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Preface

Significant progress has been made in the development of neural prostheses for
restoration of human functions and improvement of the quality of life. Biomedical
engineers and neuroscientists around the world are working to improve the design
and performance of existing devices and to develop novel devices for artificial
vision, artificial limbs, and brain-machine interfaces.

This book, Implantable Neural Prostheses 2: Techniques and Engineering
Approaches, is part two of a two-volume sequence that describes state-of-the-art
advances in techniques associated with implantable neural prosthetic devices. The
techniques covered include biocompatibility and biostability, hermetic packaging,
electrochemical techniques for neural stimulation applications, novel electrode
materials and testing, thin-film flexible microelectrode arrays, in situ charac-
terization of microelectrode arrays, chip-size thin-film device encapsulation,
microchip-embedded capacitors and microelectronics for recording, stimulation,
and wireless telemetry. The design process in the development of medical devices
is also discussed.

Advances in biomedical engineering, microfabrication technology, and neuro-
science have led to improved medical-device designs and novel functions. However,
many challenges remain. This book focuses on the engineering approaches, R&D
advances, and technical challenges of medical implants from an engineering per-
spective. We are grateful to leading researchers from academic institutes, national
laboratories, as well as design engineers and professionals from the medical device
industry who have contributed to the book. Part one of this series covers designs of
implantable neural prosthetic devices and their clinical applications. Devices cov-
ered include visual implants, cochlear implants, auditory midbrain implants, spinal
cord stimulators, deep brain stimulators, Bion microstimulators, the brain control
and sensing interface, cardiac electrostimulation devices, and magnetic stimulation
devices. Regulatory approval of implantable medical devices in the United States
and Europe is also discussed. We hope a better understanding of design issues, tech-
niques, and challenges may encourage innovation and interdisciplinary efforts to
expand the frontiers of R&D of implantable neural prostheses.

Los Angeles, California David D. Zhou
Oak Ridge, Tennessee Elias Greenbaum
March 2009
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The Biocompatibility and Biostability of New
Cardiovascular Materials and Devices

Ken Stokes

Abstract Evaluating a new material for use in an implantable device is a com-
plicated business. ISO 14971 is designed to assist in determining device-risk
assessment. ISO 10993 is intended to help steer one through the evaluation of
materials for implantable devices. An FDA Guidance is available specifically for
pacemaker leads, but may be helpful for other devices as well. However, complet-
ing a battery of in vitro and in vivo tests does not necessarily qualify a material
for implant, because the in vivo environment cannot be duplicated in vitro. In vivo
materials testing helps, but is still insufficient because the device may have its own
issues. Device implants in animals may get one to human clinical studies and mar-
ket release. Even after this stage, appropriate postmarket surveillance is necessary
to know for sure how the device is really performing.
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1 Introduction

The term “biocompatibility” has been defined as the ability of a material to per-
form with an appropriate host response in a specific application [1]. The term
“biostability” can be defined as the ability of a material to adequately resist the
degrading effects of the host response. These two terms are interrelated since
a biocompatible material that degrades may become nonbiocompatible. Consider
polyester polyurethane-coated breast implants used from the 1950s into the 1980s.
The material was initially quite biocompatible, but it hydrolyzed over time, appar-
ently releasing a known carcinogen in small amounts [2]. Another example is the
Dalkon shield. This intrauterine birth control device had a tail string made of nylon
6 as a coating over nylon 6 multifilaments. This coating degraded (via hydrolysis),
cracked, and became a pathway for microbes to migrate into the uterus result-
ing in pelvic inflammatory disease [3]. Even biocompatible materials that do not
degrade in vivo can be used in devices that are not biocompatible. The same is
true for materials that are biostable per se, but, due to interactions or manufacturing
processes, can make a nonbiostable device [4]. How do we evaluate materials to
avoid or preclude untoward surprises? Once clinical trials produce a favorable out-
come, can we be assured that the device is biocompatible, biostable, and functions
as intended? How do we know that the marketed device is actually performing as
expected?

In this chapter we will first briefly summarize an experience where, in spite of
initial state-of-the-art materials testing, three previously unknown failure mecha-
nisms were discovered clinically in cardiac pacemaker leads [5]. The details will
be included by reference only, due to space limitations. Then some protocols for
material and device testing will be briefly reviewed, with the ultimate goal of dis-
covering the unexpected and precluding a repeat of our experience. Of course the
testing protocols for various materials and devices will vary accordingly. However,
as an example, we will cover the testing used today to establish biocompati-
bility and biostability of polymeric materials used in cardiovascular pacemaker
leads.
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2 Background

2.1 Learning from the Past

Our present-day requirements are affected by our understanding of modern science
as well as our history. For example, dual-chamber pacemakers were developed in
the early 1970s to stimulate both the right atrium and right ventricle (Fig. 1). While
these had significant physiological benefits, they were sparingly used. The reason
was simply that the silicone rubber-insulated leads available at that time were rel-
atively large in diameter and were somewhat sticky in blood. The relatively large
diameter was the result of poor physical properties, especially low elastic modulus
and low tear resistance. This made the preferred insertion of two leads in one vein
difficult. Using two veins, such as the internal and external jugulars, often produced
morbidities, such as congestion due to restricted venous drainage from the head.
Thus, an unmet medical need was for leads that were smaller, more maneuverable,
and slippery in blood to facilitate the implant of dual-chamber devices.

Fig. 1 A dual-chamber pulse generator and two leads. The pulse generator is a hermetically sealed
titanium “can” containing an Lil power source, circuitry (including microprocessor), niobium or
tantalum/sapphire feed throughs, and a connector to receive two leads. The lead with the straight
distal tip is inserted in the right ventricle while that with the “J” shape is placed in the right atrial
appendage. Both leads are bipolar (two electrodes within the heart). The tiny projections (tines) at
the tip help provide fixation for the distal stimulating electrode

Certain polyether polyurethanes possess ideal properties to make relatively small,
maneuverable, and slippery (in blood) leads. Of those available at the time, only the
Pellethane 2363 series met our needs.! In 1975, the first polyurethane-insulated lead
was implanted in a human as part of a spinal stimulator. The softer Shore 80A and
stiffer Shore 55D polymers were tested extensively in vivo over the ensuing 5 years
for cardiac use. This may leave the impression that we implanted neuro leads in
humans first, then tested the material. In fact, the neuro implants were based on the

Unitially Upjohn, later Dow Chemical, Midland Michigan.
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state of the art testing at the time, but we wanted more long term in vivo data for
cardiovascular. In vitro and ex vivo testing demonstrated that the materials were bio-
compatible and stable in the intended environment (as it was understood at the time)
[6]. Just to be sure, however, we implanted the materials in the subcutis of rabbits
for 2 years, conducting extensive characterization tests as a function of time. No
untoward biocompatibility or biostability issues were revealed. Device tests were
conducted in canines for 12 weeks, which had been shown to be sufficient time to
characterize acute and chronic performance. Human clinical evaluations over 1-2
years (depending on the models) demonstrated that the devices had superior per-
formance compared to their predecessors [7, 8]. Four polyurethane-insulated lead
models were market released in the United States in April 1980 with FDA approval.

2.2 Environmental Stress Cracking (ESC)

On May 15, 1981, an atrial lead was returned from Europe with a large gap in
its insulation (Fig. 2). This turned out to be the first of many polyurethane-insulated
leads experiencing what we later determined was a form of stress cracking. Analysis
demonstrated that the tissue-contacting surfaces were oxidized, but the underly-
ing bulk was not affected within our instrumental limits. With the exception of
ozone cracking of natural rubber, stress-cracking mechanisms were unknown in
elastomers. Indeed it was “well known” at the time that there was no ozone in the
tissues adjacent to the leads. In fact, it was “well known” that the oxygen tension in
the venous and subcutaneous tissues adjacent to the lead was extremely low. Given
a lack of oxygen, light, or excessive heat as found in the worldly environment, the
polymer could not be subjected to photo or thermal oxidative processes. The med-
ical and (journal) polymer literature shed no light on the issue. Indeed, literature
on degradation of polymers was uncommon. We eventually discovered that because
degradation is a very slow process, it was not a good subject for academia (one can-
not keep grad students forever to do real-time studies). Industry, however, did have
the time and motivation to do the appropriate studies and publish, but the work was

Fig. 2 A portion of an atrial
lead explanted from a human
after only about 7 months
implant was received in May
1981. The large gaps in the
insulation have exactly
matching opposite edges. The
surface is oxidized per FTIR,
but the bulk is unaffected.
This was the first known case
of environmental stress
cracking in an implanted
elastomer
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to be found in relatively obscure (to the medical-device industry) books, not jour-
nals [9, 10]. These books provided insight into polymer-degradation mechanisms
in the worldly environment, but shed no light on the in vivo environment. It was
only by studying what appeared to be unrelated literature (autoimmune disease,
space shuttle environment, pathology, etc.) that we learned that it was just being
discovered that oxygen free radicals were produced as a result of the foreign body
process that encapsulated implanted devices [11]. This involves the adhesion and
activation of monocyte/macrophages on the device surface, followed by fibroblasts
and collagenous encapsulation. This was most revealing, because the prior pace-
maker literature uniformly indicated that the encapsulation was just collagen, with
no significant cellular components [12].

Of course, to understand a previously unknown mechanism and evaluate correc-
tive measures, we had to develop unique tests that did not exist before. These are
accelerated in vivo tests, since ESC has not yet been exactly duplicated in vitro
(Fig. 3). We now know that ESC is a four-factor interaction, all four of which

Accept Observations Zone Reject
Zone

TR

Fig. 3 Accelerated in vivo ESC test. At the fop is a tubing specimen stretched over a 0.5-inch-
long dumbbell mandrel, with the strain fixed at each end by polyester ligatures. Samples are tied
together in strings, identified with a colored glass bead, and implanted in the subcutis of rabbits
as shown above. After explant, observations made in the “accept zone” are accepted. Observations
in the “reject zone,” where the strain is uncontrolled, are rejected. A coating of medical adhesive
in heptane can be applied to the ends of the samples to cover the knots, etc., isolating the tissue
exposure to the center portion of the specimens where the strain is ideally controlled. Samples may
then be analyzed by FTIR, HPLC molecular weight, SEM, and other suitable techniques
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must be active: residual stress (strain) in the polymer, autoxidation of the surface
(there is no bulk degradation) due to lysosomal release of superoxide anion and
hydroxyl radical from macrophages on the surface, a degradable linkage (in this
case, oxidation initiated at a hydrogen atom on the ether’s o carbon), and a ubiq-
uitous compound that serves as the crack driver, ap-macroglobulin [13]. It is clear
that with the exception of unusual dumb luck it would have been highly unlikely
for one to discover unknown mechanisms without test methods to find them. It
should be noted that ESC is not a significant failure mechanism today due to the
selection of more oxidation-resistant versions of the polymer (Shore 55D hardness),
manufacturing process designed to eliminate residual stress, and numerous other
factors.

2.3 Metal Ion Oxidation (MIO)

In late 1982 or early 1983, we discovered that there was bulk autoxidation affecting
some leads, from the inside out (Fig. 4). We were beginning to appreciate the fact
that biologically produced oxygen radicals could be present, but they react at the
tissue-contacting surfaces, and thus cannot penetrate into the lead. Hydrogen perox-
ide is also produced by macrophages and can permeate the material, but it has been
shown that by itself it does not cause any measurable degradation. Again, the ordi-
nary accelerators present in the worldly environment, light and excessive heat, were
absent. Certainly an isothermal environment of 37 & 3°C would not serve to pro-
duce relatively rapid autoxidation in vivo when it did not in vitro. Who would have
guessed that there could be a degradative interaction between the polymer insula-
tion and the lead’s metallic conductors? The conductor coils are made from MP35N

Fig. 4 Scanning electron micrograph of the conductor-contacting inner surface of a lead’s
insulation showing MIO degradation where the tubing contacted the metal coils
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Fig. 5 Examples of various types of lead conductors and their insulation: A. a unipolar single-filar
conductor coil, B. parallel single-filar conductor coils, C. coaxial multifilar conductor coils, and D.
a multifilament microcable

(Ni, Co, Cr, Mo, Fig. 5).2 We now know that transition metal ions can react with
polymers. In this case the culprit is cobalt ion (complexes) released from the con-
ductor via trace amounts of corrosion. We also now know that H, O, permeating the
insulation can interact with the cobalt in the MP35N to aid its corrosion and to form
complexes that can react directly with the polymer via redox [14]. It can also cat-
alyze decomposition of H,O» to reactive oxidants and oxygen free radicals within
the device itself [15, 16].

Again, there were no test methods for this phenomenon so we had to develop
them as is described in detail elsewhere [14, 15]. Numerous in vitro tests immers-
ing tubing samples containing cobalt rods in HyO» solution or immersing polymer
samples in Co?*/H,05 have been reported, but the correlation with in vivo reality
is poor to unclear (Fig. 6) [15, 16]. An in vivo test using tubing samples contain-
ing pure cobalt rod appears to greatly accelerate degradation and is believed to be

2Dupont
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Silicone Rubber Cobalt Mandrel

Plug
Polyurethane Hole in Tubing
Tubing

Fig. 6 A 0.5-inch-long grooved cobalt mandrel is inserted into tubing, which is sealed on both
ends with medical adhesive. The grooves are intended to simulate the spaces between pace-
maker lead conductor coils. A 1-mm-diameter hole is made in one end to assure ingress of
exudate/transudate. Samples are tied together in strings, identified with a colored glass bead, and
implanted in the subcutis of rabbits as shown in Fig. 3. After optical microscopic examination, the
samples may be analyzed by FTIR, HPLC molecular weight, SEM, and other suitable techniques

more accurate, but requires substantial implant time [15]. Unfortunately, no cobalt-
free conductor material has been developed yet that has the necessary properties
required for implantable leads. The mechanism has been controlled through the use
of barrier coatings, and other factors.

2.4 Subclavian Crush

Still a third failure mechanism was not seen in animal studies, but was discovered
clinically. Explanted and returned leads with crushed, flattened, and fractured con-
ductor coils began to show up in the mid 1980s (Fig. 7) [17]. When polyurethane
leads were introduced for human use, a new implant technique was developed.
Instead of inserting the leads through a cephalic or jugular vein cut down, they were

T~ |

Fig. 7 An x-ray showing several leads implanted via the subclavian vein. One lead has fractured
conductors due to crush (at the arrow, left). A photograph of an explanted lead rendered inoperable
by subclavian crush (right)
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Fig. 8 Subclavian stick implant kit (right) includes a syringe, which is inserted into the subcla-
vian vein (left), preferably before the vein crosses the first rib and clavicle. Next the syringe is
removed and a guidewire inserted through the needle, into the target cardiac chamber. The nee-
dle is removed over the guidewire. The introducer (containing a stiffening obturator) is threaded
over the guidewire, into the venous system. The obturator and guidewire are removed, the lead
inserted through the introducer, and finally the sheath is removed by splitting it while pulling
it back.

implanted with an introducer through the subclavian vein (Fig. 8) [18]. We now
know that if the lead is inserted into the subclavian vein before it crosses between
the first rib and clavicle, it will not be crushed. If the lead body is inserted between
the first rib and clavicle, which then enters the vein within the thorax (most com-
monly done initially), then it is at risk of being crushed by the normal movement
of the two bones [19, 20]. Subclavian crush is no longer a clinically significant
issue because of improved design in some cases and the development of improved
surgical insertion techniques [21].

2.5 Why Were These Mechanisms Not Discovered Before Market
Release?

We were criticized for not discovering subclavian crush in animal experiments. A
plaintiff’s expert claimed that if we had implanted 500 dogs for 3 years prior to clin-
ical use, it would have been obvious. The “expert” making this claim, however, did
not apparently realize that dogs, cats, sheep, etc., do not have clavicles, so detec-
tion of subclavian crush would be impossible in animal tests, no matter how many
were used.

We were also criticized for implanting materials, but not devices for 2 years
prior to clinical use. In fact, it seemed quite reasonable at that time that a biocom-
patible and biostable material would make a biocompatible and biostable lead. In
fact, we now know that even 2-5-year implants of devices in canines may or may
not necessarily produce measurable ESC or MIO (depending on the lead model).
Nonetheless, lead failure due to ESC, MIO, and crush in humans was reported in
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those lead models in as little as 1-2 years (see postmarket surveillance below) [22].
We believe that this species difference is due to differences in degradation rate, not
mechanism.

2.6 Chronic Removability of Transvenous Cardiac Leads

Prior to the discovery of the above failure mechanisms, it was unusual to explant
chronic leads. Patients were quite elderly and ill with relatively short longevity. If
a lead had to be explanted (for example, because of infection or fracture), open-
heart surgery was typically indicated. Improved pacemakers, easier to implant leads
(both polyurethane and silicone rubber), and expanded indications have resulted
in ever-younger patients and greater longevities. Because of product recalls and
advisories across the pacemaker industry, chronic lead explant became more fre-
quent, but was not easily done. The culprit was encapsulation in the cardiovascular
system that took several years to develop, making “short term” (<2 years) ani-
mal tests misleading. In the 1980s we began to conduct long-term (up to 5 year)
canine studies of chronic leads to evaluate new materials and verify our accel-
erated biostability results. In conjunction with this, we were able to study and
analyze the encapsulation process. Details of the mechanism of transvenous lead
encapsulation are provided elsewhere [23]. In summary, as the leads are inserted
through the vasculature, they scrape the endothelium producing a few intermittent
thrombi attached to the heart wall (Fig. 9A). These lyse and disappear within a
week or two. For the ensuing 2+ years, the lead bodies are typically clean and
free of thrombus or encapsulation (Fig. 9B). There is a thin, translucent capsule
extending proximally a few millimeters from the electrode sites and a thick cap-
sule extending about a centimeter distally from the venous insertion site where
the lead is ligated. By 3 years, 75% of the leads have substantial, intermittent
encapsulation of varying thickness (Fig. 9C). By 5 years almost all leads have
intermittent bands of encapsulation of varying thicknesses. By 8 years the leads are
fully encapsulated (Fig. 9C). The mechanism is a creeping thrombosis/organization
process [23].

Clearly the lead materials are not thrombogenic in their venous environment or
they would not remain thrombus/encapsulation free for several years. The mech-
anism is mechanical (microstasis of blood causing thrombosis), not a reaction to
the material per se. Thorough studies over many years have demonstrated that new
materials, coatings, etc., have no effect on encapsulation. Is this a biocompatibility
issue? It is not for functioning leads that continue to work well even if encapsu-
lated. It is when chronic lead extraction is considered. The mechanical design of
the device can minimize encapsulation or accelerate it, but not stop it. If a lead
becomes infected, it is mandatory that it be removed. If the lead remains func-
tional and does not become infected, then there is usually no need to remove it.
In many cases even nonfunctional leads have been left in place, with a new one
inserted alongside. Fortunately, new surgical techniques have been developed to
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Fig. 9 Photographs of lead implant sites in canines. A. After 3—7 days implant, several thrombi
(arrows) caused by endothelial injury during implant adhere to the heart wall, not the lead. B. Six
weeks to more than 2 years after implant, the lead bodies are free and clear of thrombus or fibrotic
encapsulation; short thin capsules are found at the endocardium/electrode sites and the venous
entry site. C. Three to five years post implant, the leads are encapsulated in a discontinuous and
sometimes corregated collagenous capsule, again with fresh (not postmortem) thrombi (arrows).
D. After 8 years, both leads are fully encapsulated. A large partially organized thrombus is shown
at the arrow

extract chronic leads safely without open-heart surgery, using catheters, snares, and
even devices using ablating lasers or cautery [24]. Thus, until some means of pre-
venting encapsulation in the cardiovascular system (short of anticoagulating the
patient) is developed, we must live with it, and make sure we do not make it worse
by design.
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3 Risk Assessment

The first place one should look before developing a biocompatibility/biostability test
plan is ISO/DIS 14971 [25]. Annex C, Annex I, and tables E.1 and E.2 in Annex E
appear to be especially useful for biomaterials [26-28].

4 Material Biocompatibility Testing

4.1 Substantially Equivalent Materials

To paraphrase the FDA’s Guidance for implantable cardiac pacing leads, biocom-
patibility testing may not be necessary if a material has a long history of use in
currently marketed devices [29]. If there is sufficient knowledge about the biocom-
patibility and toxicity of every constituent of the device, then it need not be subjected
to further biocompatibility tests. The FDA Guidance and ISO 10993-1, paragraph
3.7 provide guidance as to what factors must be considered to determine if a previ-
ously used material needs to be reevaluated [29, 30]. Note that the FDA Guidance
goes on to say “It is incumbent upon the device submitter to provide sufficient evi-
dence to establish that further biocompatibility testing is not necessary.” It must be
kept in mind that just because a competitor has used a material clinically in a similar
device does not qualify it for your use as “Substantially Equivalent.” You may have
to consider it a “New Material” because of differences in specifications, processing,
manufacturing, etc.

4.2 New Materials

New materials or previously implanted materials used in new applications are
another matter, requiring a structured program of assessment. One of the first steps is
to determine device category as a function of body contact (ISO 10993-1, 4.0). The
categories include noncontact (4.1.1), surface contacting (including skin, mucosal
membranes, and breach or compromised body surfaces (4.1.2), external communi-
cating (4.1.3), and implantable devices (4.1.4). Categorization by duration of contact
(limited, prolonged, or permanent, 4.2) is also required. One must conduct a thor-
ough physical and chemical characterization of the material as it would be used
on/in the device [29, 30]. This means that all samples tested must have been through
the same processes, cleaning, sterilization, and packaging as the final device. For
biocompatibility purposes, chemical characterization must pay special attention to
additives, process contaminants and residues, leachable substances, degradation
products, and interactions with other components of the device. All testing must
be done in compliance with Good Laboratory Practices (GLP). ISO 9000 speci-
fies the requirements for quality-management systems. A list of test methods used
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to characterize implantable elastomers follows as an example. Of course, different
materials or uses may require substantially different test methods.

e Master file or analytically derived data (required):

» Complete information including precursor materials, solvents, catalysts, curing
agents, reinforcing agents, crosslinking agents, etc.

* Composition reaction ratios and catalyst ratio

* Any relevant literature and patents describing the formulation and characteri-
zation of the material

o Examples of measurements on polymeric materials processed for use in the
device:

e Molecular weight (ASTM D3593 Mw, Mn, Mw/Mn)

¢ FTIR/ATR

* Ty & Tiyert (DMA or DSC, ASTM D3418)

e Metal content (ASTM F1372, Pb, Cu, Sn, Sb, Hg, As, Cd, Mg, Se, Si, and Ba)
e Thermal stability (TGA, ASTM D5023 or 5026)

* Extractables (see ISO 10993-12)

The biocompatibility testing protocol will depend on the category of device and
duration of contact as described above. For chronically implantable materials, the
entire range of ISO 10993-1 is recommended, as is summarized below. Please note
that ISO 10993-1 is in the process of revision. It is recommended that the reader
consult the revised version when it is available. Because of cost constraints, a step-
wise evaluation is recommended. The decision to conduct the more costly phase 2
tests would depend on the results of the phase 1 tests. Again, the materials must be
processed, cleaned, sterilized, and packaged in the same manner as the final prod-
uct. Note that the following tests are listed and briefly described in ISO 10993-1,
but detailed protocols are provided in other parts of the standard for most of these
(ISO 10993-2 through 12).

4.3 Phase 1 Tests (ISO 10993-1)

e Cytotoxicity (ISO 10993-5): Cell culture techniques, for example, MEM Elution
Test L929 (ASTM F1027).

e Sensitization (ISO 10993-10): Estimates the potential for contact sensitization.
Example, Kligmann Sensitization.

e Irritation: Estimates for irritation at appropriate sites such as skin, eye, and
mucosal membranes.

e Intracutaneous reactivity (ISO 10993-10): Estimates the potential for localized
reaction of tissue where exposure to skin, eye, and mucosal membranes is
inappropriate. Example, USP acute intracutaneous injection.
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e Systemic (acute) toxicity (ISO 10993-11): Estimates the potential harmful effects
of implant < 24 hours where absorption of leachable or degradation products is
possible. Examples, USP acute systemic injection test and USP Pyrogen Test
(LAL).

e Acute and subchronic toxicity (ISO 10993-11): Estimates the potential harmful
effects of implant > 24 hours to not greater than 10% of the animal’s total life
span (such as 13 weeks in rats). Example, intramuscular implantation test. Not
required if chronic toxicity data exist (see ISO 10993-1, paragraph 5.3.1, Chronic
Toxicity).

