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ABSTRACT

Personal health monitoring is being considered the future safstainable health care system.
Biosensing platforms are a very important component of this systemtifReahnd accurate
sensing is essential for tkaccess gpersonal balth care modelCurrently, there are many efforts
going on to make these senspractical and more useflibr such measurements. Implantable
sensors areonsideredhe most widely applicable and most reliable sensors for such accurate health
monitoring applications. Howevemacroscopic (cm scalg)ze has proved to be a limiting fact

for successful use of these systems for long time and in large numbers. This work is focused to
resolve the issues related with miniaturizing these devicesriarascopic (mm scalgjize scale

which can minimizemanypractical difficultiesassociateavith their larger counterparts currently.

To accomplish this goal of miniaturization while retaining or even improving on the necessary
capabilities for such sensing platformen integrated ggoach is presented which foegson
systerAlevel miniaturizatbn using standard fabrication procedures. Firstjsi shown that a
completely integrated and wireless system is the best solution to adesvedminiaturization
without sacrificing the functionadi of the system. Hence, design and implementatibithe
different components comprising the complete system needs to be done according to the
requirements of the overall integrated system. This leads to the needhup functional sensors,
integrated wireless power supply, integrated wireless commumicati integrated control system

for realization ofsuch system. In this work, different options for implementation of each of these
subsystems are compared and an optimal solution is presented for each subsystem. For such
complex systems, it is imperatite use a standard fabrication process which can provide the
required functionality for all subsystems at smallest possible size scale. Complementary Metal

Oxide Semiconductor (CMOS) process is the most appropriate of the technologies in this regard



vii
and hasnabled incredible miniaturization of the computing industry. It also provides options for
designing different subsystems on the same platform in a monolithic process with very high yield.
This choice then leads to actual designs of subsystems in the @dBxlogy using different
possible methods. Careful comparison of these subsystems provides insights into different design
adjustments that are madmtil the desired functions are achieved at the desired size scale.

Integration of all these compatibletsystems in the same platform is shown to provide the smallest

possible sensing platform to date.

The completely wireless system can measure a host of different important analyte and can transmit
the data to an external device which can use it for agptegpurpose. Results on measurements in
phosphatéduffer solution, blood serum and whole blood along with wireless communication in real
biological tissues are provided. Specific examples of glucose and DNA sensors are presented and
the use for many othaelevant applications is also proposed. Finally, insights into animal model

studies and future directions of the research are discussed.
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Chapter 1 Problem Introduction

Theworld expensesn health care are increasing wiitme, asis the populationThe expenditure
of resources ohealth carés enormouge.g. 6.5 Trillion US$n year 2012 andthe access ofhe
growing population to thavailable infrastructures increasingl]. Hence, a smart araffordable
personal health care systdimcusing on preventative approachissessential forcreating a

sustainable futuréor at least thérealth care system

Personal health is a compglproblem to quantify. flere are some standard measurements which

can provide insights about this otherwise very involved problem. These measurements include

for example,metabolic information (e.g. glucose levels), cardiovascular informatiameural
measurementl?]. A reliable and continuous measurement of all or some of these indicators can
guantify many aspest o f a persondés healpurbuedto Mravidg suehf f or t s
health relatedsensingcapabilities. Glucose sensors comprise far the largest part of such
biomedical sensing devices (85%3] because of significancef glucoseto the metabolism of

healthy personsas well as on diabeticé&ccording to WHO, almost 10% of world population

will soon bediabetic and the numbers are increasing estimated thani 2030, Diabetes will be

seventh leading cause of ded#) and asimilar trend is true fo most othernoninfectious

diseases (e.g. cardiovascular diseases).

Smartcontinuoussensing platforms caoffer a solution to this alarmingend in health carf].
These systems can be used for continuous;tireal monitoring ofdifferent aspects of an
individualés health This can help in both preventative and curative settingswell as in
monitoring the state of a larger gro@s in an epidemicThe wse of smart materials and

processing techniquealong with the progress made the ekctronics industry havilae potential
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now to createsuchsmart integrated platforms which can, in reale, monitor chemicabr

neural changes in the bod§]. This data can be used lyhealth care systerfe.g. doctor,
emergency crewjomoni t or a per s cugest tharapied he klverd of suehv e n
smart implants camhangebiomedical research and diagnostasmpletelyand can form the

basis foraclosed loop medicahonitoringsystem as depicted in following schematic.

Central Control
Health Centre ‘

Emergency

Network

Figurel: Personal Health Care Network

Such bheatworkso6é have been of interest for
have beemproposed irthe literaturg 6]. However, many fundamental challengi remain in
implementing thgpersonal monitoringystemto make meaningful biomedical measuremenas

couldenablethe realization of thisoncept

o
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1.1Biomedical Measurements: Statef-the-Art

Today, accurate continuous glucose monitoring is currently done by measuring glucose in the
blood resulting from a finggick procedure. For diabetics, this reading is then used to either take
medication(e.g. insulin) or to adjust tirelifestyle accordingly. However, this method has many
limitations and problems associated with such as painful and discrete measurements
Regardless of how many readings one sakige entiredynamics of glucose sensing cahhe

captured bysporadicmeasurement§?]. Ideally, a reading$ requireds to 10minutes[8]. This is
demonstrated by comparimgucose levels im diabeticand heal t hy peroveonds me

time inFigure 2.

N Food
= ® Insulin
=
3 Hyperglycem:a
a
w
s
=2
=
E
2
@2
™=

0 1 ] ! 1 1
7 am 12 noon 6 pm 7 am 12 noon 6 pm 7 am
Time

Figure?2 : Effect of discrete diabetesanagemenrgvents on personal hea[th]

It has been shown thedntinuous reattime glucose monitoringlang withan accurate clesl loop
drug delivery system are essential jooper management of diabefé§]. However, @&velopment

of such continaus sensing platforms involvesany challenges andlthough efforts have been



going on for long time fotheir development, there are many challenges remalméfigre such

devices can become a redlity].

There are two mai approaches which have beakento make suctbiomedical measurements
for different applicationsThe firstapproachs trying to makediagnosticmeasurements without
putting anyforeign objectin the body i.e., using the so callednoninvasive measurements.
Techniques wltih are applied for suameasuremergystems incluedielectric spectroscop¥?],
reverse electresmosig13], Raman Spectroscoj$4], Near Infrared Spectroscop¥5]. Some

examples of these systems are shown in nexFigures.
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Figure3 : Glucowatch Nornvasive Glucose Senspf]
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Figure4 : Raman Spectroscopy based Glucose SgAgbr
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Although, such noiinvasive deviceshave shown lots of proise, there are stillmany
fundamental challenges in realizing these at the size andlaccuracjor personal usgl7]. One
big concernis that the quality of noinvasive testing suffers whetirect nonrinvasive signature
may not be accessibleear the skin surfaceéPractically it is very challenging torealize a
continuousclosedloop system using these deviadthough with the advent efew technology,
this may be possiblgl8] for somechronic diseasesHowever, these can be used in clinical

environments for faster screening.

Theother approach is to make usielnvasivesystemsprovidingthe advantage that these can be
used for direct and accurate measurements close to the sthewestry There are many
different examples aduchsystemsn the literaturd 19 ranging from minimallyinvasive sensors

tocompl etely invasive O6i mplantabl ebd systems.

Minimally invasive(wearable)sensorsdo notneed to be completely implanted astill can
provide information about some importanetabolicsignals. Typical examples of these systems

includeskin sensingiattoo€20] and contact lens glucose measurement syqteths

Temperature Strain
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EEG/EMG /- 8 d— oscillator
Sensors éﬁ&% A
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o8 ‘r\‘/ (PR e
c"\'t 7 B gkt

Photo Detectors

Figure5 : Smart Epidermal Temperature Seng#]
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«— Soft contact lens
encapsulates electronics

JJf <— Sensor
detects glucose in tears

<———— Chip & antenna
receives power and sends info

Figure6 : Contact Lens glucose Sengad]

Transdermal BioSensor — Mechanism of Action

Wireless transmission

Signal processing
Electrochemical reaction

Hydrogel chemistry
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J ) Epidermis (~ 100 ym)

Capilisry giucose diffusion

Figure7 : Transdermal Sonophoretic Glucose Sef28f

However, these systems are limited tmgny factors including théype of signals which are
available in lheir environment. For example, the wearable tattoos can only measure external
signalssuch agemperature and electrical signals like EEEGetc. Similarly, the contact lens

sensor is limited by the glucose level in tearct which is different from that in blood and
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interstitial fluid and suffers fromthe large delay in the changes in this gluctsesl as
compared to the changim blood[21]. The acoustic sensor only works on fresh skid ean only
measure in theadution that can diffuse to if23]. Also, these devices are exposed and are

susceptible to the external environment.

Fully implantable systems are designed to work wioitatedcompletely inside the bodyuch
devices have been designed and built dolong time [24] and have been used for many
applications includingPacemakerq25], Cochlear Implan{26], Defibrillators [27], Neural
Implants [28], Neuromuscular Stimulatd29] , Retinal Implants[30], Spinal Implants[3]],
Metabolic Implantg32], and Pressure Sensof83]. While design for each case has different
requirements, there are somenmtoon needs for most of these applications as,veed. ,
biocompatibility, small size, low risletc. For example,aurological sigal monitors need thave

a bandwidth of interest from DC to 10KHi24] whereas mosbdthermetabolic signals vary quite
slowly. Hence, br proper operationof neural implants even at low sampling rates
(20KSamples/sec) and low bWgample (8 bits/sampleflata transmission rates of 160kbps are
needed for one channeFor metabolic signals, this rate can beuch slower. Hence,
fundamentally different communication schemes (fast versus stre)needed for these
applications. On thetber hand, both neal and metabolic implants netmlbe biocompatible and

functional for longtime for proper use.

Of all the different modes of operations mentioned previously, implantatitimee most direct
method of measuring body chemistry. It also prosidecess to redlme changes in the body.
Fully implantable systems have bealleto provide stable signalsndermany conditions and

have been actively reseaecthfor some timeFor example, an implantable glucose sensor has



been shown to work for one year in animal tests and shdledgotentialof long term

continuous glucose monitorifgs)].

i S o e e
BRI oo S

1cm ‘\D

Fig. 1. Sensor array with integrated telemetry system before implanta-
tion. The implant is 3.4 cm in diameter and 1.5 cm thick. The top surface
of the implant includes two polyester velour patches for tissue adhesion.
Cross-sectional schematic view shows electronics modules (A), telemetry
transmission portal (B), battery (C), and sensor array (D).

Figure8: : Implantable Glucose Sensoaving 1 year lifetimé¢35]

Furthermore jnvasivedevicescan use many different sensing mechanjsnabled by thélirect
and close access to the measurement siteb local chemistry For example,fluorescent

measurements habeen used idifferentapplicationgncluding glucose seimg [36)].
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AR

Subdermis 1

Blood vessel

°
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| diffusion

Figure9 : FluorescenbasedGlucose Sensdf6]

Historically, implanted devices have required a battery and other discrete elements)gésult

rather large system3hesemacro scale devicesope some fundamental challengesst, these
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devices tend to need complsyrgicalimplantation procedures which are expensive and also
increase the implantation damage leading towards more sewiredaction and possible failure

of the device. Moreover these devices exhibit sensor to sensor and subject to subject variations
and need individual calibration proceduf@$§]. While this may not be a limitation, it will be
more useful to havéne smallespossible variatiordue to the macro scafteviceand variable

body response to iEurthermore, these macro devices maostly limit the implantation sites to large
organs andissues whicHimit the possible set of measurements that these devices can do. For
example, measurements requiring direct access to blood or to specific cells (e.g. neurons) can
only be made with smaller devices capable of more local measurement wlhsirtgiraumatic
damage to thr local environment. Also, these macro devicemnnot be used for local
measurementgfor example a cancer tumQdr These devices also create irritation to the

surrounding tissue due to relative motion.

Another category of devices exists between the romasive and completely implantable
extrems. These syems have an invasive probe thahetrateshrough the skin and connects to

an external control unit. Asontinuous glucose measureméB8GM) hasemergedas the best
method to manage diabetgsy], these systemiave beeremployed for glucose measurements
andare being developed for other applications as \Beltause of the senspenetratinghrough

the skin, tlese CGM systemgpose a significant infection ridl88] and cannotreplace the finger

prick methods to estimate accurate levels of glucose in the bbdge systems measure glucose
levels in interstitial fluid in the subcutaneous tissue and use predictive algorithms to estimate the
value of blood glucose levebf continuous monitoring (cBGM). Some typical cBGM (or CGM

in short) systems are shownFigure 10.



Short-Term cBGM
Implantation
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Figure10:: Typical CGM system with a closed loop Insutielivery systenj39]

The discussion above highlights tleatompletely implantable and accurate CGMeysis still
desiredwhich, together with irvivo drug delivery deviced.e., insulin pumps cancreatethe

complete closed loop systems also known as artificial paridfas

1.2 Miniaturized Implants

As discissed inthe previous sectionexistingbiomedical implantablelevices aregjuite largeand

some even usengwires. These limitations have to be removed before such devices can be used
for manyclinical applications. There amany reasonfr these biggesizes includinghe use of
off-chip componentse(g. sensors, antennas @¢fase of norstandard manufacturing.g. using
wires), and use of batteries to power the systeiiise need for integrating several different
components together makes th@iaturization difficult and nonrepeatable. Examples of some

stateof-the-art miniaturized systems in glucose sensipglicationsare shown irFigure 11.
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Figurell: A miniaturized Implantable Glucose Sen§i]
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Figure12: A Miniaturized CGM Systené?2]

Although, hese systems are quite small amaly promising for actlauses, thause of offchip

and norstandard components preveaktreme miniaturizatioand easy manufacturing.

1.3Need for new Technology

It is believed that extremeiniaturization ofthe implantablesystems holds the key to matkeeir
long term use a rag} [43. In general the neural implants need to kery small to minimize

damage tosurrounding tissuaswell asto be able to measure as locally as possMietabolic
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sensorslo notneed to bessmallas neural implaniut canperform betterf miniaturized.The

small size scale can have many advantages over the traditional macro scale systems that exist
already[44]. This size scalean make the implantation and subsequent explanation easier and
cheaper(e.g. simple injection as compared to surgefiy)can also minimize the implantation
damage and hence decredke subsequenbody reaction This canalso make it possible to do

many different types of measurements in many different types of local environments inside body in
reattime. These small systemgould induce minimal implantatiomnd explanatiomlamageand

would allow easier and quicker healing/hich is especially important for diabeticBhe use of

standard fabrication processvould alsoallow mass production and decreasesagbstantially.

