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Flexible Electronics

Transferred, Ultrathin Oxide Bilayers as Biofluid Barriers

for Flexible Electronic Implants

Enming Song, Yoon Kyeung Lee, Rui Li, Jinghua Li, Xin Jin, Ki Jun Yu,
Zhaogian Xie, Hui Fang, Yiding Zhong, Haina Du, Jize Zhang, Guanhua Fang,
Yerim Kim, Younghee Yoon, Muhammad A. Alam, Yongfeng Mei, Yonggang Huang,

and John A. Rogers*

The work presented here introduces a materials strategy that involves physi-
cally transferred, ultrathin layers of silicon dioxide (SiO,) thermally grown on
silicon wafers and then coated with hafnium oxide (HfO,) by atomic layer
deposition, as barriers that satisfy requirements for even the most chal-
lenging flexible electronic devices. Materials and physics aspects of hydrolysis
and ionic transport associated with such bilayers define their performance
and reliability characteristics. Systematic experimental studies and reactive
diffusion modeling suggest that the HfO, film, even with some density of
pinholes, slows dissolution of the underlying SiO, by orders of magnitude,
independent of the concentration of ions in the surrounding biofluids. Accel-
erated tests that involve immersion in phosphate-buffered saline solution at
a pH of 7.4 and under a constant electrical bias demonstrate that this bilayer
barrier can also obstruct the transport of ions that would otherwise cause
drifts in the operation of the electronics. Theoretical drift—diffusion modeling
defines the coupling of dissolution and ion diffusion, including their effects
on device lifetime. Demonstrations of such barriers with passive and active
components in thin, flexible electronic test structures highlight the potential

1. Introduction

Emerging classes of flexible hybrid elec-
tronics/optoelectronic devices offer attrac-
tive capabilities as active interfaces to
biological systems of relevance to both
clinical practice and biomedical research.
Associated embodiments range from flex-
ible filaments for optoelectronic stimu-
lation of targeted neural circuits in the
brain, ' to conformal sheets for high-res-
olution multiplexed electrophysiological
mapping on the epicardial surfaces.F~
Such platforms are of great interest
because they can form minimally inva-
sive interfaces to dynamic, soft biological
systems, while providing performance
characteristics that can approach those
of conventional, wafer-based semicon-
ductor devices.l'%20 A critical challenge in
this field is in the development of mate-

advantages for wide applications in chronic biointegrated devices.

rials that, in flexible, thin film form, can
simultaneously serve as perfect barriers

E. Song, Prof. Y. Mei

Department of Materials Science

Fudan University

Shanghai 200433, P. R. China

E. Song, Y. K. Lee, Dr. J. Li, Y. Zhong, H. Du, J. Zhang, G. Fang,
Y. Kim, Y. Yoon

Frederick Seitz Materials Research Laboratory

Department of Materials Science and Engineering
Department of Chemistry

University of Illinois at Urbana-Champaign

Urbana, IL 61801, USA

Prof. R. Li

State Key Laboratory of Structural Analysis for Industrial Equipment
Department of Engineering Mechanics

International Research Center for Computational Mechanics
Dalian University of Technology

Dalian 116024, P. R. China

X. Jin, Prof. M. A. Alam

School of Electrical and Computer Engineering

Purdue University

West Lafayette, IN 47907, USA

DOI: 10.1002/adfm.201702284

Adv. Funct. Mater. 2018, 28, 1702284

1702284 (1 of 10)

Dr. K. ). Yu

School of Electrical and Electronic Engineering
Yonsei University

Seoul 03722, Republic of Korea

Dr. Z. Xie

AML, Department of Engineering Mechanics
Center for Mechanics and Materials

Tsinghua University

Beijing 100084, China

Dr. Z. Xie, Prof. Y. Huang

Department of Mechanical Engineering
Department of Civil and Environmental Engineering
and Department of Materials Science and Engineering
Northwestern University

Evanston, IL 60208, USA

Dr. H. Fang

Department of Electrical and Computer Engineering
Northeastern University

Boston, MA 02115, USA

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

to biofluids and as high-quality interfaces to the surrounding
biology with multidecade lifetimes.