* Genotoxicity (ISO 10993-3): Evaluates gene mutations, changes in chromo-
some structure, and other DNA or gene toxicities. For example: Salmonella
Typhimurium, reverse mutation (Ames mutagenicity)

e Mammalian cell transformation assay: C3H/10T1/2 or BALB/c3T3

e Chromosomal aberrations: Test 479, in vitro sister chromatid exchange assay
in mammalian cells.

e Implantation (ISO 10993-6): Assesses the local pathological effects on living
tissue.

e Hemocompatibility (IS 10993-4): Evaluates the effects on blood and blood com-
ponents by blood-contacting materials/devices. Example, static hemolysis test
RRBC.

Products that are to be sold outside of the United States must also take into
consideration any requirements unique to other countries.

4.3.1 Phase 2 Tests

If it is determined that the new material is acceptable for use in chronically
implanted devices, then the following must be addressed:

e Chronic Toxicity: Estimates the potential harmful effects of implant during a
major portion of the animal’s total life span (such as 6 months in rats). Example,
intramuscular implantation test. Note, in some cases, chronic biostability testing
may serve to meet this requirement. See biostability testing below.

e Carcinogenicity (ISO 10993-3, Para 5.0): Lifetime in vivo carcinogenicity test
(mice, 1.5 years). “These tests should be conducted only if there are suggestive
data from other sources.” For example, carcinogenicity testing must be done if
genotoxicity results are positive. Alternatively, perhaps one should reconsider if
the test is worth the time (about 3 years) and expense (>$1 M) if another, more
biocompatible material is suitable and available.

e Reproductive and developmental toxicity (ISO 10993-3): “Reproductive/deve-
lopmental toxicity tests or bioassays should only be conducted when the device
has potential impact on the reproductive potential of the subject. The application
site should be considered.”
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5 Potential for Biodegradation

ISO 10993 provides several standards for the identification and quantification of
potential degradation products. Part-9 (biodegradation) states “Where the poten-
tial for resorption and/or degradation exists, corresponding tests may determine the
processes of absorption, distribution, biotransformation and elimination of leach-
ables and degradation products of medical devices, materials and/or their extracts.”
This standard provides guidance for protocol development, but does not provide any
test protocols. Parts 13, 14, and 15 address polymers, ceramics, and metals/alloys
respectively.

6 New Material Stability Testing In Vitro

Passing the above series tells us that the material as received, processed, cleaned,
packaged, and sterilized is sufficiently biocompatible to use in preclinical (animal)
device test. It is, however, not sufficient to justify human use for long-term implant.
One must consider the biostability of the material in light of the device’s intended
duration of implant. There are no biostability test standards such as ISO 10993 for
biocompatibility. Thus, the manufacturer must develop a test protocol that makes
good scientific sense for the particular device and material in question. Of course,
a literature search is an absolute “must.” There may also be relevant documents
available, such as the FDA’s Guidance for pacemaker leads and ISO or ASTM stan-
dards that may need to be consulted. Keep in mind that the rationale for the test
regimen will probably have to be explained and justified to the appropriate regu-
latory agency. Some typical biodegradation mechanisms are shown in Table 1 for
reference.

Table 1 Some degradation mechanisms that can affect biostability of cardiac pacemaker leads

Conductor metal Polymer
e Corrosion (pitting, fretting, crevice, e Oxidation
intragranular, stress corrosion, galvanic) e Hydrolysis
o Wear e ESC
e Fatigue and fracture e Mechanical (swelling, extraction, wear, creep)

e Mineralization

It is absolutely necessary to consider all the materials used in the device so that
interactions can be evaluated. For example, modern cardiac and neurological leads
may be insulated with silicone rubber or polyether polyurethane. They also con-
tain metallic conductors (typically MP35N, and sometimes also platinum or silver).
The individual conductor wires may be covered with a redundant insulation such as
eTFE. The conductors and insulation are connected to stainless steel connector pins
and platinum electrodes.
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6.1 Metals

For metals, FDA regulations specify ASTM F2129 (standard test method for
conducting cyclic potentiodynamic polarization measurements to determine the cor-
rosion susceptibility of small implant devices). Some devices may also require
testing for stress corrosion (failure due to corrosion accelerated by tensile stress).
There are many test methods for fatigue fracture, so it is incumbent on the manufac-
turer to select the most appropriate one(s) for device in question. Pacemaker leads,
for example, are often tested in a fixture that flexes them + 90 over a specified
radius at twice the typical cardiac cycle rate (Fig. 10) [31]. Presently, FDA requires
satisfactory performance over 4 hundred million cycles (equivalent to about 10 years
in human use).

CONTROL SYSTEM

TWIST TIMER

TWIST
SOLENOID §
TEST SAMPLE g , ‘

DRIVE
MECHANISM

Fig. 10 A schematic view of a lead flex tester (left). The lead placed in the fixture is seen in the
right panel, showing how it is flexed 4 90

6.2 Polymers

The susceptibility of polymers to autoxidation can, of course, be tested in vitro
at elevated temperatures, but that does not seem to be too relevant for implanted
devices. Given our knowledge of the foreign body response today, it is quite rea-
sonable to conduct immersion tests of materials or devices in HyO» [11]. It remains
unknown, however, just what the concentration of H,O» is under the belly of a
macrophage. We do know that the production of H,O» rises sharply within about a
week after implant, then decreases markedly, apparently continuing at a very slow
trickle for several years. Acceleration would be achieved by using as high a con-
centration as is safe and practical. Because the H,O; will decompose relatively
quickly over time, it should be replaced at least several times per week to main-
tain its activity. Periodically removed samples should be characterized physically
and chemically to facilitate determining the rate of degradation, if any. It should be
noted that even high concentrations of HyO» do not produce significant degrada-
tion of the silicone rubbers or polyurethanes used in pacemaker leads. One variant
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of this test is the immersion of the tubing containing cobalt rod shown in Fig. 6 in
37°C, 3% H,0; in n-saline (non-buffered 0.9% saline). The peroxide permeates the
polymer, reacts on the cobalt to both accelerate the metal’s corrosion and decom-
pose the peroxide into oxygen free radicals. This then mimics the autoxidation and
redox reactions known to attack the insulation in some devices [14]. Immersion of
materials in oxygen free radicals is a more complicated matter since they are typi-
cally extremely reactive and short lived. This can be achieved by adding 0.05-0.1 M
CoCl; to the H2O7 [16]. Again, the solution needs to be changed frequently.

Immersions of polymer microtensile specimens in solutions of metal ions or
lipid emulsions at elevated temperatures for 16 weeks have been reported [32].
Temperatures of 37, 70, and 90'C are recommended with sampling monthly to
establish trends. For pacemaker leads, the solutions should include all the metals
found within the device, a base, and an acid. For example, aqueous solutions of
1 M AgNO3 or 0.1 M CoCl, (acetylacetanoate) can assess oxidation. Immersion
in 1 N acetic acid, Ringer’s solution, and 1.0 N HCI can assess hydrolytic resis-
tance. Immersion in 20% intralipid (soybean) emulsion can assess the propensity
to absorb lipids. However, in our experience, none of the above in vitro tests
appear to be reliably predictive of performance in pacemaker lead insulation. Why?
The in vivo environment cannot be duplicated in vitro. For example, the oxida-
tion state of an ion varies as a function of what it is dissolved in. Distilled water
containing a metal ion does not represent the environment within a lead. This
accelerated test predicts that Ag* will oxidize and degrade polyether polyurethanes
while Co?* will not. Multiple in vivo studies clearly demonstrate exactly the oppo-
site [14, 33]. Traces of cobalt will degrade the polymer in vivo whereas silver
will not.

Hydrolytic degradation can be assessed as noted above. Keep in mind, however,
that in vivo hydrolytic attack is often accelerated or catalyzed by enzymes, local pH,
and/or physiologic ions. Immersion in solutions containing an esterase, cholesterol
esterase, and a protease has been shown to accelerate hydrolysis in vitro [34, 35].

Wear and creep can be a little more complicated. Wear on material samples is typ-
ically evaluated by weight loss on a rotating disk exposed to abrasive wheels (Taber
abrasion). This may not be too useful for in vivo implants, however. One clue as to
how well a polymer will hold up to wear is the area under the stress—strain curve
(the “modulus of toughness™). To evaluate the possibility of wear between pace-
maker lead insulation and other leads, the pulse generator, bones, etc., one can place
a weighted rod on the lead in 37 C saline. The rod can then be moved back and forth
at a fixed rate. Creep is the property of viscoelastic materials to flow under a force
below the ultimate tensile strength. Tensile creep is measured by hanging weights
on strips of polymer, periodically measuring their length. However, in pacemaker
leads, analysis shows that creep in the insulation is due to compressive, not ten-
sile forces. Good correlation with cyclic compressive creep forces (as in subclavian
crush) has been found with a fixture that exposes the lead to a rotating disk hav-
ing several weighted metallic wheels set at a specified gap between them and the
base plate [36]. This test can also evaluate the resistance of a finished lead body’s
conductor to subclavian crush.
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7 In Vivo Materials Testing

Clearly one can implant microtensile specimens in animals such as rats or rabbits
for several years, characterizing the materials as a function of periodic explant time.
However, thin samples tend to curl or fold in vivo, affecting the reliability of the
test. This can be dealt with by using thicker samples, but the rate of measurable
degradation decreases as the thickness increases. Thus, we have abandoned this
form of testing since it rarely gives the necessary answers in a reasonable implant
time. It is more appropriate to implant the devices or subassemblies and remove
characterization samples from them.

ESC has not yet been exactly duplicated in vitro. We have achieved good pre-
dictability in vivo using tubing samples with strain fixed over mandrels as shown in
Fig. 3. Just how much strain is required to accelerate the mechanism must be deter-
mined for each type of polymer. For polyether polyurethane elastomers, strain must
be > 300%. This is true because in the unstrained state, the polymer is phase sepa-
rated into polycrystalline “hard segment” islands in an amorphous polyether matrix
[37]. Between 200 and 300% strain, this morphology is destroyed to be replaced
with a linear (oriented) order, which is much more susceptible to relatively rapid
degradation [38]. Up to 4 such strings (up to 20 variables) can be implanted in each
rabbit’s subcutis. Because of biologic variance (again a matter of rate rather than
mechanism), it is necessary to implant at least 5, preferably 10 rabbits per sampling
period to assure statistical reliability. Note that this test is used to evaluate both
materials and their manufacturing processes. Typically, >300% strained Pellethane
2363-80A will develop significant ESC within 6—12 weeks implant. With new mate-
rials, however, the test has been run for up to 2 years to determine if there are any
late-developing phenomena [39-42]. Periodic explants are evaluated by ATR/FTIR,
SEM, GPC molecular weight, and other relevant techniques (see ISO 10992 and
the FDA Guidance). Of course, this test is not limited to polyurethanes but has
been used with other elastomer chemistries. Note that if carefully done, this 2-
year test can also serve to fulfill subchronic and chronic biocompatibility testing
as noted in ISO 10993-5.2.6 and 5.3.1. At termination, the animal is euthanized,
the skin reflected, and photographs taken of the implant sites. Untoward biologic
reactions, if any, are noted and samples taken to be stored in buffered formalin. If
it is decided to submit data to regulatory agencies, the samples are retrieved and
evaluated histopathologically.

In vitro MIO tests do not always appear to correlate well with in vivo results
either. Short (about 0.75 inches long) tubing samples containing cobalt rod as shown
in Fig. 6 are implanted in the subcutis of rabbits in a manner similar to that in the
in vivo ESC test (Fig. 3). Again, because of biologic variance, it is necessary to
implant at least 5, preferably 10 rabbits per sampling period to assure statistical
reliability. Depending on how the polymer is processed, Pellethane 2363-80A con-
trols will show substantial degradation in 1-2 years. Periodic explants are evaluated
by ATR/FTIR, SEM, GPC molecular weight, and other relevant techniques. Again,
this test may fulfill subchronic and chronic biocompatibility testing as noted in ISO
10993-5.2.6 and 5.3.1, per the methods mentioned above.
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Mineralization is a phenomenon where the body deposits calcium salts, such
as hydroxy apatite on/within the device (intrinsic) or in the fibrotic encapsulation
(extrinsic). Note that all implanted devices have been reported to be subject to min-
eralization, regardless of the materials used. At present there is really no good,
predictive accelerated test method, although implant in adolescent rats appears to be
about as good as is available. Explants are evaluated by SEM and EDS for calcium
deposition.

8 Device Implants in Animal Models

We have conducted all the appropriate testing on new materials and the device
according to a scientifically based qualification plan. Are we now ready to use the
material in a human use product? Not necessarily! Remember that no in vitro test
can possibly exactly mimic the in vivo environment, and animals do not exactly
mimic the human in vivo environment. The FDA’s Guidance for the Submission
of Research and Marketing Applications for Permanent Pacemaker Leads and for
Pacemaker Lead Adaptor 510(k) Submissions states that the following submission
strategy is required, unless “If acceptable accelerated testing protocols are avail-
able, abbreviated testing may be conducted per section II.B. Alternative Submission
strategy. Acceptable accelerated testing should be supported by documentation that
demonstrates that the in vitro testing can reliably predict in vivo performance.”

A. Submission Strategy

* Implant leads in animal hearts to obtain data on 20 leads at the end of two
years
» Historical or other suitable controls

B. Alternative Submission Strategy

* Implant leads in animal hearts with intent of obtaining data on 20 leads after
6 months

* Historical or other suitable controls

* Accelerated testing — ESC test and MIO test.”

The standard specifies all the necessary parameters, including analytical tech-
niques. The problem has been that no adequate correlation between in vitro data
on new materials and in vivo device performance has been reported. Thus, the
pacemaker lead industry has usually been forced to conduct 2-year implants in
animals before submission. It seems quite likely, however, that the in vivo acceler-
ated ESC and MIO tests discussed above might satisfy the “Alternative Submission
Strategy,” at least for polyether polyurethanes. It is strongly recommended that any
implantable device using a new material follow a similar in vivo animal qualification
protocol.
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9 Human Clinical Implants

It is very important to note that it is considered unethical to intentionally determine
biocompatibility or biostability in human clinical trials. These parameters are to
have been established before regulatory submission and the first human implant. Of
course, should any untoward result be found clinically, or in prior preclinical tests,
it must be reported according to FDA regulations. The clinical study is to deter-
mine the human safety and reliability of the new product, not its biocompatibility
or biostability. The requirements for the development of clinical study plans can be
found in the FDA Guidance [29].

10 Market Release and Postmarket Surveillance

Finally, the new device has completed human clinical trials. The appropriate regu-
latory agency has given its approval to market the product. We’re home free now,
right? Unfortunately, that may not be the end of it! There are several more fac-
tors to consider. Clinical studies may not have required enough time to reveal any
long-term device complications. Clinical studies also may not require large enough
numbers to detect low-incidence complications (such as subclavian crush). Some
new lead models revealed no significant ESC or MIO after 2-5 years implant in
canines, yet began to develop decreases in actuarial survival in as little as 1-2 years
in humans [22]. Again, this species difference appears to be due to differences in
degradation rate, not mechanism. It is also true that animal implants are scrutinized
after explant with detailed mechanochemical analytical techniques, whereas human
implants are tested noninvasively via telemetry. Different kinds of data are used
for device assessment in humans and animals. For another example, remember the
discussion above about subclavian crush? None of the animals used for pacemaker
lead performance have clavicles so subclavian crush cannot be addressed in animals.
How do we discover such phenomena? How do we determine the percentage and
rate of device survival? The answer is postmarket surveillance. Apparently, post-
market surveillance is still discretionary over the implantable device industry. It is
now mandatory for pacemaker manufacturers. The FDA’s Guidance to Sponsors on
the Development of a Discretionary Postmarket Surveillance Study for Permanent
Implantable Pacemakers Electrodes (Leads) is available through DSMA. It provides
guidance to sponsors on the design of a postmarket study protocol, which must be
submitted to FDA for approval.

10.1 Returned Products Analysis

Some devices, such as pacemaker pulse generators, are easy and safe to explant.
These are returned to the manufacturer for analysis. Any adverse findings are
reported to the FDA per regulations. Using the largest manufacturer (Medtronic) as
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an example, the statistical data on pulse generator survival are reported twice annu-
ally in a Product Performance Report [22]. Since the vast majority of pacemakers
are explanted for normal battery depletion, longevity curves are useful in inform-
ing physicians about device performance and helping engineers design better power
sources. Recalls and advisories, if any, are also reported along with patient manage-
ment suggestions. The latter are prepared with the assistance of a physician advisory
board. For an example of a product performance report, visit www.medtronic.com,
then select “Information for Physicians,” then “Cardiology,” and click on the “CRM
Product Performance Report” tab. An example of a pulse generator longevity actuar-
ial survival curve is shown in Fig. 11. Note that the term “survival” refers to survival
of the device, not the patient. Not all explanted devices are routinely returned to the
manufacturer. Some, such as many heart valves, are sent to independent third party
“retrieval centers” for analysis.
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Fig. 11 The actuarial survival curves for an implantable pulse generator. The lower curve shows
the pulse generator’s survival as a function of battery depletion. Battery depletion is a normal and
expected outcome so this is not considered a device failure per se. The upper curve depicts what the
pulse generator’s survival statistics would be if the battery’s longevity were not taken into account.
Thus the upper curve measures the reliability of the circuitry, hermeticity, feed throughs, etc.

10.2 Postmarket Clinical Studies

Some devices, such as transvenous pacemaker leads, are not easily removed after a
few years implant. Through the 1980s, most nonfunctioning leads were either left
in place with a new one implanted next to it or removed via open-heart surgery.
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Many of those that were explanted, in part or in whole, were simply discarded by
the hospital. To encourage return of explanted leads, companies such as Medtronic
offered reimbursement. This often resulted in return of a proximal section, some-
times only the terminal assembly. Thus, the data obtained by analysis of returned
products were highly inaccurate and misleading. The available returned products
data suggested that all but a fraction of 1 percent of a certain lead model were per-
forming as intended. In late 1983, Medtronic began organizing a postmarket study
looking at the performance of implanted leads, aimed at determining their true clin-
ical survivorship as well as failure modes. The initial study involved three large
implanting centers. Today, the study has expanded to more than 35 centers world-
wide [22]. The requirements for reporting complications are shown in Table 2. An
example of a lead survival curve is shown in Fig. 12. The criterion for Medtronic to
take some field action is a decrease in lead survival to <95% in 5 years. Returned
leads continue to be analyzed, which provides important information about failure
mechanisms, if not accurate clinical statistics.

Table 2 Chronic lead study reporting criteria. “A lead related complication is considered to have
occurred if at least one of the following clinical observations is reported and at least one of the
following clinical actions is made 30 days or more after implant [22].”

Clinical observations Clinical actions
o Failure to capture (stimulate) e Lead surgically abandoned/capped
o Failure to sense/undersensing e Lead electrically abandoned/capped
e Oversensing e Lead explanted
e Abnormal pacing impedance (based on lead e Lead replaced
model, but normal range is typically e Polarity reprogrammed (i.e., bipolar to
400-800+ ohms unipolar; unipolar to bipolar)
e Abnormal defibrillation impedance (based e Lead use continued based on medical
on lead model, but normal range is judgment despite a known clinical
typically 20-200 ohms performance issue
e Insulation breach observed visually that has e Other lead-related surgery performed (i.e.,
degraded system performance lead mechanical alteration or unsuccessful
e Clinically observed fracture, observed repositioning)
visually or radiographically Note, successful lead repositioning is not a
e Extracardiac stimulation qualifying action.

e Cardiac perforation
e Lead dislodgment

Most pacemaker lead manufacturers continue to report (to FDA) on the basis
of returned products only, and this is rarely available publicly. This produces
highly misleading information, which is often used by sales people to tout the
superiority of their products. Table 3 shows a comparison between some clini-
cally and returned product-determined survival statistics from Medtronic’s product
performance report.

According to the RPA data, the earliest lead in Table 3, Model 4012, would
never have met the 95% survival criteria for the manufacturer to take field action.
But using the “Chronic Lead Study (CLS)” statistics, this lead was placed under
advisory in 1991. According to the RPA data, the next generation lead, Model
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Fig. 12 Actuarial survival curves for two lead models. The upper curve for Model 4012 shows
that its survival probability dropped below the trigger point of 95% after about 4.5 years. Thus this
lead was put on Advisory September 26, 1991. The lower curve shows that one of its successors,
Model 4024, has retained excellent reliability for nearly 10 years

Table 3 Medtronic survival statistics on three ventricular lead models, comparing analysis of
returned products (ARP) with the clinical lead study (CLS) [22]

Model Years Number sold  RPA % Number in CLS %
number service us) survival CLS survival*
4004 12 74500 99.0 1640 50.6
4012 14 96800 99.8 2543 62.9
4024 10 229200 99.8 1215 99.9

* 95% Confidence interval

4004, would never have met the 95% criterion, but it was placed under advisory
in 1993 based on CLS data. According to both databases, the latest model reported
in Table 3, Model 4024, continues to display excellent performance after nearly
10 years in service, which demonstrates the dramatic improvement in reliability
of more modern leads. Thus, to report only returned products analysis statistics is
highly misleading.
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The data from postmarket surveillance not only help clinicians manage their
patients, but also help manufacturers design improved products. Thus, we come full
circle, using postmarket surveillance to feed back into the design of new products.

11 Summary and Conclusions

To this day, we still hear people claim that in vitro testing of materials alone shows
that they are suitable for use in chronically implanted devices. Others continue to
say that “I proved the materials are biocompatible and biostable, so I don’t have to
do any device testing.” This statement can be very far from the truth. In vitro testing
has its place, primarily to screen materials and processes for further testing. In some
cases where no suitable in vitro test exists, one may be forced to develop accelerated
in vivo materials tests. Once the preliminary testing is accomplished, however, one
must test the device per se in animals. A biocompatible material does not necessarily
make a biocompatible device. The same may be said about biostability. These state-
ments are true because shape, size, surface finish, interactions between the materials
in the device, etc., all can affect its biocompatibility and biostability. But even well-
performed animal studies may not unveil previously unknown mechanisms, because
animals do not perfectly mimic the human in vivo environment. An excellent exam-
ple of this is the subclavian crush in humans (clamping a lead between the clavicle
and first rib), which is impossible to discover in animals with no clavicles. With the
right protocol for the device in question, only postmarket surveillance appropriate
for the device in question can determine for certain that the device does or does not
meet expectations.
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Technology Advances and Challenges
in Hermetic Packaging for Implantable
Medical Devices

Guanggiang Jiang and David D. Zhou

Abstract Many implantable medical devices contain sophisticated electronic cir-
cuits. Hermetic packaging is required to provide the implant’s electronic circuitry
with protection from the harsh environment of the human body. This chapter pro-
vides a review of available hermetic sealing methods and their applications. General
considerations of implantable medical device packaging are discussed. Various test-
ing methods applicable to the packaging of implantable medical devices are also
presented. Many issues associated with hermetic packaging are not yet completely
understood, nor are any corresponding difficulties completely overcome. The con-
tinued miniaturization of future implantable medical devices provides both oppor-
tunities and challenges for packaging/materials engineers to improve the existing
packaging methods, and to develop new methods. Reliable hermetic micropackag-
ing technologies are the key to a wide utilization of microelectromechanical systems
(MEMS) in miniaturized implantable medical devices.
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1 Introduction

Implantable medical devices have been widely used to restore body functions,
improve the quality of life, or save lives. Experts estimate that 8 to 10 percent of
all Americans (some 20 million to 25 million people) [1], or about 1 in 17 people
in industrialized countries [2], carry some form of implanted device. Many medi-
cal devices, such as the implantable cardiac defibrillator, cochlear implant, artificial
vision prosthesis, neuromuscular microstimulator, and the like contain sophisticated
electronic circuits. Such long-term implantable medical devices are susceptible to
damage by body fluids over time. Hermetic packaging is required to protect the
electronic circuitry of the implant from the harsh environment of the human body.

1.1 Hermetic Packaging Technology Advances
There are a variety of ways to define hermeticity. Webster’s New Collegiate

Dictionary defines hermeticity as “the state or condition of being airtight,” or in
the Microelectronics Packaging Handbook [3], it is defined as “sealed so that the
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object is gas tight.” In the real physical world, there is no such thing as abso-
Iute or complete hermeticity because all materials are gas permeable to some
degree [4].

The packaging of implantable medical devices uses various materials, including
polymers, glasses, metals, and ceramics. The encapsulation method used is greatly
dependent upon the technology of the electronic circuit that is to be encapsulated.
Polymer encapsulation has been successfully used with relatively simple circuits
assembled from discrete, low-voltage components [5]. With polymer encapsulation,
the discrete components are often compactly arranged and “potted” in a mold with
leads or conductive feedthrough pins penetrating through the polymeric encapsu-
lation wall [6]. This has historically been the preferable approach to encapsulation
because of its simplicity and relatively low processing temperature; however, poly-
mers do not provide an impermeable barrier. Moisture ingress will ultimately reach
the electronic components, and surface ions can allow electric shorting and degra-
dation of the leakage-sensitive circuitry and subsequent failure of the device [7].
Therefore, in general, polymer encapsulation is unsuitable for high-density, high-
voltage electronics circuits. Recent research on liquid crystal polymers (LCPs)
would suggest that using LCPs for near-hermetic packages in implantable medical
devices looks promising [8, 9].