1.4 Thesis Focus

The design and realization @forementioned miniaturized andtegratedfunctional implantds
the focus of this thesis. We willemonstrate that thextrememiniaturization calls for the use of
completeintegration of the different components of the systiris. fitting to note thathis same
methodhas been uskby the microelectronicandustry to realize a different set of challenges
which cdled for miniaturization as well. We wilalsoshow that suclintegrated systemisave a
unique set othallengesand we will present our results in overcomsame ofthese challenges

to achieve a fully functional integrated system capable of being uselihioal applicatiors.

1.5Thesis Outline

This thesis is divided into seven chapters and 4 appendites.frst chapter introduced the
concept of miniaturized implantand their need to solve some important health care needs.
Diabetes was presented as an example although the réasanplant miniaturizatiorare quite

universal across many differentmigations. In Chapte2, we discuss important design tradeoff



38

andwill introducea preliminary design to realize a miniaturized integrated sensing platform.
The next four chaptersedcribethe four essential subsystem of the proposed dedang with
different methods which can be used to realize these subsy@tesnsor, the power supply,
the communication systerand the control unit of the systgnThen chapter7 shows different
versions of completely integrated sysssamd the system level performance of these versions.
demonstrates an integrated and fullypdtional implant that has been completely characterized
wirelessly invitro and is currently being tested forvivo performancen mice We also provide
details on some important going workthat would enable the animal testing of the proposed
system with would lead ta rapid path towardsuman testing for regulatory approvals of these

systems.



Chapter 2 System Design

As discussed in Chaptér the maindesign goabf this workis to realizea miniaturizedsystem
which can sense an analyte of intefastivo and can report this information to an external reader.
This data can then be used feedback to adjust the treatmemb satisfy these design objectives,
the complete system needs to hawany subsystems working togethEirst, here needs to be
sensor to sense the analyte of intea@sttransducets concentratiomto some form of signal that
can be read by threignal processing syster power supply to power the systecontrolsystemnto
control theentire systenoperation, signal prosshg module to process sensaitput and an output
stage to transmit the signal to an outside reatildrave to be integrated with this senseuch a

system is shown schematicallyRigure13.

p
Implant Reader

Power Communication Communication Power

Control and

Processin i i
g Sensing Processing

Data Logging

Figurel3: Implantable Systemrchitecture
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2.1 Design Perspectives
Implementation of the architecture describedFigure 13 for a completely integrated and
miniaturized system is quite involved and challenging. There are many unknown factors and these

need to be aefully studied. Here, werovide some insight intthe importantesign aspects.

The sensor is thmost important componenf our systenand the choice of the sensor controls the
design of the rest of theystemcomponents. There are differenechanismsvhich can be used for
sensingandthe sensing technigueeds to be easilgtegatablewith signal processing subsystem
provide excellent selectivity and sensitivity (both of which are very imporiantomplex
environments such as the human body), ahduld beeasyto miniaturize using standard
micro/nano techniques.heresulting deviceshould be able to work for long periogdéthout the
neel of complex or toxic reagents. Theeasuremertechnique depends upon the application and
some techniguesre easily adpted to many applications while otherare specific to a very
particular application. Electrochemical and optical techniques areftthe most relevant methods
for implants as they can functioin such complex environments aade easily integitedwith
electronicfd]. These sensing techniques da need complex fabrication procedures or special
materials which are not available in standard fabrication processes. This kegpegeEstingo a

minimum,increass system yieldand decrease®st.

Complementary Metal Oxide Semiconductor (CMOS) basecersgstareideal candidates for
performing control and signal processing operationsompactsystems. These processes offer
excellent signal processing capabilities while consuming minimal power at very small size scales.
These systems are available for coencial fabrication from reliable sources with excellent yield

and controbverdesign parametefd45).
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Powering the system is another very important aspEctimplantable microsyems
Conventionally poweringimplantstransdermally withwires was the standard mode of operation
and is still used in CGM systerteday[46] . However, vires posea permanent risk of infection,
irritation, and mechanidadamage.Hence, thg are being replaced with better alternatives.
Autonomous systems were made replacing wires with batteries which were large enouginto rem
operational fora long time[47]. However, latteriesare bulky and rigk since thg can leak inside

the body and eventually wear ouHence, acompletely autonomous systeis ideally powered
without batteries 0other temporary power sourcg]. Such powering can be done using many
different approachesFor example, a very appealing method is to generate power from the power
sources already present arounausvithin the body such as motions, pulse, inhalation or chemical
fuel cells However, methods to harvest power frofimese power sourcet notprovide enough
energy density for small devieeFor example, power harvesting using mot{erg. walking)is
utilized throughthreeunits of ceramic elemen(iotal volume 1.Znt) to harvestaround 4.8nW of
power in typical walking conditiof49]. Ambient kinetic energy has also been proposed as a power
source. However, 8iCMOS electrostatic energy generatwhich worksby charging vibration
driven variable capacitor®uld only generat86.1nWat best due to low background energy level
and low efficiency{50] . Thermoelectrid TE) methodshave also been proposadd a test system
has been shown to generate 775uW using %davice[51]. However, these systems need special
materials and their efficiency depis on large temperature gradients which may not be pofsible
in-vivo applications There are many other methods including Airflow energy, background RF

energy, background optical energy (sun/artificial ligfgg).

All of the methodsmentioned abovlave some limitations arttlerefoe a practical system design

needs an external source of power that can be reliable and well contielte. the most relevant
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powering methodis wireless powering from outsid&Vireless poweringcan bedone with
mechanical wavegacousticor electromagnetic wavéRF, optical) Acoustic waves requireulky
devices which mostly need to physically movdor transduction For example, piezoelectric
transducers can act as acoustic generators and receliveeszer, tharansductiommaterials are not
available in standard fabrication processes (like CMOS) and very inefficient to adeyind or
solid media. Although other methods of creatiagpusticwaves do exist (e.g. surface acoustic

waves), these are nsuitablefor power transfer due their poor efficiency.

Electromagnetic waves, on the other hatwnotneed a physically moving source and receiver
The size of the devices can be quite small if high frequency waves are udmtrapdwer density
and efficiencies can be quite high for most applicatidriigese methods have been used in past for
many implantapplications. For exampl®&earField inductive coupling has been usedramsfer
power wirelessly53] and esonantly coupled coils (e.g. LC resonators) have also been tried since
Tesla first proposed tireuse in 190254]. Some neafield communication protocols (for example
RFID) also use this method for wireless communication over short distaReeEield
electromagnetipowering has also been used for longer distance operfiBhdHowever, this
approach placea limit on the sie of the systemisce such systems normally ndadyereceivers

to harvest enough powéecause of thhigh path loss in tissuat high frequencieand low energy
density of electromagnetic fields in the far field re¢ish. However, since wavelength at higher
frequencies are smaller, high frequency methods can have(directional)gain if the devices are
implanted very close to the skin surfameunderneath the fingernaihich is possible for some

applications.
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If one goesto even higher frequenciespt@al methods can increase thain related with
directivity even more. For examplBhotovoltaic (PV) systestan be madeery small compared

with electromagnetics basaystems Such @tical powering has been propostmbe usefulfor
energy harvestinfpr many applicationg57] and the resultingystems cahavesmall fooprints. It

is possible to direck concentrated energy beam (e.g. laser) to genergite doitput power.
Furthermore, these systems can provide very stable and efficient power genethtahthve need

of rectification. Also, sun light and/or artificial light are available in most cases whereas background
electromagnetic energy may not teadily available in all cases and its energy denagitythe
microwave spectruris also much lowef 1 ¢ W/ cempared to 100mW/cin Anotheradvantage

of theseoptical systems is their MRI compatibility as moagneticmaterials are needed their
design[58]. Hence, electromagnetic methods at different frequencies can be utilized for power
harvesting.Integrated power supplies can hdnater performancehan bondear glued together
systemsasparasitic or stray elemerdse avoidedand chancesf deboning or similar failure modes

are reduced

Communication with thanplant shouldalsobe performedwirelessly.As with powering, here are
different wayshis can bechieved Acoustictransducerpresenpne choicalthough thesare
normally bulkyand need large voltages to create reasonable fluctuédidnigh signal to noise

ratios. Electromagnetic communication scheraesmore suitable and can be compared in different
mode for optimal designk-or example, REelemetryis commonly usefbr many wireless implants
[59]. However, optical telemetry has many attractiveppriies includingdwerbackground noise
which is easier to filter arglsmaller footprin{60]. For ultrasmall implants, these are very

appealing propertiegor any method used, the interaction of the signal with bsslyehas to be
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well understooénda detaiéd comparison of different electromagnetic methods has to be made

for a proper choice of communication scheme.

2.1.1Biocompatibility

Biocompatibility is avery importantaspect of the design ohplantabledevicesand in deciding the
appropriate size scales fdalifferent applications The mammalian bodies are very goat
identifying foreign material in the body and try to isolate it from the Héd}. This leads to the

rejection of the foreign bod§i.e. the implantby a complex foreign body responsenich is an

integral part ofb o dy 6 s d e f[&]nThisresponssst thought tohappen in two stages. In

first stag (@cuteinflammatory responsgjlow of body fluids around the sensor brings protein and

cells to it. Then the proteins adsorb on the implant surfmefouling). Later, phagocytic cdb
(neutrophils, monocytesnd macrophages$jnd to receptors on the proteinsandtiy o 6 ki | | 6 t
implant by releasing inflammatory cytokines anther growth factors After around 3 days, the

chronic inflammatory response starts datns a fibrotic encapsulation (scar tissue) around the
implant using crosinked pracollagen[62]. This thick capsule decreases the diffusion of analyte to

the sensor and decreases its functionalibys lag can be compensated initially (using prediction)

but as the capsule grows thicker, it becomesdné&mdneasure body chemistagcuratelyor even to

detect any signal. It has been proposed that the sensor chemistry is not reacted adversely as long as
it does notcontain some toxic agents and the explanted devices regain their decreased
sensitivitf63]. Hence, the decrease in sensitivity is mostly considered dueetdibtiotic

encapsulation of the implant.
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Figurel4: Sequence of Foreign Body Resige in subcutaneous Tisq62]

Biocompatibility is mostly achieved by choosing some surfaaingwhich doesnot allow the
proteirs to adsorb and hence stofhe next steps in the entire pathway. Some commonly used
materials include Parylene, implant gr&itdydimethylsiloxangNafion, Silicones, Hydrogels (e.qg.
Polyethylene Glycol}64]. To counter the chronic inflammatory response -iaflammatory drugs
(e.g. Dexamethasone) or other anfiammatory agents (e.g. Nitric Oxide) are also suggdéigd
Although many biocompatible materials can slow this process down, ihare material or
processing technique developed so far which stops this process conjgitelyence,an ideal
implanthas to be designdd create minimaldreign body response to begin with. The most direct
method to achieve this is to decreaseitttq@ant size as much as possjdif. Since most implants
use electrical powerelectrophysiologicatissue irritation carmalso occurand can increase the
foreign body reactiortHowever, a very smallevice with proper encapsulatiovould be expected

to lead to minimatissue irritation Miniaturization also decreases the motion of the implant relative

to the surrounding tiseuwhich makes the implant position more stable in the tissue and is believed
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to decrease the wound healing per[6@]. Hence, miniaturization can help overcome some

major biocompatibility isses.

2.2Proposed Design

It is evident now that that a miniaturizedegrated system with minimal pgstocessing will be

best suited for ourequirementsThis means all the subsystems should be able to be implemented
using the sametechnology.Also, the tebnology should be standardized to make the design
repeatable, reliable anmhanufacturableProbably the best fabrication technology that has been
optimized for miniaturization is theMOStechnology. It providepowerful processing capabilities

at verysmdl area and power requirementdence, the CMOSechnology was chosen as the

underlying technology for our applications.

The CMOS process allows integrated power harvesting using eithaniprintegrated diodes
optimized as photovoltaic transducdjshotocells) or using metallic structuregantennas)as
receivers for electromagnetic energlpwever, there are no optidahnsmittingelements available

for the CMOS process.Sincea small lasercan bedriven with the output driver froma CMOS

circuit, optical methodgan still beimplemented especially for ultrasmall size or high data rate
applicationsAlternatively, metal structures can be used as electromagnetic transducers (antennas or
resonators) for electrical communication as well. Furthegmior reduce power and areasgive
communication schemesemore attractive than active communication schenmesuch schemes

an incoming signal is modulated by the implant, and this modulation is read externally,tHiemce

is no need to generatigsals on chip.

The integrated electrodé®m the CMOS process can be converted into electrochemical sensors

with minimal postprocessing without the need of bonding additional compon8uath sensors can
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provide very sensitive and selective signalseasonably small size scdf. These sensors need

to be functionalized with suitable chemistry to provide selective signal for a given application.
Furthermore, sinc¢he need for the small size of the system calls for easy, ideally monalithic,
integration of all the subsystemsse of CMOS integrateclectrochemical sensors provides this
advantageautomatielly. Moreover,these sensors can be uded many different applicationdy
changing their surface chemistry. Thinablesthe use ofseveralsmall scale sensors for many

different sensing applicatis forming a trubody area netwofk7].

The microsystendesign consists of a CMOS substrate with integrated sensors, power, angply
an integrated or bonded communication devices shown schematically iRigure 15. There are
some additional elementsuch aghrough silicon viaswhich are neded if sensors amnstructed
on the back side of the substrate (for maximum area utilizgti&h)A hole is used tguide fluid

flow through the device without any blockage.
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Figurel5: Proposed Design of Integrated Sensing Platform

This system shows optical powering and communication as an exdmpglés work, we will
present our results on both optical atmver frequency electromagnetipowering and
communication and compare their performances for small scale impldmsswill provide a

comparison into the more appropriate choice for diffempptications.

2.3Summary

In this chapter, @ompletely wireless and integrated (monolithically integrated in the ideal case)
system design is proposed which can act as the basis for asnudtitamplantable sensing platform
which can be used in a diversgnge of continuous and reahe applications. The system uses
standard CMOS technology as the backbone and build up the system utilizing the CMOs

technology.