An ideal material for this purpose must be biocompatible,
with both exceptionally low flexural rigidity and water/ion
permeability. Conventional encapsulation strategies, ranging
from bulk metal/ceramic enclosures in standard implantable
devices to organic/inorganic multilayer stacks in organic light
emitting diode displays, fail, typically by orders of magnitude,
to simultaneously meet both of these latter two critical require-
ments.l?1~27] Even for materials that have minimal permeability,
challenges in forming perfect, pinhole-free coatings over large
areas can be difficult or impossible to overcome, particularly in
academic laboratory conditions. A recently reported solution
involves a physically transferred layer of SiO, thermally grown
on a pristine silicon wafer. Results indicate extraordinary water
barrier properties at thicknesses that allow both compliant
mechanics and a high capacitance electrical measurement
interface.?®l Due to its extremely low water permeability and
pinhole-free nature, this type of barrier offers key advantages
over conventional coatings, as extrapolated from temperature-
dependent studies of immersion in phosphate-buffered saline
(PBS) solution. Additionally, the nature of the growth process
and the transfer procedures eliminate the need for particulate-
free fabrication environments. System demonstrators exploit
1-um-thick layers of transferred thermal SiO, as water barriers
and capacitive measurement interfaces in which backplanes
of flexible silicon electronics provide amplification and multi-
plexed addressing for in vivo electrophysiological mapping on
the brain and heart.?")

An intrinsic limitation of this strategy is that the rates for
hydrolysis of thermal SiO, (0.04 nm d ! at 37 °C; =90 nm d™! at
96 °C) limit the ability to exploit ultrathin film geometries (e.g.,
100 nm thick) for enhanced capacitive coupling. Also, ions
commonly present in biofluids, particularly sodium, can diffuse
through thermal SiO, where they can shift and/or degrade the
switching properties of the underlying transistors. The addition
of silicon nitride can mitigate the diffusion issue, but its rate of
hydrolysis exceeds that of SiO,,*% thereby requiring its use as
an underlayer, away from the biofluid interface.

Here, we present materials, designs, and integration strat-
egies for an ultrathin, transferred barrier that combines ther-
mally grown SiO, with a coating of HfO, formed by atomic layer
deposition (ALD). By comparison to previous work on single-
layer systems of thermal SiO,, systematic experimental studies
and reactive diffusion modeling suggest that this bilayer barrier
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can offer significantly enhanced longevity for underlying flex-
ible electronics, at ultrathin geometries. Accelerated immersion
tests demonstrate that the HfO, slows the dissolution of the
underlying SiO, in simulated biofluids by orders of magnitude,
even when present with some density of pinholes. Additional
results establish aspects of ionic transport through such mate-
rials via measurements of electrostatically induced shifts in the
electrical properties of the underlying transistors. A combina-
tion of soak tests and temperature-dependent simulations pro-
vides foundational understanding of the role of two competing
failure mechanisms—dissolution and ion diffusion—on device
lifetime. The findings indicate that this bilayer barrier offers
excellent capabilities of relevance to a diverse range of biointe-
grated flexible electronic devices.

2. Results and Discussion

Standard semiconductor processing strategies in growth
and transfer printing enable the fabrication of high-quality
electronics directly on oxide layers as barriers to biofluids
(Figure 1a). The scheme used here combines some aspects of
conventional strategies in which deposition of encapsulation
material occurs as a last step, with more recently reported alter-
natives in which device processing occurs in a layer-by-layer
fashion on a preformed barrier layer. Figure 1a outlines the four
main steps. Briefly, electronic devices formed on an ultrathin
layer of thermal SiO, on a silicon wafer transfer, with the SiO,,
onto a flexible plastic substrate. Subsequently, deposition of
HfO, by ALD forms a capping layer on the top, exposed surface
of the SiO,. For the studies reported here, the electronics con-
sist of an array of transistors formed on a silicon-on-insulator
(SOI) wafer (=100-nm-thick device Si and 300-nm-thick buried
thermal SiO,) with the device Si (silicon nanomembranes, Si
NMs) as the active channel material. The transfer process
bonds the front side of the wafer to a thin polyimide film lami-
nated on a glass plate as a temporary support. Inductively cou-
pled plasma reactive ion etching removes the silicon wafer and
simultaneously reduces the buried thermal SiO, thickness to
100 nm, as shown in the Appendix and Figure S1 (Supporting
Information). Peeling the device from the glass after depositing
HfO, (100 nm thick, by a rate of 1.07 A cycle™ in 200 °C) by
ALD on the SiO, yields a piece of flexible electronics encap-
sulated by an ultrathin bilayer barrier of HfO,/SiO,. Details
appear in the Experimental Section. Such devices, by virtue of
their small combined thicknesses, exhibit excellent mechanic
flexibility in cyclic bending tests (see details in the Appendix
and Figure S2, Supporting Information). Recent work dem-
onstrates that SiO, formed and processed in similar fashion
can serve as front and back side encapsulation for flexible,
actively multiplexed electrophysiological mapping systems.?8l
The two upper insets of Figure 1b are optical images of flex-
ible electronics with a set of NMOS transistors (channel length
L =20 um, width W = 200 um). The bilayer barrier consists of
a 100-nm-thick capping layer of ALD HfO, (biofluids side) and
100-nm-thick underlying layer of thermal SiO, (device side), as
illustrated in the lower inset.