Hermeticity of early experimental cochlear implants used the principles of
mechanical pressure and gasket sealing [10]. Though the human implanted sys-
tem permitted changes from percutaneous cable to transcutaneous telemetry for
the first time, no report on the long-term performance of such a sealing mecha-
nism used in this implant has been issued. Materials that may provide a hermetic
barrier are metals, ceramics, and glasses. Metallic packaging generally uses a bio-
compatible metal capsule that is either machined from a solid piece of metal or deep
drawn from a piece of sheet metal. Electrical signals enter and exit the package
through hermetic feedthroughs. The feedthrough assembly often utilizes a ceramic
or glass insulator to allow one or more conducting wires to exit the package with-
out coming in contact with the package itself. This method has been successfully
used for implantable pacemakers [11], cardioverter defibrillators [12], implantable
multichannel neuromuscular stimulators [6], and cochlear implants [13].

Metal-based packaging generally requires that a power-receiving coil or commu-
nication antenna be placed outside the package to avoid significant loss of power
or radio frequency signals through the walls of the implanted device, thus requir-
ing additional space within the body to accommodate the volume of the entire
implant. Bioceramics and biograde glasses possess a radio frequency transparency
advantage over metallic materials. They have been used as the main packaging
materials for the implantable neuromuscular microstimulators [14, 15], cochlear
implants [16], and artificial retina implants [17]. Bioceramics used for structural
applications include alumina (both single crystal sapphire and ruby or polycrys-
talline a—Al,O3) [18-22], zirconia (magnesium oxide partial stabilized zirconia
(Mg-PSZ)) [23], yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) [23], and
ceria stabilized zirconia poly-crystal (Ce-TZP) [24-29]). Many different types of
biocompatible glass have been successfully used for implantable medical devices,
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including borosilicate glass (Kimbel N51A) for the glass capsule neuromuscular
microstimulator [14].

A conductive component is often the required interfacial material for an active
implantable medical device for the purposes of sensing and delivering electrical
signals from/to living tissue. Though the main body of the package is made of bio-
ceramic or biocompatible glass, hermetic bonding between the ceramics or glasses
and metallic/conductive components is essential. To enable a hermetic seal between
similar or dissimilar metallic components, fusion welding methods, such as laser
welding, tungsten inert gas welding (TIG), and electron-beam welding, are often
the choices. Figure 1 shows three neuromuscular microstimulators (BIONs) in dif-
ferent packages. The AMI glass-packaged neuromuscular microstimulator contains
three hermetic seals: two glass-to-tantalum seals produced by melting glass with
an infrared laser beam; and one final hermetic seal that is obtained by melting
the tantalum tube closed in a plasma needle arc welder [14]. Metal-to-ceramic
brazed cases provided housing for both the AMF and ABC neuromuscular micros-
timulators [30-32] and the final hermetic seals were achieved by a laser-welding
method.
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H |
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Fig. 1 Photograph depicting three neuromuscular microstimulators (BIONs) in different pack-
ages. The diameters of three BIONs are 2.0 mm from AMI-Alfred Mann Institute at University
of Southern California, 2.5 mm from AMF — Alfred Mann Foundation, and 3.3 mm from ABC —
Advanced Bionic Corp. (Reprinted from [33] with permission of the American Association of
Neurological Surgeons)
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1.2 Significance of Hermetic Packaging for Implantable
Medical Devices

Despite the multitude of designs for implantable medical devices, there are usu-
ally four integral parts that must be accounted for: (1) the input or sensor, (2)
the lead and lead connections, (3) the main package body, and (4) the output
[34]. The principle failure points for these implant devices occur at the inter-
facial boundaries of adjoining surfaces, where water and ion migration proceed
along the lead connections [7]. For example, an auditory reliability report, issued
in 2006 by a medical device company, disclosed that roughly three out of four
device failures were attributed to moisture ingression into the titanium receiver-
stimulator packaging of an implant through the feedthrough (available online at
http://www.bionicear.com/printables/reliabilityreport2006.pdf, accessed 10 January
2008). Water penetrating the intact polymeric encapsulants and permeating to the
underlying substrates [35] is also a common cause of failure. Moisture ingress
can result in failures such as open circuits [36], damage to metallics [36], surface
electrical leakage [37], and electrical shorts due to moisture-promoted dendritic
growth of silver and gold [37-39]. Ingress of other active gases, such as oxygen,
could also cause attachment failure of solder-attached components due to solder
oxidization [40].

This chapter provides a review of the available hermetic packaging methods
and their applications. This has been a difficult task, as manufacturers of medical
devices do not usually disclose the details of their packaging methods to protect their
competitive edge. Many implantable medical devices have utilized one or more of
the hermetic packaging methods. General considerations of packaging and testing
methods for implantable medical devices are discussed in this chapter. Challenges
associated with further advancement of implantable medical devices and future
directions in the field are also examined.

2 General Packaging Considerations for Implantable
Medical Devices

2.1 Biocompatibility

Biocompatibility is the first thing that the packaging engineer should consider when
designing a hermetic package for an implantable medical device, as it is the package
that makes direct contact with body tissue. It is critical that implantable medical
devices do not elicit any undesirable local or systemic effects in the human body.
In addition, the package materials should be stable and must be able to withstand
attack from a harsh ionic body environment.

Biocompatible materials that have been successfully used for implantable medi-
cal device packaging include titanium and its alloys, noble metals and their alloys,
biograde stainless steels, some cobalt-based alloys, tantalum, niobium, titanium-
niobium alloys, Nitinol, MP35N (a nickel-cobalt-chromium-molybdenum alloy),
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alumina, zirconia, some biocompatible glass and polymers. A series of biocom-
patibility testings often suggested by the Food and Drug Administration (FDA) will
be discussed in Section 4.3

2.2 Hermeticity Requirement

The degree and measure of hermeticity are a function of material choice, final seal
design, fabrication processes and practices, and the use environment; so, before
deciding what kind of packaging method to select for the implantable medical
device, one needs to consider the level of hermeticity that is needed and the life
span expectations for the product. Theoretically, all materials and all welded or
joined assemblies will leak to some degree [4], whether by permeation through the
bulk material or along a discontinuity path. The property of the solid that char-
acterizes the amount of gas that can pass though the solid is called permeability
[41]. The function of permeability is a combination of mass (g), distance (cm),
time (s), and pressure (torr). Standard engineering practice would graph the per-
meability function as g/cm-s-torr. Figure 2 shows the typical helium permeability
of many common classes of packaging materials and their predicted lifetime at dif-
ferent thicknesses. As mentioned previously, polymeric materials do not provide
an impermeable barrier. Thus glasses, ceramics, metals, and single crystals can be
considered for long-term implants.

Fig. 2 Permeability chart for
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2.3 Outgassing of Internal Materials

Even if the package materials and the sealing process(es) effectively prevent leakage
through the package wall, implants still fail in some cases. The internal materials in
a package, such as silicones, epoxies, and polymer coatings or insulators for chips
and discrete electrical elements, often outgas which increases the vapor pressure and
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moisture level inside the package. The internal outgassing may induce the formation
of water droplet condensation, thus compromising the device performance and even-
tually leading to device failure. Control of these internal sources of contaminants is
essential to guarantee long-term reliability.

2.4 Wireless Communication

Wireless communication between the implantable medical device and external con-
trol unit eliminates the need for percutaneous wires, so that the risk of infection
can be minimized. In some cases, the receiving coils are placed outside the metal-
lic hermetic package and then jointly embedded with the metallic packaging using
polymer encapsulation. The received signal can then be transmitted to the electronic
circuitry inside the metallic package by utilizing feedthrough pins. In a polymer-
encapsulated coil design, there is an issue that must be addressed: altering the
inductance of the receiving coil, due to moisture ingress at the coil interface, causes
the quality factor Q to decrease, thereby lowering the gain of the stage. Bioceramics
and biocompatible glass provide a transparent radio frequency window for wireless
communication. By employing bioceramic or biocompatible glass as the pack-
aging material, the receiving coil can be placed inside the package and wireless
communication can be established through the package.

2.5 Package Heating

When a metallic material is used as the main package body, problems such as metal
heating have to be considered. As noted above, metallic materials attenuate elec-
tromagnetic and radio frequency signals. To provide reliable communication and
effective charging to the implanted receiving coils encapsulated in the metallic pack-
age, strong electromagnetic signals from external transmitters are required. Eddy
currents generated inside the metallic bulk generate heat when an electromagnetic
field is present. International standard ISO 14708-1:2000 E requires that no outer
surface of an implantable part of the active implantable medical device shall be
greater than 2°C above the normal surrounding body temperature of 37°C when
implanted, and when the active implantable medical device is in normal operation
or in any single-fault condition. Special consideration must be given to the amount
and types of metallic materials and to the package design for the implanted device
to avoid excessive heating.

2.6 Coefficient of Thermal Expansion Compatibility

When bonding dissimilar materials, especially those involving high-temperature
processes such as brazing or welding, a coefficient of thermal expansion (CTE)
compatibility between the parts to be joined has to be considered. The larger the
CTE mismatch and the bigger the parts, the higher the possible residual stress in the
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assembly. Such residual stress can result in failure, such as cracking, or can com-
promise the hermeticity of the assembly. Sometimes the failures may not appear
immediately, and the consequences can be worse when discovered later. Early ver-
sions of the AMI neuromuscular stimulator package used a tubular feedthrough of
90% Pt—10% Ir. The seals produced were hermetic initially, but tended to fail catas-
trophically during prolonged soaking and temperature cycling in saline because of
the difference in the CTE between the glass capsule wall (5.5 x 107%/°C) and the
90% Pt—10% Ir feedthrough (8.7 x 107%/°C). The excess residual stress in the walls
of the sealed glass capsules can be measured using the photoelastic effect on the
rotation of polarized light (Model 33 Polarimeter, Polarmetrics, Inc., Hillsborough,
NH) [14]. By using tantalum (CTE = 6.5 x 107%/°C) as the feedthrough material,
the residual stress is reduced.

3 Types of Hermetic Sealing and Their Applications

3.1 Polymer Encapsulation

There are numerous organic polymeric materials that are used as encapsulants
for electronics. These materials are divided into (1) thermosetting polymers, (2)
thermoplastics, and (3) elastomers. For implantable medical device applications,
only a few materials in the above three groups can be made ultrapure to serve as
acceptable encapsulations for implants [42]. Candidate materials include epoxies,
silicones, polyurethanes, polyimides, silicone-polyimides, parylenes, polycycli-
colefins, silicon-carbons, and benzocyclobutenes, as well as recently developed
high-performance liquid crystal polymers (LCPs). Silicone rubber has been used
as cable insulation material [43], epoxies were used in part for electronic com-
ponent encapsulation [44], and Parylene C is utilized as an insulation coating on
electronics in implants [45, 46]. The challenge of polymer encapsulations when
applied to a long-term biomedical device primarily lies in their bio-stability within
the body. Degradation of polymers includes hydrolytic, oxidative, and enzymatic
mechanisms that deteriorate the chemical structure [47]. Polymer encapsulation has
been successfully used with relatively simple circuits using discrete, low-voltage
components. However, polymer encapsulation does not provide an impermeable
barrier [48] and therefore cannot be used for packaging high-density, high-voltage
electronic circuitry for long-term applications.

3.2 Glass-to-Metal Seal

Glass-to-metal seal technology is used extensively to provide a hermetic seal
between a metal conductor and a metal body. Hermeticity of a glass-to-metal seal
can typically be 1 x 1078 standard cubic centimeters of gas at a pressure of one
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atmosphere per second (atm-cc/sec) or less, as measured by the helium-leakage rate.
A typical glass-to-metal seal consists of the following elements:

e A metal bulkhead (or body) with a hole or holes in it.
e A pin(s) serving as a conductor(s) in the center of this hole(s).
e A piece of glass preformed to fit between the pin(s) and the bulkhead.

During processing, these three components are placed on a fixture which holds
them in position. The entire assembly is then heated in a controlled atmosphere to
the appropriate temperature for the particular set of materials. At the sealing tem-
perature, the glass melts and fills the space between the pin and the bulkhead, and a
hermetic seal is formed upon cooling.

The type of seal generated by this process is dependent upon the type of glass
used and the materials used for the bulkhead and pins; there are two basic types of
seals, the compression seal and the reactive seal. Early cochlear implants had used
a compression glass-to-metal seal to form feedthroughs to provide the connection
for 16 electrodes. Sixteen pure platinum feedthrough pins are precisely placed in
position in a polycrystalline glass-ceramic substrate with a commercially pure (CP)
Ti ring on the outside. The polycrystalline glass-ceramic has slightly smaller CTE
than CP Ti. Upon cooling, the CP Ti ring shrinks and squeezes the glass onto the
pure platinum pins to form a strong compression seal.

This reactive seal was the choice of the first-generation neuromuscular micros-
timulator [14]. The hermeticity of the glass-to-metal seals depends on chemical
bonding between the borosilicate glass (Kimble N-51A®)) and the native oxide on
the tantalum electrode stem and the tantalum tubular feedthrough. Enclosures with
this type of glass-to-metal seal may experience a transient loss of hermeticity and
ingress of ambient gases when subjected to mechanical pressure. Integrity of glass-
to-metal seals depends on a strong bond of glass-to-metal oxide at the metal/glass
interface. If this bond is weakened, or otherwise compromised by inadequate oxide
thickness or contamination, the seals may temporarily give way during slight dis-
tortions of the package by mechanical pressures of fixturing the unit for testing,
e.g., centrifuge or fine/gross leak. Although glass-to-metal seals can be initially her-
metic, their performance after temperature cycling is of suspect [14, 49]. Graeme
reported that fluids and enzymes can permeate along minute pathways, or open up
cracks in the glass seals through surface tension, and this was one failure mode of
the early University of Melbourne’s cochlear implant prototypes seen in two of the
three initial patients [50].

3.3 Ceramic-to-Metal Feedthrough

A properly produced ceramic-to-metal feedthrough seal is often more robust, more
durable, and has tighter hermeticity and better electrical insulation than a glass-
to-metal feedthrough seal. Ninety-two percent or higher purity alumina as well as
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100% pure sapphire and ruby are commonly used for hermetic seal of implantable
medical devices. Other ceramics such as aluminum nitride (AIN), zirconia (ZrO3),
silicon carbide (SiC), and silicon nitride (Si3Ny4) have the potential to be used for
ceramic-to-metal assemblies for implantable medical devices.

Properly designed ceramic-to-metal feedthrough seals are able to maintain her-
meticity in a variety of harsh conditions, such as temperature cycling, corrosive,
thermal shock, and varying pressure environments. Ceramic functions as an excel-
lent electrical insulator at elevated temperatures, unlike glass, which conducts more
electricity at high temperatures. Moreover, ceramics are less likely to fracture when
subjected to high-vibration and high-acceleration conditions than glass. An addi-
tional problem for glass is the tendency of meniscus formation at the surface
leading to small pieces breaking off — obviously an undesirable situation for medical
implants.

Applications of ceramic-to-metal feedthroughs for implantable medical devices
include implantable pacemakers [11], cardioverter defibrillators [12], implantable
multichannel neuromuscular stimulator [6], and cochlear implants [16]. One com-
monly used ceramic-to-metal feedthrough in the implantable medical device appli-
cations is a pure platinum pin(s) in an alumina substrate [51], as illustrated in Fig.
3. This feedthrough assembly can be produced either with sputtered 99.99% gold
brazing or by co-fire pure platinum pins with green alumina ceramic. In the case
of brazing, a thin film of metal such as gold, platinum, niobium, or titanium can be
applied on the ceramic via physical vapor deposition (PVD) to promote adhesion
[52]. Insulation materials (typically silicone and polyurethane) are usually applied
on the ceramic-to-metal interface (to prevent shorting due to moisture-promoted
dendritic growth of gold) and between pins (to isolate the conductor).
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Fig. 3 A ceramic-to-metal implantable feedthrough

Section 3.4 will discuss in detail the investigation of different types of bond-
ing methods (including active brazing, nonactive brazing, and diffusion bonding)
aimed at producing hermetic ceramic-to-metal seals for implantable medical device
applications. The fundamentals are applicable to the ceramic-to-metal feedthrough
design as well.
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3.4 Ceramic-to-Metal Seal

Sometimes a ceramic-to-metal seal is the preferable design, as in the AMF neuro-
muscular microstimulator, where no feedthrough pin is needed. Pure iridium and
platinum-iridium components attached to the titanium metal parts act as electrodes
interfacing with living tissue.

Brazing is by far the most widely used joining process for a ceramic-to-metal seal
when mechanically reliable hermetic joints are required. Brazing is a process for
joining two or more solid materials in close proximity to each other by introducing a
filler material that melts at a high temperature (typically above 450°C) and which is
below the melting points of the materials being joined. Filler materials are classified
into two categories: active and nonactive. Active fillers are composed of chemically
active materials or compounds that convert readily and permanently from one com-
position to another when subjected to sufficient energy to initiate the reaction. For
the purposes of this discussion, the active fillers to be considered are often composed
of active elements, such as titanium, aluminum, hafnium, zirconium, vanadium, and
niobium, and the energy applied to initiate the conversion is heat. Nonactive filler
materials often require prior metallization of the ceramic substrate to provide for
enough wetting, so an interface (usually reactive) is formed. Physical vapor deposi-
tion (PVD), chemical vapor deposition (CVD), or mechanical metallization can be
used to deposit metallic films, such as molybdenum, manganese, tungsten, or their
combination onto ceramic surfaces prior to brazing. This additional metallization
step can complicate the brazing process and makes quality control of the joint more
difficult. Brazing with active filler materials is a relatively simple method and is
generally preferred over brazing with nonactive fillers.

3.4.1 Active Brazing

Both zirconia and titanium have been widely used for biomedical applications due
to their excellent mechanical properties and favorable biocompatibility [23, 30]. It
is desirable to bond these two materials together for some applications [30]. Some
earlier studies have selected active filler alloy brazing as the joining technique for
zirconia to Ti-6Al-4 V and have successfully brazed the zirconia to Ti-6Al-4 V with
Ag-Cu series filler materials [53-55]. Although this method seems very promis-
ing in terms of interfacial strength, it might meet with some objections regarding
biomedical applications and the possible toxicity of Cu. Lasater disclosed a method
to produce hermetically sealed zirconia-to-titanium joints using a titanium-nickel
alloy filler material [56]. Fey and Jiang discovered that zirconia could be joined to
titanium alloys using pure nickel brazing filler material [57]. In such a case, the tita-
nium element from the base metal diffuses with nickel filler material and reacts to
form a eutectic alloy at the interface. The Ni» Tig O phase that formed upon cooling at
the ceramic-to-metal interface is responsible for the bond development. Jiang et al.
reported that the zirconia-to-Ti-6Al-4 V brazed joints have good biocompatibility
and have been successfully used for the second-generation neuromuscular micros-
timulators developed at the Alfred Mann Foundation, Santa Clarita, California, USA
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[30]. Other successful examples of ceramic-to-metal packages include alumina to
Ti-45%Nb alloy package brazed with TiNi-50® active filler metal, for cochlear
implant application; alumina to pure niobium case bonded with TiNi-50® filler
metal, also for cochlear implant; and alumina to a metal assembly brazed with a
modified active filler metal, for artificial retina packaging.

3.4.2 Nonactive Brazing
3.4.2.1 Metalized Ceramic Brazing

By metalizing the surface of the ceramic to be joined by depositing or embedding
metal by electroplating, sputtering, ion-implanting, or some other means, brazing
with a metal filler can be accomplished as is normally done with metal substrates;
that is, by simply selecting a filler that is compatible with the metalized surface
material.

3.4.2.2 Noble Metal Brazing

Noble metal brazing is most commonly based with silver or platinum and their
alloys, and somewhat less often based with copper or nickel, and occasionally based
with other noble metals (e.g., palladium and gold) [58]. Such brazing is normally
done in air, or even an oxygen-rich atmosphere, with evidence that noble metal
oxides form and bond with the ceramic substrate, particularly with oxide ceram-
ics. Correia et al. have thoroughly investigated the potential use of platinum as an
interlayer (25 wm) between tetragonal zirconia polycrystal (TZP) and Ti-containing
blocks within a wide temperature range [59]. Though the chemical reaction is
strong, the interfaces are rather weak, actually failing at the interface between the
TZP and the platinum-rich zone. In TZP/(Au-25 pm)/Ti joints brazed under vac-
uum, the infinite supply of Ti to the interface through the liquid Au results in a
continuous interface without gaps. However, the Ti-Au intermetallics formed at the
interface do not hinder Ti-diffusion toward the ceramic to form unfavorable Ti-
oxides and Tix Auy intermetallics [60]. Silver was also tested in the form of thin foil
(35 wm) for the production of TZP/Ti joints at 980°C under vacuum. The interfacial
reaction seemed stronger than in the Au case. A thick zone of a Ti-oxide (assigned
to TizO,) formed at the interface featuring large holes. When zirconia was brazed
to titanium and its alloys with palladium in an induction furnace, bonding formed at
the interface. However, the brazed joint contains pores, thus the hermeticity of such
joints is a problem.

3.4.3 Diffusion Bonding of Ceramic-to-Metal

Diffusion bonding eliminates any foreign material as needed in brazing so it would
be preferred for implantable medical device applications. Alumina can be diffusion
bonded to a few biocompatible metals including tungsten, platinum, molybde-
num, stainless steel, and niobium [58, 61]. Zirconia has been successfully diffusion
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bonded to niobium too. However, the poor machinability of niobium and molybde-
num, and the poor mechanical properties of platinum have probably limited their
applications. Zirconia-to-titanium alloy joints were also attempted by diffusion
bonding [55, 59, 62] and low-strength joints were obtained, probably due to the
Ti embrittlement caused by the enlargement of Ti-grains by two orders of magni-
tude. Diffusion bonding of TZP and Ti with a zirconium interlayer (30 um) inserted
between has been attempted by Agathopoulos et al. [62]; however, no successful
joint has been reported.

3.5 Hermetic Seal with Fusion Welding

Fusion welding is often the final step in creating a hermetic seal for the implantable
device. A variety of fusion welding methods used for hermetic metal-to-metal seals
include laser-beam welding, electron-beam welding, resistance welding, and tung-
sten inert gas (TIG) welding, to name a few. The designers choose a particular
welding method for their hermetic packages often based on the following con-
siderations: the materials of the parts to be sealed, the specimen size, equipment
availability, the joint configuration, and cost. Both laser-beam welding and electron-
beam welding are high-energy welding processes. Laser-beam welding has become
more and more popular over other methods in the recent years, most likely due to
the following reasons:

1. Electron-beam welding requires a vacuum, while laser welding can be done in air
or in an inert environment. Argon and helium mixtures are often the preferable
inert laser-welding gas for protective purposes. Moreover, helium is the ideal gas
for helium-leak testing.

2. Maintenance and operational costs for a laser-welding system are moderate.

3. A small heat-affected zone can be achieved with laser welding, which is partic-
ularly critical for the miniaturized implantable medical device, where too much
heating or the close proximity of the heating zone might cause damage to the
components inside the package.

4. No filler material is needed for laser welding with a properly designed weld joint.

5. Besides the challenge of designing a joint suitable for resistance welding, the
process of hermetic sealing by resistance welding is often difficult, if it is even
possible at all.

A successful laser weld in the application of a hermetic seal requires precision
aiming stability, vibration isolation between the work surface and the environment,
accurate location of the weld position, and real-time optical power feedback. Good
coordination among the laser power supply, the motion control system, the vision
system, the control computer, and operator is critical. Advanced laser-welding sys-
tems often have features, such as real-time power feedback, power ramping, and
pulse shaping, to achieve the best weld quality possible.
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Strong hermetic welds can be achieved by optimized laser parameters, proper
joint design, and materials selection. Similar metallic materials are preferable for
laser welding. Good welds can be obtained when welding titanium and its alloys,
noble metals and their alloys, tantalum, and niobium. Welding Nitinol (a Nickel
Titanium (NiTi) shape memory alloy composed of approximately 55% Nickel by
weight) to itself has been successfully performed using laser welding [63], TIG
welding, and resistance welding [64, 65]. 316 and 316 L stainless steels are con-
sidered among the most biocompatible of the stainless series, followed by 304 and
304 L stainless steels. A calculated Creq to Nieq ratio of 1.52 to 1.9 is recommended
to control the primary mode of solidification and prevent solidification cracks in
type 304 L while the Creg/Nigq ratio of 1.42 to 1.9 is recommended for type 316 L
stainless steel [66]. Fusion welding of Tungsten tends to yield welds that are very
brittle. Joining Nitinol to stainless steel is often difficult due to the formation of brit-
tle intermetallic compounds such as FeTi and Fe, Ti. Nitinol can be welded to other
metals such as tantalum and niobium to yield acceptable joints [65]. Though joints
with dissimilar metals can be achieved, issues such as galvanic corrosion have to be
addressed when used in implantable medical device packages.