Chapter 3 Integrated Sensor

The ®nsor isdefined aghe component of the system which generates a sigmadsponding to
some physical quantity of interest. For example, a sensor is used to measunectreration of
one or moreaanalyte of interestusually from a mixture of many different analyte in a media e.qg.
body fluids (bloodjnterstitial fluid, etc.). There are many possible mechanisms for implementing a

sensor for a particular application. The factors affecting this choice are
A Type wwbenmeasarddyt e

ASensitivity

ASelectivity

ABackground Mediungblood, interstitial fluid etc.)

Common sensing mechanisms utilize different means of interacting with the analyte of interest to

induce a change in the response of a compamenset of components

AMechanicale.g. MEMSNEMS sensors) Mechanical Loading of a device by analyte
AThemodynamige.g.Calorimetric Sensojyg Mechanical Loading of a device by analyte
AOptical(e.qg. fluorescencgensors)- Optical Interaction with analyte

AElectrochemical Chemical Interaction with Analyté&lectrical Output

Optical £nsingschemes idude fluorescence, biochemical luminescenabsorption and many
other optical methods and have gained substantial interest for som@#me-However,in-vivo

use of such technologies is quite challenging as thesadverselyaffected by blood and other
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body fluids around thesélso, few of these techniques need materials with optimized optical
properties and hence are meandard andot easy to miniaturizg37]. Nonetheless, these sensors

can beused ifsuitable methodge.g. filtering, surface céning)to deal with fluids are developea

CMOS process, optical sensingn be done using integrated photosensitive structoresmple
applications like oximetry. This would need one or more external light sources which can be used

for absorption sititar to regular oximetry.

Mechanical sensors (e.yJEMS/NEMS) can also be used for very sensitive measurements in
different modes(e.g. mass measurementsjowever, these devicesneed speciapiezoelectric
materials are difficult to readand are difficul to integrate at small scales aate prone to
mechanical failur¢70]. Nonetheless, these sensors are also being improved contiralndisigme

CMOS processes offer some simple mechanical processing for a repeatable design for some
applications Thermodynamics can also be used tetermining reaction rade Calorimetric
methods have been employed in many applications. However, for small scale sensors with fluids

around, it is not an easy to implememthod 69].

Electrochemical sensors are quite versatile and can be used for many sensing applibasens.
have leen used in biomedicaensingfor long time. Clark Oxygen Electrod&1] and Updike
Enzyme electrodefr2] area couple of notable exampleSince these sensors employ electrodes
which generate electrical detection signals, tle@eesasiest to integrate withe signal ppcessing
circuitry while providing high sensitivity andselectivity. This avoids the need of complex post
processing requiring expensive chip area as required by the mechanical semdwanore, these
sensorgdo notneed bulky offchip components to rka the measuremenésd alsodo notneed

precise alignment with external devices needed for optical sensofdso, the materials used in
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enzymatic electrochemical sensorseabiocompatible[73]. A more detailed andhorough

comparison between thifferentsensing mechanisnisgiven inliterature[74].

For glucosesensingelectrochemical sensaaseso farthe only sensors which satisfy the sensitivity
and electivity criterionwhencompare to the bench top goldandard tesgiven by Clark error
grid [75]. Such sensorksave beerabricated in differentgeometrieson separate dies and bonded
with control circuis using flip-chip bonding or other die bondirtgchniques. However, for the
ultra-small size requirement, lithographic integration is the most appropriate metboce, we
fabricated these sensatisectly on CMOS diesTo understand the basic operation offrssensors,

we can review some basic electratieal concepts relevant to their operation

3.1 Basic Electrochemistry

An Electrochemical system consists of at least one electrode (electrical conductor) immersed in an
electrolyte (an ionic conductor)[76]. Depending upon the electrolyte and the eleerothterial
(intrinsic electrochemical potentialsjhe electrode will &her dissolve positive ionsin the
electrolyteresulting in a negative potential at the electrode or will absorb specie from electrolyte by
giving electrons to positive ions and hence resulting in a negative electrode pdtbetiglectrode
potentialdepends upon the thermodynamic potential difference between ions in the solution and
electrons in the conductor andn be calculatedsing Nernst equation

o~ YY @
O O —8 E—
a0 &

1 This electrochemical formulation follows Bard and Faulkner

[76]Allen J. Bard and Larry R. Faulknétlectrochemical Methods: Fundamentals and Applicati@ns ed.: John Wiley&Sons, Inc., 2001
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In the Nernst equationR is the universal gs constant, T is temperaturee{in), z is theionic
charge, F ighe Faradag sonstant anddis the activity ofspecie(close to concentration for low
concentration solutions)or standard electrolytes under standtchperature and essure in
standard solution, the electropetentials are called standard electrode poter{ig) and are given

in literature[76].

The reactions at the electrode surfaces are @#igationor reduction reactiondefined as

Oxidation R Ore-

Reduction: O+e- R

The current through an electro@édectrolyte interface when the concentration of specie everywhere
in the cell is constant (initial stages of reactiwrwith constant stirring or flopis given by Butler

Volmer equation

0 0 0oaP ¢ 'O- Q6 i £"0—
Oy ROV
Here,— is overpotential and, lis exchange currentor masdransfer limiting case, given C is

concentratiorof the specién bulk, current can be linearized as

. ¢ "00,,
(@) K D

For fast voltagechanges (e.g. Chronmetry or Cyclic Voltammetry) current is given byCottrell

equatioras a function of time and diffusion characteristics of the specie(s) of interest.

ol
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For cyclic voltammetry,ime is normally regaced with scan ratdt is clear that current is a
function of squareoot of thescan rate. Faster scan rates can provide more current even for smaller
sensors. However, the chamgiourrents (noiraradaic currenjswill also be higher in that case.

Also, the fastest possible scan rate is limited by the diffusion properties of the specie(s) of interest

and the kinetic properties of the reaction itself (rate of reaction).

To make an electrically meaningful measuretnah least two electrodes are needEhis basic
system is called aelectrochemical cell. The operation of the cell depends upon type of electrode
materials and the electrolyte. Normally, one of the electrodes vpwafdrablyoxidize andthe

other will preferablyreduceif these are made of different materidlsie reactions at both electrede
electrolyte interfaces are called hedfil reactions. The complete cell reaction is a combination of
the halfcell reactions. The electrode potentials of salfs can becalculated by applying Nernst

equation to each hatell and these can then bged to determine the overall cell potential.

Due to the interface potential and the electrolyte being ionized, the eleeteattelyte interface

forms a layer of iog of opposite charges initially which attract opposite charge ions and hence

make a complex multilayer structure which is known as the Helmfattta Sern orDebyg layer

or simple electric double laygré]. The electrode potential is dropped across this layer and the bulk

of the electrolyte r @ndesstamdimg thist laye® iyaryoimporthdt inp ot en't

understanding most electrochemical phenanen

3.2 SensorDesignand Operation
An electrahemical sensor is basically alectrochemical cell with the electraddesigned to serve
a particular role in the detection proceSse electrode is designed to have the interfacial reaction

specific to the specie under detection and hence is called the sensing or working electrode (WE).
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Another electrode is used to provide a stable potential reference in the electrolyte of interest an
hence is called the reference electrode (RE. hird electrode is designed ¢complete the cell by
providing a current equal to the working electrobeat in the other direction (oxidation or
reduction) and is called the counter electrode (CH) For some applications, the CE and the RE
can be merged especially if the sensor current is vesll.siowever, for stable long term
operation, it is appropriate to have a separate RE to provide more stable refdriehds inert (no
current flow) and hence doewt polarize and does hget consumed during cell operation
especially if the cell reaitin is not completely reversid[77]. The sensor electrodes can be planar
or patterned at micro and nano sdalg. The sensor may have some surface coatings to achieve

specific performance goal&a.schematic ofn eleatochemicakensor is shown iRigure16.

Reference Electrode

Working Electrode

Counter Electrode Integrated System Nanostructured Electrode with Enzyme
(e.g. CMOS) immobilized in Hydrogel/Conducting
Polymer

Figurel6: Schematic of IntegratefllectrochemicaSensor

The design otach systerstarts with a set of design constraiffitsr the sensor,esign constraints
include total die areasedby the sensors, its biocompatibility and roricity, desired sensitivity

and selectivity, and operation time ranging frafew weeks tafew months. For our applications,
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the sensors are intended for small-suin sized implantandthe total area isiinited to the size
of the implant at the maslknitially, the sensor is designed assuming square dasr on these
square CMOS diewould be shaped to other more favorable shapes for implangs rectangular

shafts or circular digs

Electrochemicasensorsvork by detecting the interaction of electrolyte with the electrode surface
at electrodeelectrolyte interfaceThe interface reactions depend upon the type of cuvodtaige
mode used in the sensor operation. There are many different model dam ©e operated in. The

mostcommon modes aexplained briefly here (details fid9)]).

3.2.1.1Potentiostatic Mode:

In this mode, the current flow at the working electrode is controlled and the resulting potential
difference between the working and the reference electrode is measureca@péedas keeping
this current zero which results in open circuit paltential The potentiathendepends upon both

el ectrodesd materials as well on the electroly1

3.2.1.2AmperometricMode:

In this mode, the voltage at trking electrode (WEjs controllal w.r.t thereference electrode
(RE) and the current flowing at th&E is measured. This current is proportional to the interfacial
reactionshappening at the WHhe term amperometry is normally used if the cell potential is kept
fixed and the resultingucrent is measuredf the cell potentialis varied in a predefimemanner,

this techniquds referred to as Voltammetric techniqué&yclic Voltanmetry (CV) is the most
commontype in which potential is cycled between some limits. For some reactionselaloogate

Voltammetric techniquesch asquare wave voltammetry) can be used taadwtter signal at a
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given redox potential. This is mostly useful for nucleic acid based detection schemes having

some redox specie as the reaction indicator.

3.2.1.3Conductoretric Mode:

In this case, the cell conductance (or impedance) is measured at a fixed frequency or in a range of
frequencyfor an alternating cell potentiallhis small alternatingsignal is applied(at these
frequencies)on top of a large fixed cell potéatt and impedance or conductance is found by
equivalent circuit model of the cellhese techniques are quite sensitive to interface changes and
can be used to study surface properteg.gurface binding reactionsiich asapacitance changes

due to some dielectric changes in the solution or on the surface.

There are many other techniques which are defined according to their function as well. For
example, iaentime dependentharacteristics are studied using fast puldestechniques called

chronoamperometry or chronopotentiometry.

An understanding of the interface phenomenon is necessary to understand which method should be
used for a prticular sensing application. The most importaattors arethe type of interface
reactionand resulting changa cell parameterOthervariable arg¢he range of the concentratioh

the specie to be detectaddthe transporphenomenon and kineticdg the reaction. For example,

for large dynamic ranges (e.g. in H+ concentrationpi$), potentiostatic methods can cover the
rangeasthe results are proportional to the logarithm of the specie concentaatording to the

Nernst equatior[76]. Hence, open circuit potential measurements between the reference and
working electrode can be used for pH measurements. For smaller ranges, Voltammetric techniques
can be used as the irfmge current is proportional to the specie concentration. However, this

current can be both linear or nbmer based upon the relationship between mass transport and
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reaction kinetics. For magsansport limited regime (fast interface reactjoswer spcie
diffusion), this current is proportional to transport rate which in turn is proportional toreceien
gradient as given by Butldfolmer equation[76]. For reaction rate limited cases, the current i
nortlinear and depends upon the ratewhichthe speie can be consumed the interfaceFor
some cases, the reaction can change form one type towsthier the concentration range of the
specie(s) of interestor example, it can be transport limited for low concentratiomsreaction
rate limited for high concentrations. In this case tate will be linear initiallybut will become
nonlinear for higher concentratiofi®(]. For studying changes interface properties (e.g. surface

bindingor surface functionalizatiQgnconductometri¢or impedometricjnethods are more relevant.

The amperometric mode the most widely used mode foleetrochemical glucose sens¢d$]
because ofs inherentlysensitive detectiariFor implans, it ismostrelevant as it doesot need an
ultra-stable reference electrodeiasieededor potentiostatic measurementdowever, to achieve
the desired performance fraam amperometrisensor, it has to be designed in the rtEsssport
limiting regime so that the sensor current idirear function of glucose concentration. This is
especially important for autonomous sensors (e.g. implants). Hégitecontrol over the sensor
chemistry is needed fauitable irvivo operation. The controhcludes type ofunctionalization

technique, type and loading of gnze and type of mediators chogérany).

Once the mode of operation and other design constraints are ,kttuwa electrodes based
electrochemical sensocan bedesigned andabricatel usingbiocompatiblematerials The design
starts with electro@mical design guidelinesn geomety [81]. For examplethe counter electrode
(CE) should be mucharger than WE, and REhould be as close to the WE as possibie CE

size needs to be darge as possible so thdt does notlimit the WE current. We chose it to be
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roughly an order of magnitudargerthan he WEto achieve this while still keeping the sensor

within our size constraintsThe REneeds to be as close to the WE as possible to minimize the iR
drop in he sensofparasitic drop due to finite solution conductan@&ge RE size should be enough

to maintain stability during the entire operatimn long term implants These constraintdeadto
variouspossiblegeometries. For large scale (macro) deviopiimizing the geometris not very
significant, although still relevant, since adequate performance can be achieved using many
different types of geometries without any optimization. However for small scale devices it is very

important to study all the ¢tors that can affect sensor performance.

Integrated Electrochemical sensors can be fabricated on #thth&p or bottom of the CMOS
substrateAn example of such electrochemical sesqtwo differentgyeometriesjabricated on the
top metal layer o€EMOS diesis shown here. The details of this fabrication process are included in

methodschapter.

Figure1l7: CMOS Integrated ElemtchemicalSensors

Alternatively, sensors can be fabricated on the Silicon area on the chifilitbe area can be

either on the top or on the bottom of the CMOS subst&ueh sensors need special ways of



connecting these to the CMOS circuit. For examfade sensors on the back Silicatpntacts
should be fabricatedither using Througisilicon vias or metal contact lines along ttiép edges.

Such technologies exist and can be integrated withdsigrocessg flow [82].

For prototyping, sme example geometriegerefabricated on silicon substratas shown irFigure
18. The substrates were isolated first using {1i@0nm) of either grown or deposited insulating

layers (e.g. silicon oxideT.he details are given in the methods chapter as well.

Figure18: (a) Design A Pt RE (b) Design M AgCI RE) (c) Design G

(Ag RE) (d) DesignN Ag (RE)

Rigorous analytical andumericalmodeling methods can be used to compare these geometries for
their performanceSome examples ofimple numericalmodeling are shown irappendix |
Experimental methodsan be used as an alternative to these techniglibsugh testing all the
possibilities can become tedioW8e used a combination ofodeling and experimenttdchniques.