Results of accelerated soak tests of NMOS transistors while
immersed in PBS solution with a pH of 7.4 at a temperature of
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Figure 1. Transferred, ultrathin bilayer of SiO, thermally grown on silicon wafers and HfO, formed by ALD serve as excellent barriers to biofluids and
jons in flexible electronic implants. a) Scheme for fabricating test structures that include silicon transistors: 1) Fabrication of transistors on an SOI
wafer; 2) Pressure bonding the top surface of this wafer, face down, onto to a glass substrate that is laminated with a thin film of polyimide (Kapton,
13 um); 3) Removal of the silicon handle wafer by dry etching; 4) Surface cleaning and ALD of HfO,; release of the flexible device from the substrate.
b) Transfer characteristics collected during immersion in PBS solution at pH 7.4 and 96 °C for 10 d, at a supply voltage Vps = 0.1 V. The upper insets
show optical images of a sample produced in this manner with a 100/100-nm-thick bilayer of HfO,/SiO, as a barrier on its top surface and a single
transistor structure after bonding. The lower inset shows a schematic illustration of the NMOS transistor stack. c) Transfer characteristics at Day 0
plotted in both linear and semilog scales, at a supply voltage Vps = 0.1 V. The inset shows transfer characteristics collected at the time of failure on

Day 11. d) Schematic illustration of the material stack at the location of an NMOS transistor.

96 °C are in Figure 1D, in the form of transfer characteristics
of a representative transistor at a supply voltage Vpg = 0.1 V.
Here, the accelerated tests refer to those performed at elevated
temperatures to increase the rate of the hydrolysis reaction. At
Day 0, Figure 1c demonstrates the transfer characteristics in
both linear and semilog scales. The on/off current ratio is =108
and the peak effective electron mobility is =400 cm? V! s7! (see
Supporting Information). All transistors exhibit stable perfor-
mance for 10 d (Figure 1b) until a sudden failure at Day 11
(inset of Figure 1c). Previous research indicates that although
the water permeability through thermal SiO, is extremely
small, a slow hydrolysis process (SiO, + 2H,0 — Si(OH),, cor-
responding to a dissolution rate of =90 nm d! in 96 °C PBS
solution at a pH of 7.4) consumes the material, thereby leading
to eventual failure. By comparison, a 100/100-nm-thick bilayer
of HfO,/SiO, barrier has a lifetime =10 times longer than that
of an isolated 100-nm-thick layer of thermal SiO, barrier (=1 d
in the same condition, consistent with the dissolution rate of
=90 nm d! in previous report), as displayed in the Appendix
and Figure S3a (Supporting Information). A single layer of
HfO, (100 nm thick) fails quickly due to a small, but finite den-
sity of pinholes, as in the Appendix and Figure S3b (Supporting
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Information). As a result, the HfO,/SiO, bilayer, in which the
HfO, slows the dissolution of the SiO, and the SiO, forms a
defect-free barrier, can provide an attractive solution to the chal-
lenge of chronic encapsulation of thin, flexible electronics. A
corresponding schematic illustration of the multilayer configu-
ration is shown in Figure 1d, as an exploded view.

Soak tests using setups that incorporate thin films of mag-
nesium (Mg), as in Figure 2, instead of transistors can facilitate
rapid evaluation of various water barriers. The strong reactivity
of Mg with water (Mg + 2H,0 — Mg(OH), + H,) leads, upon
exposure, to defects that are immediately and easily visible by
optical microscopy. Here, a 200 X 400 um? pad of 300-nm-thick
layer of Mg deposited by electron-beam evaporation serves,
in this manner, as a water-penetration sensor to test the bar-
rier properties of different layers deposited or transferred on
top. Figure 2a shows a schematic illustration of a test setup
(Figure 2b), for which accelerated testing involves continuous
immersion in PBS solution at 96 °C. For present purposes, the
barrier lifetime corresponds to the period between immersion
and the appearance of the first defect observable on the Mg pad
by optical microscopy. This criteria has practical value because
the lifetimes (days) for systems of interest here are much longer
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Figure 2. Effects of the capping layer thickness and materials type on the rate of dissolution of SiO,. a) Illustration of the layer configuration for tests
that use thin films of Mg as indicators of water penetration. b) Top-view optical image of a Mg pad encapsulated by a barrier layer. c) Results of accel-
erated immersion tests that involve immersion in PBS solution at 96 °C. The single-layer row displays findings for 100-nm-thick layers of SiO, and
HfO, as barriers, respectively. The double-layer rows show sequential images of Mg encapsulated by various capping layers on SiO,, including HfO,,