Frequently, more than one processing method can be used for assembling an
implantable medical device. For example, ten critical joints of the first-generation
neuromuscular microstimulator were accomplished by using four different tech-
nologies including infrared laser beam-assisted welding, TIG welding, resistance
welding, and microsoldering [14]. Laser welding, active brazing, resistance weld-
ing, and microsoldering have been implemented for the second generation of
neuromuscular microstimulators produced at The Alfred Mann Foundation, Santa
Clarita, CA.

3.6 Conductive Vias on Ceramic Substrate

An alternative to the ceramic-to-metal feedthrough is the use of conductive vias on
a ceramic substrate that can be produced by either high-temperature cofired ceramic
(HTCC) or low-temperature cofired ceramic (LTCC). Because HTCC parts are fired
at 1,400° to 1,500°C, refractory metals are often used for circuit traces, which results
in high electrical resistance compared to noble metals. This resulting poor conduc-
tivity often has a detrimental effect on circuit performance. LTCC parts are fired
at a lower temperature of about 950°C, so that silver and gold can be used as the
conductor materials. Also, a wide variety of resistive and dielectric materials can be
applied before firing to form passive components. Moreover, multiple layers with
buried components can be formed, and active components with large I/O counts can
be connected with wire bonding, surface mount, or flip chip techniques. These tech-
niques allow unpackaged semiconductor device mounting, which further reduces
board real estate for a given circuit configuration, so LTCC is often the preferred
process. One application utilizing conductive vias on ceramic substrate is for the
artificial retina where platinum-containing glass frit is used for the conductive vias
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[67]. One challenge with utilizing the conductive vias on ceramic substrate parts
for hermetic packaging is the limitation of high-temperature postprocessing of the
ceramic substrate. In many cases, it is desirable to braze titanium and its alloys (for
zirconia substrate) or niobium and its alloys or titanium-niobium (for alumina sub-
strate) package walls to a via containing ceramic substrate to provide a means for
achieving a final hermetic seal. It is possible that the hermeticity of the conductive
vias could be compromised after the subsequent high-temperature processing.

4 Testing Methods for Hermetic Sealing of Implantable
Medical Devices

4.1 Mechanical and Environmental Tests

An implantable active medical device should be constructed to not only with-
stand the mechanical forces that may occur during normal conditions of use,
but also other possible environments — induced stresses, such as vibration, free
fall; atmospheric pressure changes; and temperature changes during packaging,
storage, transportation, and handling in an operating room. A list of mechani-
cal tests often applicable to medical device packaging includes tensile, fatigue,
vibration, shock, compression, and flexural testing. Environmental tests include
temperature cycling, humidity, and corrosion tests. Refer to appropriate standards
from the International Organization for Standardization (ISO), Association for the
Advancement of Medical Instrumentation (AAMI), American Society for Testing
and Materials (ASTM), and other agencies for detailed testing procedures.

The first-generation neuromuscular microstimulators consisted of a cylindrical
glass capsule with a rigidly mounted electrode on each end, as shown in Fig. 4
[68]. It has been utilized for many applications from shoulder subluxation, to sleep
apnea, to urinary incontinence, to foot drop, to knee osteoarthritis, to wrist and fin-
ger contractures, and to pressure ulcers [69, 70]. The mechanical integrity of the
package has been tested by three-point bending over its long axis, tensile tests along
its axial direction, free drop to steel instrument tray, five temperature cycles between
autoclaving and freezing [14].

Fig. 4 The package of the Ta stem Glass capsule Ta tube
first-generation 4 > '
neuromuscular ﬂ A

microstimulator. (Reprinted - — w &
from [71] with permission of '

Springer) Ta electrode Electronics Ir electrode

In 2006, Loeb et al. reported that among a total of 80 neuromuscular microstim-
ulators that were implanted in 35 participants in five different clinical trials, four
unresponsive implants were visibly broken as determined by X-ray analysis [71].
Two of the four failures occurred in adjacent neuromuscular microstimulators in
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one patient after several months of tetanic stimulation to treat flexion contractures
of the hand. Both had been inserted in the same orientation, with the Ta stimulation
electrode located deep in the interosseous membrane to target nerves to the extensor
muscles of the forearm. It is hypothesized that the failures of the clinical implants
occurred as a result of repeated bending stress applied by the contracting muscle
to the exposed 0.5-mm-long segment of the Ta stem, a ductile wire of 0.25 mm
in diameter that is sealed into the relatively large glass capsule at one end and the
Ta electrode at the other, as shown in Fig. 5. This was confirmed in a series of
in vitro repetitive stress tests. Modifications were made to enhance the mechanical
integrity of the glass package. This experience suggested the importance of appro-
priate mechanical tests to reveal the integrity of the device package prior to any
application.

Tantalum stem

5 \ ’ ‘Glass capsule
-
-

Tantalum
electrode

\ .

Fig. 5 A bent tantalum stem between the tantalum electrode and glass capsule. (Reprinted from
[71] with permission of Springer)

4.2 Hermeticity Testing Methods and Their Limitations

High-quality hermetic seals place implantable medical devices among the most
reliable assemblies [4]. Rigorous tests ensure the quality of the hermetic seals in
such products. MIL-STD-883, Method 1014.10 provided details of the various her-
meticity test procedures that have been adapted by the biomedical device industry.
Generally speaking, a package with a standard air equivalent leak rate greater than
1 x 1073 atm-cc/sec is considered a gross leaker. Packages with leakage below this
rate are considered fine leakers. There are generally four methods of ascertaining a
gross leak, including [41]:

1. Forcing a liquid, such as fluorocarbon liquid, into the package through the gross
leak channel, vaporizing or decomposing this liquid in the package, thereby forc-
ing the resultant gas out through the same leak channel, and then detecting the
gas by the bubble test or the vapor detection test;
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2. Forcing a liquid into the package, and then detecting its presence by a change in
weight (the weight gain test) or by the deflection of the lid due to an increase in
pressure by an interferometer;

. Performing a dye penetrant test; and

4. Performing a residual gas analysis (RGA).

[98]

Helium-leak detectors, radioactive decay detectors, and interferometer (optical)
leak detectors are all capable of fine leak detection. The most commonly used in the
biomedical device industry is the helium-leak detector.

A helium-leak detector is a mass spectrometer tuned to analyze the helium
gas. The detection limit of a helium-leak tester is generally 1 x 107 atm-cc/sec
or better. Prior to the helium-leak test, the hermetic package is either subjected
to high-pressure pure helium for a period of time (“bombed”) or sealed in a
helium-containing environment. Calibration of the helium-leak detector is presently
accomplished using a calibrated helium-leak standard consisting of a small cylinder
charged with helium at atmospheric pressure. The cylinder contains a filter through
which helium exits at a fixed calibrated rate when the cylinder valve is opened, and
the temperature at which the leak was calibrated is marked on the cylinder (typically
22-23°C). The calibrated helium-leak cylinder should be at this temperature when
calibrating the system. Otherwise, an appropriate temperature compensation factor
should be used in calculating the test object leak rate. When using the calibrated
leak to set the sensitivity of the helium-leak detector, the detector meter is set for
direct readout at the leak rate figure marked on the calibrated leak cylinder.

Radioactive decay is a technique in which a radioactive gas is placed inside the
cavity of the device during device manufacture or by bombing after manufacture
is complete. This technique is similar to the helium fine leak test method except
that radioactive gas, such as krypton-85/dry N, mixture, is used. Krypton 85 is a
radioactive inert noble gas that emits very weak gamma rays and beta particles.
Parts are submerged in the radioactive gas for some time. After the part surfaces
are free of residual radioactive gas, it is placed in a chamber connected to a scin-
tillation crystal detection system that actually counts the number of Kr-85 particles
inside the package. This is different from the helium fine leak test, which measures
the rate of helium leaking out of the device. The leak rate of the device is cal-
culated by a formula based on the concentration of Kr-85/N; tracer gas used, the
bombing time and pressure, and the measured reading on the device. An Atomic
Energy Commission license is necessary for possession and use of radioisotope test
equipment and manufacturers are reluctant to use this method.

Optical leak testing is based on the deflection of the package lid when the pres-
sure outside the package differs from that inside the package, either by evacuation
or pressurization. The amount of deflection is measured by an interferometer, often
a laser interferometer. Optical leak testing is not applicable to many devices where
no suitable package configuration is available.

Fine and gross leak tests should be conducted in accordance with the require-
ments and procedures for the specific test conditions for the device. Combinations
of fine and/or gross leak testing can be conducted in sequence or at the same time.



44 G. Jiang and D.D. Zhou

Cumulative Helium Leak Detection (CHLD) is a variation on conventional leak
detection that allows for gross and fine leak testing in the same pass and the poten-
tial for helium-leak detection at leak rates several orders of magnitude lower than
with conventional leak-detection methods.

For an implanted device with circuitry inside, moisture level is often considered
the most critical piece of information as many electronic failures are directly related
to moisture accumulation and condensation [36, 37, 40].

To some degree, the functional lifetime of a device can be estimated based on
the moisture level accumulated inside the device. Lifetime estimation is commonly
done with equation 1 based on when the moisture level inside the device reaches
the dew point at body temperature, or the consensus [41] among scientists and engi-
neers that the amount of liquid water necessary to promote corrosion is when three
monolayers of liquid water form on the internal surface of the packaged device.

The dew point is a key parameter in controlling the ability of moisture condensa-
tion. The condensation process inside a package to form water droplets is a function
of device temperature, internal pressure, and more importantly moisture level. With
a known temperature and pressure, the dew-point level can be determined from the
dew-point nomograph shown in Fig. 6 [72]. From the nomograph in Fig. 6, it can be
seen that at 1.0 atm and 0°C, the moisture concentration needed for forming water
droplets is 6,000 ppm. At levels below this percentage of water vapor, liquid drops
will not be able to form. Hence, most materials and sealing processes are selected
to keep the internal package environment at or below 5,000 ppm of moisture for the
lifetime of the device. The rationale being that, at 5,000 ppm, the water vapor dew
point is below the freezing mark, and therefore any moisture that would condense
inside the package would be in the form of ice crystals and not be available for cor-
rosion processes. Of course, one could argue that for implantable medical devices,
the body temperature is about 37°C, so a higher moisture level should be allowed.
But, some contaminants could promote moisture condensation considerably before
the moisture reaches the saturation level of the dew point. A humidity test applicable
to a specific medical device often has to be run to determine a safe moisture level as

the baseline threshold.
\%
t=— [m (1 _ Omo )] (1
Lo Apig20

Where: Qo = the water that has leaked in the device in atm [41]

V = the available internal volume of the package (volume of the parts inside
the package should be subtracted) in cc

¢t = the time in seconds

Lo = the true water leak rate = 0.471%Ly, in atm-cc/sec

Apimo = the initial difference in the water partial pressure on the outside less
the partial pressure on the inside the package (water vapor partial pressure in
human body is 0.061 atm)
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Fig. 6 Dew-point
nomograph that correlates
pressure, temperature, and
water content (As shown, at
1.0 atm and 0°C, the dew
point is 6,000 ppm of water).
(Reprinted from [72] with
permission of ASM
International)
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The international standard organization ISO 10993 standard plays an important
role in the assessment of the biocompatibility of a medical device. In principle,
a great number of tests have to be undertaken depending on the intended use of
the medical device. The standard describes tests on toxicity, carcinogenicity, and
hemocompatibility, among others. Some of these tests are simple in vitro tests,
while others require extensive animal experiments. For implanted medical devices,
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where direct contact is made with blood, tissue, or bone (such as implantable
cochlear implants), extensive in vitro and in vivo tests are required [73]. Refer to
ISO 10993 for more discussion and detail on the selection of individual tests that
should be done for a particular biological interaction or biological effect. In gen-
eral, details of test methods are not given in the ISO documents and reference is
made to other documents such as the American Society of Testing and Materials
(ASTM) and The United States Pharmacopeia (USP) standards for procedures and
methodologies. Most of the tests can be performed by laboratories specializing in
biocompatibility testing. Listed below is the battery of tests often recommended
by the FDA for Class III active implantable medical devices that make long-term
contact with bone or tissue: cytotoxicity, sensitization, irritation or intracutaneous
reactivity, acute systemic toxicity or pyrogenicity, subchronic toxicity, genotoxi-
city, implantation, chronic toxicity, and carcinogenicity. Additional tests, such as
the hemo-compatibility testing, are required for blood contact implantable medical
devices.

4.4 Corrosion Tests

Various electrochemical techniques have been employed to characterize the cor-
rosion behavior of medical device packages [74]. Open-circuit potential measure-
ments determine the corrosion potential of a metal in an electrolyte. Its value can
be used to predict the long-term lifespan of metal packages under passive corrosion
conditions. Corrosion rates and corrosion behavior of passive coating layers can be
obtained by potentiodynamic or potentiostatic polarization methods, with which the
polarization resistance and corrosion current density can be determined [75]. The
breakdown potential, the potential above which surface pits are initiated, is usually
defined as the potential at which there is a large increase in the response current. An
anodic polarization curve measured on a Ti alloy is shown in Fig. 7. In the potential
range of 0.3 to 1.1 V, a current plateau is visible, which indicates the Ti surface
passivation. However, at higher potentials than 1.2 V, anodic current increases dra-
matically, suggesting surface activation or breakdown. When used as a metal case,
care should be taken to make sure potential on the Ti surface does not exceed the
breakdown potential.

Electrochemical Impedance Spectroscopy (EIS) is a powerful nondestructive
method to characterize biomaterials. Electrode materials, solution resistance, elec-
trode/electrolyte interface impedance, charge transfer resistance, and surface rough-
ness/double layer capacitance can be measured and their frequency response
properties can be determined in a fast frequency scan.

Cyclic voltammetry (CV) has been employed to determine the operational poten-
tial window (the water window) limited by the H, and O, evolution potentials due
to electrolysis of water on the cyclic voltammogram.

There are several ASTM standards that describe electrochemical testing tech-
niques for the evaluation of corrosion behaviors of metal materials. Two useful
methods are ASTM G5 - 94: Standard Reference Test Method for Making
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Fig. 7 An anodic polarization curve measured on a Ti alloy in saline solution at 37°C. The scan
rate is 1 mV/second. See text for additional details

Potentiostatic and Potentiodynamic Anodic Polarization Measurements and ASTM
G106 — 89: Standard Practice for Verification of Algorithm and Equipment for
Electrochemical Impedance Measurements. Although most ASTM electrochemical
testing techniques are developed for stainless steels, the test methods and procedures
can be adapted for noble metals used in implantable medical devices.

Long-term stability of the metal package of medical devices is assessed in
vitro through active soak tests under constant pulse stimulation. The packages are
tested in buffered saline solutions at body temperature, or elevated temperatures for
accelerated tests [76].

4.5 Morphological and Microstructural Characterization

Both light and scanning-electron microscopy (SEM) can provide valuable infor-
mation about the surface of materials. The smoothness or roughness of surfaces
can influence how materials interact with tissues and body fluids. Smoothness
or roughness may also affect the binding of protein and biochemical intermedi-
ates (lymphokines and cytokines), which may also help determine a material’s
biocompatibility.
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Electron microscopes create magnified images by using a beam of electrons
as an imaging source. They resolve images at much higher magnifications than
light microscopes can, often at magnifications up to 300,000 times. SEM can
yield topographic images and elemental information when used in conjunction
with energy-dispersive x-ray analysis (EDX) or wavelength-dispersive x-ray spec-
trometry (WDS). Elemental analysis using SEM/EDX or SEM/WDS is useful
for qualitative and semiquantitative determination of elemental content and for
obtaining correlation between microstructures and elemental composition.

Atomic force microscopy (AFM) is another powerful tool for examining the
topography of a surface. It works much the same way as a profilometer does, only
on a much smaller scale: a very sharp tip, often a silicon tip, is scanned across a
sample surface at very short distance and the change in the vertical position reflects
the topography of the surface. By collecting the amplified height data for a suc-
cession of lines it is possible to generate a three-dimensional map of the surface
features with nanometer resolution. This instrument can also be used to evaluate
crack formation and growth in both plastics and metals [77].

Other surface analytical techniques, such as x-ray photoelectron spectroscopy
(XPS), Auger electron spectroscopy (AES) and secondary ion mass spectroscopy
(SIMS) have been utilized to show that the elements of the titanium alloys are
present in their surface oxides [78]. Transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) studies showed that the oxides
of the Ti-6A1-4 V alloy have a more complex microstructure and a different crys-
tallinity, which are properties that could affect the biocompatibility of these titanium
alloy implants.

X-ray diffraction enabled researchers to understand the microstructure of crys-
talline materials. To reveal the bonding mechanism of hermetic titanium alloys to
yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) ceramic-brazed joints, X-
ray diffraction analysis on the fractured braze joints was conducted and revealed
that the nickel titanium oxide (NipTizO) formed at the zirconia ceramic to titanium
metal interface is responsible for the bonding [15].

4.6 Accelerated Life Test

For faster product development or improvement, accelerated life testing (ALT) can
be used to determine the reliability of implants in accelerated use conditions [79].
Accelerated life testing helps to identify failures and failure modes qualitatively or
predicts package lifetime quantitatively at normal use conditions (Accelerated Life
Testing Online Reference, ReliaSoft’s eTextbook for accelerated life testing data
analysis [80]).

Among various stresses used to accelerate failures, temperature is widely
accepted in accelerated life tests. The Arrhenius life-temperature model has been
widely used in temperature-accelerated life testing [81]. The Arrhenius reaction rate
equation proposed by the Swedish physical chemist Svante Arrhenius in 1887, is
given by equation 2 [82]:
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E,
r=A X exp <_k_T> 2)

Where

r is the reaction rate

A is a constant with the unit sec™! for first-order reactions
E, is the activation energy (eV)

k is the Boltzman’s constant (8.62 x 107 eV K1)

T is the absolute temperature (Kelvin).

Practically, a modified equation derived from the above Arrhenius reaction rate
equation is used to determine acceleration factors (K) in an accelerated life test for
a package:

Eq

1 1
k (ﬁ - i)
Where 7, is the intended use temperature of the device, i.e., body temperature in
Kelvin and T; is the elevated test temperature. It is clear from Eq 3 that the accel-

eration factor is sensitive to E, at given test temperatures. The activation energy for
the specific failure mode should be used in determining acceleration factors.

K =exp 3)

4.7 X-Ray Microscopy

X-ray microscopy permits nondestructive assessment of internal damage, defects,
and degradation of a hermetic package. Illuminating a sample with X-ray energy
provides images based on material density that allow for characterization of crack-
ing, breakage, de-lamination, and defects in components. Figure 8 shows a void
(about 75-pm wide) at the ceramic-to-metal joint interface of a brazed case pack-
age, which cannot be seen by visual inspection. X-ray microscopy has also been
used as a 100% screening test for cochlear implants. However, cautions have to be

A gap between the mating
surfaces of ceramic and
metal parts

Fig. 8 A void at the ceramic-to-metal joint interface shown by X-ray imaging
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Fig. 9 SAM image (a) and SEM cross-section images corresponding to the left (b) and right (c)
brazed areas in (a). Cross sectioning was done along the horizontal dotted line in (a). (d) SAM
image of a 50-mm diameter brazed assembly showing a large edge-opening void at the right.
(Reprinted from [83] with permission of ASM International)
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taken when examining implantable medical devices containing memory chips, as an
overdose of X-ray radiation can permanently erase the stored data and potentially
cause device failure.

4.8 Acoustic Microscopy

Acoustic microscopy is another nondestructive testing method that uses acoustic
impedance to produce high-resolution images of a sample’s interior structure to
detect “difficult-to-find” defects, such as interfacial separation in printed wiring
boards, solder ball de-lamination in ball grid arrays, and die-attach voids, in pro-
cessor element modules. Scanning acoustic microscopy (SAM) can be utilized for
braze joint evaluation where the joint configuration is suitable [83]. Figure 9(a) is
an SAM image of a brazed case. The large white oval area represents the body, and
the gray ring on the right perimeter corresponds to a sound joint, while the white
irregular area in the left perimeter corresponds to an area containing voids. Cross
sectioning was made along the dotted lines and samples were prepared for SEM
analysis. Figure 9(b) is the cross section of the white joint area in the SAM image
where a huge void in the braze joint can be seen. Figure 9(c) is the cross section
of the gray joint area in the SAM image where a good braze is shown. Figure 9(d)
shows an SAM image of a 50-mm diameter assembly formed by vacuum braz-
ing. Three voids are evident in the joint gap, including a large edge-opening void
at the right [83]. For suitable joint configurations, SAM can be used for a 100%
nondestructive screening test.

5 Challenges of Hermetic Packaging for Implantable
Medical Devices

5.1 Long-Term Stability of Ceramic Materials

For many applications it is desirable that the implantable medical devices remain
benign in the subject for the rest of the subject’s life to avoid a secondary removal
surgery. The intent is to leave the implanted neuromuscular microstimulator in the
subject’s body for the rest of his/her lifetime, which could be up to 80 or more years
[15]. The cochlear implant is now the treatment of choice for children with profound
and severe congenital and neonatal hearing loss [84, 85]. The long-term stability of
the package for both of these devices is very important.

3 mole % Y-TZP (3Y-TZP) has much higher flexural strength and fracture tough-
ness than the polycrystalline a—Al,O3. It has been adapted as the packaging material
for both cochlear implants and neuromuscular microstimulators, because of an
incident of fracture of an alumina-cased cochlear implant implanted in a young
child. However, 3Y-TZP can suffer from low-temperature degradation (LTD) in
moist environments. This aging phenomenon is caused by the transformation of
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the crystalline structure from the tetragonal (T) phase to the monoclinic (M) phase,
resulting in a decrease in strength and toughness, along with micro and macroc-
racking [86—88], which limits 3Y-TZP’s long-term applications. Searching for new
bioceramic materials that have improved antidegradation properties is currently one
of the most active research fields. Alumina-toughened zirconia [89-91], zirconia-
toughened alumina [92,93], Y-TZP with slight alumina doping [94], and zirconia
ceramic with other oxide additions [95] all showed better hydrothermal stability
than 3Y-TZP and have been proposed for potential use for long-term implantable
packages. However, no report on their biocompatibility has been published and the
manufacturing process of these materials is still maturing.

5.2 Metals and Alloys Corrosion

An implantable medical device is not only exposed to the harsh environment of the
human body, but also to the electrical potential or current that is generated by the
implantable medical device itself [7]. Corrosion is one of the major degradation
mechanisms affecting the lifetime of metal packages used in medical implants in
the body. The corrosion process will induce adverse biological reactions in the body
and can lead to mechanical failure of the implants. The packaging materials or con-
struction must eliminate the corrosion risk in the body in both passive and active
conditions.

The driving force for passive electrochemical corrosion in a biological environ-
ment is the potential variation between the different materials. A typical example
of passive corrosion processes is galvanic corrosion. When two dissimilar metals
are in contact with each other and exposed to an electrolyte, a potential is set up
between the two metals and a galvanic couple is formed. In the presence of an
electrolyte, this galvanic couple acts as an electrochemical corrosion cell. In this
galvanic couple, one less noble metal will become the anode while the more noble
material will act as the cathode in the corrosion cell. The potential difference will
result in electrochemical reactions and generate current flow in the corrosion cell,
and the oxidation reaction in the cell will cause the anode to corrode. Moreover,
the corrosion rate for the metals will be altered when they form a galvanic couple,
and the corrosion of anodic material in the corrosion cell will be accelerated by the
cathode and subsequently will corrode faster than it would have all by itself.