A few geometries were chosen based upon simulation results angettiermance wacompared
experimentally. These were compared first using hydrogen peroxide testoheterminetheir
sensitivity as it is the underlying sensing mechanisimmast glucose sensors. The comparison of
maximum sensor currents at 0.6V potential between WEEREh during a CV is shown iRigure

19.
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Figure19: Design Comparison for Sensitivity (Ag/AgCl RE (b) PRRE

Other methods for comparisorvoive spectroscopic témiques including impedance spectroscopy
and cell potential spectroscopy. These methods were used to confirm the results obtained through
CV measurementd he results confirmed the same ttén electrochemical properties as shown in

Figure20 (PBS) andrigure21 (20mM Peroxide).
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Figure20: Electrochemical Impedance of different sensor geometries in PBS
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Peroxide

The above results also suggtsttthe use of Pt RE ihigher currenis required as the overall cell
impedance isdwer in this case. Thisvas also confirmed using impedance spectroscopy for

differentsensors. A typicatomparisoris shown inFigure22.
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Figure22: Impedance comparison between Ag/AgCl and PsBiEsors
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All of these results suggest that design N followed by design M are the two most useful designs

in terms of performance. We selected design N for CMOS devices because of the easy
reproducibility while design M for sensor testing because of more reproducible farioaing

batch fabrication at wafer scale. We also tested few parameters regarding the design which are the
spacing of the RE from the other two electrodes. The results show that #i@&& be closest to

the WE as shown by the performance of dedigrcompared to design K (which are both same

design with RE being further from WE in K compared to M).

3.3Material Aspects

After the geometrical design is completdtk ¢lectrodes have to be coated with a material which
can providehedesiredelectrochemicahterface properties. The electrode material is required to be
very conductive even in thin films and needs to be chemically stable for extendéaddifét the

same time, it should be not only very electroactivg alsoto be able to detect the targgtecie
efficiently and bebiocompatible. Noble meta(glso known as Platinum group metasch as Pt,

Au, Ir and their alloys have many favorable properties in this regard. Platinum is used for the
working and counter electrodes digeits high electroativity for the species being detected (e.g.
hydrogen peroxide,xygen) for metabolic sensiff@3]. Furthermore, Platinum is chemically very

inert and can keep a stable surface profile for a long time. Gold electrodes are used for DNA
sensing due to the ease of attaching taggebes using thiol chemistfg4]. Thinfimsf ew 106s of
nm) of these metals are adequate to provide stable operation fdirf@gnder normal conditions.

It wasfound experimentally using hydrogen peroxide detection that thin film Pt (same as Bulk Pt)
can retain a stable interface for much longer time than Au (contrary to bulk Au), as stiogureén

23. The results werebtainedwith high concentrations of petidle (50mM) for accelerated aging

tests. Although there can be other reasons (differences in deposited films) than just the material



properties, the results were quite clear for multiple samples after reasonable attempts to isolate

other effects like pinHes in films.
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Figure23: Electrochemical Stability of Electrode Materials in 50mM Peroxide solution
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Figure24 ; Effect of Repetitive testing on electrode material (a) Au (b)

Pt

Another advantage of Pt is that direct electrochemical oxidation of glucose@aron it at high
enough potentials (anod 0.6V vs Ag/AgCI) [83]. This can be used for glucose detection with little
interference rejection mechanisms. Gold, Cardnwhother working electrode materiale nothave
this property Although it has been reported that gold can $edun these applications, it has lower
activity in amperometric modédowever, br Pulse Amperometry, is reported to havéigher
activity than P{83]. However, in our work, we shothat Pt have sufficient sensitivity which can
be further increased by increasing its surface area.,Tbigether with more lonterm stability
makes it more suitabkes arelectrode material for our applicatiohéence, Pt was chosen for leng
term electrochemicdhydrogen peroxide sensorfSor other sensingiechanisms, the comparison
should bereevaluatedFor examplefor Nucleic Acid based sensing, it was fouimdthe literature
andin our experimental work that Au is easier to useaagorking electrode material in term$§ o
binding thenucleicacid strandgprobes) using thiol bonds. The same chemimynotshow any

appreciable binding to Pt. Hence, Au was chosen for sercéoras WE material.

In blood or other complex fluids, both gold and Platiremapoisoned by chloride ions and many

other speciege.g. amino acids) due to surface adsorption. However, nanopatteimesiPiown to



65

havehigh stability against thed#ood agentd83]. Nonetheless, since these sensors are not used
in direct contact with blogdbut in interstitial fluid,this is a less critical problenfzor blood

applications, electrodes will have to be coated with special materials for filterinlyd&éan)

There are many different reference electrodes which can provide stable vedtdiggs in solution
to form potential differences between electrodes for proper sensor opdatitimestandard solid
state reference electrodmaterialis usually Ag/AgCl. Some noble metals covered with their oxide
also act as pseudeference electrode@®.g. Pd/PdOx, rlirOx) [85]. Since we alreadyse Pt
electrodes for WE and CE, ig very desirable to te$tt-based reference electrodmsd compare
their performance wittstandardAg/AgCl reference electrode3he standardAg/AgCl reference
electrodeis made using thin Ag depited similar tothe Pt layerThetop of this silver electrodes
then converted to AgCl using different methodslipping in strong chloride solutions
electrochemicateaction orDry chlorineplasma)and thethickness of the AgCI layas kept high
enough for long term operation. However, not all Ag is converted into,Aag@he sensor operatio
depends upon the interface between Algeand AgCI layerf85]. The conversion waserified
visually (AgCl hasa brown color), spectroscopally, andthroughmicroscale structur@AgCl hasa

granuhbr structure) The results of these material processing are shovatiamving figures.

Ag
Electrode

Figure25: Silver based integrated Reference Electrodes



Figure26: Thin Film Reference Electrode Materials (a) Ag (b)

AgCl

Figure27: Spectrum of Ti/Pt/Ag/AgCI electrode
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SincePt itself is sensitive to pldnd peroxide interference,would not be a very stable RE for
glucose sensing. However, coating it withsuitable insulating layenakes it quasistable. For
example,a somewhat inert layer of PtQoen be used to make Bt/PtOXRE. This can bevery
usdul since it avoid the need of having a separate material (Ag) or using other metaitirietal
based electrodes which need spepiadtprocessing85] and can also be toxi&lso, Pt based
reference electrodecan be used in harsh conditions where Ag/AgCl RE mat be feasible
although simple Pt may be better in such extreme condit®inee Pt is a noble and very inert
material, it is not easy to oxidize it even with strong oxidizaish ashydrogen peroxide. In this
work, Pt oxidation was attempted usigsigong oxygen plasma as well as using strong oxidizing
agents (like sulfuric acid) along with high electrochemical volta@esigen Plasma exposure
showed some effect on the Pt surface and the electron diffractray Xtudies showed some
Oxygen as part ahe film. The films were heated to release any oxygen physically adsorbed in it.
However it is still hard to confirm the chemical nature ofdkiele film. Nonetheless, the resulting
electrochemical stability suggested that the film had become a béttiemoe electrode material

than bare Pt. SEMO ghefollowingfilgee f i | ms are shown i n
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Figure28: Thin Film Reference Electrode Materi al

Pt

Figure29: Spectroscopic Measurement of Pt based RE materials (a) Pt (b) PtOx

Each sensor design was fabricated with bothRBERNd Ag/AgCIRE. The stability of the RE was
tested first by measuring its potential relative to a commercial stableviitéh in our case was

Ag/AgCl RE from CH instruments. Secondly, Cyclic Voltammetric measurements were performed

S

(



using sensors utilizing either tiAg/AgCl RE or the Pt RE. Results indicated that Ag/AgCl| RE
proved more stable than Pt RE especially at higher reference potentials as-gare t?. This is

due to interference from species reacting with Pt at such potemtiaig notably hydrogen
peroxide. However, it also shows thatPt RE can still be used for less sensitive applications.
Although, tare Ag showea pretty stable response, peroxide interference had some effectioa it.
formation of AgCI layer on top makes it more independentooflitions in invivo fluids. Also,

since the chloride ion concentration in badgnaingpretty constant43], the Ag/AgCIRE was used
without any special concentrated coatings as are sgedtimesn commercial RE. The results in

PBS and other body fluids confirmed that the RE could provide good enough performance in such
cases. After Chlorination, AgCl became quite stasld peroxidedid not have any appreciable
effect on it.Bare Pt showed more serious problems regarding stability and peroxide interference.

Oxidation proved to increase stability and decrease peroxide interference effects as expected.

Ag REin peroxide

Ag/AgCI REn peroxide

Potential / V

Potential / v

o0~ Ag/AgCI RE in PBS

Ag RE in PBS

0 10 20 30 40 50 6.0 10 80 90 0 10 20 30 40 50 60 70

Time / sec Time / sec
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Figure30: Open Circuit Test for electrode Stability and InterferefBffects

TablelCompari son of Different Reference El ectrodebod:

ElectrodeMaterial Temporal Stability | Peroxiddnterference
(voltage change) (voltage change)

Ag 15mV 120mV

Pt 30mV 60mV

Ag/AgCI 5mV 3mVv

Pt/PtOx 20mV 10mV

The open circuit potential difference between Pt/PtOx RE and Ag@dHound to be a function

of surface properties and cleanliness of the surface. There were some variations from batch to batch.
However, this effect can be suppressed by starmdatdinanufacturing and by performing some
calibration with standard REence, the results suggest th®t based RE can be quite stable for
some applications. Bare Pt itself can be used if the electrode is small and the interference from
peroxide (or othesimilar molecules) is smalHowever, for very high peroxide concentrations, the

Pt REagainshowednterference effectdHowever, thioccurs onlyat very high concentrations and
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is only meant to demonstrate the limit of telectrodematerial. Howeverfor the desired range

of peroxide concentrations, thigerferencesffect is not seen.

5 10" Cyclic Voltammograms in 20 mM H,0, diluted in PBS

——-Design D with Ag/AgCl Reference
— Design D with Pt Reference
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Figure31: Comparison of Pt and Ag/AgCl RE

3.4 Patterned Electrochemical Sensors

Micro/Nano scale structuring of electrodes has been useshging and energy storage for quite
some time. Such structuring of electrodes can provide high output signal and enhanced selectivity
[86]. Advantagesalso include high surface area and control of the diffusion profile near the
electrode surfacess well as stronger interaction with smaller spe@éks. This patterning can also

allow for much better utilization of functional coatings (e.g. enzgosings) on these electrodes

and extend the enzyme litene by decreasing their kinetic conformational chai8és However,

the techniques employed for their fabrication are typically bettpngrowth (PVD, VLS or

complex templatesyvhich compromises control of their properties and robustness, leading to
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uncontrolled variation in electrode properties. If the overall size efethctrode is not large
enough, this leads to significant batokbatch variations and hence excessive recalibration of each
device is needed. Also, suglatterned electrodesre susceptible to failure over long term use
because of limited mechanical/chieal robustness. Finally, the methods of fabricating these
electrodes are not compatible with current CMOS technologies and need specialized post
processing and extra on/off chipcuitry and eqgipment.Intuitively, micro scale patterning is used

for species which are present in high concentrations bigger sizes (e.g. cellg) keep the design
simple. Nano patterning is used for sensing very small concentrations or for seosoglar
species which neeevensmallersurface geometries to interad¢traolecular leve[88]. However,
electrode capacitance and other double layer effects need to be carefullgdrfodeduch small

scale systems to optimize the size scales for different applications. For example, Pt electrodes are
known to have more capacitance than Au electrd88k This means high surface area Pt
electrodes shoultbe replaced with Au electrode for fast sensagplications Similarly, overly

dense structussare not good for high frequency applicationsdahence micro patterning may be

more useful for these applications.

Such pattering has bedemonstrateéh the pasfor Platinum based sensors using many different
material systemg9(Q], [91], but we used standard Silicon and CMOS basederigé$é and
processing techniques to make high performance-patterned sensors as shown schematically in
Figure32. Thefourth electrodeshown here is optional amdn be useth many different waysuch

asto make a differential measurementmact as aecond working electrode.



Figure32: Nanopatterned electrochemical sersgmated with a functionalizing matrix

For electrochemical metabolic sensing, the signal changes quite slowly and capacitance is not an
issue as far as the senspeedis concernedGenerally, the smaller the size of the patterns (e.g.
pillars), thelargerthe sensing area and thetbethe £nsor performancd.he advantage of using
patterned electrodes over planar electrodes is usually depicted by the surface area enhancement as
given by following equation describing surface area of a patterned ele(®oale compared to a
planar electrodéSo)in hexagonal packing

Y 2 i Q

e P X8G5
Here, r is the radius of the pillars, htige height if the pillars andia the separation between the

pillars. For a standard rectangular arrangement of pillars, the equatibe eaitten as

2 Derivation performed by Ervin Natawutt
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For typicalsensor parameterthe difference between the hexagonal and rectangular arrangement is
not very significant. Since the rectanguarrangement is easier today and operate upon, we used

it as the arrangement of choice in our wofkese equations show tHagher r/a and higher h/a

give higher surface area which results in higher sensitivity and hence results in better devices. This
clearly shows that electrode patterning is advantageoyeffarmance enhancement, especially if

the overall size of the sensor needs to be minimized. The exact scale of patterning depends upon the
application and the cost of the processing. The height gfilthesis limited by the surface tension

forces in tle liquid. The pillar deflection due to these surface tension forces is gividtby

Here, P is the capillary force,hisp | ar hei ght, E is youngds modul t

inertiagiven by
o O
o —
QT

This also shows th&ilicon processingan beadvantageous since it provides high tensile strength.
The youngos (I80GPa)land Pt (I68GPH are quite similar. Howeter uttimate
tensile strength of Silicon is 7000 MP@2], as compared taround 300 MPa for Platinum
Assuming that a material with higher strength can withstand higher surface ter&ilaon
nanopillars (or a combination ofietalswith other materials) can withstand more capillary forces
than pue Pt metalOther noble are also similar to Pt in mechanical prope#iéisough, the Si

pillars are oxidized in some applications and coated with Rt,gh@perties should be better due to
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the underlying core still made of silicon. Our results cordanhat these pillars were quite
robust insolutions at the size scale where other pillars are reported to have mechanical issues as
reported in literatur§d6]. The resulting sensaevith nanopatternedlectrodes arshown inFigure

33. Details of the fabrication procedure are given imtie¢hods chapter

AccV Spot Magn Det WD B um
16.0kv 3.0 4486x SE 59 Muhammad-Caltech

Figure33: Integrated Nanopatterned Electrochemical Sensors

The pattering methods used in this watl not need special materialsionvacuum based
processing (e.g. liquid plating methodsy complex porous templates which are difficult to
replicate. This is a standard fabrication processcandven be integratein the CMOS fabrication
process to make it even more controllable and repeatbtenovel patterning procesan allow
designers to design high performance electrodestharapplicationsapart from electrochemical

electrode preparation where impedaiposes a limitation

3.5 Electrochemical Measurements
Electrochemical measurements can rhade using differentmodes as discussed beforfeor
implantable glucose sensingewhoseamperometrianeasurements which produce current output

proportional to theeaction rate on the working electrode. This is more suitable to an implantable
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sensor scenario since the reference electrode potential will not be very stable (due to changes in
ion concentrations, temperature and othettofag [81]. Constant potential amperometalso
minimizes the contribution of neRaradaic currents to the overall sensor respanisieh improves

the signal to noise ratiblowever,Cyclic Voltamograms can be used to identify a host of different
phenomea duringthe sensor operatioAlthoughit suffers fromcharging currenand hencés not

the best analytic methpit was used extensively to characterize the sensors in different aspects
Chronoamperometrdependsupon short pulsed measurements of the electrode cumneinhas
similar problems as it measurédthough there are charging currents as well@adic curents it

was also used as a test case for pulsed mode operation of the sensor.

