) techniques yield
information on the cross-sectional depth profile of [Na*] in the
t-SiO, with/without (w/o) integration into the trilayer
construct (Parylene C/HfO,/t-Si0O,), as shown in Figure 4b,c.

PBS ‘ o
Na* a O

| . e

- -— . O %
}\,(‘ \z-(‘g»“
@ =3

-
l \Llon Diffusion

t-SiOz
_____________ [ )
b c
107 107 Trilayer Encapsulation
Parylene/HfO,/t-SiO, Si
= (100 nm) = (50/50/100 nm)
= %
z z
K 103 +3V S 10% \
0
3 3 ov
; 0Vi 2day@37°c . 2day @37 °C
10 0 100 10 0 200
Depth (nm) Depth (nm)
d e
3 PBS
10 Trilayer
NMOS
; < ,
IV shift| 2 108} Dayo-10—> §
Zole0000e
>
-2
0Time %hon|r$8 OTimedeays)‘ID
10 10"
-3 0 3 -3 0 3
Vs (V) Ves (V)

Figure 4. NMOS transistor performance with/without trilayer
barrier in PBS solution at pH 7.4 and 90 °C. (a) Left: schematic
illustration of the embedded NMOS devices in PBS solution under
external electrical bias. Right: Sodium penetration occurs at the
surface of the t-Si0,. (b, c) Cross-sectional profile of [Na*] at the t-
Si0,/Si interface under various V,, (0 V, 3 V) in single t-SiO,
barrier (b) and trilayer barriers (cs The inset provides a one-
dimensional diffusion illustration of the geometry. (d, e) Results of
tests for (d) a 100 nm thick layer of t-SiO, and (e) a 50/50/100 nm
thick trilayer of Parylene C/HfO,/t-SiO, in PBS soak tests at 90 °C,
with V,,, = 3 V. Schematic illustrations of the samples and bias
configurations appear in the upper insets. Lower insets show the
shift of the threshold voltage as a function of time. The solid dots are
experimental data.

The inset in Figure 4b shows a one-dimensional schematic
illustration based of Na* penetration through the t-SiO, layer.
With the Na* spreading toward t-SiO,, a retardation of transport
process occurs at the t-SiO,/Si boundary where Na* diffusivity
Dy, sio, > Dy, s 7% The results lead to [Na*] accumulation

at the interfaces of t-SiO,/Si, thereby yielding a concentration
peak (detailed analysis appears in Supporting Information),
which occurs at depths of 100 and 200 nm in single t-SiO,
barrier and trilayer barrier structures, respectively. For a 100 nm
thick single layer of t-SiO, (Figure 4b), the positive V. app (3V, the
red line) increases the [Na*] at the interface of t-SiO, /Si devices
by a factor of ~107 relative the zero bias condition (0 V, the blue
line) after soaking in PBS solution at 37 °C for 2 days. By
contrast, for the trilayer barrier (Parylene C/HfO,/t-SiO,, 50/
50/100 nm), as in Figure 4c, the [Na*] stabilizes and saturates at
the t-SiO,/Si interfaces at concentrations that are identical w/o
the 3V V,, (the blue and red lines). Compared to the case of a
single layer of t-SiO,, the trilayer structure retards ion diffusion
effectively due to the presence of the capping layers.
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Measurements on NMOS transistors w/o trilayer barriers in
ion drift-diffusion tests appear in Figure 4d,e (V,,,=3Vand T =
90 °C), respectively. The upper insets illustrate the config-
urations of single t-SiO, layers (100 nm) and trilayer (Parylene
C/Hf0,/t-SiO,, 50/50/100 nm). For the former case, as shown
in Figure 4d, ions accumulate at the t-SiO,/Si interfaces in
proximity to the channel regions of the transistors, thereby
shifting/degrading the switching characteristics.’®** The
corresponding Na" concentration distributions are in Figure
SSa, Supporting Information, also consistent with Figure 4b.
Specifically, the formation of a layer of positive ions creates an
electrical field that adds with that associated with the gate
electrode, the result of which is an increase in the magnitude of
the negative V to switch the transistors to their on state.** As
displayed in the lower inset of Figure 4d, the software
simulation®” (Sentaurus Technology Computer Aided Design)
yields numerical estimates of the shift in Vi during soaking for
18 h in 90 °C PBS solution at V,,, = 3 V. The results (the blue
line) agree with the experimental data (blue dots). Details of
calculation are in Figure SSb (Supporting Information). As in
Figure 4e, key characteristics of transistors with trilayer barriers
remain unchanged during soak tests with the same condition.
Specifically, the Vi does not drift (inset of Figure 4e). Thus, the
trilayer system serves simultaneously as barriers to both water
and ion penetration.