Crevice corrosion is another passive corrosion process which will cause localized
corrosive attack. Crevice corrosion may occur in small occluded areas of a stag-
nant solution or in crevices where the metals are shielded from full exposure to the
surrounding environment. The occluded portion of metal surface has a lower oxy-
gen concentration than the surrounding medium due to restricted oxygen diffusion
into the shielded areas. Such localized oxygen concentration difference in crevices
will form a potential difference and initiate galvanic corrosion on the anode. In the
crevice corrosion cell, the lower oxygen portion in the crevice acts as an anode while
the exposed portion with higher oxygen acts as a cathode.
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Active electrochemical corrosion on a metal package is driven by the potential
or current, which is generated during neural stimulation by an implant. Most neu-
rostimulation applications use a charge-balanced, biphasic, cathodic-first current
pulse. When the metal package of an implantable device is used as a return elec-
trode, active electrochemical corrosion will cause metal dissolution. Depending on
the current density or charge density applied, the resulting voltage on the metal pack-
age may exceed the safe electrochemical window to induce irreversible Faradaic
reactions, including anodic dissolution and oxide formation. In an extreme con-
dition, the electrode voltage on the metal package may exceed water window
potentials to cause water electrolysis and gas evolution. Hydrogen or oxygen evo-
lution due to water electrolysis that is induced by a stimulus will alter pH [96].
Oxygen evolution during anodic phase will decrease pH, while hydrogen evolution
in cathodic phase will increase pH. Such changes in pH will cause metal corrosion
and possible tissue damage in the electrode/tissue interface [97]. High pH produced
by the cathodic reaction of water analysis reduction leads to dissolution of the pas-
sive oxidation layer. A recent study on hydrogen gas evolution induced by neural
stimulus revealed that free chlorine (in the forms of HOCI, C10~, and Cl,) was also
detected along with the hydrogen evolution [98]. It appeared that the hydrogen and
chlorine evolution reactions proceeded simultaneously at rates directly related to the
charge injected.

Alloys used in the brazing process of the metal package are susceptible to deal-
loying corrosion. In a dealloying corrosion process, one or more elements are
selectively dissolved, leaving behind a porous residue of the remaining elements
[99]. Under a high stimulus, the resulting electrode voltage may exceed a critical
potential that indicates the transition from passive and stable alloy to rapid dealloy-
ing. Dealloying of metal packages will lead to stress corrosion cracking and will
eventually compromise hermeticity.

5.3 Challenges in Accelerated Life Test

Accelerated life tests usually take too long to be conducted online, as part of
any product development cycle. Therefore, they must be conducted offline, well
before the components, materials, or processes are needed for a given application.
For these reasons, ALT is usually conducted generically, using generic samples
which represent the materials, components, and processes used for a variety of
products [100].

The most significant potential problem with quantifiable accelerated testing is
that failure modes produced might not be modes occurring under normal operating
conditions [101]. Thus care should be taken in an accelerated life test to keep failure
modes unchanged from a normal use condition. Often, multiple failure modes are
associated with packages under tests. In order to achieve a reliable lifetime predic-
tion, the acceleration conditions and the accelerated factors should be identified for
each failure mechanism. In the case of the ceramic-to-metal package for the second-
generation microstimulator, there are two possible failure modes: one mode is the
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loss of the hermeticity of the package due to corrosion occurred in the ceramic-
to-metal seal. The second is 3Y-TZP ceramic surface flaking or self-transformation.
The second mode is more likely when a qualified ceramic-to-metal joint is provided.
A reliable lifetime prediction of the microstimulator package has been done by
determining the Arrhenius factor of the ceramic degradation based on quantitative
information obtained from an accelerated aging test with a dummy microstimulator
ceramic-to-metal package at a series of temperatures and in vivo studies carried out
with microstimulator implants in sheep and rats [15]. It is concluded that a neu-
romuscular microstimulator packaged with 3Y-TZP ceramic can remain hermetic
and retain the ability to withstand a minimum of 15 pounds of cracking load in
three-point bending tests after what is equivalent to 70 years of implantation in a
human body.

To ensure the acceleration test conditions and factors truly correlate the failure
modes produced by ALT with those that occur in normal use conditions, real-time
tests should be carried out in parallel with the accelerated tests [102].

5.4 Hermeticity Test Reliability for Miniature Devices

Miniaturization of implantable medical devices continuously poses challenges
to hermetic packaging practices. For example, the reliability of hermetic tests
decreases with the further reduction of device size. Assuming no moisture is present
within a sealed package at the final seal, and no moisture outgassing from the inter-
nal material after final sealing, at 1 x 10719 atm-cc/sec helium-leak rate “4.71 x
10~ atm-cc/sec moisture leak rate), a calculation based on equation 1 suggests
that it will take less than 2 years to reach the 5,000 ppm moisture level in a 0.05 cc
package. To guarantee a 10-year functional life (based on a final moisture level
<5,000 ppm) of a medical device with a smaller internal free volume of 0.005 cc,
a true helium-leak rate of 6.05 x 101> atm-cc/sec (an equivalent H,O leak rate
of 2.85 x 10~ atm-cc/sec) is required. This is certainly beyond the capacity of
any helium-leak detector currently available. The current state-of-the-art for helium-
leak testing is claimed by a manufacturer that states that its cumulative helium-leak
detector has a 1 x 10713 atm-cc/sec true helium-leak rate capability [103]. This
equipment utilizes metallic seals to eliminate any polymer/plastic seals that could
absorb helium. The real operational leak-rate detection capability is about 5 x 10712
atm-cc/sec and the productivity is limited. A separate room with good ventilation is
needed to maintain a low-helium background level for this equipment, and a single
use metal o-ring is required for each part to be tested.

The requirement of a helium-leak test for a MEMS device package with an inter-
nal volume of around 0.001 cc or below for chronic implantation (>10 years) is
definitely beyond the capability of any current helium-leak detector. That is where
getter materials come into play. A getter material can absorb various gaseous species
and can be used to extend the effective lifetime of a medical device by absorb-
ing moisture and other detrimental gas species, such as hydrogen [104-106] and
oxygen [40].
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5.5 Design challenges for Miniature Devices

The reduced size of implantable medical devices means the amount of water nec-
essary to increase the humidity to corrosive levels in the interfacial environment
becomes exceedingly small. It takes a shorter period of time for moisture or other
ions to go through a narrower sealing wall or an interfacial pathway. Higher qual-
ity bulk materials and void-free interfacial sealing are essential to achieve the same
degree of reliability for a smaller package than a bigger one. The challenges asso-
ciated with hermetic seal design and material processing also increase with further
reduction in device size [107].

5.6 Hermetic Packaging of MEMS for Implantable
Medical Devices

There is tremendous interest in the development of MEMS for medical applications.
In the most general sense, MEMS refers to miniature components or systems that are
fabricated using techniques that were originally developed by the microelectronics
fabrication industry, and then modified for the production of microstructures, micro-
machines, or microsystems such as sensors and actuators [108—110]. Currently,
there are numerous research, development, and commercialization efforts under-
way to create high-performance clinical devices by exploiting the potential for size
miniaturization and integration with microelectronics afforded by microfabrication
and micromachining techniques [108, 111-114].

Materials commonly used in the fabrication and packaging of standard MEMS
devices, including silicon, silicon dioxide, silicon nitride, polycrystalline silicon, sil-
icon carbide, titanium, and SU-8 epoxy photoresist, were evaluated for cytotoxicity
using the ISO 10993-5 standard [115, 116]. The data from this evaluation indicated
that all above-mentioned MEMS materials are suitable candidates for the devel-
opment of implantable medical devices. The deployment of implantable MEMS
devices based on the silicon and related microelectronics materials has generally
relied on protective coatings, such as biocompatible silicone gels, to isolate the
MEMS components from the hostile body environment. Two primary drawbacks
can result from this protective packaging approach: attenuation of signal/stimulus
that must be communicated between the physiological environment and the device
and an increased size that detracts from the benefits of miniaturization particularly
when working in constrained spaces or at the cellular level.

Several hermetic packaging technologies could potentially lead to successful
deployment of MEMS for implantable medical devices [107-111]:

Najafi et al. have developed a biocompatible hermetic package with high-density
multifeedthroughs designed to withstand corrosive environments [107, 108]. This
technology utilizes electrostatic bonding of a custom-made glass capsule to a silicon
substrate to form a hermetically sealed cavity. Even though biocompatibility and
long-term stability have been demonstrated, the required high voltage (2,000 V)
and high temperature (320 to 350°C) during the process limits its applications.
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“Epi-seal” encapsulation developed by Kenny et al. at Stanford University
consists of a 20~50-pm thick epitaxially grown polysilicon encapsulation layer
covered by 4 um passivation oxide. Aluminum partially covers the encapsulation to
form electrical interconnects [109]. Investigation on the hermeticity and diffusion
behaviors of “epi-seal” wafer-scale polysilicon thin-film encapsulation revealed that
hermeticity of the encapsulation is gas species specific: hydrogen and helium easily
travel in and out of the encapsulation, but nitrogen and argon do not [110].

Chiao and Lin reported that a glass-silicon package formed by rapid thermal
processing aluminum-to-silicon nitride bonding can be used for MEMS packaging
applications; a Pyrex®) (Corning 7740) glass is used [111]. Accelerated hermeticity
testing showed that for packages with a sealing ring width of 200 um and an average
sealing area of 1,000 x 1,000 Mmz, the lower bound of the 90% confidence interval
of mean time to failure is estimated as 270 years under “tropical” conditions (35°C,
1 atmosphere and 95% relative humidity).

6 Conclusions

Advances in hermetic packaging technology have helped in the successful commer-
cialization of many implantable medical devices, including implantable pacemak-
ers, cardioverter defibrillators, implantable neuromuscular stimulators, and cochlear
implants. The continued success of such devices is very much dependent on the
reliability of the hermetic package. The packaging methods discussed in this chap-
ter will continue to play important roles in the realm of hermetic packaging for
implantable medical devices.

Many issues associated with hermetic packaging have yet to be completely
understood, let alone overcome. The continued miniaturization of future implantable
medical devices provides both opportunities and challenges for packaging/materials
engineers to improve the current packaging methods and to develop new methods.
Reliable hermetic micropackaging technologies are the key to a wide utilization of
MEMS in miniaturized implantable medical devices.
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Science and Technology of Bio-Inert Thin
Films as Hermetic-Encapsulating Coatings
for Implantable Biomedical Devices:
Application to Implantable Microchip

in the Eye for the Artificial Retina

Orlando Auciello and Bing Shi

Abstract Extensive research has been devoted to the development of neuron pros-
theses and hybrid bionic systems to establish links between the nervous system and
electronic or robotic prostheses with the main focus of restoring motor and sensory
functions in blind patients. Artificial retinas, one type of neural prostheses we are
currently working on, aim to restore some vision in blind patients caused by retinitis
picmentosa or macular degeneration, and in the future to restore vision at the level of
face recognition, if not more. Currently there is no hermetic microchip-size coating
that provides a reliable, long-term (years) performance as encapsulating coating for
the artificial retina Si microchip to be implanted inside the eye. This chapter focuses
on the critical topics relevant to the development of a robust, long-term artificial
retina device, namely the science and technology of hermetic bio-inert encapsu-
lating coatings to protect a Si microchip implanted in the human eye from being
attacked by chemicals existing in the eye’s saline environment. The work discussed
in this chapter is related to the development of a novel ultrananocrystalline diamond
(UNCD) hermetic coating, which exhibited no degradation in rabbit eyes. The mate-
rial synthesis, characterization, and electrochemical properties of these hermetic
coatings are reviewed for application as encapsulating coating for the artificial reti-
nal microchips implantable inside the human eye. Our work has shown that UNCD
coatings may provide a reliable hermetic bio-inert coating technology for encapsu-
lation of Si microchips implantable in the eye specifically and in the human body
in general. Electrochemical tests of the UNCD films grown under CH4/Ar/H, (1%)
plasma exhibit the lowest leakage currents (~7 x 10~/ A/cm?) in a saline solution
simulating the eye environment. This leakage is incompatible with the functionality
of the first-generation artificial retinal microchip. However, the growth of UNCD on
top of the Si microchip passivated by a silicon nitride layer or the oxide layers is also
under investigation in our group as introduced in this chapter. The electrochemically
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induced leakage will be reduced by at least one to three orders of magnitude to the
range of 107!9 A/cm?, which is compatible with reliable, long-term implants.
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1 Scientific and Technological State-of-the-Art of Bio-inert
Coatings for Encapsulation of Implantable Microchips

Implantable medical devices and neural prostheses are being used to address a grow-
ing number of medical problems. This rapidly growing field integrates physiology
and microfabrication technology to produce devices implantable in the human body
for diagnosis and monitoring, therapeutic treatment, and restoration of sense and
motor functionalities in persons affected by degradation or loss of those functionali-
ties, either through genetically induced degenerative conditions or through traumatic
events. Examples of prostheses for restoration of functionality include (a) artificial
joints currently used to replace natural human joints degraded due to age-related
problems and/or genetics; (b) neural prostheses such as the cochlear, brain, or retinal
electrode implants to produce electrical stimulation of nerves or brain or ganglion
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retinal cells; and (c) implantable microchips, such as those used as part of the artifi-
cial cochlear and retinal implants to restore hearing to deaf people and sight to blind
people due to retina degeneration, and many other implantable devices.

Neural prostheses have been used increasingly in treatments for a variety of neu-
rological disorders such as the early cochlear implants and an early artificial vision
device [1-4]. Extensive research has been devoted to the development of neuron
prostheses and hybrid bionic systems to establish links between the nervous system
and electronic or robotic prostheses with the main focus of restoring motor and sen-
sory functions in those who are suffering of dysfunctional conditions. Scientists all
over the world have been developing semiconductor-based implants for the light-
sensitive retina for more than a decade. Artificial retinas are currently aimed at
restoring some vision in blind patients with eye conditions such as retinitis pic-
mentosa or macular degeneration, and in the future to restore vision to the level of
face recognition and more.

In 2002, the U.S. Department of Energy (DOE) set up the Artificial Retina
Research Project. The goal is to design a device with hundreds to a thousand
microelectrodes. This resolution will help restore limited vision that enables read-
ing, unaided mobility, and facial recognition [5]. The basic principle of the retinal
implant under development by the DOE consortium is to translate the visual infor-
mation captured by an externally worn camera into a pattern or electrical stimulation
pulses that are applied to the retina at the ganglion cell level for transmission to the
brain to restore image formation. Clinical trials of a prototype retinal prosthesis
show that completely blind individuals interpret this stimulus as a visual sensa-
tion. The current prototype used in clinical trials is a low-resolution device, which
involves an array of 16 electrodes (Pt dots in a polymer matrix) connected through
thin wires to the microchip located outside the eye. In order to improve this device,
it will be necessary to develop an implantable microchip that can stimulate the gan-
glion cells in the retina at hundreds to thousands of individual locations, in the same
way a display uses thousands of pixels to create an image [6-7].

This chapter focuses on the critical topics relevant to the development of a robust,
long-term artificial retina device, namely the science and technology of hermetic
bio-inert encapsulating coatings to protect a Si microchip implanted in the human
eye from attack by chemicals present in the eye’s saline environment.

Currently there is no hermetic microchip-size coating that provides a reliable,
long-term (years) performance as encapsulating coating for the artificial retina Si
microchip to be implanted inside the eye. The work discussed in this chapter is
related to the development of a novel ultrananocrystalline diamond (UNCD) her-
metic coating, which looks promising in relation to the performance in passive tests
where the coating was exposed to the environment in rabbit eyes and exhibited no
degradation. However, the most stringent test of having a UNCD-coated Si chip
performing with low leakage current (< 1078 A/cm?) to the saline for an equiva-
lent time of several years, with applied voltages to the chip, as required to excite
the ganglion cells, has not been demonstrated yet, since this program is at an early
stage of research and development. In addition, it remains to be demonstrated that
the interface between the UNCD coating and the electrode layer, whatever it may be
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(e.g., Pt or Au), which will provide the excitation of the ganglion cells in the retina,
will not exhibit delamination, which will render the device useless.

The current implantable microchip, which is a critical component of the artificial
retina, is based on silicon (Si). Silicon cannot be inserted inside the eye because it
is chemically attacked by the saline solution under the operational conditions of the
microchip. Therefore, for the Si-based microchip to be implanted in the eye, it must
be protected from interaction with the saline solution by a hermetic, biocompatible,
and bio-inert encapsulating coating. The package must simultaneously protect the
chip from corrosive eye fluids, protect the eye from the chip materials, and allow the
circuit to interface with the retina through microelectrodes. Although the package
is designed to protect the implantable microchip, it must also protect the biolog-
ical tissue surrounding the microchip. The microelectronics technology has made
significant progress in the past decades and found widespread application in many
areas, but packaging and assembly of these devices have not been able to keep pace,
particularly for biomedical implants [8].

2 Process and Design Considerations for Hermetic
Bio-inert Coatings for Implantable Artificial Retina

Hermetic coatings for encapsulation of implantable biomedical devices should have
a double functionality of protecting the implantable microdevice and the surround-
ing tissues, in order to yield devices with high performance, long service time, and
free of electronic failure. Currently, researchers are exploring two types of pack-
aging technologies, namely (a) hard case and (b) thin-film encapsulating coatings.
The hard-case technology uses metal, ceramic, or glass cases to protect electronics
of implants. A hard case is bulky and presents difficulties for miniaturization. For
implantable microchips, especially for neural prostheses devices, thin-film encap-
sulating coatings provide a better platform choice because of size considerations.
Thus, this review focuses on a discussion of the science and technology of inor-
ganic thin films, specifically, a novel material named ultrananocrystalline diamond
(UNCD) and oxide coatings as potentially strong candidates for application as
hermetic-encapsulating bio-inert/biocompatible coatings. In this chapter, we will
mainly focus on the UNCD thin films. The materials synthesis, characterization,
and electrochemical properties of these hermetic coatings are reviewed for applica-
tion as encapsulating coating for the artificial retinal microchips implantable inside
the human eye.

2.1 Materials for Hermetic-Encapsulating Coatings

The technology for packaging implantable microchips is very challenging because
of the size, material properties, mechanical structure and rigidity, biocompatibil-
ity, required lifetime, and maximum allowable temperature. Reliability, long-term
stability, and acceptable cost are essential requirements for the packaging [9].
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Implantable devices require different packaging systems depending on the shape,
size, and the locations where they are implanted. The surface of the retina microchip
will be exposed to the physiological environment of the eye. Therefore, the
permanently implanted microchip must fulfill special requirements in terms of bio-
compatability and bio-inertness without adverse reactions to the surrounding retina
tissue that may influence its physiological function and without electrochemical
reactions with the physiological environment that might generate gas (i.e., oxy-
gen or hydrogen) and lead to chemical attack of the microchip surface affecting
its functionality. The microchip used in the artificial retinal implant of the DOE
consortium and most other implantable electronic medical devices uses Si as the
structural and functional material. However, the Si CMOS device performance can
be affected by sodium ion incorporation from the saline. Also, Si is soluble in human
fluids, specifically saline over a long time [10]. In addition, hermetic coatings with
good biocompatibility and bio-inertness are critically needed for encapsulation of
bioimplantable devices.

Coating materials currently being evaluated for encapsulating artificial retinal
prototype implants include SiO» [7], SiNx [11], SiC [12], silicone elastomer, poly-
tetrafluoroethylene, polyimide [13—15], and parylene [16]. However, it has been
shown that SiO, coatings exhibit dissolution and decay in some retinal implants
when implanted in animals up to 6 months [2, 10]. SiNx coatings often exhibit struc-
tural defects (pin holes) plus chemical reaction with the saline components, which
result in compositional changes of the coating, thus loss of insulating properties and
therefore loss of protection of the microphotodiode underneath [11]. Polyimide and
other polymers are inexpensive and flexible, but tend to absorb significant quanti-
ties of water, which in turn leads to electrical leakage after some time. Implantable
medical devices should last decades, however, and polymers are not considered her-
metic for that period of time [17]. Synthesis and characterization of oxide films as
hermetic-encapsulating coatings are described in detail in the chapter Microchip-
Embedded Capacitors for Implantable Neural Stimulators, in relation to oxide
films for capacitors, because of their double functionalities for microchip-embedded
capacitor application and as components of hermetic-encapsulating coatings.

2.2 Carbon-Based Ultrananocrystalline Diamond (UNCD)
Coatings and Film

In the 1950s to 1980s, two main techniques were developed for the synthesis of arti-
ficial diamond: (a) high-pressure/high-temperature synthesis that yielded artificial
diamond gems [18], and (b) chemical vapor deposition (CVD) [19] that made possi-
ble the synthesis of diamond in thin-film form on various substrates. Different CVD
techniques have been adopted in the synthesis of diamond thin films. Three main
CVD techniques include hot-filament CVD [20], plasma-assisted CVD [21], and
combustion CVD [22]. There are many types of plasma-assisted CVD techniques
according to the energy sources, such as the microwave plasma-assisted CVD (also
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known as microwave plasma-enhanced CVD) [23], direct current plasma-assisted
CVD [24], direct current thermal plasma CVD [25], radio frequency plasma-assisted
CVD [26], and radio frequency thermal plasma CVD [26-28].

Research on diamond thin films focused on the CVD technique to produce dia-
mond films with microcrystalline structure. In order to grow diamond, which in
the bulk is thermodynamically less stable than graphite, early CVD methods [19,
20] involved volatile hydrocarbons, an energy source, and an abundant source of
atomic hydrogen [21, 22]. The growth species is CH3z*, typically produced by a
methane-containing plasma. Atomic hydrogen drives the hydrogen abstraction reac-
tions that (1) prepare the CH3* adsorption site by removing a hydrogen atom from
the hydrogen-terminated diamond surface, and (2) remove the hydrogen atoms from
the adsorbed CH3*, thereby permitting the carbon atom to move into the position
corresponding to an extension of the diamond lattice. Additionally, atomic hydrogen
preferentially etches the graphitic phase. By using a plasma containing Hy (99%)
and CHy (1%), it is possible to grow diamond films that are largely free of non-
diamond secondary phases. However, atomic hydrogen also etches the diamond
phase, resulting in the formation of intergranular voids and a columnar morphol-
ogy with grain size and rms surface roughness typically ~10% of the film thickness
(grains size < 1 pm) [29-32]. These conventional CVD polycrystalline diamond
thin films have rougher surfaces than expected and polishing on these synthesis dia-
mond thin films is very time consuming. Studies in recent years focused on the
growth of nanocrystalline diamond (NCD) (grain size of a few hundred nanome-
ters) and microcrystalline diamond (MCD) (grain size from 30 nm to hundred of
nanometers) [33, 34].

Diamond films possess exceptional mechanical properties, chemical inertness,
biocompatibility, and are ideal candidates as protective coatings for bioimplants.
However, the high substrate temperatures (> 700°C) required for the synthesis of
MCD and NCD films, using conventional CVD techniques described above, involv-
ing hydrogen-rich plasma chemistries, limits the selection range of the substrate
materials. Current silicon microchips based on the complementary metal oxide
semiconductor technology (CMOS), which is the technique that is also used for
bioimplantable microchips, cannot be subjected to processing temperatures above
~400°C, otherwise the devices fail. To use diamond films as the hermetic coating of
the artificial retina chips, the deposition/processing temperature should be < 400°C.
The large grain size and low nucleation density of MCD coatings make it difficult to
achieve conformal deposition as hermetic coating on components that have irregular
surfaces. On the other hand, conventional NCD film synthesis techniques involving
the Ho/CH4 chemistry require relatively high synthesis temperatures (600-800°C),
which are incompatible with the thermal budget of Si-based CMOS devices to avoid
destruction of the device.

Ultrananocrystalline diamond (UNCD) thin films developed and patented at
Argonne National Laboratory [35, 36] exhibit a unique nanostructure characterized
by grain sizes of 3-5 nm in diameter and 0.4 nm wide grain boundaries, which
yields a combination of smooth surface, low friction, and high wear resistance [37],
mechanical properties similar to single crystal diamond [38], biocompatibility and
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bio-inertness [39, 40], and chemical inertness [38]. The atomically abrupt grain
boundaries consist of mixture of sp> (diamond) and sp? (graphite) bonding. Most
importantly, UNCD thin films are synthesized using microwave plasma-enhanced
chemical vapor deposition (MPECVD) with an argon-rich Ar-rich(99%)/CH4(1%)
plasma chemistry, which is different from the H/CH,4 chemistry used in the syn-
thesis of MCD and NCD films. The novel Ar-rich/CH4 chemistry involves C2
dimers as the main nucleation species and contributors, together with CH3 radi-
cals, to the UNCD film growth. Because the C2 dimers can insert directly onto
the substrate surface without H abstraction, the activation energy for this pro-
cess is only about 6 kcal/mol as opposed to 20-30 kcal/mol for MCD and NCD.
Thus, because of the very low activation energy for nucleation and growth of the
UNCD films, they can be synthesized at 400°C [41] with growth rates similar to
those observed for high temperature growth. Because of these unique properties,
UNCD could be a suitable candidate for the hermetic coating for artificial retina
microchips.