Parylene C, Ti/Pt, and LPCVD SiN,.

than the time (minutes to hours) for an initial defect in the Mg
pad to propagate laterally across its entire spatial extent. As a
result, uncertainties in the time to identify the first observable
defect are much smaller than the lifetime itself.

As shown in the single-layer row in Figure 2c, the device
encapsulated by a 100-nm-thick layer of thermal SiO, sur-
vives for 30 h, after which time the entire Mg layer dissolves
at once, in a “bulk” mode, by consequence of the spatially uni-
form dissolution of SiO,, at a consistent rate of =90 nm d~! at
96 °C (0.04 nm d! at 37 °C)®¥ and its pinhole free nature. The
addition of a layer of HfO,, which itself is insoluble in water
(inset of the Appendix and Figure S4, Supporting Informa-
tion) and simultaneously is nontoxic and biocompatible 3%
can dramatically increase the time for failure of the SiO, layer
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by hydrolysis. The main limitation of using HfO, alone is
the nearly unavoidable formation of pinholes or other defects
across the area of interest during deposition in the type of
cleanroom environments available to academic labs. Under our
experimental conditions, degradation of Mg with a single layer
of HfO, as a barrier occurs in a very short time in Figure 2c (see
also Figure S4, Supporting Information) due to these defects.
Nevertheless, diffusion of water through the HfO, can be
significantly impeded, with consequent reductions on the rate
of dissolution of the underlying SiO,.

These observations motivate the use of a bilayer barrier that
combines thermal SiO, (device side) and HfO, (contact with
PBS). The SiO, serves as a water-impermeable barrier without
defects, and HfO, serves as an insoluble, capping layer that

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

slows the dissolution of the SiO,. The HfO,/SiO, (100/100 nm
thick) bilayer, as shown in the second row of Figure 2c, leads
to isolated defects in the Mg pad after 10 d, which then expand
to consume the entire layer of Mg in a few hours (consistent
with active-transistor results in Figure 1b). Here, isolated vis-
ible defects in the Mg appear at a density of 3—4 per pad
(200 X 400 um?). As a result, the HfO,/SiO, bilayer barrier
eventually fails due to dissolution through these pinholes (see
details in the Figure S5, Supporting Information). Experiments
performed in the same manner but with various other capping
materials provide points of comparison. Other metal-oxide
layers, for example, Al,O; or TiO,, show inferior barrier proper-
ties compared HfO, (Appendix and Figure S6, Supporting Infor-
mation) due to correspondingly higher densities of pinholes.
Polymers, for example, lead to Mg degradation in a ‘bulk’ mode,
associated with water permeation across the entire area (see the
Appendix and Table S1, Supporting Information). Others, such
as platinum/titanium, display more severe pinhole issues and
much shorter lifetimes compared to the bilayer barrier of HfO,/
SiO,. Another possibility is SiN,, but its dissolution rate in PBS
solution surpasses that of thermal SiO, by orders of magni-
tude.2% As shown in Figure 2c, the performance of HfO,/SiO,
bilayer barrier is superior to all other combinations explored,
due to a combination of low water diffusivities, small pinhole
densities, and low effective dissolution rates for HfO,.

Figure 3 shows results of theoretical modeling of reactive
diffusion in thermal SiO, and HfO,/SiO, in PBS solution. A
1D single-layer model captures dissolution of thermal SiO,,
without any capping layer, since the initial thickness h, is much
smaller than the lateral dimensions.33l Figure 3a presents a
schematic illustration of the model, where y denotes the thick-
ness direction, with y = 0 at the bottom of the layer. The gov-
erning equation isi**l