CONCLUSIONS

The materials and integration strategies reported here suggest
that ultrathin, transferred trilayer stacks of Parylene C, HfO,,
and t-SiO, can serve as robust water and ion barrier structures
for flexible bioelectronic systems. Comparative evaluations of
the barrier properties of this system with those that involve other
materials and deposition methods establish its attractive
features. Detailed experimental studies and theoretical modeling
results highlight underlying materials aspects associated with
water and ion permeation. The findings suggest a promising,
scalable encapsulation approach that can be applied to nearly all
classes of thin, flexible bioelectronic systems, with projected
survivability of many years as implantable devices.

METHODS

Methods for Fabricating Arrays of Transistors Encapsulated
with t-SiO,. The fabrication began with device processing in a layer-
by-layer fashion on a preformed barrier layer. Specifically, photolitho-
graphic methods and etching techniques formed phosphorus doped
(PH-1000N Source, Saint Gobain, 1000 °C for 7 min) Si-NMs on a
SOI wafer (100 nm thick Si-NMs). Oxidation (1150 °C for 16 min) and
ALD deposition yielded 40/15 nm thick layers of t-SiO, and Al,O; as
the gate dielectric stacks. Buffered oxide etchant (BOE) opened the
source/drain contact regions. Deposition of Cr/Au (10/300 nm) layers
by electron beam evaporation defined the electrodes and interconnects.
Simultaneously, an oxidized silicon wafer (100 nm thick t-SiO,, 200 ym
thick Si wafer, University Wafer) with a bilayer coating of Parylene C/
HfO, (50/50 nm) formed by CVD/ALD was bonded to a thin
polyimide film (Kapton, DuPont, 13 um) supported by a glass plate
coated with a thin layer of poly(dimethylsiloxane) (PDMS, 10 ym).
Inductively coupled plasma reactive ion etching (ICP-RIE, Surface
Technology System) with a gas flow of SF¢/O, 40/3 sccm at a pressure
of 50 mT removed the silicon wafer. A transfer process then bonded the
device side of the other wafer to the exposed t-SiO, layer. The bonding
used a coating of polyimide (PI-254S, HD MicroSystems, 1.5 ym) and a
separate adhesive (Kwik-sil, World Precision Instruments, 13 yxm).
ICP-RIE removed the silicon wafer of the SOI platform and terminated
at the BOX, leaving a ~100 nm thick layer of t-SiO, (see Figure S6,
Supporting Information). Additional steps of depositing layers of HfO,

(ALD, 200 °C, Ultratech/Cambridge Nanotech) and/or Parylene C
(CVD, 135 °C, SCS Parylene Deposition System) formed various types
of capping layers on the t-SiO, e.g. Parylene C/HfO,/t-SiO,, 50/50/
100 nm; Parylene C/t-SiO,, 50/100 nm; HfO,/t-SiO,, 50/100 nm, as
shown in Figure 1f (left), Figures Slab in Supporting Information,
respectively. Photolithography defined areas to allow creation of
openings for electrical contact by ICP-RIE with SF/O,. Finally, a laser-
cutting step allowed the device to be peeled from the handle substrate,
as displayed with the exploded view in Figure le.

Integration with the trilayer of Parylene C/HfO,/PECVD-SiO,
involved releasing, retrieving and transferring doped Si-NMs onto a
glass substrate, precoated with PI-254S layer (~ 1.5 pm thick) as
adhesive layers.* To avoid thermal damage to the transferred structure,
a bilayer dielectric of PECVD-SiO,/ALD-AL,O; (30/13 nm) served as
the gate dielectric materials. Subsequent formation of a trilayer
structure on the device side, including PECVD-SiO, (350 °C,
PECVD-Trion Orion Minilock), HfO,, and Parylene C in a layer-by-
layer fashion, yielded a barrier structure for the transistors.

Accelerated Soak Tests for NMOS Transistors. Measurements
of the electrical performance of transistors with different types of
barriers involved continuous soak tests in PBS solutions (pH = 7.4) ata
temperature of 95 °C. Device electrodes were biased with and without
the application of a voltage relative to a Pt reference electrode inserted
into the PBS solution. A PDMS well structure (~2 cm in depth)
physically bonded onto the ultraviolet ozone (UVO) treated surfaces of
the barrier layers confined the PBS solution to the device areas, and
away from the edges of the substrate. The measured lifetimes of
Parylene C/HfO,/t-SiO, (50/50/100 nm), Parylene C/t-SiO, (50/
100 nm), and HfO,/t-SiO, (50/100 nm) barrier constructs were 13, 3,
and 3.5 days, respectively, as shown in Figure 1f (left), Figure Slab,
Supporting Information.