The hermetic UNCD-encapsulating coatings for artificial retina microchips are
produced using Ar/CH4/H, gas mixtures injected into a chamber initially evacuated
to a relatively high vacuum (~10 x 10~ Torr), with small amounts of hydrogen
gas added in order to decrease the electrical conductivity of the film and render it
electrochemically inert. During film growth, hydrogen is added to the gas mixture —1
to 20% — in order to optimize the resistance of the films. Figure 1 shows a schematic
of the MPCVD system used to grow UNCD films.

The synthesis temperature for UNCD films is 400°C to be within the thermal
budget of the Si microchip. In order to compare the property change with the syn-
thesis temperature, UNCD films have also been synthesized at 600°C and 800°C.
Conductive double-polished Si (N-type, R 0.001~0.005 2-cm) strips (3 mm X
25 mm x 0.55 mm) are used as the substrate materials. The substrates are seeded
via immersion in a suspension of nanometer-sized diamond powder (~5 nm grains)
in methanol solution and ultrasonication for 30 min prior to the deposition to gain
high diamond nucleation density. One end of the coated Si strips is covered with a
Si cover slide (Fig. 2a) to avoid growth of the insulating UNCD coating and pro-
vide a place for electrical connection to the impedance system for measuring the
leakage current as a part of electrochemical tests. SEM observation shows (Fig. 2b)
that the UNCD layer is dense and conformally coats the Si strip entirely, which is a
requirement for an encapsulating coating.

Uniformity of the hermetic coatings is one of the key properties to insure the
quality of the coatings. Using the MPCVD technique to grow the UNCD films,
the arrangement of Si strips on the substrate holder is critical to obtain good film-
thickness uniformity. There is a hot spot in the center area of the plasma, which
results in temperature changes in closely related positions. On the other hand, tem-
perature changes are minimal in positions outside the central area. Figure 3 shows
different sample position arrangements explored to achieve optimum thickness
uniformity.

The film-thickness uniformity has been more difficult to optimize when UNCD
films are grown using MPCVD systems powered by microwaves of 2.45 GHz.
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Fig. 1 Schematic diagram of MPCVD IPLAS system (Innovative Plasma Systems) for UNCD
synthesis

However, a new MPCVD system installed in the Center for Nanoscale Materials
at Argonne, which features 915 MHz microwave power, has already demonstrated
that film-thickness uniformity with < 4 5% is achievable, which is needed for
commercial implementation of the UNCD hermetic coatings.
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Fig. 2 (a) Schematic procedures for growth of UNCD films on Si-simulating microchips; (b)
Cross-section SEM picture of encapsulating UNCD film grown with 1% Hj, in Ar/CH4 plasma
showing the UNCD conformal hermetic coating covering the Si substrate
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Fig. 3 Optimization of UNCD film-thickness uniformity via position on the substrate holder in
the MPCVD system

2.3 Oxide Films Alone or as Component of Hybrid UNCD/Oxide
for Hermetic-Encapsulating Coatings

The investigation of UNCD films has demonstrated that UNCD films are intrinsi-
cally good hermetic coatings, although they may need further chemical optimization
to increase the insulating properties or may need to be combined with highly insu-
lating oxide layers. These strategies are part of the appropriate materials integration
with the Si microchip that may be needed to eliminate edge-induced field effects
and/or particulate-induced pinholes that may increase leakage current in the saline
environment of the eye. Therefore, it is relevant to investigate oxide films as alter-
native hermetic-encapsulating coatings or as components of hybrid UNCD/oxide
coatings. Oxide films can be synthesized by magnetron sputter-deposition or more
recently using atomic layer deposition (ALD), which provides a unique growth
process capable of growing films one atomic layer at the time.

Single or multiple layers of TiAlOx, Al,O3, TiAlOx/Al>,O3, and TiO2/Al,03
were synthesized by magnetron sputter-deposition techniques, and more recently by
atomic layer (ALD) deposition (see details of oxide layer synthesis in the chapter
Microchip-Embedded Capacitors for Implantable Neural Stimulators).
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3 Characterization of Bio-inert Hermetic-Encapsulating
Coatings

3.1 Characterization of Chemical, Microstructural,
and Morphological Properties of UNCD Coatings

The chemical, microstructural, and morphological properties of UNCD thin films
have been characterized, using a variety of complementary analytical techniques, as
discussed below.

Visible Raman spectroscopy analysis was performed to characterize the chemical
bonds in the UNCD films. The Raman analysis was performed using a Renishaw
Raman Microscope, with a He—Ne laser at a wavelength of 632.8 nm (energy
1.96 eV). Due to the resonant Raman Effect, there is a much larger Raman scatter-
ing cross section for sp” (graphite)-bonded carbon than for sp® (diamond)-bonded
carbon, when a laser with a wavelength in the visible region is used because the
energy of the incident photons is much lower than the energy of the band gap [42].

Two peaks, D band (1330 cm™!) (the activated Alg mode due to the finite crystal
size) and G band (1580 cm~!) (E2g modes of single-crystal graphite), are observed
in the UNCD visible Raman spectra, which represent the sp>-bonded carbon com-
ponent accumulated along the grain boundary. The characteristic Raman peak of a
diamond grain (1332 cm™"), which usually overlaps with the D peak, is observed
when sufficiently large amounts of hydrogen are added to the plasma, because
the introduction of more hydrogen leads to the growth of larger diamond grains.
UNCD has been synthesized with plasma containing 2, 10, and 20% hydrogen and
the results have been compared (Fig. 4). Slight increases of the peak intensities
around 1150 cm™! and 1440 cm™! are found, which reveal that more hydrogen was
incorporated into the grain boundaries. Raman spectra show that when the hydrogen
flow is larger than 10%, the typical UNCD structures are not retained. The strong
and sharp peak of 1332 cm™! appears over the D peak due to a large fraction of
microcrystalline diamond (MCD) included in the films.

Besides the comparison of the hydrogen contents, the comparisons of Raman
spectra on the growth at different temperatures are shown in Figs. 5 and 6 [40].
Results show that when the synthesis temperature decreases, the peak positions
gradually shift from 1330 and 1560 cm~! (800°C) to 1360 and 1540 cm™!
(at 400°C). The height ratio of 1560 and 1330 cm™' peaks reverses between
700°C and 600°C. Visible Raman is more sensitive to the sp?-bonded carbon
as mentioned above; the changes of the peaks reflect the changes in the grain
boundaries.

To observe the sp? information of UNCD, UV Raman spectroscopy (4.66 eV at
266 nm) is used on the analysis of UNCD synthesized at different temperatures.
This energy can excite both 7 and o states and therefore can probe both sp?- and
sp>-bonded carbon. Results show that the diamond peak at 1332 cm™! increases in
intensity as the deposition temperature decreases (Fig. 5). The broad feature center
at 1600 cm™! is due to sp>-bonded carbon.
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Fig. 4 Raman spectra of UNCD films grown with different H, percentage in the Ar/CHy4 gas
mixture used to grow UNCD films: (a) 20%, (b) 10%, (c¢) 2%, and (d) 0%. All curves have been
normalized against the intensity of the peak around 1590 cm~!. UNCD films were grown in the
ANL group (Reproduced from Ref. [40] with permission from Wiley)

Fig. 5 Visible Raman spectra
of UNCD films deposited at
different temperatures
(Reproduced from Ref. [41]
with permission from
American Institute of
Physics)
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The microstructure information of surface and cross-section morphologies of the
UNCD thin films was observed using a Hitachi S-4700 field emission scanning
electron microscope (FE-SEM). Transmission electron microscopy (TEM) obser-
vation was carried out using a Philips CM30 microscope operated at 300 kV and a
high-resolution JEOL 4000EXII system.

SEM analyses on UNCD films deposited with different hydrogen percentages are
shown in Fig. 7. Results showed that the incorporation of hydrogen leads to dramatic
changes to the UNCD film microstructure. The more hydrogen incorporated, the

—
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1%H, plain view 2%H, plain view - 10%H, plain vied, 20%H, plain view

N B

b 2%H, cross section

[FN—

Fig. 7 SEM imaging and analysis of UNCD films grown with different hydrogen contents in the
Ar/CHy4 plasma, showing the microstructure changes induced by hydrogen incorporation into the
films. The best microstructure is for 1% Hj in the plasma, since this is the densest, thus the most
hermetic for liquid penetration (Reproduced from Ref. [40] with permission from Wiley])
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Fig. 8 Plain view (top) and cross-section (bottom) SEM images of surface morphologies and
microstructures of UNCD films grown at 400°C and 800°C, respectively (Reproduced from Ref.
[41] with permission from American Institute of Physics)

rougher the surface and the larger the grain size for the UNCD films. The UNCD
films grown with 10% and 20% hydrogen in the gas phase showed much larger
diamond grains, which is the symbolic microstructure for microcrystalline diamond.
These results match the results from Raman analysis, which showed that higher
incorporation of hydrogen leads to larger grain size.

The comparisons of the microstructures of UNCD thin films deposited at dif-
ferent temperatures are shown in Fig. 8. The growth rates estimated from the
corresponding SEM cross-section images shown in Fig. 8 are 0.2 pm/h at 400°C
and 0.25 pm/h at 800°C, which indicates that the growth of UNCD films with the
Ar rich/CHy plasma chemistry is less temperature dependent.

The results shown in Fig. 8 indicate that the UNCD films deposited at 400°C
have similar microstructures to those of the films deposited at higher temperatures.
These films are very dense and pinhole-free (Fig. 9). Three different scales are given
to provide thorough views of the films from microstructure to macrostructure. The
SEM images of the very dense UNCD films indicate that they are good candidate
materials as hermetic coatings.

High-resolution TEM studies of UNCD thin films grown at low and high tem-
peratures show similar nanostructures (Fig. 10). As shown in the bright field TEM
images, the density of microcrystals with stacking faults and twinning planes is
slightly higher for UNCD films grown at 400°C than for UNCD films grown
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Fig. 9 Cross-section SEM images of a UNCD-coated high-conductivity Si substrate, using 1%
H2/98% Ar/1% CHy4 gas mixture at nominal 400°C [43]

at 800°C. The grain sizes of the films grown at different temperatures are sim-
ilar, with no significant differences. UNCD films deposited at 400°C maintain
the atomically abrupt grain boundaries observed for the UNCD films deposited
at 800°C.

Fig. 10 Plain-view high-resolution TEM images of UNCD films grown on Si at 400°C and 800°C,
using 1% H2/98% Ar/1% CH4 gas mixture at nominal 400 (Reproduced from Ref. [41] with
permission from American Institute of Physics)
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3.2 Characterization of Microstructural and Morphological
Properties of Oxide Films for Hybrid Hermetic-Encapsulating
Coatings

Al O3, TiO7, and Al,O3/TiO, multilayer films were synthesized using ALD depo-
sition technique. Surface morphology and the microstructure of these oxides were
observed using scanning electron microscopy (SEM) (Fig. 11), which shows that
the TiAlOx oxide has formed a dense hermetic layer on a Si surface, even around
sharp corners.

Fig. 11 Cross-section SEM picture of a TiAlOx layer grow on Si, using ALD

3.3 Characterization of Electrochemical Performance
in Saline Solution for Hermetic UNCD Coatings

To characterize the electrochemical performance of the hermetic UNCD films,
cyclic voltammetry tests were performed, using three electrodes in a potentiostat
(Solartron 1287A; Solartron Analytical). Phosphate-buffered saline (PBS) was used
as the electrolyte. A platinum rod was used as the counter electrode. An Ag/AgCl
electrode was used as the reference electrode.

The results of testing UNCD films grown at different temperatures and with dif-
ferent amounts of incorporated hydrogen are shown in Fig. 12. Results showed that
the leakage current densities are on the same order of magnitude for all films, with
the films grown at 400°C having the lowest leakage current. UNCD thin films grown
with 2% hydrogen in the plasma have a higher leakage current than UNCD films
grown with 1% hydrogen in the plasma (Fig. 12(b)), due to the larger grain size
resulting from a higher hydrogen content during the synthesis.

Samples that have the maximum leakage current at 8 x 10°A/cm? using cyclic
voltammetry tests have been tested in a different mode: leakage current versus DC
voltage. Leakage current vs. DC voltage measurements were performed at 45 V for



78 O. Auciello and B. Shi

6.0x10° )
4 8.0x10
(a) 800°C (b)
so0’c 2%H
d‘ -
_3oxo 4.0x10°]
”g a00°c NE
2 % $  o00]
— 400°C = 1 9% H2
- -
"_
300 a0 -4.0x10°]
800°C
-6.0x10° : T : T r T T T - T
* 50 25 00 25 50 6 -4 2 0 2 4 6
E (volt) E (volt)

Fig. 12 Cyclic voltammogram tests on the leakage current of UNCD films; (a) different tempera-
tures; (b) with different hydrogen content in plasma (Reproduced from Ref. [40] with permission
from Wiley)

three consecutive days. The leakage current was initially ~2 x 1077 A/ecm?, and
then decayed to ~1 x 1077 A/cm?. After the 3-day test, the samples were exposed
to —5 V for three consecutive days. The leakage current was initially 5 x 107’
A/cm?, and then increased slowly up to ~107% A/cm?. It is not totally understood
yet why the leakage current density is higher while using the cyclic voltammetry test
mode. It appears that there is some surface conditioning at +5 V that might produce
a surface layer that results in a decrease of the leakage current, while that surface
layer might be deteriorated during the negative voltage excursion. More work is
needed, particularly, using biphasic voltage pulses, more similar to the real working
conditions of the retina microchip.

3.4 Characterization of Electrochemical Performance
in Saline Solution for Hermetic Oxide Films

This work is being done to explore bio-inert/biocompatible oxides as alternative
hermetic coatings for encapsulation of the retina microchip. Cyclic voltammetry
investigation of different oxide materials was performed using the three-electrode
mode on the potentiostat (Solartron 1287A; Solartron Analytical). Phosphate-
buffered saline (PBS) was used as the electrolyte. A platinum rod was used as
the counter electrode. An Ag/AgCl electrode was used as the reference electrode.
Figure 13 shows the summary of the oxide materials that have been investigated.
All complex oxide or heterostructure oxide coatings show promising low leakage
currents up to —5 'V, except for TiO.

Further studies are currently under way to optimize the insulating property of
the oxides as the hermetic coatings. Figure 14 shows the most recent research on
Al,O3/TiAlOx as the hermetic coatings for the artificial retina project. Figure 14(a)
shows that a Si chip coated with an Al,O3/TiAlOx layer exhibits a leakage current
as low as 7 x 10719 A/em?, which is well below the required leakage current for
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Fig. 14 (a) Leakage current vs. time measurement for an Al,O3 (1 pm)/TiAlOx (300 nm)-coated

Si substrate; (b) picture taken during testing showing no bubbling of the coating in physiological
fluid under a constant DC voltage bias

an implantable device inside the human eye. Figure 14(b) confirms the result shown

in Fig. 14(a) by showing no bubbling from the coated Si chip under a 5 V DC bias
voltage.

3.5 Characterization of UNCD/CMOS Integration

A critical component of the development of UNCD as a hermetic bio-inert coating
for encapsulation of Si-based CMOS implantable chips is the demonstration that the
CMOS devices perform to specification before and after being coated with UNCD
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Fig. 15 Measurement of CMOS-device performance before and after coating with UNCD film,
for four hours at 400°C. There is negligible change in the electrical parameters of the CMOS
device after UNCD deposition, demonstrating that the Argonne-patented UNCD growth pro-
cess is compatible with CMOS devices (200 mm CMOS wafers were supplied by S. Pacheco
(Freescale) and the electrical characterization was performed by Prof. Z. Ma’s group at University
of Wisconsin-Madison)

films at 400°C. We demonstrated the integration of UNCD with CMOS devices
by growing UNCD layers on 200 mm commercial CMOS wafers kindly provided
by our colleague S. Pacheco from Freescale. All CMOS devices performed with
practically no degradation in output electrical parameters after being coated with
UNCD films about 1 pm thick produced during four hours deposition at 400°C,
using the Argonne-patented MPCVD growth technique (see Fig. 15).

All CMOS devices tested from different areas of the CMOS wafer performed
to specification, thus demonstrating the required integration of UNCD with CMOS
devices.

3.6 In Vivo Animal Tests of Hermetic-Encapsulating Coatings
Jor Artificial Retina

Several UNCD-coated Si samples (~5 mmx 5 mmx 0.5 mm), where the Si was
totally encapsulated by the UNCD layer, as well as two with defects (UNCD
coatings with several pinholes due to the low nucleation density) grown at low
temperature were implanted in rabbit eyes to evaluate the biocompatibility and long-
term biostability of UNCD in the physiological environment of animal eyes. These
tests were passive in the sense that the implants were just Si substrates without any
CMOS circuits, so there was no power applied to the Si substrate. After six-months
implantation, no acute surface damage or evidence for biomaterial attachment was
noted, as determined by SEM (Fig. 16(a) and (b)) and XPS analysis (Fig. 16(c)).
Reactions were observed in two samples with defective coatings, presumably due to
reaction with the rabbit eye’s physiological saline through pinholes.
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Fig. 16 SEM picture of the surface of UNCD coating before (a) and after (b) exposure to the
saline solution in a rabbit’s eye; (¢) XPS analysis showing no chemical reactions with the saline
solution

In addition, no deterioration of the retina was elicited by the UNCD coat-
ing. These results indicate that the UNCD coatings exhibit promising bio-inert
performance in animal eyes, and tests in human eyes are thus warranted.

4 Challenges for Bio-inert Microchip Encapsulation
Hermetic Coatings

There are three issues that should be taken into account when developing hermetic
coatings for encapsulation of implantable medical devices, and specifically in the
case of this paper, for microchip retinal implant, namely, (a) bio-inertness and bio-
compatibility; (b) mechanical robustness; and (c) chemical inertness and electrical
insulation. Chemical inertness and electrical insulation are critical for encapsula-
tion of a retinal microchip in order to avoid electrical shorts from the independent
connector lines to electrodes that are covered by the UNCD and to avoid electro-
chemical reactions at the surface of the UNCD when exposed to the eye’s saline
solution. Prior work by our group showed that the grain boundaries in the UNCD
films consisted largely of sp>-bonded carbon atoms and that electron transport
occurred through those grain boundaries [40]. In the case of using UNCD coat-
ings as an electron-emitting surface in field electron emitters for cold cathodes, this
is a desirable property. However, in the case of application of UNCD as hermetic
coating for encapsulation of retinal implant microchips, electrical conductivity, even
if small, can result in undesirable electrochemical reactions. The data presented
in this study indicate that the insulation characteristics of UNCD layers can be
greatly improved by engineering the grain boundaries of UNCD, via elimination
of dangling bonds in sp>-coordinated carbon atoms, which results in elimination
of sites that contribute to grain boundary-based electrical conduction in UNCD.
The approach we have chosen to eliminate dangling bonds at the grain boundaries
is to saturate them with hydrogen atoms. Theoretical calculations also reveal that
hydrogen exists in the grain boundaries in the form of C-H bonds. Moreover, the
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hydrogen addition increases the coordination of carbon and decreases the density of
state in the diamond band gap. It can also decrease the whole concentration in p-
type semiconductors or neutralize dopant in n-type materials. Our study confirmed
that hydrogen incorporation into UNCD grain boundaries made these coatings better
insulators with low enough leakage currents to be compatible with the functional-
ity required for a hermetic coating for the retinal microchip implant. However, a
critical issue under investigation is the possibility that sharp edges or corners of
the coated microchip could concentrate electric fields and/or dust particles, result-
ing in pinholes that can compromise the coating. To address these issues, we are
presently exploring hybrid oxide/UNCD coatings, where a highly insulating oxide
such as Al,O3 is grown first on the Si chip, followed by a very thin metallic layer
(this is used also to enhance the growth of the UNCD layer) on top of the oxide, but
electrically isolated from the underlying Si substrate, followed by a UNCD layer to
provide the bio-interface to the retina.

5 Conclusions and a Future Outlook

Our work has shown that UNCD coatings grown on Si substrates at temperatures
< 400°C range, using PECVD with CH4/Ar plasmas, may provide a reliable her-
metic bio-inert coating technology for encapsulation of Si microchips implantable
in the eye specifically and in the human body in general. SEM analysis showed that
films grown in this temperature range exhibit surface morphology and microstruc-
ture characteristics similar to the best UNCD films demonstrated in the past in
our laboratory. Electrochemical tests of the plain UNCD coatings yielded rela-
tively high leakage currents (~10~* A/cm?), which are not compatible with the
needed functionality in the eye environment. Introducing hydrogen into Ar/CHy
mixture resulted in the incorporation of hydrogen into the grain boundaries and
saturated the dangling bonds, thus leading to a greatly decreased leakage current.
UNCD films grown using CH4/Ar/H, (1%) plasma exhibit the lowest leakage cur-
rents (~7 x 1077 A/cm?) in a saline solution simulating the eye environment. This
leakage is incompatible with the functionality of the first-generation artificial reti-
nal microchip. However, it is expected that when growing UNCD on top of the
Si microchip passivated by a silicon nitride layer or the oxide layers also under
investigation in our group, the electrochemically induced leakage will be reduced
by at least one to three orders of magnitude to the range of 10~'9 A/cm?, which is
compatible with reliable, long-term implants.
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The Electrochemistry of Charge Injection
at the Electrode/Tissue Interface

Daniel R. Merrill

Abstract The physical basis for electrical stimulation of excitable tissue is pre-
sented with emphasis on the fundamental mechanisms of charge injection at the
electrode/tissue interface. Faradaic and non-Faradaic charge-transfer mechanisms
are presented and contrasted. An electrical model of the electrode/tissue inter-
face is given. The physical basis for the origin of electrode potentials is given.
Electrochemical reversibility is discussed. Two-electrode and three-electrode sys-
tems are compared. Various methods of controlling charge delivery during pulsing
are presented. Commonly used electrode materials and stimulation protocols are
reviewed in terms of stimulation efficacy and safety. Principles of stimulation of
excitable tissue are reviewed. Mechanisms of damage to tissue and the electrode are
reviewed.
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1 Physical Basis of the Electrode/Electrolyte Interface

Electrical stimulation of excitable tissue is the basis of clinical therapeutic electrical
stimulation and functional electrical stimulation, including deep brain stimulation
and stimulation of muscles, peripheral nerves, or sensory systems. When a metal
electrode is placed inside a physiological medium such as extracellular fluid (ECF),
an interface is formed between the two phases. In the metal electrode phase and
in attached electrical circuits, charge is carried by electrons. In the physiological
medium, or in more general electrochemical terms the electrolyte, charge is carried
by ions, including sodium, potassium, and chloride in the ECF. The central process
that occurs at the electrode/electrolyte interface is a transduction of charge carriers
from electrons in the metal electrode to ions in the electrolyte.

In the simplest system, two electrodes are placed in an electrolyte, and electri-
cal current may pass between the electrodes through the electrolyte. One of the two
electrodes is termed a working electrode (WE), and the second is termed a counter
electrode (CE). The working electrode is defined as the electrode that one is inter-
ested in studying, with the counter electrode being necessary to complete the circuit
for charge conduction. In electrophysiology experiments, it is common to use a
third electrode termed the reference electrode (RE), which defines a reference for
electrical potential measurements.

A change in electrical potential occurs upon crossing from one conducting phase
to another (from the metal electrode to the electrolyte) at the interface itself, in a
very narrow interphase region (at most a few hundred angstroms in width). The
basis for this is described in more detail in Section 1.4. The change or gradient
in electrical potential corresponds to an electric field, measured in volts/meter, at
the interface. This gradient exists even in the equilibrium condition when there is
no current flow. Electrochemical reactions may occur in this interphase region if
the electrical potential profile is forced away from the equilibrium condition. In
the absence of current, the electrical potential is constant throughout the electrolyte
beyond the narrow interphase region. During current flow, a potential gradient exists
in the electrolyte, generally many orders of magnitude smaller than at the interface.

There are two primary mechanisms of charge transfer at the electrode-electrolyte
interface, illustrated in Fig. 1. One is a non-Faradaic reaction, where no electrons are
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Fig.1 The electrode/electrolyte interface, illustrating Faradaic charge transfer (fop) and capacitive
redistribution of charge (bottom) as the electrode is driven negative. (a) Physical representation (b)
Two-element electrical circuit model for mechanisms of charge transfer at the interface. The capac-
itive process involves reversible redistribution of charge. The Faradaic process involves transfer of
electrons from the metal electrode, reducing hydrated cations in solution (symbolically O + e~ —
R, where the cation O is the oxidized form of the redox couple O/R). An example reaction is the
reduction of silver ions in solution to form a silver plating on the electrode, reaction (8a). Faradaic
charge injection may or may not be reversible

transferred between the electrode and electrolyte. Non-Faradaic reactions include
redistribution of charged chemical species in the electrolyte. The second mechanism
is a Faradaic reaction in which electrons are transferred between the electrode and
electrolyte, resulting in reduction or oxidation of chemical species in the electrolyte.
Faradaic reactions are further divided into reversible and nonreversible Faradaic
reactions, which are detailed in Section 1.3. Reversible Faradaic reactions include
those where the products either remain bound to the electrode surface or do not
diffuse far away from the electrode. In an irreversible Faradaic reaction, the products
diffuse away from the electrode.