X o<y<h, (1)

where Dy, and kg0, are the diffusivity of water and the reac-
tion constant between the SiO, and water, respectively, w is the
water concentration, which depends on position y and time
t. The boundary conditions can be written as w|,_, =w, and
ow/dy|,.o="0, corresponding to a water concentration that is
constant w (= 1 g cm™) at the water/SiO, interface and a water
flux at the bottom surface of the thermal SiO, layer that is zero.
The initial condition is zero water concentration in the thermal
SiO,, thatis, w|;- =0 (0 <y < hy). The water concentration can
be analytically solved by applying the method of separation of
variables, which gives the thickness hgp, of the thermal SiO,
layer as a function of time (details appear in the Appendix, Sup-
porting Information). For the present study

hso, it 2)
hO tcrit‘ical
where
b hogpsio, M0
critical — kSiO hoz (3)
WoMsio, \/kSioz Dsio, tanh , [———

Si0,
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is the critical time for full dissolution of the thermal SiO,.
Here, q (= 2) is the number of water molecules that react
with each atom of SiO,, Psio, is the mass density of thermal
Si0, (=2.33 g cm™), Mg, (= 60 g mol™!) and My, (= 18 g mol™)
are the molar masses of SiO, and water, respectively.

From soak tests of thermal SiO, in PBS solution, the dif-
fusivity Dg, and reaction constant kgo, can be extracted
using this model as Dgo, = 1.5 x 107 cm? st and kg, =
2 x 107* s7! at 96 °C. These values fall within the range
of those inferred from previous studies for PECVD SiO,
(k=53 %107 to 8.1 x 103 s and silica glass (D = 2.1 x
1078 to0 1.3 X 107* cm? s71).1353¢ The two constants at the other
temperatures can be inferred from those at 96 °C by experimen-
tally measured dissolution rates and the Arrhenius equation,
with an apparent activation energy E, = 1.32 eV (details appear
in the Appendix, Supporting Information).?®! Figure 3b shows
the change in the thickness of the thermal SiO, with time in
PBS solution at 96 °C. The simulated results (lines) agree well
with those measured (symbols; Mprobe Station, SemiconSoft,
USA) for all three initial thicknesses, that is, 30, 50, and 75 nm.
For a layer of ALD HfO, submerged in PBS solution, experi-
ments show that the thickness does not change with time (inset
of Figure S4, Supporting Information), indicating that the reac-
tion constant between HfO, and water is zero.

A bilayer model for the case of HfO,/SiO, is in Figure 3c.
For the thermal SiO,, the reactive diffusion Equation (1), as
well as the boundary condition 9w/dy|,.,=0 and initial con-
dition w|y = 0, still apply. For the HfO, layer, the diffusion
equation is

Fw d
Do, % = a—';’ (ho <y <ho +heo, ) (4)

with the boundary condition w |,y +ne, =W and initial condi-
tion w|o=0 (hy <y <hy +huo, ), where Dyg, is the diffusivity
of water in HfO,. The continuity of concentration and flux of
water at the HfO,/SiO, interface requires w|,p,—o= W |,=p,+0 and
Dsio, OW/ Y |y=h,-0= Duso, OW/ 0yy=he+0- By applying the method
of separation of variables, an analytical solution for the water
concentration for this bilayer model can be obtained, which
gives the thickness of the thermal SiO, layer (details appear in
the Appendix, Supporting Information). For the present study

hs; t
S0 - ; (5)
hO tcritical
where
tc’ritical = atcritical (6)

represents the time when the thermal SiO, layer completely
disappears (hso, = 0), that is, the lifetime of the HfO,/SiO,
bilayer barrier. Here

2
0= 14D oo, e tanh [0 )

HfO, D Si0;

From soak tests, the diffusivity Dy, is determined from
the bilayer model as Dy, = 2.5 x 10716 cm? s7! at 96 °C. For
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Figure 3. Theoretical modeling of reactive diffusion for the hydrolysis of thermal SiO, and HfO,/SiO, barriers. a) Schematic illustration of the single-
layer model. b) Simulated (lines) and measured (symbols) changes in thickness of a single layer of thermal SiO, with initial thicknesses of 30, 50, and
75 nm in PBS solution at 96 °C. c) Schematic illustration of the bilayer model. d) Simulated (line) and measured (symbols) lifetime of a HfO,/SiO,
bilayer barrier with a 100-nm-thick layer of HfO, and different thicknesses of thermal SiO,. e) Distribution of water concentration at the interface of a
100-nm/100-nm-thick bilayer of HfO,/SiO, barrier. f) Changes in thickness of thermal SiO, in a HfO,/SiO, bilayer barrier with a 100-nm-thick layer of
SiO, and HfO, with initial thicknesses of 0, 10, 50, and 100 nm. The inset presents the simulated (line) and measured (symbols) lifetime of a HfO,/
SiO, bilayer barrier with a 100-nm-thick layer of SiO, and different thicknesses of HfO, (0, 10, 50, and 100 nm).