3.5.1.1Electrochemical Spectroscopy

There are different techniques which are used in electrochemigteyftsmspectroscpic analysis

over different variableswith frequency being an important onElectrochemical Impedance
Spectroscopy (EIS) iatechnique of measuring the cell impedance (or conductance) across a range
of frequencies around a set cell potenfidgh]. It is a very important tool in characterizing
electrochemicasysteman terms of their bedwvior in the solutiorand help understand and design
such systens [93]. It involves biasing the electrodes at a knouwgll potential, sweeping the
frequency of a sma(few mV) ac signal on top ahe biasand measuring theesultingcell current

[94]. The resulting curve can be plottedths imaginary versus real impedanddy(uist Plot) or

real and imaginargomponents of the measurement (either current or impedasi@junction of
frequency (Bode plotResultsfrom EISshow the behavior of resistive and capacitive components
of the cell impedance (including WE, RE and CE and solution resistance). If the system is properly
designed (CE muchatger than WEjnert RE with negligible arrent flow and solution with

reasonabléonic conductivity) tha theimpedance mostly reflects the impedance of the WE which
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is mostinteresing. It also helps in finding the equivalent electrical circuit of the sensor which is

required fordesigningthe control circit for proper sensor operation.

It is important to emphasize that EIS measurements only reflect the cell impedance at the given cell
potential as is used in the experiment. Sometimes, it is very difficult to do the EIS measurements at
the desired cell potential due to large signal changes happening at the interface (e.g. during
electrode polarization step). Hence, EIS is done at zero bias and is used in conjunction with other
methods (e.g. cyclic voltammetry) to completely characterizeyttem response. Also, EIS results

are the aggregate impedance results and there can be many different impedance networks which can
result in same EIS response. Hence, the results are normally fitted to the predicted EIS models in
theory to find the valuef the different components of the already known model. This fitting can be
done using custom written codes or using Frequency Response AnalysissffRaye Since the
electrochemical cell is a ndimear system, it requires the use of #ioear FRA bols and

methodologies.

We also used other electrochemical spectroscopic methods to further characterize our sensors. One
suchmethod is sweeping the potential between the electrodes and measuring the sensor current, all
on a constant frequency. We calisttPotential scan Spectroscogly.helps compare different
designs in terms of their impedance at different biasing potentials. The frequency of the input signal
was swept from 100KHz to 10mHza rangewhich is typically available range in commercial
Poteniostat The impedance can be matched to different electrochemical models to understand the
electrode phenomenowe considered the Randles model of an electrochemical cell which includes

the impedance of the electrodes and the solution modsladtombiation of impedances
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Figure34 : Randles equivalent electrical model of an electrochemical cell

In this model,Cy is the double layer capacitance at the electabeletrolyte interface. Ris the
contact (charge transfer) resistance between the electrode and the electialyttheZdiffusion
limitation (Warburg impedance) from the bulk to the electieldetrolyte interface andRs the
series resistance of the bulk solution betweenetbetrodesThe dublelayer capacitancés a
nonlinearcapacitanceand hence is difficult to model. Itglue dependsipon many paramers
including applied potentialfemperature, ionic concentrations, types of idnsulating layers,
electrode roughrss, impurity adsorption and so dir6]. Charge transfer resistance fRs the
resistance to current flow at the electrode wiienelectrode potential is moved away from its

Nernstian valud-or agiven electrode with surface area A, these parameters can be calculated as
#AT 08 1]

“-"QUY
2 2
anQ
A typical value of K is 1€L00uF/cm for most materials and it is different for different materials.

The numbers from differestudiesdo notexactly matchbut mostly fall within this rang&.he

solution resistance can be calculated fromeissstivity (') and electrode spacing (L)



The charge transfer resistance dominates the diffusion impedance (YVampadance) at low
frequenciesHence Warburg impedance can be ignored in such slowly varying metséadics.

This is one of the simplest electrochemical madblgt is still more complex than normal
impedance model$-or example, the impedance due to thelde layer capacitance mostly acts as
constant phase element (CPE) rather giaplecapacitor Also, dl impedances are ndimear and

are frequencylependent. Warburighpedance represents the impedance corresponding to diffusion
of specie to or from the electrode surfaces. It is frequency depeamtkitt also difficult to model.

For simple models, it cabe ignored but for modeling of the diffusion effects on the cell
performance, it has to be accounted for through numerical modélwgisefulness of EIS is
illustrated here by measuring the charin electrode impedander planar versus nanopatterned

electrodesisshown inFigure35.
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Figure35: Impedance Comparison between Planar and Nanopatterned Electrodes

Since the solution resistance in Randles modilesame for all the cases (the solution was PBS

for all the sensors), the results clearly show #sathe pillar diameter is reduced (and hence the
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number of pillars is increased) the impedance of the sensor at a given frequency goes down. We
also observethat both the charge transfer resistance and the double layer impddareszsas

both the real and imaginary impedancesnanopatterneélectrodesare reducedvith decreasing

pillar diameter The improved reduction in impedance between the electyabs is mee
pronounced at low frequenciesich are themore critical range fomostsensing mechanisms in
biomedical applicationsThis was further confirmed by measuring the impedance difference
between fully integrated planar apdtternedsensorsThis result confirmedhe same trend for the

entire sensor as wastited for individual electrodes as showrHigure36.
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Figure36: Comparison between Impedance of Planar and PattSewesbr

For almost all measurements, the decrease in impedance due to pattetanggrithan that
predicted by theoryHowever, it is important to point out that this trend will change at very small
electrode spacing due to the overlap between theieldouble layers. Hence, the enhancement in

overall effective surface area (electrochemical equivalent surface area) valvéetHan that in
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device surface area. This happens at nanopillars spacing comparable to the electric double layer
thickness whichdepends upon the electrolyte in the relevant study. For typical electrolytes, the
double layer thickness lsss tharll nm[76]. Hence, the effeadoes nottome into play unless the

pillar spacing is comparable to thiBnension

3.6 Surface Functionalization

The electrochemical sensor needs to be coated with different chesnistroperate iselective
environments for sensirgglectivespeciedn a process called functionalizatiddifferent types of
functionalization methods have beervedloped for electrochemical sensoEor ultrasmall
devices,in situ functionalizationprovidesthe most flexibility with the process while still allowing
high yields In this work, functionalization is achieved eithterough immobilization (fixing a
specie to stay near t he el e ortbydirettehemiaalriocfdiagc e 1 s ¢
(e.g. Nucleic acid binding using thiol chemistbgsed upon applicatioRor example, for sensing
glucose levels ibody fluids the sensor needs to be able to produsignalproportional to the
glucose level in the body. This signal has to becsige to the presence of other simitaolecular
species like ascorbic acid, acetaminophen, ,uned even other types of glucose and higher
saccharides (e.g. Maltosd)his selectivity can beobtainedby different methodsSince glucose
does nohave a significant electrochemical signattine most sensitive methodtgsusechemistry
which can convert it into some electrochemically actispecie whichcan be sensed selectively
compared to other interfering speci€hese enzymes have to be kelpse to the electrode surface
for sensitive detectioimmobilization canbe achieved using different methods including direct
binding (van der wadl linking, ionic bonding, covalent bonding), encapsulation (hydrogel,
conducting polymer), crodimked agyregation[95] or some special support materials (e.g. titania

solgels).Direct entrapment in different types of hydrogela @mple yet efficient methaglthough
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without enzymatic crosslinking, the enzyme loss occurs very rapidly and the senswot
function for long time[96]. Immobilization in a hydrogel along with crelsking with that
hydrogel increase enzyme entrapment (decrease leakage) without affecting its propert[@3]much
Electroplymerizatia is an alternative to hydrogels and involves entrapment of enzymes while a
monomer is being polymerized electrochemically in a polj@8gr This method allows very fine
control on the thickness, enmgtic loadingand diffusion properties of the immobilization matrix.
The most commonlysedmaterials for both of these entrapment methodsoaganic hydrogels

(e.g. BSA hydrogel, PVA hydrogel, Chitogaand inorganicpolymers (e.g. Silica, Conducting
Polymerslike Polypyrrole)[98]. Another benefit of immobilization is thatiiicreases the enzyme
life-time andenablesrepeated use for loAgrm detection. This is supposed to be dueoveet
unfolding of the enzyme which decreases the chances of its dend@ijnti also decreases the
denaturing by increasing the temperatatrgvhichenzyme stops working. For example for Glucose
Oxidase, immobilizatio in hydrogel has been shown to keep the enzyme stable at as higg as 70
[97]. In our experiments, Glucose Dehydrogenase appeared to be stable for almost the same

temperature when immobilized under sameaditoons in same material.



Table2 Comparison of Functionalization Methods
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Method Complexity | Effect on| Leakage | Control Applicability
Enzyme variables
Adsorption Simple Native State Strong pH, surfacel Enzyme,
(Less Stability) dependency Surface
Specific
Covalent Link | Moderate | Changed(may | Small Presence o Enzyme,
affect reactivity) inhibitors, pH | Surface
specific
Chemical Moderate | Increased Moderate | Mixing Ratio Universal
Entrapment Stability
Electrochemical | Complex Increased Moderate | Electrical Moderate
Entrapment Stability, Parameters,
Transduction Concentrations
Crosslinking Complex Decreased Moderate | Amount of | Wide
Activity Enzyme

Typically, lithography is used to patteamd definghe functionalization matrig@9]. However this
involves the use of high energy (Ultraviolet) light or electron beams and also ettosagyme to
organic solvents (e.g. acetone). These factors are known to affect enzyntic &tence, we

usal a physical irvivo functionalization method by forming a controlled wié structurearound
thesensoand later on filling it with a hydrogel solution which gels at room temperature without the

need of any complex processifdis eliminates any damage to the enzyme, even if it is minimal.

3.7 Enzyme Kinetics
The enzyme kinetics ammportant to understand sensor operation @adto designthe optimum
enzymatic loading for different applications. The theory of enzyme kinetics is destwybed

Michaelig Mententheory [80]. This theory assumes thtte enzyme works by first forming an
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enzymesubstra¢ complex which then decomposearthof it forms product and some part goes

back to the actual substrate and enzyme. In terms of chemical reactions, this can be written as

Ky K
3
E+S &——= ES——> +#P
ka

The MichaelisMentenconstat K., is equal to the substratencentration at whictthe catalytic rate

is half ofits maximum valueHence the reaction rates can be describéallas/s

The apparent Kis found by fitting the reaction curve (catalytic raggsus substrate concentration)

to the MichaelidMenten equation. For high enzyme activity in immobilized form, the reaction is
substrate diffusion rate limited and for low activity, it is enzyme activity limited. Hence, in former
case the apparent Km frorarve fitting is larger than Km of free enzyme in the solution and in the
latter case it is closer to the Km of free enzyme in solution under ambient conditions. For reaction
rate limited by other factore.g. mediatoconcentratioly the apparent Kneanactually be lower
thantheKm of freeenzyme in solutionAn example of a linear fit for one of the sensoishiswn in

Figure37. As seen, linear fittingf the entire curve will results in larger,khan actudy measured
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Figure37: Fitting sensor rgponsefor Enzyme Kinetics

Modeling of the currents for enzyme electrodes has pedarmedextensively irtheliterature for

many practical casefl0(. For the special case of thin film sensors, the current equation is
modified and solved numerically. The closed form analytical solutions under some assumption is
given a§10]]

¢ "00 | + 0 0
NéE OiQoddd FH QO @ BY I

Here,n is number of electrons transferred in the reactias f&raday constant, /& electrode area,
"® wis observed hydrogen peroxide detection curré&d) ¢i apparent catalytic constant of
immobilized enzyme, Km and Ks are apparent MicHdisten constants for enzyme and
substrate,Qis the rate constant for reoxidation rate of mediatois the thickness of the

immobilized layeri and® are the bulk concentrations of substrate and mediaisrenzyme
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concentration in immobilized layér,is between 0.5 and 1 and represent the balance between the

oxidation of reduced mediator to thelk and to the electrode surface.The above equation can be

used by fitting the sensor response to it which can yield the values of different parameters. Another
approach usen umer i c al simul ations to solve for diffe
physical modeling tool to model the reacticonvection equatioandsolvald some simple scenarios

to see the effect of different system parameters on its performance. Afterwards, we used an

experimental approach for the system design.

3.8Glucose Sensing

Gluccse sensing is one of the most important applications of electrochemical sensors. There are
three generations of electrochemical glucose sensors defined in literature, each with different
methods of transduction of electrons to the underlying electrf8}s Glucose itself is not
electrochemically active andloes nothave a strong electrochemical signature. However,
nanopatterning increases this weak signal on Pt and some other special alloy electrodes for solid
state sensing. However, the achieved performance is not selective enough for implant applications
[83] and thereforefor selective detectionf glucose, the electrodese functionalized withglucose
selective chemistry. Enzymes are the most commonly used materials for this purpose and are the
basis of almost all clinical glucose sensagnilablecurrently. In general terms, an enzyme can
convet a selective molecule (substrate) into other molecules in the presence of suitable
environment, as shown by following equations. Such enzymesadled oxidoreductasesdare

normally in their oxidized (natural) state.