1.1 Capacitive/Non-Faradaic Charge Transfer

If only non-Faradaic redistribution of charge occurs, the electrode/electrolyte inter-
face may be modeled as a simple electrical capacitor called the double-layer
capacitor Cqj. This capacitor is formed due to several physical phenomena [2, 3, 4,
5, 6]. First, when a metal electrode is placed in an electrolyte, charge redistribution
occurs as metal ions in the electrolyte combine with the electrode. This involves a
transient transfer of electrons between the two phases, resulting in a plane of charge
at the surface of the metal electrode, opposed by a plane of opposite charge, as coun-
terions, in the electrolyte. The excess charge on the electrode surface, symbolized
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by qM or oM, takes the form of an excess or deficiency of electrons and is present on
a very thin layer (< 0.1 angstrom thick) at the surface. In the electrolyte, counterions
take the form of excess cations or anions, symbolized by ¢5. If gM is an excess of
electrons, then qS is an excess of cations, and if qM is a deficiency of electrons, then
g3 is an excess of anions, i.e., net electroneutrality is maintained and gM = —¢5. A
second reason for formation of the double layer is that some chemical species such
as halide anions may specifically adsorb to the solid electrode, acting to separate
charge. A third reason is that polar molecules such as water may have a preferen-
tial orientation at the interface, and the net orientation of polar molecules separates
charge.

If the net charge on the metal electrode is forced to vary (as occurs with charge
injection during stimulation), a redistribution of charge occurs in the solution.
Consider two metal electrodes immersed in an electrolytic salt solution. A volt-
age source is applied across the two electrodes so that one electrode is driven to
a relatively negative potential and the other to a relatively positive potential. At the
interface that is driven negative, the metal electrode has an excess of negative charge
(Fig. 1). This will attract positive charge (cations) in solution toward the electrode
and repel negative charge (anions). In the interfacial region, there will be net elec-
troneutrality, because the negative charge excess on the electrode surface will equal
the positive charge in solution near the interface. The bulk solution will also have
net electroneutrality. At the second electrode, the opposite processes occur, i.e., the
repulsion of anions by the negative electrode is countered by attraction of anions at
the positive electrode. If the total amount of charge delivered is sufficiently small,
only charge redistribution occurs, there is no transfer of electrons across the inter-
face, and the interface is well modeled as a simple capacitor. If the polarity of the
applied voltage source is then reversed, the direction of current is reversed, the
charge redistribution is reversed, and charge that was injected from the electrode
into the electrolyte and stored by the capacitor may be recovered.

1.2 Faradaic Charge Transfer and the Electrical Model
of the Electrode/Electrolyte Interface

Charge may also be injected from the electrode to the electrolyte by Faradaic pro-
cesses of reduction and oxidation, whereby electrons are transferred between the
two phases. Reduction, which requires the addition of an electron, occurs at the
electrode that is driven negative, while oxidation, requiring the removal of an elec-
tron, occurs at the electrode that is driven positive. Faradaic charge injection results
in the creation of chemical species, which may either go into the solution or remain
bound to the electrode surface. Unlike the capacitive charge injection mechanism,
if these Faradaic reaction products diffuse sufficiently far away from the electrode,
they cannot be recovered upon reversing the direction of current. Fig. 1(b) illustrates
a simple electrical circuit model of the electrode/electrolyte interface consisting of
two elements [7, 8, 9]. Cq is the double-layer capacitance representing the ability
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of the electrode to cause charge flow in the electrolyte without electron transfer.
Zrtaradaic 18 the Faradaic impedance representing the Faradaic processes of reduction
and oxidation where electron transfer occurs between the electrode and electrolyte.
One may generally think of the capacitance as representing charge storage, and the
Faradaic impedance as representing charge dissipation.

The following are illustrative examples of Faradaic electrode reactions that may
occur. Cathodic processes, defined as those where reduction of species in the elec-
trolyte occur as electrons are transferred from the electrode to the electrolyte,
include such reactions as

2H,O +2¢~ — Hy 1 20H™ reduction of water (1)
Fe’t + ¢ «— Fe’*  simple electron transfer )
Cu’t +2¢” «<— Cu  metal deposition 3)

PtO + 2HT + 2¢~ < — Pt + H,O oxide formation and reduction

“)

IrO + 2H" 4+ 2¢~ «— Ir+ H,0 oxide formation and reduction
(5a)
IrO; + 4H" +4¢~ «— Ir+2H,0  oxide formation and  reduction
(5b)
2[r0>+2HT +2 ¢~ «— Irn03+H,0 oxide formation and  reduction
(50)
Pt+H" 4+ ¢~ «<— Pt—H  hydrogen atom plating (6)
M®*D* (OH) i1y + HY + ¢ <= M" (OH), + H,0 o

valency changes within an oxide

Agt +e” «<—— Ag  reduction of silver ions (8a)
AgCl «— Ag™ +Cl~  dissolution of silver chloride (8b)

Anodic processes, defined as those where oxidation of species in the electrolyte
occur as electrons are transferred to the electrode, include:

2H,O0 — O, + +4H" +4¢~  oxidation of water )
Pt +4Cl~ — [PtCl4)>~ +2¢~  corrosion (10)

2CI7 - Clp 1+ +2e™ gas evolution (11
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Fe — Fe’T +2¢~  anodic dissolution (12)

2Ag+20H" <~— Ag,0+HyO0+2¢™ oxide formation (13)

Reaction (1) is the irreversible reduction of water (which is typically abundant
as a solvent at 55.5 M) forming hydrogen gas and hydroxyl ions. The formation of
hydroxyl raises the pH of the solution. Reversible reactions, where species remain
bound or close to the electrode surface, are demonstrated by reactions (2), (3), (4),
(5), (6), (7), and (8). In reaction (2), the electrolyte consists of ferric and ferrous
ions. By driving the metal electrode to more negative potentials, electrons are trans-
ferred to the ferric ions forming ferrous ions. In reaction (3) a copper metal electrode
is immersed in a solution of cuprous ions. The cuprous ions in the solution are
reduced, building up the copper electrode. Reactions (4) and (5a), (5b), (5¢) are the
reversible formation and subsequent reduction of an oxide layer on platinum and
iridium, respectively. Reaction (6) is reversible adsorption of hydrogen onto a plat-
inum surface responsible for the so-called pseudocapacity of platinum. Reaction
(7) is the general form of reversible valency changes that occur in a multilayer
oxide film of iridium, ruthenium, or rhodium, with associated proton or hydroxyl
ion transfer [10, 11, 12, 13]. Reactions (8a) and (8b) are the reversible reactions of
a silver chloride electrode driven cathodically. Silver ions in solution are reduced
to solid silver on the electrode (reaction 8a). To maintain the solubility constant Kg
= (aag+)(acr-), where a is the ionic activity, as silver ions in solution are reduced
the AgCl salt covering the electrode dissolves to form silver and chloride ions in
solution (reaction 8b) (these reactions are discussed in more detail at the end of this
section). In reaction (9), water molecules are irreversibly oxidized forming oxygen
gas and hydrogen ions, and thus lowering the pH. Reaction (10) is the corrosion of a
platinum electrode in a chloride-containing media. In reaction (11), chloride ions in
solution are oxidized forming chlorine gas. In reaction (12), an iron metal electrode
is dissolved forming ferrous ions that go into solution. Reaction (13) represents a
reversible oxide formation on a silver electrode. As electrons are removed from
the silver metal, Ag* ions are formed. These Ag* ions then combine with hydroxyl
(OH™) ions from solution forming an oxide layer (Ag>O) on the surface of the silver
electrode. Note the transfer of charge that occurs. As electrons are transferred to the
electrode and then the external electrical circuit, the silver electrode is oxidized (Ag
— Ag™"). Because hydroxyl ions associate with the silver ions, the silver oxide is
electroneutral. However, since hydroxyl has been removed from the solution, there
is a net movement of negative charge from the electrolyte (loss of hydroxyl) to the
electrode (electrons transferred to the electrode and then to the electrical circuit).
The loss of hydroxyl lowers the solution pH.

1.3 Reversible and Irreversible Faradaic Reactions

There are two limiting cases that may define the net rate of a Faradaic reaction [9, 14,
15]. At one extreme, the reaction rate is under Kinetic control; at the other extreme,
the reaction rate is under mass transport control. For a given metal electrode and
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electrolyte, there is an electrical potential (voltage) called the equilibrium poten-
tial where no net current passes between the two phases. At electrical potentials
sufficiently close to equilibrium, the reaction rate is under kinetic control. Under
kinetic control, the rate of electron transfer at the interface is determined by the
electrode potential and is not limited by the rate at which reactant is delivered to
the electrode surface (the reaction site). When the electrode potential is sufficiently
different from equilibrium, the reaction rate is under mass transport control. In this
case, all reactant that is delivered to the surface reacts immediately, and the reaction
rate is limited by the rate of delivery of reactant to the electrode surface.

Faradaic reactions are divided into reversible and irreversible reactions [9]. The
degree of reversibility depends on the relative rates of kinetics (electron transfer at
the interface) and mass transport. A Faradaic reaction with very fast kinetics relative
to the rate of mass transport is reversible. With fast kinetics, large currents occur
with small potential excursions away from equilibrium. Since the electrochemical
product does not move away from the surface extremely fast (relative to the kinetic
rate), there is an effective storage of charge near the electrode surface, and if the
direction of current is reversed then some product that has been recently formed
may be reversed back into its initial (reactant) form.

FAST KINETICS RELATIVE TO MASS TRANSPORT —
CHARGE - STORAGE CAPACITY = REVERSIBLE

In a Faradaic reaction with slow kinetics, large potential excursions away from
equilibrium are required for significant currents to flow. In such a reaction, the
potential must be forced very far from equilibrium before the mass transport rate
limits the net reaction rate. In the lengthy time frame imposed by the slow electron-
transfer kinetics, chemical reactant is able to diffuse to the surface to support the
kinetic rate, and product diffuses away quickly relative to the kinetic rate. Because
the product diffuses away, there is no effective storage of charge near the electrode
surface, in contrast to reversible reactions. If the direction of current is reversed,
product will not be reversed back into its initial (reactant) form, since it has dif-
fused away within the slow time frame of the reaction kinetics. Irreversible products
may include species that are soluble in the electrolyte (e.g., reaction 12), precipi-
tate in the electrolyte, or evolve as a gas (e.g., reactions 1, 9, and 11). Irreversible
Faradaic reactions result in a net change in the chemical environment, potentially
creating chemical species that are damaging to tissue or the electrode. Thus, as a
general principle, an objective of electrical stimulation design is to avoid irreversible
Faradaic reactions.

SLOW KINETICS — NO CHARGE - STORAGE CAPACITY
(PRODUCT DIFFUSES AWAY) = IRREVERSIBLE
In certain Faradaic reactions, the product remains bound to the electrode surface.

Examples include hydrogen atom plating on platinum (reaction 6) and oxide forma-
tion (reaction 13 as an example). These can be considered a logical extreme of slow
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mass transport. Since the product remains next to the electrode, such reactions are a
basis for reversible charge injection.

1.4 The Origin of Electrode Potentials and the Three-Electrode
Electrical Model

Electrochemical potential is a parameter that defines the driving force for all chemi-
cal processes and is the sum of a chemical potential term and an electrical potential
term [16]. It is defined as

il =ul +zied? (14)

b
1
potential of particle i in phase B, and ¢P is the inner potential of the particle in phase
B (the electrical potential in the bulk).

Two phases in contact are defined to be in electrochemical equilibrium when the
electrochemical potential of any given chemical species is the same in each phase. If
the electrochemical potentials of some species are unequal, there is a driving force
for the net transfer of such species between the phases. For a metal electrode and
a solution of metal ions in contact to be in equilibrium, the electrochemical poten-
tial of an electron must be the same in each phase. When two isolated phases are
brought into contact, electron transfer may occur if the electrochemical potentials
are unequal. Consider immersing a metal electrode into an electrolyte with an elec-
trochemical reduction/oxidation (redox) couple, for example ferric and ferrous ions
(Fe’*and Fe?*). Assume that while in isolation, the metal electrode has a higher
chemical potential for electrons than the redox couple. Upon bringing the electrode
into contact with the electrolyte, electrons will transfer from the metal to the redox
couple, driving the reaction Fe3* e~ — Fe?* to the right as ferric ions are reduced
to ferrous ions. Upon transferring electrons, an electrical potential difference devel-
ops between the phases that repels further transfer. Equilibrium is reached when the
electrostatic force cancels the driving force due to a difference in chemical poten-
tials for an electron. At equilibrium, there is no further transfer of electrons, and
a distinctive difference in inner potentials A¢ exists between the two phases (the
inner potential ¢ is the electrical potential inside the bulk of the phase). The dif-
ference in inner potentials between a metal phase and solution phase in contact,
APmetal - solution- defines the electrode interfacial potential.

It is an experimental limitation that a single interfacial potential cannot be
measured. Whenever a measuring instrument is introduced, a new interface is
created, and one is unable to separate the effects of the two interfaces. It is
tempting to wonder why one cannot simply place one voltmeter probe on a
metal electrode and a second voltmeter probe into the electrolyte and measure
an electrode potential, as shown in Fig. 2. The electrode potential of interest
1S A¢metal - solution- BY introducing the measuring device (a metal voltmeter
probe) into the electrolyte solution, a new interface is created with its own

where 1!’ is the electrochemical potential of particle i in phase B, u;%is the chemical
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Fig. 2 Voltmeter Probe in Electrode Electrolyte
an Electrolyte Introduction
of the metal probe creates a etectrode @’e‘ectm‘yie meter probe
second electrode/electrolyte
interface
,@ probe
interface 2
interface 1

difference in potentials A¢yslution - probe- It is impossible to separate the com-
ponents Apmetal - solution a4 Adsolution - probe from the measured potential.
Note that if the other voltmeter probe (touching the metal electrode, not shown in
Fig. 2) consists of a different material than the electrode, a third interface is formed,
with a third difference in inner potentials.

Evaluation must be of a complete electrochemical cell, which is generally con-
sidered as two electrodes separated by an electrolyte. Practically, potentials are
measured as complete cell potentials between two electrodes, either from the work-
ing electrode to the counter electrode or from the working electrode to a reference
electrode. A cell potential is the sum of two interfacial potentials (electrode; to elec-
trolyte plus electrolyte to electrode;), as well as any potential difference occurring
across the electrolyte as current flows. In the absence of current, the cell potential
between the working electrode and second (counter or reference) electrode is called
the open-circuit potential and is the sum of two equilibrium interfacial potentials
from the working electrode to the electrolyte and from the electrolyte to the second
electrode.

The term “electrode potential” is not defined consistently in the electrochemistry
literature. Some authors define the electrode potential as the potential between an
electrode and a reference electrode, and others define it as the (immeasurable) inter-
facial potential. For clarity and accuracy, when the term “electrode potential” is used
it should be specified what this potential is with respect to, e.g., the electrolyte, a
reference electrode, or another electrode.

Consider the electron-transfer reaction between a metal electrode and a reduc-
tion/oxidation (redox) couple O and R in solution:

O+ne” «<~— R (15)

where O is the oxidized species of the couple, R is the reduced species, and 7 is the
number of electrons transferred

If the concentrations of both O and R in solution are equal, then the electrical
potential of the redox couple equilibrates at E®", defined as the formal potential.
More generally, if the concentrations of O and R are unequal, the equilibrium
potential or Nernst potential, E.q, may be calculated by the Nernst equation [9,16]:

Eeq = E + (RT/nF)In {[O]/ [R]} (16)
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where [O] and [R] are concentrations in the bulk solution, R is the gas constant
~ 8314 J/mol-’K, T is the absolute temperature, and F is Faraday’s constant
~96,485 C/mol of electrons

The Nernst equation (16) relates the equilibrium electrode potential Eeq (the elec-
trical potential of the working electrode with respect to any convenient reference
electrode) to the bulk solution concentrations [O] and [R] when the system is in
equilibrium. As the bulk concentration [O] increases or the bulk concentration [R]
decreases, the equilibrium potential becomes more positive.

In a system containing only one redox couple that has fairly fast kinetics, the
measured open-circuit potential equals the equilibrium potential of the redox couple.
If the kinetics of the redox couple are slow, the open-circuit potential (an empirical
parameter) may not quickly attain the equilibrium potential after a perturbation, and
if other contaminating redox couples (affectionately known as “dirt”) are present
that affect the equilibrium state, the measured open-circuit potential does not readily
correlate with any single redox equilibrium potential.

If one begins with a system that is in equilibrium and then forces the potential of
an electrode away from its equilibrium value, for example by connecting a current
source between the working and counter electrodes, the electrode is said to become
polarized. Polarization is measured by the overpotential n, which is the difference
between an electrode’s potential and its equilibrium potential (both measured with
respect to some reference electrode):

n=E—Ey a7

The electrode interface model of Fig. 1(b) demonstrates the mechanisms of
charge injection from an electrode; however, it neglects the equilibrium interfa-
cial potential A¢ that exists across the interface at equilibrium. This is modeled
as shown in Fig. 3(a). In addition to the electrode interface, the solution resistance
Rs (alternatively referred to as the access resistance Ra or the ohmic resistance Rg)
that exists between two electrodes in solution is modeled.

An electrical potential difference, or voltage, is always defined between two
points in space. During electrical stimulation, the potentials of both the working and
counter electrodes may vary with respect to some third reference point. A third elec-
trode whose potential does not change over time, the reference electrode, may be
employed for making potential measurements. Potentials of the working electrode
and counter electrode may then be given with respect to the reference electrode.
An electrical circuit model of a three-electrode system, including the working
electrode, counter electrode, and reference electrode immersed into an electrolyte,
is shown in Fig. 3(b). The reference electrode is used for potential measurements
and is not required to pass current for stimulation; a two-electrode system (working
and counter electrodes) is sufficient for stimulation. As current is passed between
the working and counter electrodes through the electrolytic solution, the interfacial
potentials, VwEg-solution and VcE-solutions Will vary from their equilibrium values,
i.e., there are overpotentials associated with both interfaces. Also, as current flows
there is a voltage drop across the resistive solution equal to the product of current
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Fig. 3 Electrical Circuit Models (a) Single-Electrode/Electrolyte Interface (b) Three-
Electrode System External access to the system is at three points labeled “WE”, “CE”, and “RE”.
If the counter electrode has a large surface area, it may be considered as strictly a capacitance as
shown. A reference electrode with very low valued Faradaic resistance will maintain the interfacial
potential VRE-solution CONstant

and solution resistance: v = iRs. Thus, if current flows and there is a change in the
measured potential Vywg_cg, this change may be from any of three sources: (1) an
overpotential at the working electrode as the interfacial potential ViwEg-solution Varies,
(2) an overpotential at the counter electrode as the interfacial potential VcEg-solution
varies, and (3) the voltage drop iRs in solution. In the two-electrode system, one
may only measure Vg cg, and the individual components of the two overpotentials
and iRgs cannot be resolved. A third (reference) electrode may be used for potential
measurements. An ideal reference electrode has a Faradaic reaction with very fast
kinetics, which appears in the electrical model as a very low resistance for the
Faradaic impedance Zgaradaic. In this case, no significant overpotential occurs at the
reference electrode during current flow, and the interfacial potential VRg-solutionis
considered constant. Examples of common reference electrodes are the reversible
hydrogen electrode (RHE), the saturated calomel electrode (SCE), and the silver-
silver chloride electrode [17]. In the three-electrode system, if current flows through
the working and counter electrodes and a change is noted in the measured potential
VWE-RE, this change may be from either of two sources: (1) an overpotential at the
working electrode as the interfacial potential ViwE-solution Varies, and (2) the voltage
drop iRs in solution. Unlike the two-electrode system, only one overpotential
contributes to the measured potential change. Furthermore, the overpotential at the
working electrode can be estimated using the process of correction. This involves
estimating the value of the solution resistance between the working electrode
interface and the reference electrode interface, called the uncorrected solution
resistance Ry, and multiplying Ry by the measured current. This product Veorr =
iRU estimated 18 then subtracted from the measured Vg Rrg to yield the two interfacial
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potentials VwE-solution @and VRE-solution- Since VRE-solution 1S constant, any change
in Vwg-rg is attributed to an overpotential at the working electrode interface.
Figure 4 illustrates the electrical potential profiles of a two-electrode system and a
three-electrode system, under conditions of no current flow and with current.

1.5 Faradaic Processes: Quantitative Description

Equation (18) below, the current—overpotential equation [9], relates the overpoten-
tial to net current density through an electrode going into a Faradaic reaction and
defines the full characteristics of the Faradaic impedance.

inet = 0 R ey (—arenf ) — L)

[Oloo [Rlso
where ine; is the net Faradaic current density across the electrode/electrolyte inter-
face, ip is the exchange current density, [O](0,f) and [R](0,f) are concentrations
at the electrode surface (x = 0) as a function of time, [O]y and [R]s are bulk
concentrations, «is the cathodic transfer coefficient and equals ~0.5, n is the
number of moles of electrons per mole of reactant oxidized (equation 15), f =
FIR T, F is Faraday’s constant ~96,485 C/mol of electrons, R is the gas constant
~ 8.314 J/mol-"K, and T is the absolute temperature

This equation relates the net current of a Faradaic reaction to three factors of
interest: (1) the exchange current density iy, which is a measure of the kinetic
rate of the reaction, (2) an exponential function of the overpotential, and (3) the
concentration of reactant at the electrode interface. The exponential dependence of
Faradaic current on overpotential indicates that for a sufficiently small overpoten-
tial, there is little Faradaic current, i.e., for small potential excursions away from
equilibrium, current flows primarily through the capacitive branch of Fig. 1, charg-
ing the electrode capacitance, not through the Faradaic branch. As more charge
is delivered through an electrode interface, the electrode capacitance continues to
charge, the overpotential increases, and the Faradaic current (proportional to exp
(7)) begins to be a significant fraction of the total injected current. For substantial
cathodic overpotentials, the left term of equation (18) dominates; for substantial
anodic overpotentials, the right term dominates.

The two exponential terms represent the reduction and oxidation rates, respec-
tively. The net current is the sum of the reduction and oxidation currents, as shown
in Fig. 5. At the equilibrium potential Eq, when n = 0, the rates are equal and oppo-
site and may be relatively small (compared to when driven away from equilibrium),
and the net current is zero. As the electrode potential moves away from equilibrium,
one or the other term will begin to dominate. At overpotentials near equilibrium, the
current increases rapidly with changes in overpotential due to the exponential form
of equation (18).

A large value for iy represents a reaction with rapid electron exchange between
the electrode and electrolyte (called the heterogeneous reaction); a small value for i
represents a reaction with slow electron transfer in the heterogeneous reaction. The

exp (+ (1 —ac)nfn)} (13)
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(a) two-electrode system
- 4—@ = well defined reaction potential
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Fig. 4 Electrical Potential Profiles (a) Two-electrode system. In the absence of current, two
equilibrium interfacial potentials exist, and the cell potential measured between the two electrodes
is the difference between these equilibrium potentials. As shown the equilibrium potentials are the
same (as would be the case if the same metal was used for both electrodes), and the cell potential
would be zero. Upon passing current, overpotentials develop at both interfaces (one interfacial
potential becomes greater, one smaller). The net change in measured cell potential is due to three
sources: the voltage drop in solution i Rs and two overpotentials 11 and 72. (b) Three-electrode
system. The measured potential is between the working electrode and reference electrode. Since
no substantial overpotential can be developed at the reference electrode, any change in measured
potential upon passing current is due to two sources: the overpotential at the working electrode-

solution interface, and the solution drop i Ry, where the uncorrected resistance Ry is the solution
resistance between the WE interface and RE interface
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Fig. 5 Net Current vs. Overpotential, Oxidation and Reduction Curves Three characteristic
regions are displayed: (1) near equilibrium, both reduction and oxidation currents contribute, then
as the overpotential increases, (2) either reduction or oxidation dominate, initially in the absence
of mass-transport limitation, and then (3) with mass-transport limitation

values for exchange current density ip may range over several orders of magnitude,
e.g., from 10*! to 107'2A/cm?. In the example shown in Fig. 5, i is 0.1 of i, the
limiting current. Figure 6 illustrates how the current—overpotential relation is highly
dependent upon the exchange current. Three values of exchange current density are
plotted. In each case a.= 0.5, so the plot is symmetric about = 0. For a kineti-
cally fast system with a large exchange current density, such as iy = 1073 A/cm?,
no significant overpotential may be achieved before a large current ensues. As the
exchange current density decreases, one must go to higher overpotentials (further
from the equilibrium value of n = 0) before a given current is noted. For a finite
detection level of current (a real instrument), a reaction with low exchange current
density will not manifest until relatively high overpotentials are achieved.