different polymer capping materials on thermal SiO,, the
soak tests in Table S1 (Supporting Information) yield the
polymer diffusivities, for example, Dgyg = 7 x 107 cm? s71,
Dp; = 5.5 x 107 cm? s7'. The detailed simulated results of
polymer/SiO, barriers appear in the Appendix and Figure S7
(Supporting Information). The findings clearly indicate that the
low water diffusivity of HfO, makes it superior to all examined
polymers. Figure 3d predicts the bilayer barrier lifetime as a
function of the initial thermal SiO, thickness, for the case of
a 100-nm-thick HfO, layer. The simulated results (line) agree
well with those measured (symbols). Figure 3e shows the water

Adv. Funct. Mater. 2018, 28, 1702284
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concentration as a function of time at the interface (y = 100 nm)
of a 100/100 nm bilayer of HfO,/SiO,. The water concentra-
tion gradually reaches saturation at =0.13 g cm™ at the HfO,/
SiO, interface after =3 h, revealing a fast equilibrium between
reaction and diffusion. Here, HfO, serves as a passive layer to
effectively mitigate the dissolution of the underlying SiO,.
Figure 3f shows the changes in thickness of the SiO, in a
bilayer barrier of HfO,/SiO, with a 100-nm-thick layer of SiO,
and HfO, with initial thicknesses of 0, 10, 50, and 100 nm. The
lifetime as a function of the initial HfO, thickness appears in
the inset. The simulated results (line) show good agreement

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with those measured (symbols). The temperature-dependent
lifetimes are also investigated. With Dyy, at 96 °C, the diffu-
sivities at different temperatures can be determined according
to the Arrhenius scaling, thus giving the lifetime as a function
of temperature (Appendix and Figure S8, Supporting Informa-
tion) by Equation (6). Specifically, a bilayer barrier of HfO,/SiO,
(100/100 nm thick) offers a projected lifetime of over 40 years
at 37 °C PBS (pH of 7.4).

The enhanced lifetime indicates that the HfO, capping layer
effectively delays the permeation of biofluid to the underlying
SiO,. Since biofluids contain not only water molecules but
alkali metal ions that are known to accelerate the SiO, disso-
lution, parametric studies of different ionic concentrations
provide additional insights into the underlying chemistry.
Figure 4 describes the ion effect on the dissolution of SiO, and
its lifetime with/without HfO, capping layer. The solutions use
10 x 1073 m Tris to adjust the pH to a physiological condition,
pH 7.4. Figure 4a summarizes changes in the reflectance of a
320-nm-thick single layer of thermal SiO, on a silicon wafer
after soaking in different solutions with different concentra-
tions of sodium chloride (NaCl), indicative of various [Na*], for
14 h at 96 °C. The uniform color distributions are consistent
with macroscopically uniform rates of dissolution for all values
of [Na*]. The peaks of the reflectance curves in Figure 4a shift
toward shorter wavelengths as the thicknesses decreases. The
rates for these shifts increase with concentration, thereby

demonstrating the catalyzing effect of Na* on dissolution. Pre-
vious studies show that alkali and alkaline metal ions accel-
erate the dissolution of quartz and other amorphous silica
polymorphs in near-neutral pH solutions.’’*2 As an example
for the systems studied here, Figure 4b shows similar soaking
results in solutions containing Ca?*. Here, 0.047 and 0.333 m
calcium chloride (CaCl,) concentrations yield ionic strengths
similar to those of the 0.14 and 1 m NaCl solutions in Figure 4a.
The dissolution behavior depends more strongly on [Ca?'], than
[Na'] at the same ionic strength. Figure 4c summarizes the dis-
solution rates of thermal SiO, in solutions with various values
of [Na™] and [Ca?'], quantitatively determined from the reflec-
tance data in Figure 4a,b. The results indicate that the pres-
ence of Ca%" could determine the lifetime of the SiO, layer even
when its concentration is lower than that of Na*. According
to studies in the literature, cations facilitate deprotonation
of —OH groups on the surface of SiO, by shielding negative
charges, as supported by empirical rate laws that indicate an
increase in dissolution rates with surface charge.[**4143 Other
experimental and computational evidence suggest that cations
can modify the interfacial water structure to promote hydrolysis
of Si—O—Si bonds.1*#2