SubstraterOxidized Enzyme Product + Reduced Enzyme

Polarized Electrode
Reduced Enzyme+ Oxidized Mediater > Oxidized Enzyme+ Reduced Mediator
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Reduced Mediator— Oxidized Mediatof+-nkl

More specifically for glucose, these enzymes mostly oxidize it into glugGdactone (which
hydrolyses in water to gluconic acid). The most common mediatonvivansolutions is dissolved

oxygen molecule (©and is reduced tH,0,).This reaction canddescribed by following chemical

eguations
b-D-Glucose +GOXFAD Glucofidactone + GOxFADH,
GOxFADH,+ O, GOxFAD + H,0O,
Pt Electrode
H,0, 30,+ 2H" +2¢

0.5V vsAg/AgCl

At the CE, some reduction takes place to balance the WE cuifbatmost common reaction is

thought to be the reduction 06.0

0,+2¢ 262

This results ina net current flow in the external circuit which can be used to measure the reaction

rate and eventually glucose concentration.

In this work, ducose was successfully senseding bothGOx and GDH based sensors in PBS,

mouse serum, and mouse blood. Results show that the sensor has very sensitive response to glucose
in the metabolic concentration rang@10mM). The sens@ were more €nsitive at lower
concentrationwhich is important for detectinigypoglycemic eventthatcan be very dangerous if

not detected in time. At high concentrations, the sensorehs@dme saturation effects and the

3 This work was done by Muhammad MujegiRahman and Mehmet Sencan



response becorsa bit nonlinear (enzyme limited region)f needed, this response can be tuned

to a specift sensitivity by controlling the enzyme concentmatin the immobilization matrix or by

controlling the glucose flux into the immobilization layértypical response of a sensor coated

with hydrogel with immobilized gold is shown Figure 38. The sensoin this case consists of a

planar thin film electrode as a WE using-offip RE and CE.
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Figure38: In vitro sensing of Glucose using electrode immobilized w/ GOx

Anotherset of experiments were carried out using fully integratnsorsvith on-chip WE, RE

and CE. Same geometries were used to comparenthagnesyresults are shown iRigure 39. It

seems from the results tt@DH-FAD is more sensitive compared to GOx. This meansl|onagr

guantites of enzyme can be used for detection. This is very relevant to the implants since the
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enzymatic loading decreases with time and longer operations are possible with enzymes which

can provide more sensitivity even when present in small asount
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Figure39: Glucosesensing using integrated sensors with (a) GOx (b) GDH
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A nanopatterned sensor with similar functionalization provided an order of magnitude
improvement over these sensassshown irFigure40. It is good to note that the response seems
similar to the simulation resultg nanopatterned sensansterms of narrow cycligoltamograms as
shown in appendix [The sensor shows improvement over the planar sensors in many ways. It has
higher currenais well as higher linear region of detection. This proves that the performance of small
integrated sensors can be controlled precisely by the control of their qyetanetriesand can be

tuned to many applications where traditional planar sensors mayeraiile to provide sufficient

performance.
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Figure40: NanopaterenedGlucoseSensoiperformance

A comparison of the nanopatterned electrode with the planar electrodes provides insight into the
performance enhancement provided by Nanopatterning.
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Glucose Concentration versus Sensor Current
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Figure41: Comparison of Nanopatterned and Planar Sensors

Coulometry ighe measurement of charge involved in the reaction and is the most direct method of
making reaction measurements. Chronocoulometry does this for short gudsdsefollowing

graph Figure42)is an example after 3 weeks of a sensor under pulsed testing.
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Figure42: Chronocoulometric Sensing of Glucose in PBS
Repetitvepl si ng shows that this technique is valid

separated by éerttime period. The pulses just need to be sufficiesdiyaratedo allow glucose
diffusion and enzyme reaction éguilibratecompletely (reach steady state) which are both pretty
guick phenomenon as glucose is a small molecule and hydrogel consists mostly of water. For more

detailed analysis of this system, numerical mo

used n the regime.

Constanpotential amperometmyas alsaised to characterize this sensor because of its potential of
continuous measurement as well as less background noise compared to the Chronoamperometric
and Cyclic Voltammetric methods. The WE was kefiL&V vs Ag/AgCl RE for this

measurement. The results are showrigure43.
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Amperometric Measurements
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Figure43: Amperometric Glucose Sensing using an integrated planar sensor

3.8.1Testing in Body Fluids

Testing in blood is quite challenging due to tlwiv@ degradation by the enzymes and other
components of the blood. In commercial strip sensors, elaborate filtering mechanisms are used to
avoid these effects. In implantable sensors, the need of repetitive use limits the type of filtering
mechanisms thatan be useddowever, the hydrogel (or other immobilization matrices) pravide
some inherent filteringBoth CV andChronoamperometryere used to characterize the sensor
response in mouse seruirst, as shown inFigure 44. The sensor currents decreadexn ther

value in PBS. However, the response was still detectable, and signal pro¢essiingegration)

could be used to extract signal with high enough fidelity.
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The sensor response in blood was even more supgréese that in serum. This can be
explained bythe blockage of hydrogel sites with bloodlsear otherblood components. However,

sensor stilshowed adequate sensing after couple of days of incubation as stagur@®4.
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Figure44 : Sensor wGDH, test in mouse blood

As seen here, the current and sensitivity both have decreased. H@ignal processing could be
used tarecoversensitivityagain Furthermore, for many applications, operation in inteabfitiid
can suffice which is quite close to the serum chemistry Hence direct testing in blood is not
needed. If such devices are needed, some blood filteriggdialysis membranes) methods should

be used to increase sensor-tifee as well as tget higler signal levels fobetteraccuracy.
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Figure45: Improving Sensitivity using Signal Processing

These results show that such sensors can be used in complex bodHbwidser, use of filtering

mechanism can improve their response and extend theimiéefor long term use.
3.8.2Interference Issues

Interference from other species is an important concern for semsasplex environments e.g

vivo sensors For glucosesensors, the most problematic interference is from acetaminophen,
ascorbic acidand ured3]. This happens whehigh potentials(near 0.6Y are used for glucose
sensing. The interfering species also oxidize around this potential on Pt electrodes and hence cause
noise signalsAs an example, a thin film Pt sensor wittpeated tests in PBS shows very little
deviation (noise)However, with GLmM Acetaminopher(AA) in the solution, thenterference

level increasesignificantly,as shown irFigure46.
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Figure46: Interference on Pt electrodes i@PBS(b) with 0.1 mM AA

Thin films of dense polymers likpolyphenol(PPh)can be usedb limit interference as well as
immobilization of enzymeELO]]. Such coatings are effective because tleseotlimit the smaller
molecules which are being detected wiiliering the largerinterfering molecules.As very thin

coatings (e.g. 10nm) can be very effective in interference tiedutheir effect on sensirgmaller
molecule (like peroxide) can be negligible as showRigure47. It shows that the change due to

AA is negligible compared to the change due to peroxide detection. Hence, PPh acts as a very good
interference rejectiofayer without affecting the peroxide sensing as it is much smaller molecule

compared to the interfering molecules.



06

041 PR

027 - ////’/ E
0 3

< 027 ' E
_\Ir ] .‘ p C
o) 04 . E
~ 06 _ _ PBS —
- LE y £
ST E 7 E
5 421 _ IMMAA — ¢
o . E
144 /‘ ) F

183 7 A IMMH0, —

18y 3
201— F

060 050 040 030 020 0.10 0

Potential / V

Figure47: Effect of PPhon Peroxide Detection on Pt electrode

Anothermethod to get rid of interference is to use lower potentials or even negative potentials to
keepthese specieBom creaing a signal.However, using lower positive potential for peroxide
detection decreasest sensitivityalthough it is still adequate for accurate deteciltnis method is

more suitable for detecting oxygen consumption in the glucose enzymatic reaction and converting
that information into oxygen concentration after adjusting for the baakdmaxygen levels in body

fluids. This approach was used in first bench top glucose sensors and is also used in some modern
research due to its excellent interference rejection prop§shgsAlternatively, detection at low
potentials can also be achieviéthe enzymes being used caansfer the electrical charges easily

to the underlying electrodel this casethe detection mechanism is direct charge transfer from
enzyme tahe underlying electrode which depends upon conduction properties of theeeangin

the immobilization matrixior example, Glucose Dehydrogen&®e enzyme has a cytochrore

entity as a part of its synthesized verdimm some sourcg402.This entity is known to help the

tunreling of electrical charge from biological molecul@®3. This can be even more pronounced
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atthenano scale whre the enzyme molecules can be in much closer proximity to the electrode

than the planasensor. Hence, lower potentials can be used to detect glucose and the interference
issues can be avoided. This is actually observed in our devices using Glucose Dehydamenase
measurablaylucose signal detection start happening arouf®,Qvhich is lowenough to avoid
interference from the above mentioned spectagther optimization can bgerformedto increase

the transduction by having conformal layers of enzyme coated directly on the pillaistoric
example of this direct conduction (also knowrs o6 wi ri ng of enzyme with
of osmium based PVP polymer which allows the reaction to hapdewet overpotential(near

0V) and hencereducesinterference effecf404. Normally, mediators are used in sensors to
accelerate the electron transfer from the enzyme and hence decrease the dependence on dissolved
02. Ferrocene and its derivatives are the most widely used meditd&fs However,previaus

work on osmium complexeshowedthat in the presence of proper transduction from the enzyme to
the electrode, the G@ependence of the detection can be minimid&tte mediators are toxic and

can leach from membranesr/oiding their use is the best jogi for a long ternimplantapplicatiors

[104. Hence, redox hydrogels or polymers are very attractive for these sewseitgsted the use

of suchpolymer for peroxide detectiamsing torseradish peroxidas€he synthesis of this polymer

for glucose based enzyme would allow us to use it for glucose sensing adowmediver, due to

toxicity of osmium, moravork remaingo be done before its useimplantableapplications.

Another methods direct transduction without the need of any supporting chemistry. However,
enzymes are large and complex molecules and the reaction centers are mostly located deep inside
their structures. Hence, to be able to tunnel the electrons from these to ngdadiecules, either

very small mediator molecules or redmediator based hydrogels are neef#dg unless the

enzyme molecule is engineered to have sel@etron tunnelingtructuree.g. heme)103.
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Glucose Oxidase baseetdction is known to have high sensitivity towards dissolved oxygen.

This was tested by bubbling air through the solution (which incregsesnCentration as measured

by a commerciadissolved oxygen sengorResults are shown iRigure 48 and clearly indate
relatively large change due to O2 concentration change. However, secondary effects like enhanced

diffusion after bubbling can also have secondary effects in such experiments.
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Figure48: Effect of G, bubbling on GOx Sensor

On the other hand, GDH based detection skiomach reducedO, dependence, adepictedby

Figure49. This is due to the Ondependent pathway that GDH takes for glucose oxidation.
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Figure49: Effect of G, bubbling on ®H Senso

Another methodo minimize interferenceisesmultiple working electrodes to measure glucose
throughhydrogen peroxide and oxygen sensing mechanisms. The same enzyme can be used for this
purpose Bng with same working electrodes. iShmethod involves measuring at negative
potentials for oxygen sensing using two electrodes, one of which is not coate@nzitme
hydrogel and the other is coated with the enzyhie dfference in their oxygen measurement is
proportional tothe glucose concentration. Also, thiftbes notinvolve interference from specie

which oxidize at positive potentialand has been usdor glucose sensing by itself for long time

[35. However, for very small electrodes, this may become a challenging measuremetttesince
dissolved oxygen concentration is very small in the body fluldgether with the hydrogen
peroxide sensing mechanism, thiethod can generate usefigsults; nanepatterning of the

electrodes for optimum oxygen sensing can improve dissolved oxygen sensing to make this

measurement even better.
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3.8.3Lifetimeand Repeatability

Longevity of these devices is crucial for meaningful impkpplications. Longevity wasstedby
sensingor afew days taafew weeks It was thought to provide an insight into the time response of
these sensors to design appropriate calibration algoritBifferent solutionsof PBS and pH

buffers were addeds control solutionsbut did not create any appreciable change in the sensor
response. This demonstrates that these sensors have very good signal to nollsaatleese

devices exhibit good longevitfhe sensors were also measured using differedivaae platforms

(CHI 7051D as well as MetrortB() anddifferent laboratory settings to test their robustness. These
were also shipped back and forth between different labs and showed very stable and repeatable

results A comparison between the sensmspnseover 3 weekss shown inFigure50.
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Figure50: Response of a Glucose Sengwer 3 weeks
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This test also showed that the response was not very stable. This is assunsetesub®f the
functionalization matrix not completely free of unbound material. As the diffeselececasg with
time, this argumenteems quite plausible.t@ing these sensors for some time before their use
should decrease this effect substantially. AlSbronocoubmetric measurements showed much
lower variations. We think this is becaudese methods amorelimited by diffusion of specie

rather than the gel propertiedlso, larger signal and integration decreases effect of current

variations somewhat.
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Figure51: Chronocoulometri®Response of a Glucose Sensor over 3

weeks

Sensor to sensor variation is another important constraint in realizing repeatable results from
micrasensors. Since these sensors wegal coatedising manual processing, there were variations

in the overall sensor structure from one sensor to andiven in immobilizationperformed
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manually,variations in process and chemicals conditions coatdir Hence, it waglifficult to

compare devices overfflirent fabrication and immobilization runs. However, deviaéhin the

same fabrication and immobilization runs could be compared. For examipéch of 8 devices

was selected in the same fabrication and immobilization run for comparistior the waking
devices in this batchhé sensor response showed very little (less than 5%) variation. This shows
that if these sensors are fabricated under more controlled environments (e.g. an automated
fabrication line), these can provide very repeatable reantiscalibrating individual sensors may

not be necessaryrhe respose curves are shown kigure52. The Pt RE based sensors showed
more variance than the AgCl based RE, although tetle within the error tolerance. Simple
analysis shows that these devices tgodsignal to noise ratigaround 19 Hence, he required
accuracycould be achievednd theexact allowed tolerance can be found by measuring glucose
levels in the same solutie with a gold standard device (e.g. benchtop instrument from
Yellowstone Instruments) and plotting the results on the Clark Error Grid which is the clinical

standard for allowed variance in glucose readjdgs
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Figure52: Sensor to Sensor Variation within a batch

Electrochemical noisand interference (ENljs defined as the noise due to inherent electrode
processes and interference from other species due to reaction with enzyme or directly with the
electrode. Noise processes on electrodes are quite complex and depetit oy of electrode
processesHaradaic versus nefaradaic). Thermal noise is always present in all systamas

random adsorption/conduction reactions can also occur at the electrode surface. A detail of the
electrochemicahoise processes is given in literatit®7]. A practical approach we used was to
perfforms t at i st i cal characterization of the sensor
electrode noise. This change is statistical and would better model noise if a large number of
measurements are taken. Also the average curre
the normalized change was found to be less than 5% in most of the cases. In these cases, the total

noise of the measurement depends upon external noise sduoi@eit noise, electromagnetic
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noise) rather than the internal electrode nois
test should be repeated to see this. At some point, the electrodenitbistart dominatingthe

external noiseThe clirical accuracy levels for implantable glucose levels allow 5% error. Hence,

these sensors can bgedfor clinical application$l19].