If currents are low or if the electrolytic solution is well stirred, so that the surface
concentrations [0](0,7) and [R](0,7) are essentially equal to the bulk concentrations,
then equation (18) reduces to

Inet = io {exp (—acnfn) —exp (4 (1 —ac) nfn))} 19)

This is the Butler-Volmer equation, which describes the current—overpotential
relationship when mass-transfer effects are negligible. This may be a useful
approximation of (18) when the current is less than 10% of the limiting current.
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Fig. 6 Current-Overpotential Dependence on Exchange Current Density Three example
exchange current densities are shown. Large densities correspond to kinetically fast reactions. At
large exchange current densities, little overpotential is required for substantial current density

As n increases away from zero, one of the two terms of the current—overpotential
relationship (representing either reduction or oxidation) will dominate:

for negative overpotentilas inet = lpexp (—acnfn) (20a)
for positive overpotentials inet = o {—exp (+ (1 —ac) nfn)} (20b)

Near equilibrium, the surface concentrations of O and R are approximately
equal to the bulk concentrations. As more charge is delivered and the overpoten-
tial continues to increase (in either direction), the surface concentration of reactant
may decrease. The Faradaic current will then begin to level off, corresponding
to the current becoming limited by mass transport of reactant, not electron trans-
fer kinetics. At the limiting currents, i ¢(cathodic, for negative overpotentials) or
iLa(anodic, for positive overpotentials), the reactant concentration at the electrode
surface approaches zero, and the terms [O](0,#)/[O]s or [R](0,)/[R]s counteract
the exponential terms in equation (18), dominating the solution for net reaction rate.
At the limiting currents, the slope of the reactant concentration gradient between the
electrode surface and the bulk electrolyte determines the rate of reactant delivery,
and thus the current. At overpotentials where mass transport limitation effects occur
(but prior to i ¢ or if,), Faradaic current takes the form:

. . [O][0,1],
for negative overpotentialsine; = ———1ip exp (—oc nf n) (21a)
[Olw
. o [R][0.1] ,
for positve overpotentialsine; = —R—l() exp (+ (1 —ac) nfn) (21b)

e¢]
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Equations (19), (20), and (21) are illustrated as three regions on the current—
overpotential plot, shown in Fig. 5.

The mass transport limited currents ir, ¢ and if 5 are given by equations (22a) and
(22b) below.

iLe = —nF Akgo[Ole (22a)

iLa= nFAkdr [Rl (22b)

where A is the electrode area and kg is the mass transport rate, given by kq = D/§,
where D is the diffusion coefficient and § is the diffusion layer thickness

For very small overpotentials, the Butler-Volmer equation (19) can be approxi-
mated by

Inet = o (=nf 1) (23)

since ¢* ~ 1 + x for small x. Thus at small overpotentials, the current is a linear
function of overpotential. The ratio — 7 /i is called the charge transfer resistance
R, which is given by

Re = RT/nF i 24)

A small value for R corresponds to a kinetically fast reaction.

When the overpotential is relatively large, only one of the two terms in (18) is
significant, and either the reduction current or the oxidation current becomes neg-
ligible. Figure 7 is a Tafel plot, which is a plot of log i vs. n. The straight-line
approximations of Fig. 7, with slopes of — o n F/2.3 R T for the cathodic reac-
tion and (1— &) n F/2.3 R T for the anodic reaction, are good approximations when
the reverse reaction supplies less than 1% of the total current. Note that the inter-
cept of the straight lines on the n = 0 axis is at log ip. If the kinetics are fairly

log |i |
354+
4.5 _
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(1-o¢InF/23RT -XXnF/23RT
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Fig. 7 Tafel plot
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fast, no Tafel straight line will be noted, because the mass-transfer-limited current
will be reached before the reverse reaction is negligible. Existence of a Tafel region
requires that there are no mass-transfer effects. Slow kinetics allow a Tafel region
to be observed. Tafel behavior may be used as an indicator of irreversible kinetics,
requiring large overpotentials, yielding an essentially unidirectional reaction that is
irreversible. The Tafel equation for negative overpotentials is given by:

Inet ~ ip €Xp (—acnfn) (25)

As current is passed between a working electrode and reference electrode through
an electrolyte, both the working and counter electrodes’ potentials move away from
their equilibrium values, with one moving positive of its equilibrium value and the
other moving negative of its equilibrium value. Total capacitance is proportional
to area, with capacitance Cqy = (capacitance/area) x area. Capacitance/area is an
intrinsic material property. Capacitance is defined as the ability to store charge, and
is given by

Ca = dg/dV (26)

where ¢ = charge and V = the electrode potential with respect to some reference
electrode

Thus an electrode with a relatively large area and total capacity (as is often the
case for a counter electrode) can store a large amount of charge (dg) with a small
overpotential (dV). During stimulation, the use of a large counter electrode keeps
the potential of the counter electrode fairly constant during charge injection (near
its equilibrium value), and there is little Faradaic current (equation 18). Significant
overpotentials may be realized at a small working electrode. A typical reason for
using a small electrode area is to achieve high spatial resolution during recording
or stimulation. It is common to neglect the counter electrode in analysis, and while
this is often a fair assumption it is not always the case.

1.6 Ideally Polarizable Electrodes and Ideally Nonpolarizable
Electrodes

Two limiting cases for the description of an electrode are the ideally polarizable
electrode and the ideally nonpolarizable electrode [8, 9, 14]. The ideally polar-
izable electrode corresponds to an electrode for which the Zgyraqaic €lement has
infinite resistance (i.e., this element is absent). Such an electrode is modeled as a
pure capacitor, with Cq = dg/dV (equation 26), in series with the solution resis-
tance. In an ideally polarizable electrode, no electron transfer occurs across the
electrode/electrolyte interface at any potential when current is passed; rather all cur-
rent is through capacitive action. No sustained current flow is required to support a
large voltage change across the electrode interface. An ideally polarizable electrode
is not used as a reference electrode, since the electrode potential is easily perturbed
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Fig. 8 Current—voltage relationships of highly polarizable and nonpolarizable electrodes

away from the equilibrium potential. A highly polarizable (real) electrode is one
that can accommodate a large amount of injected charge on the double layer prior
to initiating Faradaic reactions, corresponding to a relatively small exchange current
density, e.g., iy = 1072 A/cm?.

The ideally nonpolarizable electrode corresponds to an electrode for which the
Zraradaic €lement has zero resistance; thus only the solution resistance appears in
the model. In the ideally nonpolarizable electrode, current flows readily in Faradaic
reactions and injected charge is accommodated by these reactions. No change in
voltage across the interface occurs upon the passage of current. This is the desired
situation for a reference electrode, so that the electrode potential remains near equi-
librium even upon current flow. A highly nonpolarizable (real) electrode, for which
the Ztaradaic €lement has very small resistance, has a relatively large exchange cur-
rent density, e.g., ip = 107> A/em?. Most real electrode interfaces are modeled by
a Cq in parallel with a finite Zg,radaic, together in series with the solution resis-
tance (Fig. 3a). Figure 8(a) illustrates a highly polarizable electrode, which rapidly
develops a potential upon the passage of current, and Fig. 8(b) illustrates a highly
nonpolarizable electrode, which does not readily support a change in potential upon
current flow.

Consider a metal electrode consisting of a silver wire placed inside the body,
with a solution of silver ions between the wire and ECF, supporting the reaction
Ag*t + ¢ «<— Ag. This is an example of an electrode of the first kind, which
is defined as a metal electrode directly immersed into an electrolyte of ions of the
metal’s salt. As the concentration of silver ions [Ag*] decreases, the resistance of the
interface increases. At very low silver ion concentrations, the Faradaic impedance
Ztaradaic becomes very large, and the interface model shown in Fig. 3(a) reduces
to a solution resistance Rgs in series with the capacitance Cg;. Such an electrode
is an ideally polarizable electrode. At very high silver concentrations, the Faradaic
impedance approaches zero and the interface model of Fig. 3(a) reduces to a solution
resistance in series with the Faradaic impedance Zgyradaic, Which is approximated by
the solution resistance only. Such an electrode is an ideally nonpolarizable electrode.
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The example of a silver electrode placed in direct contact with the ECF, acting as an
electrode of the first kind, is impractical. Silver is toxic, silver ions are not innate in
the body, and any added silver ions may diffuse away. The silver wire electrode is
a highly polarizable electrode since the innate silver concentration is very low and
the Faradaic reaction consumes little charge; thus this configuration is not usable
as a reference electrode. The equilibrium potential, given by a derivation of the
Nernst equation Eeq = E®+ (RT/nF ) In [Ag*] = (59 mV/decade) log [Ag*] at
25°C, is poorly defined due to the low silver ion concentration. A solution to these
problems is to use an electrode of the second kind, which is defined as a metal coated
with a sparingly soluble metal salt. The common silver/silver chloride (Ag/AgCl)
electrode, described by reactions 8a and 8b, is such an electrode. This consists of
a silver electrode covered with silver chloride, which is then put in contact with
the body. The Ag/AgCl electrode acts as a highly nonpolarizable electrode. The
equilibrium potential Eeq = E®+ 59 log [Ag*] can be combined with the definition
of the silver chloride solubility constant:

Ky = [Agt][CIT] ~ 1071°M2, to yield Eoq = E® + 591og[K,/Cl7] =
E® + 591log K, — 591og [C17] = E® — 5910og [Cl™]. The equilibrium potential
of this electrode of the second kind is seen to be dependent on the finite chloride
concentration rather than any minimal silver concentration, and is well defined for
use as a reference electrode.

2 Charge Injection Across the Electrode/Electrolyte Interface
During Electrical Stimulation

2.1 Charge Injection During Pulsing: Interaction of Capacitive
and Faradaic Mechanisms

As illustrated in Fig. 1, there are two primary mechanisms of charge injection from
a metal electrode into an electrolyte. The first consists of charging and discharging
the double-layer capacitance causing a redistribution of charge in the electrolyte,
but no electron transfer from the electrode to the electrolyte. Cg; for a metal in
aqueous solution has values on the order of 10-20 wF/cm? of real area (geometric
area multiplied by the roughness factor). For a small enough total injected charge,
all charge injection is by charging and discharging of the double layer. Above some
injected charge density, a second mechanism occurs consisting of Faradaic reactions
where electrons are transferred between the electrode and electrolyte, thus chang-
ing the chemical composition in the electrolyte by reduction or oxidation reactions.
Figure 1 illustrates a single Faradaic impedance representing the electron transfer
reaction O + n e~ <——R. Generally there may be more than one Faradaic reaction
possible, which is modeled by several branches of Zgyradaic (one for each reaction),
all in parallel with the double-layer capacitance. The current—overpotential equation
18 and Fick’s first and second laws for diffusion give the complete description of
processes occurring for any Faradaic reaction.
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In addition to the double-layer capacitance, some metals have the property of
pseudocapacity [8], where a Faradaic electron transfer occurs, but because the prod-
uct remains bound to the electrode surface, the reactant may be recovered (the
reaction may be reversed) if the direction of current is reversed. Although electron
transfer occurs, in terms of the electrical model of Fig. 1, the pseudocapacitance is
better modeled as a capacitor, since it is a charge-storage (not dissipative) process.
Platinum is commonly used for stimulating electrodes, as it has a pseudocapac-
ity (by reaction 6) of 210 wC/cm? real area [18], or equivalently 294 C/cm?
geometric area using a roughness factor of 4.!

It is a general principle when designing electrical stimulation systems that one
should avoid onset of irreversible Faradaic processes, which may potentially cre-
ate damaging chemical species, and keep the injected charge at a low enough level
where it may be accommodated strictly by reversible charge injection processes.
Unfortunately this is not always possible, because a larger injected charge may be
required to cause the desired effect (e.g., initiating action potentials). Reversible pro-
cesses include charging and discharging of the double-layer capacitance, reversible
Faradaic processes involving products that remain bound to the surface such as plat-
ing of hydrogen atoms on platinum (reaction 6) or the reversible formation and
reduction of a surface oxide (reactions 4, 5), and reversible Faradaic processes
where the solution phase product remains near the electrode due to mass diffusion
limitations.

When the exchange current density is very low and significant overpotentials
are required for measurable Faradaic current, a relatively large total charge can
be injected (and thus a relatively large overpotential achieved) through the capac-
itive mechanism before Faradaic reactions commence. When the exchange current
density is high, little injected charge is accepted into capacitive charge, and small
overpotentials are achieved, before onset of significant Faradaic reactions. The desir-
able paradigm for a stimulating electrode is to use either capacitive charge injection
or charge injection through reversible Faradaic processes (such as reversible oxide
formation), thus minimizing irreversible Faradaic reactions that lead to either
electrode or tissue damage.

The net current passed by an electrode, modeled as shown in Fig. 1, is the sum of
currents through the two parallel branches. The total current through the electrode
is given by

itotal = Iic + if (27)

where ic is the current through the capacitance and ir is the current through Faradaic
processes

IThe relationship between capacitance and stored charge is given by equation 29. A one volt
potential excursion applied to a double layer capacitance of 20 wF/cm? yields 20 j.C/cm? stored
charge, which is an order of magnitude lower than the total charge storage available from platinum
pseudocapacitance.
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The current through Faradaic processes is given by the current—overpotential
equation 18. The current through the capacitance is given by equation (28) below.

ic = Cqdv/dt = Cq dn/dt (28)

The capacitive current depends upon the rate of potential change, but not the
absolute value of the potential. The Faradaic current, however, is exponentially
dependent upon the overpotential, or departure from the equilibrium potential. Thus,
as an electrode is driven away from its equilibrium potential, essentially all charge
initially flows through the capacitive branch since the overpotential is small near
equilibrium. As the overpotential increases, the Faradaic branch begins to conduct
a relatively larger fraction of the injected current. When the overpotential becomes
great enough, the Faradaic impedance becomes sufficiently small that the Faradaic
current equals the injected current. At this point the Faradaic process of reduction
or oxidation conducts all injected charge, and the potential of the electrode does not
change, corresponding to the capacitor not charging any further.

In terms of charge going into the different processes, the charge on the double-
layer capacitance is proportional to the voltage across the capacitance:

qc = Cq AV (29)

thus if the electrode potential does not change in time, neither does the stored
charge. The charge into Faradaic processes however does continue to flow for
any nonzero overpotential. The Faradaic charge is the integration of Faradaic cur-
rent over time, which by equation (18) is proportional to an exponential of the
overpotential integrated over time:

qf=/ifdt x /exp (n) dt 30)

The charge delivered into Faradaic reactions is directly proportional to the mass
of Faradaic reaction product formed, which may be potentially damaging to the
tissue being stimulated or the electrode.

2.2 Methods of Controlling Charge Delivery During Pulsing

Charge injection from an electrode into an electrolyte (e.g., extracellular fluid) is
commonly controlled by one of three methods. In the current-controlled (also called
galvanostatic) method, a current source is attached between the working and counter
electrodes and a user-defined current is passed. In the voltage-controlled (also called
potentiostatic) method, current is driven between the working electrode and counter
electrode as required to control the working electrode potential with respect to a
third (reference) electrode. This may be used for electrochemical measurements of
certain neurotransmitters [19]. This method is most often not used for stimulation
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and is not discussed further in this review. In the third method, Vwg.cg control, a
voltage source is applied between the working and counter electrodes. While this
is the simplest method to implement, neither the potential of the working electrode
nor the potential of the counter electrode (with respect to a third reference electrode)
are controlled; only the net potential between the working and counter electrodes is
controlled.

2.3 Charge Delivery by Current Control

The current-controlled method is commonly used for electrical stimulation of
excitable tissue. This typically takes the form of pulsing. In monophasic pulsing, a
constant current is passed for a period of time (generally on the order of tens to hun-
dreds of microseconds), and then the external stimulator circuit is open-circuited (it
is effectively electrically removed from the electrodes) until the next pulse. Among
the different pulsing schemes, monophasic pulsing results in the greatest amount
of irreversible Faradaic reaction product (detailed in the next section), which may
result in tissue or electrode damage; thus it is not used in chronic stimulation. In
biphasic pulsing, a constant current is passed in one direction, then the direction
of current is reversed, and then the circuit is open-circuited until the next pulse. In
biphasic pulsing the first phase, or stimulating phase, is used to elicit the desired
physiological effect such as initiation of an action potential, and the second phase,
or reversal phase, is used to reverse electrochemical processes occurring during the
stimulating phase. It is common to use a cathodic pulse as the stimulating phase
(the working electrode is driven negative with respect to its prepulse potential),
followed by an anodic-reversal phase (the working electrode is driven positive),
although anodic pulsing may also be used for stimulation (discussed in Section 4).
Figure 9 illustrates definitions of the key parameters in pulsing. The frequency of
stimulation is the inverse of the period or time between pulses. The interpulse inter-
val is the period of time between pulses. Figure 9(b) illustrates charge-balanced
biphasic pulsing, where the charge in the stimulation phase equals the charge in the
reversal phase. Figure 9(c) illustrates charge-imbalanced biphasic pulsing (detailed
in Section 4) where there are two phases, but the reversal phase has less charge than
the stimulating phase. Figure 9(d) illustrates the use of an interphase delay, where
an open-circuit is introduced between the stimulating and reversal phases.

Upon application of a cathodic current pulse to an electrode that starts at a poten-
tial close to the equilibrium potential, the term exp (1) is small and initially little
charge goes into any Faradaic reactions, thus the initial charge delivery goes into
charging the double-layer capacitance. As charge goes onto the double layer, the
electrode potential moves away from equilibrium (an overpotential 1 develops), and
the Faradaic reaction O + ne” — R starts to consume charge, with net current den-
sity proportional to exp (). The total injected current then goes into both capacitive
current i, causing the electrode capacitance to continue to charge to more nega-
tive potentials, and Faradaic current ir. At sufficiently negative potentials, another
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Fig. 9 Common pulse types and parameters

Faradaic reaction with a lower exchange current density (thus more irreversible)
than the first may start. In the case where this second reaction is the reduction of
water, the reaction will not become mass transport limited (water at 55.5 M will
support substantial current), and an electrode potential will be reached where the
non-mass transport limited reduction of water accepts all further injected charge.
The water window is a potential range that is defined by the reduction of water in the
negative direction, forming hydrogen gas, and the oxidation of water in the positive
direction, forming oxygen. Because water does not become mass transport limited in
an aqueous solution, the potentials where water is reduced and oxidized form lower
and upper limits respectively for electrode potentials that may be attained, and any
electrode driven to large enough potentials in water will evolve either hydrogen gas
or oxygen gas. Upon reaching either of these limits, all further charge injection is
accommodated by the reduction or oxidation of water.

2.4 Pulse train response during current control

Based on the simple electrical model of Fig. 1, one may predict different characteris-
tics in the potential waveforms resulting from monophasic pulsing, charge-balanced
biphasic pulsing, and charge-imbalanced biphasic pulsing. Consider what occurs
when an electrode, starting from the open-circuit potential, is pulsed with a single
cathodic pulse and then left open-circuit (illustrated in Fig. 10(a), pulse 1). Upon
pulsing the electrode initially charges with injected charge being stored reversibly
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Fig. 10 Electrode Potentials in Response to Monophasic and Charge-Balanced Biphasic
Pulse Trains (a) Ratcheting of potential during monophasic cathodic pulsing. The prepulse poten-
tial of successive pulses moves negative until all injected charge goes into irreversible processes.
(b) Ratcheting during charge-balanced cathodic first biphasic pulsing. The prepulse potential of
successive pulses moves positive until the same amount of charge is lost irreversibly during the
cathodic and anodic phases. Shaded areas represent periods of irreversible reactions

on the double-layer capacitance, causing the electrode potential to move negative.
As the potential continues to move negative, charge begins to be delivered into
Faradaic currents (whose magnitude is an exponential function of the overpoten-
tial). At the end of the pulse when the external circuit is opened, charge on the
double-layer capacitance continues to discharge through Faradaic reactions. This
causes the electrode potential to move positive, and as the electrode discharges (i.e.,
the overpotential decreases) the Faradaic current decreases, resulting in an exponen-
tial discharge of the electrode. Given a long enough time, the electrode potential will
approach the open-circuit potential. However, if the electrode is pulsed with a train
whose period is short with respect to the time constant for discharge (as may occur
with neural stimulation, with a period of perhaps 20 ms), i.e., if a second cathodic
pulse arrives before the electrode has completely discharged, then the potential at
the start of the second pulse (the prepulse potential) is more negative than the pre-
pulse potential of the first pulse (which is the open circuit potential). Because the
potential during the second pulse begins at a more negative potential than the first,
a smaller fraction of the injected charge goes into reversible charging of the double-
layer capacitance. The Faradaic reactions begin accepting significant charge at an
earlier time than in the first pulse, and there is more charge delivered to irreversible
reactions during the second pulse than during the first as the overall potential range
traversed is more negative during the second pulse (Fig. 10(a), pulse 2). Upon going
to open-circuit after the second pulse, the electrode discharges through Faradaic
reactions. Because the potential at the end of the second current pulse is more nega-
tive than the potential at the end of the first current pulse, the potential range during
discharge between pulses 2 and 3 is also more negative than between pulses 1 and
2, and likewise the prepulse potential of pulse 3 is more negative than the prepulse
potential of pulse 2. This “ratcheting” of the electrode potential continues until the
following condition is met:

Unrecoverable Charge (Qy) per pulse = Injected Charge (Qinj) per pulse (31)
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i.e., all injected charge goes into irreversible Faradaic reactions that occur either dur-
ing the pulse or during the open-circuit interpulse interval period. Charge delivered
into irreversible processes is defined as unrecoverable charge Qy,. Once condition
(31) is met, the pulsing is in the steady state, and the potential excursions repeat
themselves with each pulse cycle.

Next consider the electrode response when a charge-balanced stimulation pro-
tocol is used; cathodic then anodic, followed by open-circuit. The electrode begins
from open-circuit potential. Upon applying the first cathodic pulse, the double-layer
reversibly charges, and then the electrode may begin to transfer charge into Faradaic
reactions as the potential moves negative. The anodic pulse then causes the electrode
potential to move back positive (illustrated in Fig. 10(b), pulse 1). Unlike the expo-
nential decay during the monophasic pulsing, the electrode potential now changes
according to the anodic current and the double-layer capacitance, and there is rever-
sal of charge from the double layer. Because not all of the injected charge during
the cathodic pulse went into charging of the double layer, only some fraction of
the injected cathodic charge is required in the anodic phase to bring the electrode
potential back to the prepulse value. Since the anodic pulse is balanced with the
cathodic pulse, the electrode potential at the end of the anodic phase of pulse 1 is
positive of the prepulse potential of pulse 1 (the open circuit potential). During the
anodic phase and during the open-circuit following the anodic phase, if the potential
becomes sufficiently positive, anodic Faradaic reactions such as electrode corrosion
may occur. During the open-circuit period, the electrode discharges exponentially
through anodic Faradaic reactions back toward the open-circuit potential, moving
negative with time. By the beginning of pulse 2, the potential is still positive of
the prepulse potential for pulse 1 (the open-circuit potential). Thus, as long as any
charge is lost irreversibly during the cathodic phase, the potential at the end of the
charge-balanced anodic phase will be positive of the prepulse potential, and a ratch-
eting effect is seen. Unlike the monophasic case, the ratcheting of the electrode
prepulse potential is now in a positive direction. Steady state occurs when one of
the two following conditions is met:

(1) There are no irreversible Faradaic reactions during either the cathodic or
anodic phases, and the electrode simply charges and then discharges the double
layer (the potential waveform appears as a sawtooth):

Qur cathodic — Qur anodic — 0 (32)

or
(2) The same amount of charge is lost irreversibly during the cathodic phase and
during the combined anodic phase and interpulse interval:

Qurcathodic = Qur anodic+IPI 7& 0 (33)
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If irreversible processes do occur, for cathodic first charge-balanced biphasic
pulsing, the electrode potential will move positive of the open-circuit potential, and
during steady-state continuous pulsing there is an equal amount of unrecoverable
charge delivered into cathodic- and anodic-irreversible processes.

Finally consider the electrode response when a charge-imbalanced stimulation
protocol is used (not illustrated). The electrode begins from open-circuit poten-
tial. The response to the first cathodic pulse is the same as with the monophasic
or charge-balanced biphasic waveforms. The anodic phase then causes the electrode
potential to move back positive, but since there is less charge in the anodic phase
than cathodic, the electrode potential does not m