Mg Tests for Evaluation of Water Barrier Performance.
Photolithography and electron beam evaporation defined arrays of pads
of Ti/Mg (5/300 nm) on a clean t-SiO, wafer (100 nm thick t-SiO,).
Subsequently, various deposition methods produced different kinds of
barrier materials for accelerated soak tests. As shown in Tables S1,
Supporting Information, formation of t-SiO, barrier followed
procedures similar to those described previously in Figure la. ALD
formed metal oxide layers (i.e., Al,O3, HfO,, and TiO,). CVD and low-
pressure chemical vapor deposition (LPCVD) yielded Parylene C and
SiN, layers (~800 °C, Rogue Valley Microdevices), respectively. Spin
coating defined layers of solution-processable polymers (e.g,, SU-8,
PMMA, PI-2545). Metal layers were deposited by electron beam
evaporation. Tables S1 and S2, Supporting Information summarize all
of the results. To summarize, the investigated organic films are water-
permeable but they do not exhibit pinholes. The result is that these
materials can reduce the rate of water diffusion on average, but they fail
to prevent penetration. Inorganic layers, such as ALD-grown layers,
metal layers, and SiN,, films, are much less permeable, but they all have
pinholes. Such defects could, potentially, be reduced by improving the
levels of particulate control and the deposition conditions. The results
presented here are typical of those achievable in academic cleanroom
facilities. Inorganic/organic multilayer structures provide superior
performance compared with single layers with similar total thickness,
due to a combination of advantages of each material.

Reactive Diffusion Model for the Hydrolysis of t-SiO, with
Polymer/HfO, Capping Layers. Theoretical modeling of reactive
diffusion for the hydrolysis of polymer/HfO,/t-SiO, barriers used a
bilayer model approximation (capping layer and t-SiO,), as illustrated
in Figure 3. By applying the method of separation of variables to the
equation of diffusion for the equivalent capping layer (polymer/HfO,)
and to the equation of reactive diffusion for the t-SiO,, incorporating
both the boundary and continuity conditions, the water concentration
distributed in the structure was analytically obtained as

w = w, Z Coexp(=2,t)f (2) + g(2)
=1 (%)

where
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G =

, which resulted from the continuity of both concentration and flux of
water at the capping layer/t-SiO, interface. Applying the initial
condition of zero water concentration in the structure yielded
Z:ll Cf, (z) + g(z) = 0. According to orthogonality of the eigen-
functionsi‘ that was, f ’3“ +heagin n(2)fu(z)dy = 0 for m # n, we obtained C,
= — [0 Tt (2)g(2)dy/ [ " (2)dy, yielding
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The thickness of the dissolved t-SiO, was obtained by integrating

ke sio,wMysio,ho/ (4Pesi0,Mis,0) over both the time and thickness

direction, with g = 2 according to SiO, + 2H,0 — Si(OH),.

Subtraction from hj of the integration gave the remaining thickness of t-
SiO,. By normalization, we had
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In the present study, the summation on the right-hand side of eq 10

was negligible such that a simplified equation was obtained, as given by
eq 3.

The reaction constant k, g0, and diffusivities D, g, and D t

different temperatures were necessary for evaluation of the water barrier

performances. Based on the Arrhenius equation, kg0, = koexp(—E,/

capping aj

RT), where E, was the activation energy (= 1.32 eV),** R the universal
gas constant (= 8.314 J K™! mol™), and T the absolute temperature
with Kelvin units; the pre-exponential factor k, was determined by using
kesio, = 1.8 X 107* 57! at 95 °C, which was obtained by a single-layer
reactive diffusion model®® based on the dissolution tests of t-SiO,.
ky sio,was thus obtained as k, g0, = 2.1 X 10" X exp(— 15313/T) s™".
Dygo, at different temperatures were obtained from the dissolution
rates observed in the experiments based on the single-layer reactive
diffusion model. For example, D, g0, = 5.3 X 107 cm?s™ at 37 °C, 9.5
X 107 cm? s7 at 70 °C, and 1.3 X 107! cm? s™! at 95 °C. For the
equivalent capping layer (polymer/HfO,), D,pping at different temper-
atures were determined by the established model based on the lifetime
tests. For 50/50/100 nm thick Parylene C/HfO,/t-SiO,, the lifetime
tests gave ~30 days at 90 °C and =13.5 days at 95 °C, which led to
Dapping = 10~(15.13—11381/T) cm*s™" according to Arrhenius scaling.
Figure S2 (Supporting Information) predicted the lifetimes of 100/50/
100 nm thick polymer/HfO,/t-SiO, barriers with different polymers in
PBS solution at 95 °C, including PI, PMMA, SU-8, and Parylene C,
corresponding to D.apping = 6 X 107 em?s™, 5 x 107 em? 57/, 5.5 X
107 em? s7! and 1.4 X 10716 cm? 57, respectively. The predictions
agreed well with the experimental results shown in Table S2,
Supporting Information.
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