3.8.40ptimization of Sensor Response

In order to optimize the sens@.g. to extend the sensor lifetinéhe functionalization chemistry

needs to be optimized carefully. For example, optimal enzymatic loading should be used in the
immobilization matrix to keep the sensor in maasisport limited regime (for linear current output)

for the entire concentration. Ghe other hand, to extend the sensortlifee, high enzymatic

|l oading should be used as the enzyme degrades
effects, statistical protein dea#ftc.). Hence, the sensor response may not be linear iniiediych

cases, a maggansport limiting membrane is normally used to extend the linear range of the sensor.
Different materials can be used for this purpose. Polyurethane is a typical example of this. For harsh
environments (e.g. blood), Dialysis membramel Nafion are also used as both a protective and a
filtering layer [43]. We coated Nafion on our sensors using both physiepbgition as well as
electrochemical coating. Our results with Nafion coating showed that the sensor kept its sensitivity
and the linear range got extended a bit, most probably due to the filtering effect of Nafion, Overall
current decreased a bit, pos$giblsodue to the filtering effect. However, it has been mentioned in

the literature that Nafion is not suitable for long term implantation due to calcification. There are

other materialg¢e.g. Humic Acids which canprovidebetter alternative for long@perationg10g.
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Figure53: Effect of Nafion coating on Peroxide Detection

Another method is tagainuse multiple working electrodes with similar coafibgt using one at a
time. The electrodes can be coated with matethiaisiegrade at a programmable régey. PLGA)
and only one electrode is under useadime. The electrodes can be switched at either a pre
programmed rate or through an external comundxternal sources like light, local heatietc.

can also be used for the purpose of exposing a particular electrode at d68Jtime

Another optimization parameter fee choice ofenzyme.The most commonly used enzyme for
glucose sensing is glucose oxidd&OX). It has been wektudiel and has good sensitivity and
selectivity for glucose. The most common cofactorA®Fand & the part of the enzyme (reaction
cente) where the glucose reaction actually happémsissue with glucose oxidase is that it uses
oxygen as a mediatdor the glucose reaction. limgergick devices, this is overcome by using

mediators. However, most of the mediators are small and toxic and are not good for implantable
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deviceg[37]. Glucose Dehydrogenag@DH) is another type of enzyme which can be used for

such devicesGDH with FAD factor is also quite sensitive and selective towards glu€nge.
experimentsndicated that GDHFAD is more sensitivéowards glucos¢éhan GOx and is also less
sensitive to dissolved £&oncentration compared with GQigure39). It can detect smalleevels

of Glucose compared with GOx which is important during hypoglycemia. It also has a wider
dynamicrangeof detectionthan GOx owing to its higher activiff09. Also, althoughGOx can be
engineered to havenaelectricaltransduction elemensome versions ofsDH-FAD naturally
appears to have orf@07. The only disadvantagef GDH-FAD is thatits xylose sensitivity is
higher than GOX. It is reported that xylose level gets high in the body right after eating (plant based
food) and it is not absorbed mydiut is quickly excretefil1(. One advantage of GOx is that it
has been well stueil and engineered to have better stability as compared to GDH. However, with
research focus on implants and hence on GDH, this differencalimaysh soonHence, GDH

FAD appears to bé¢he better enzyme than GOfor implantable applications~urther protis

engineering can be used to decrease its xylose sensitidity make it even more suitable.

There are some neanzymatic chemistrieas wellthat are being explored for their use in glucose
sensing. Boronic Acids a common exampldt has the probla of high sensitivity towards other
saccharides as w¢B3]. Active work has been going dor improving its properties as it provides a

very attractive alternative for long term applications.

A detailed comparison ofiflerent enzymessed in glucose sensing based upon litergid@ and

our results is given in table 3.sdéemshat GDH is a much better choice than GOx.



Table3 Comparison of Different Glucose Sensing Enzymes

Enzyme Activity | Interference| Cofactor | Longevity | Transduction ENI
GOX-FAD | Low 02 Integrated | Yes No Moderate
GDH- Moderate| - Separate | No No High
NAD(P)

GDH-FAD | Low Xylose Integrated | Yes No Moderate
(Fungal)

GDH-FAD | High Maltose Integrated | Yes Yes Low
(Bacterial)

3.9Nucleic Acid Sensing

11C

Nucleic Acid ODNA/RNA) sensing has many applications in biomedical measurements including

disease diagnostics, gene detection etc. ElectrocheNicdic Acidsensors are capable of very

sensitive and selective detectiof DNA strands and mutatiorp$11]. We used DNA hyhdization

for the detection of single stranded DNgSDNA) target strand using a complimentary ssDNA as a

probe. The chemistry used whased uporBard et al[112. Our protocol is given in methods

chapter.

3.9.1Sensor Design

Three electrode sensors were used for Nucleic acid basethg. For surface functionalizatiove

usedthiol binding asAu was used as the WE materialstandardAg/AgCl electrodewas useds

reference electrodd-or CE, both Au and Pt RE were tried. Geometries used were similar to the

ones used for glucoserssors in this work.

3.9.2Functionalization

Sensos were functionalized with specific nucleic acid sequences for detecting complementary

strands through hybridization. A methylene blue redox probe was attached to the probe strand. After
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hybridization, change ithe nucleic acid morphology creates a change in the redox current and

that change is proportional to the quantity of probes hybridized with the t&getful surface
cleaning and electrochemical profiling was done to make sure there were no reddepaakde

nucleic acid attachmentSurface properties at each step of the process were tbgted
electrochemical means by runningsguare wave Itammetry from 0 V t0-0.6 V at different
frequencies (near 100Hzersus the Ag/AgCI reference electrodests showed that the actual
voltage of redox peak depends uponttipe of the CE material as well ssnsor environmerand

the frequency otletection For sensors with Au CE, the peak position seems to be a bitdshifte
(from the redox potential of the nhgtene blue probdpwardsthe higher potentialThe peak was

also more broadened than the sensors with P{TG&.peak position appears to be a function of
frequency forAu CE sensorsbut not for Pt CE sensoes shown inFigure 54.This demonstrates

that Pt or other noble metals should be used as CE material for these sensors. Also, control of
surface morphology at each step is very important for a successful sensor based upon surface

chemistry.
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Figure54: Frequency Dependence of MB Redox Peak
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The difference in the peak current corresponds to the decrease in redox current of the methylene

blue probe which corresponds to change in the morphology of the probe strand due to hybridization.

3.9.3Reullts

For DNA sensingfunctionalizedsensors werégmmersed in a beaker containing PBSd tested

using different Voltamogram®.g. CV and square wave voltammgthybridization was tested by
either dipping the electrode in a complimentary ss¥éAition or by adding the ssDNA solution

into the test solution itself. The first method was used for commedeietrodes Imm diametey

which were dipped in the complimentary solution with concentration of 2micromolar DNA.
However, the integrated planand nanopatterned electrodes were testexpiting the background
solution with 2microliters of 2micromolar target solutioand measuring the decrease in redox
current as a function of hybridization tiniEhe resultsshowed that thee sensors have vergood
sensitivity towards the target DNA, despite their small size. dureent levels of the planar
integrated sensors wel@wver than the [y commercial sensor.hE nanopatternedensorshowed

even more current tharthe commercial planar electrodes. Heagc it can be concluded that
nanopatterning increased the signal level by decreasing the electrochemical impedance overall as
well as by increasing the hybridization efficiency by increasing the number of target sites. The
experiment was repeated with a toh DNA and the results did not show any appreciable

hybridization.The results are shown gure55.
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These sensors showed detection of nucleic anidnearpicomolar (100 picomolar)
concentratiorwithin tenminutes. The background signalmainedquite stable foseveraldaysin

the dark at room temperature. The exact detection range and current on each sensor was a bit
different due tdack of precis control on the probe coverage in our functionalizapoocedure
However, this can be overcome hgrmalizingthe sensor signal according to the background
signal after it isallowedto stabilize in the background solution. Hence, such sensors nestat |

one normalization step for clinical use. This can be avoidgdin by automating the
functionalization protocol and by improving the probe coverage either through lithographic or
chemical method#lso, while CV could detect these reactions, squarewaltammetryprovided

more sensitive signaldue to the accumulation of signal over the redox potential. Hence, square
wave voltammetry was used in this case. The parameters of detection (e.g. frequency) depend upon

the system design and optimal paramseteere found through regressive testing and analysis.

These results sh@slvery fast and sensitive resporieesuch hybridization processes which can be
beneficial formany applications.Patterning can be used to make devices for fagglications
where traditional electrochemical sensors were natditionally considered due to theslow

response timdout can cut the cost feuchapplications.

Sensor to sensor variation was larger for Bi¢A sensors as compared to the glucose sensors
There can benanyreasongor this. First, the chemistry to backfill the electrodes surface is not very
repeatablend thischanges the background currents. Also, it is hard to control the surface coverage
of probe molecules. Hence, these sensors would mostly need some calibration procedure prior to

their use intests Simple background currents in buffer solutionay be an adequatecalibration
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depending upon applications. Also, the chemistnyd fabrication proceduresan be

standardizetb make these sensors more reproducible.

3.10Protein Sensing

Proteins aresomeof the most important candidates forasaring the health of @erson. There are
different traditional methodsto measure protein®.g antibody binding tests andestern blding

testy. Electrochemicakensors can providgood performance to these methods and can be more
suitable choice for integrated operatiph$3. Recently, Atamer based protein sensing has gained
muchinterest Aptamers are segments of nucleic acids which can be designed to provide sensitivity
to selet proteinsand can be more stable than traditional antibo@pscificaptamers are selected

to detect a specific protein using Systematic Evolution of Ligands by Exponential Enrichment also
known as SELEX114. An alternative is to use segments of nucleic acids found empirically. For
example,the Insulin Linked Polymorphic region is known to be part of the insulin gene and has

been shown to be selectively sensitive gulim by Jennifer adl. [114].

In this work, Insulin wasensedecause of its importancetime metabolism as well as its relevance

to the longsought closed loop glucose sensing and regulation syBketails of the protocalised

are describedn the methods sectiomue to chemical selectivity of aptamers, these sensors can
have higher selectivity compared to Hanctionalized sensolg.g. those based upon metal oxides

without any functionalization

3.10.1Sensor Design antlesting
Integrated planar sensors similar to the one used for DNA hybridizatperimentsvere used for
this study.Sensors were tested using same AC Voltammetric technique as used in hybridization

testing since the redox specie was same (methylene Bhe)nsulinsensitive aptamer was used
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instead of the ssDNA probe. Solution was spiked with different concentrations of human insulin
dissolved in hydrochloric acidResults showed the sensor provided adequate sensinddujpid
humaninsulin and adequate selectivity compared to other proteins (Bovine serum Albumin and

Human Serum Albumin)l'ypical results are shown Figure57.
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Figure57: Electrochemical Insulin Detection using

Aptamer

These sensors showedar micronolar detection range for insuliwhich covers the range in

humans (normally picomolarThe sensors can be made more sensitive by further optimization of
the chemistry and by protecting the probes from any surface binding or inhibiting factors that may
be present in the experimental setdpnce, these sensors can be usedvivimconditions. Also,

use of nanopatterned sensors can increase the senaitiditgnge of detection.
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Similar to DNA hybridization tests, these sensors showed fast response (ard@hohitites

for detection signal to become stalide} poor repeatability which can be solygdper coating

procedures as well.

Finally, the combination of Atamer basedssayswith enzymatic chemistry can provide very
sensitive detection for many proteins. Such sandwich assays have been developed for sensing

complex proteins like Thrombii15

3.11pH Sensing

pH of blood or interstitial fluids another important indicator of healWariations in pHcan disturb

the metabolism and camsult ina severe problem for people already at risk.(€eiabetics)
Normally, Hood pH stays in a very controlled and narrow range near 7.4. Large changes in this
affects many chemicalreactions and can be very detrimental to body functions. pH sensing
traditionally has been done using pH sensitive coafiags pH sensitive hydrogelsh ISFETSs or
electrodesSolid state pH electrodes can be useful for long term Fusghermore noble metal

oxide electrodes (e.gd/PdO and Ir/Irphavealsobeen used for pH sensing. Since we use Pt as
electrode materidbr our sensors, it was quite desirable to be able to sense pH using Pt electrodes.
Bare Pt electrodes are not suitable for these applications due to interference from other species.
However, forming an inert layer on these electrodes can decrease theseeince effectahile

allowing these electrodes to attatable potentialas a function of solution pH

Different electrochemicamethods can be used fpH sensing We used open circuit potential
measurements to minimize the interference from other soj@cesiydrogen peroxidlevhile being
able to measure orders of magnitude difference in hydrogen ion concentrations owing to the

logarithmic relationship of Nerngtquation Open circuitmeasuremestdependupon the type of
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electrode as well as the solution propertiehe electrodes are fixed, the change is only due to

the solution propertied.o enablemeasurementwithout the need of Ag/AgCI or other reference
electrodes whiclcannotbe used in some harsh environmerntswas desirable to test if both
electrodes ould be Pt based. It seemed plausible that Pt/PtOx electrodes (each oxidized to a
different degree) can be usedntake measurementthis would &0 minimize hydrogen peroxide
interference on these electrod€his interference can also be minimized by physical placement of
pH electrodes away from glucose or similar hydrogen peroxide sensing eled®esidts for a pH

sensor are shown Figure58.