Figure 4d shows results of experiments on the lifetimes of a
100-nm-thick layer of thermal SiO, with/without an HfO, cap-
ping layer, all in the presence of ions. The two dotted curves
correspond to lifetimes in Na* (black) and Ca?* (red) containing
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Figure 4. lon effect on SiO, dissolution and lifetimes for thermally grown SiO, with/without a capping layer of HfO,. a) Optical properties of a 320-nm-
thick layer of thermal SiO, after soaking in solutions with various [Na*]. Optical images (left) and reflectance (right) of the SiO,. b) Optical properties
of the same SiO, layer after soaking in solutions with various [Ca?']. c) Dissolution rates for a single layer of SiO, in solutions containing Na* and
Ca?". d) Lifetime of barrier layer of SiO, (100-nm thick) with and without a capping layer of HfO, (100-nm thick) in solutions with various [Na*] and
[Ca?!]. e) Relative lifetime of a bilayer of HfO,/SiO, with respect to a single layer of SiO, in solutions containing Na* and Ca?". Here, the ratios of the
lifetimes between bilayer barriers and single-layer barriers are presented.
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solutions. The results are consistent with
the dissolution rates of SiO, (Figure 4c). The
solid lines show prolonged lifetimes with the
addition of the 100-nm-thick capping layer of
HfO,. As with the single layer of SiO, bar-
rier, the results for HfO,/SiO, barrier show
longer lifetimes in Na* solutions than in Ca?*
solutions at the same ionic strength. Com-
pared to 100-nm-thick layer of thermal SiO,,
the bilayer barrier of HfO,/SiO, (100/100 nm
thick) enhances the lifetime by a factor of
ten. Figure 4e calculates the lifetime ratios
between the bilayer of HfO,/SiO, bar-
rier (100/100 nm thick) and single layer of
thermal SiO, barrier (100 nm thick) at each
ionic strength. This ratio increases up to a
certain level as the ionic strength increases.
In the same context, the HfO,/SiO, more
strongly mitigates the diffusion of Ca?* rather
than Na¥, possibly due to a larger hydrated
ionic radius and higher positive charge of
Ca®* compared to Na*.*4

In addition to their effects on dissolution,
ions in biofluids (mostly positive species
such as Na*) that diffuse through the bar-
riers can adversely affect the performance of
underlying transistors, mainly by electrostati-
cally shifting their threshold voltages (Vi).[*"]
Specifically, ion diffusion in PBS can accu-
mulate a layer of positive ions (most Na‘)
at the transistor channel, as schematically
illustrated in Figure 5a, thus leading to an
additional electric field that acts in concert
with the gate voltage (V) at the transistor
front gate. These positive ions give rise to
a positive enhancement to Vi. As a result,
the transistor switches on with a more nega-
tive Vg at the front gate, corresponding to a
negative shift in Vq for an NMOS device. lon
drift-diffusion tests on encapsulated NMOS
transistors (layer configuration shown in
Figure 1d) allow comparisons of HfO,/
SiO, and SiO, as ion barriers. Results of
accelerated soak tests of NMOS transistors
during application of an external bias while
immersed in PBS solution at 96 °C and pH
of 7.4 are shown in Figure 5b,c. The bias
(Vapps 3 V) exists between a platinum probe
in the PBS solution and the transistor elec-
trodes (source, drain, and gate), as illus-
trated in the insets. For present purposes,
device failure is defined as the point when

the shift in the threshold voltage AV reaches 1 V. The posi-
serves as a driving force to impel positive ion transport
through barriers, the result of which shifts Vy of transistors
under a 200-nm-thick layer of SiO, barrier by electrostatic inter-
actions with the Si channel, as shown in Figure 5b. As shown
in Figure 5c, the key performance characteristics of transistors
with bilayer barriers of HfO,/SiO, (100/100 nm thick) remain

tive Vipp
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Figure 5. Experimental and simulation results for the behavior of NMOS transistors encapsu-
lated with SiO, and HfO,/SiO, barriers in various tests of immersion in PBS solution at pH 7.4
and 96 °C. a) Cross-sectional illustration of the embedded MOSFET device with sodium in the
channel region. Results of tests for b) a 200-nm-thick layer of SiO, and c) a 100/100-nm-thick
bilayer of HfO,/SiO, in PBS soak tests at 96 °C and with an applied bias, V,,, =3 V. Schematic
illustrations of the samples and bias configurations appear in the upper insets. d) Shift in the
threshold voltage as a function of time with V,,, = 3 V bias for a 200-nm-thick layer of SiO,
at 96 °C. The solid dots are experimental data and the lines are simulations. Inset indicates
shifts in threshold voltage for a 100/100 nm bilayer of HfO,/SiO, as a function of time with
Vapp =3 V bias at 96 °C. ) Acceleration factors for both ion diffusion and dissolution as a func-
tion of temperature for a 200-nm-thick layer of SiO, and a 100/100 nm bilayer of HfO,/SiO,,
respectively. The inset offers a schematic illustration of the geometry.

constant in accelerated soak tests (in 96 °C PBS solution) over
the full duration of the experiments. The results demonstrate
that the bilayer of HfO,/SiO, barriers can effectively retard ion
diffusion process compared to the single layer of SiO, barriers.

Results of modeling of Na* transport processes appear in
Figure 5d,e. Here, Figure 5d shows the shift in Vi extracted
from Figure 5b for a 200-nm-thick layer of SiO, within 1 d with

1702284 (8 of 10) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Vipp = 3 Vat T = 96 °C. The drift diffusion is closely related
to the layer of surface charge density Qg of Na* located at the
thermal SiO,/substrate Si interface (Appendix and Figure S9,
Supporting Information). To find the relationship between Q;
and AVy, we numerically simulate a 2D NMOS transistor with
commercial software (Sentaurus Technology Computer Aided
Design) using experimentally determined device parameters.
The numerical result predicted by this model (red solid lines)
fits well with experimental data (red solid dots), as displayed
in Figure 5d. Corresponding calculation details appear in the
Appendix (Supporting Information). The inset of Figure 5d
presents values of AVy extracted from data in Figure 5¢ with a
100/100-nm-thick bilayer of HfO,/SiO, barrier. Here, the shifts
in Vp are extraordinarily small (less than =0.05V) in all cases,
which further support the outstanding properties of HfO,/SiO,
as bilayer ion barriers.

Modeling can also capture the competition between dis-
solution and ion diffusion in SiO, and HfO,/SiO,. Figure 5e
presents such competition for a 200-nm-thick layer of thermal
SiO, and a 100/100-nm-thick bilayer of HfO,/SiO,, respec-
tively, both of which form on transistors. The inset of Figure 5e
displays the configuration without V,,,. We consider an accel-
eration factor (AF) for the failure time as a function of temper-
ature, considering both dissolution and ion diffusion failures
together. In all cases, device failure corresponds to the point
when the SiO, disappears due to hydrolysis or when the shift
in the threshold voltage AVy reaches 1 V. The AF is defined as
traiture (T)/taiture (369 K), normalized at 369 K. The temperature-
dependent Na* diffusion coefficient follows an Arrhenius rela-
tionship: D= D, - */*T, where k is the Boltzmann constant
and T is temperature. D is the pre-exponential factor and E, is
the activation energy. We extracted D, and E, from the data of
Figure 5d. For the single layer of SiO, barrier, ion penetration
dominates the failure time, because the corresponding dissolu-
tion failure time is much longer than that of the ion-diffusion
process. On the other hand, the bilayer of HfO,/SiO, barrier
offers improved ion-barrier properties. Here, dissolution plays
an important role. The AF of HfO,/SiO, (100/100 nm thick)
uses the dissolution failure time from Figure 3d (369 K) and
corresponding simulations for other temperatures in the
Appendix and Figure S5 (Supporting Information). A bilayer of
HfO,/SiO, barrier offers a projected lifetime of over 40 years
at 37 °C PBS (pH of 7.4), leading to a much higher AF (three
orders of magnitude) than that of SiO,, due to the enhanced
ion-barrier properties.

3. Conclusion

In summary, the use of coatings of HfO, on top of ultrathin
layers of SiO, thermally grown on device-grade silicon wafers
can provide excellent water/ion barrier performance for flexible
electronic devices. A comprehensive combination of experi-
ments and simulations highlights the underlying physical and
chemical effects associated with this type of bilayer barrier.
Implementing these strategies in active flexible electronic and
optoelectronic platforms will allow for a wide range of chronic
studies in animals and, potentially, for use in advanced bioelec-
tronic implants in humans.

Adv. Funct. Mater. 2018, 28, 1702284
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4. Experimental Section

Details of fabrication steps, test structures, immersion studies at
various ion concentrations and temperatures, theoretical analysis
including reactive diffusion models and sodium-ion transport appear in
the Appendix (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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