Potential / V

Time / sec

Figure58: pH Sensing using open circuit potential of Pt/PtOx vs. Ag/AgCI

Similar to the DNA sensing, this sensinglisoa strong function of surface properties (e.g. surface
cleanliness). This results in sensor to sensor variatiomsheuse of thoroughly cleaned electrodes
shows pretty stable and repeatable respon&iso, suitable coating materials (e.g. polymers,

polyelectrolytes) can make these pH sensors more stable for long term use.



3.12SimultaneousSensingof Multiple Analyte

Multiple working electrodes can be used to sense multiple specie while sharing the same CE and
RE. For example, ismultaneous sensing of glucoaad insulin can be very helpful in controlling
medication ofdiabetes. Glucose measurements in the brainatsarbe very useful for diabetic
patients.The @me sensors can be d4e measure neural chemistry as it is algood indicator of
personal hedh [116. Similarly, continuous oxygen measuremerds well as pC@and ionic

measurementsan be very useful farontinuoushealth monitoring.

3.13Comparison of Electrochemical Measurement Techniques

We showed with examples that different electrochemical methods eampbeyedto characterize

the responsef different sensord'he llowing table compares these methods.

Table4 Comparison oElectrochemical esting Techniques

Method Test Time Accuracy | Signal Level| Selectivity

Ccv Long ( 1 0 Medium | Medium Medium
seconds)

Amperometry Short  (couple ol High Low High
seconds)

Chronoamperometry | Short (Fraction ol Low High Medium
second)

Chronocoulometry Short (Fraction ol Medium | High High
second)

Impedance Spectroscof V. Long (minutes tg High High Low
hours)

3.14Summary

In this chapterdesign of micro/nano scale integrated electrochemical sensors for different sensing

applications was discussed. It was shown that sucheteperform very well for many applications
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which were chosen as suitable examples here. However, the scope of these devices goes much
beyond these applications. This provides the flexibility to use these sensorsawat@ty of

conditions and environmés.
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Chapter 4 Wireless Powering

As discussed in laapter 1] wireless power transfarsingpowerharvesting is the most appropriate
method for small scale implants. Thlian reduce the size olr integrated systersignificantly
since batteries araften thér largest component§ here are different possible methods which can

be used to achiewgichwireless power transfer. These can be classified as
(i) Mechanical (e.gAcoustig methods

(i) Electrical (e.g. RFinethods

(iii) Optical Methods

The aoustic methods make use of relatively low frequefugy to MHz) longitudinal waves for
energy transfer. Such waves are normally generated with some vibrating body (for example
micro-resonating structure) and intercepted by anothectahel designed fothis purposdq117].
Although these systems can be miniaturized to small sttedee are many technical challenges
(nonstandard materialggrocessingand power requirementsvhich need to be resolvdaefore

these devices can be used atsimall size scalfl18 desired.

The electromagnetic metho@soth eletrical and opticalymake use ohigh frequency transverse
waves.The usefulfrequencyrange spans fromearMega Hertz (MHz) toTera Hertz (THz) and

hence resulting structures can be quite smak electrical methods use lower frequenditis and
Microwave frequencies)vhere the interaction of electromagnetic waves with matter can be
explainedusing electrical models whereas optical methods use high frequency where waves and

matter interaction happen according to the optical properties of matter.



122

In this work, we used both optical and electrigabwering methodsand compare their
performanceBoth methods were optimiddor ultrasmall scale integrated applicatioldectrical

or RF methods have traditionally been used for wireless power trgA8febut for ultra-small
systems, optical methods cparovidea better option due to thshorter opticalvavelengths. Also,

for miniaturization ofpower harvesting subsystem, high energy focused beams have to be used to
transfer power to the systeds optical beams have the attractiability to focus to micron scale
resolution optical devices can be made smaller than electromagnetic d¢tités Another
important design consideration is teficiency to absorb most of this energynd provide it taa

load Optical power conversion efficiencies can be higher than electromagnetic power conversion
efficiencies for ultresmall deices Furthermore, optical systento not need larger metallic
structures which make these compatible with the low frequency electromagnetic medical
instruments like MRI[120. However, the interaction with tissue is much stronger near visible
wavelengtlk than for lower frequency electromagnetic methods. Hence, an overall comparison will
be needed to compare the two systdmgeneral, for very high optical frequencies, the response is
mostly particle based whereby scattering and absorption are the etgsint phenomen For

lower electromagnetic signals, it is mostly thlectric @ielectric and conductivephenomenon
which dominate the respongE21]. For even lower frequeres relevant to magnetic induction, the
magnetic properties of the tissue arere relevantWe will compare these methods in rest of this

chapter.

4.1 Optical Properties of Tissue
The optical spectrum of interest in our application involyeejuency bands near visible
wavelengths This includes,Ultraviolet (UV) region which includes wavelengths below 400nm.

This regioncan cause damage tiwe skin and other tissued he vsible region is 406720nm and
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causes less damadmut scatterand absorbsery strongly. Infrared (IRyegionis considered

from 800nm to 1000nm and near infed (NIR) is 750nm to 2200nfi22.

For optimum performance, the wavelength of the optical signal has thdsen to minimize
absorptionand scatteringn the biological media (skin, tissueadnd maximizing absorption in the
power harvesting subsystemithout heating either of thes&€he NIR regionis very suitable for
such applicationd122 due to the presence of a region of low tissue absorgtoncalled
therapeutic window)which overlaps with suitable wavelengttisat can be absorbed in silicon

photovoltaic devices without creating lotspifonons and heating the silicon substrate.

The skintissuehas quite intricate structuaes shown inFigure 59. There are basically two main
parts,the eidermis andhe dcermis. The gidermis is the top of the skiis pretty thin (hundred
microns)and is subdividd into different layersStratum corneunis the top most layer and has
refractive index of 1 mi&rdns[123. dhe fower laylernisecallsthen e a r
dermis and isfew mm thick (24mm usualland variableThe cermishas order of magnitudess
absorption and scattering than the epidermis. Subgutislypodermis)is belowthe dermis and

alsohas variable thicknesi themm range

1
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— Epidermis

— Dermis

— Hypodermis

Figure59: Anatomy of Human Skif124

This complex structure leads to different optical phen@ngrich asabsorption, scatteripgaind
reflection in different layetsin general, the top layers have higher absorption and scattering
coefficients which decrease as we gatfte lower layers.For skinin NIR, overall absorption is

normally mucHower (e.g. 3dB) compared to scatterirgg.30dB)[125.

In thenear IR, the differences in different type of skin are minimal as the dominant affeétem

water and hemoglobifi2§ . This allows us to use a general analysis approach without having to

go into all different skin type&igure 59 alsodepicts the noimnomogeneity of thekintissue which

shows that it is hard to model with homogeneous parameterghikabsorption coefficient.
However, in practice, each layer is assumed to be uniform and the entire tissue is modeled as a stack

of all these different layern general, the musctessues are simpler and are modeled using similar
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schemes withower number of Igers than those needed for skir27]. Pigmentation of skin
(Melanin) and blood absorption (water and hemoglobin) are important components towards

absorption. Asorption of light ilNIR region inhuman skin is shown iRigure60[12§.
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Figure60 : Wavelengthdependent absorption of difsrt componentsf human
skin (-stratum corneum;Rving epidermis, 3papillary dermis,4upper blood net

dermis,5reticular dermis,&leep blood net dermis anesébcutaneous fat)

Scattering is another importamptical phenomenon for such systemst @adso reduces the number
of photons reaching from source to destination and hence can el tesaf loss mechanism.
Scattering is mainly due to the microstructure of skim tocells, their fine structure (membranes,
lipids), large molecules (proteins (e.g. collageaid small molecules (wateBtc. Scattering from
small elements is Rayleidtke and from bigger wes is Midike. Scattering in skin in near infrad

region is shown ifrigure61[1237.
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Figure61: Scattering coefficients of differefayers of the skin tissue, and fitting

results from Mie and Rayleigh theorig2]

It is evidentfrom Figure61 thatscattering increases with a decrease in wavelemgtthence is low
a longer wavelengths of NIR regiohlence,NIR window is quite suitable in terms of minimal

scattering as well.

Reflectance is also another important aspect. It depends upotyskand wavelength. A typical
results isshown inFigure62 [129. It shows that reflectance is less variable in the irddaregion
around 800nm. This can further be redubgdising index matching substances betwiberskin

and the device.
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Figure62: Reflectance as a function of wavelength in skin (a)

White Caucasian (b) Japanese and (c) black Afiitaf|

4.2Modeling Light Transport in Tissue

For our applications, the mode of operation isfifedd optics which allows ut use conventional
geometrical optics based analy$ter amaterial (e.gissug which is illuminated with an incident
light intensity of }, the amount of light energy #tickness x insidéhe materialcan be modeled

using BeeiLambert Law
Cw  0Q 1€5)

HereU ( B Jhe absorption coefficient of light in timeaterial {issug in units of inverse thickness
(mmY). It is defined aghe distance where at leastor 37% light can reach (rest 67% is absorbed
in that muchthicknes$. This shows that large tissue thickness or higher absorption coefficient in
the tissue leaxlto exponential decrease the amounbf the incident light that reaches thewer

harvesting systenBcattering deviates light from its straight path and hencensidzred loss for
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line-of-sight modelsThe scattering coefficierfts) is the parameter defined to mathematically

include scatteringffect as a loss mechanism as inlthyt transporequation
O "0Q ° 8
O0Reduced Coceaftftiecriienngt 8 i s defi ned ytobscattenngl ude

properties of tissueA parameter g is addeid the modelwhich is called he coefficient of

anisotropyand varies between 0.69 to 0.99 for biologicalues (g=0 for isotropic meai[ 130
t7 p QO ®

The value for absorption amdducedscattering coefficients for different skin and tissue Haymn
be found in literatur¢127]. These numbers can be used to calculate the expected loss of optical

signal to and from the implant.

Due to the multilger structure, multiple reflections happen at multiple interfaces in the skin.
However, the effect of net reflection can be captured usprggerly definedeflection coefficient

under suitable conditionklence, the transmission equation for light camitten as
o OQ op ¢ 18

Her e, i captures the percentage of Il i ght t hat
scattered and is not reflected. More sophisticated methods that take multipt@reflmtoaccount
also exist[13]]. In our case, total loss (both absorption and scattefmmg)Skin in NIR are

calculate (appendixll) to be8.5dB/mm.

There are different numbers in literatures as the absorption and scattering coefficients are reported

to be different possibly due to different experimental setups. A typical example is 20¢B2Gm
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Thewavelength difference between sunlight and monochromatic lighdlsahe areasonlt is
alsoimportant to note that the scattergght can still be gathered bgrge enougtphotocollectors

and hence the efficiency of light transfer can be b#tserwhat is predicted bgquation 4.4 above

This also shows the significanceusfing a collimated light source so that the pattern after scattering
is still such that most of the light can actually be collected by the photocollectors. Also, this shows
that advantage can be taken by focusing light inside the tissue using techmiglaegcsihe ones

used in deep tissue imaging using external scattering elementgugate tissue scatterifg3?2].

4.3 Design of CMOS Power Harvesting System

The costandsize criterionof the system calfor using integrated photovoltaic systeusng same
material set and fabrication processusedor CMOSintegrated electrongc This is by far silicon
although other materials (e.g. germanium and compound semiconductor materials) asediino
some applicationg133. A CMOS basd integrated power harvesting system using these Si
Photodiodes and an external power source (e.g. laser) is sh&iguia63. The exact number and

type of the Si Photodiodes (PD) depends upon the design requirements and system capabilities.

e A ( )
Implant
External Reader
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CMOS|
PD Implant
Control Laser Driver lesar N/ ——— Circuit
Circuit — cMOS Power
— ™ pp | Manager
~
\ J \ J

Figure63: CMOS Integrated Photovoltaic Power Harvesting System



13C

Si is an indirect bandgap material with bandgap energy of 1.1tedn absorb photons of
almost1.1 un and smaller wavelength$he absorptiondepth of light in visible and infreed

region is shown ifrigure64[134.
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Figure64 : Penetration deptim Si and Ge as a function of wavelengti34]

The photogenerated current inside a material depends upon the intensity of lighpatitlar

depth aswell as the efficiency of the material in convertitigat light into photacurrent. This
efficiency is called quantum efficiency. External quantum efficiency (opposed to internal quantum
efficiency) is the relevartermas it is the one that capturd® light conversion efficien¢$35.

The intensity ofight at a particular deptin Silicon alsdfollows BeerLambart law For the infrared

regi on, the absorption depth is in the order

Figure64. The photogenerated curratgnsityfrom a pn junction photovdhic device is the current
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density due to electroole pair generatiorby light. For a monochromatic light, this

theoreticallygiven aq413€
0 RO0O ®

* is Photocurrent densityq is electronic charge, I densityof incident photons (=Incident
Optical Intensity/Photon Bergy) andQE isquantum efficiencyThis equation proposes that to
achieve high photogenerated current, high light intensity as welhgerial with highguantum
efficiencyat the particular wavelength required External quantum efficiency depends upon
absorption coefficient angence s a function of wavelengtbf light. It is basically the conversion
efficiency from number of photons hitting a surface to the number of eldutterpairs
generatedFor Silicon,the quantum efficiencies avavelength dependerior actual CMOS
systemmany different types of devices are possible based upon different typesjohgtions.
Each of these devices exhibits different quantum effici¢h8y] which can be found through

experiments or using efficiency calculations for different waveleri®§.

For most cells with smalparasitic resistance(small leakage currentsshort circuit current
densityand photogenerated curretgnsityare almost equal. In this e&ggshe short circuit current

densitycan be determined from following relationship

O 70 O ® O RGOO U _ T8

The QE in this equation is external quantum efficiency which is a measure of efficiency of

electronhole pair generation and collection to form device curréifte main design

4 Here, it seems more appropriate to work with current density (current per unit area) to avoid confusion with lightwhiehsithgo
uses ks the symbol
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consideration irour implementatioris maximizing the region where photons absa@bed

and resulting electrehole pair can be collected efficiently without being absorbed again in the
material. This region includes the depletion region of timejpnction devices (W as well as
diffusion length of minority carriers in p g and n(L,) regionsfor the total areaof the
photovoltaic cell (A).In equation(4.6), G is the rate of phogenerated electramole pair
generationFor vertical junctionsi changes with depth as ligintensity changes with depémd

is found by differentiatin of light intensity (rate of change of light intensitfor cells with
efficient absorption, it can be assumed t hat
pairs and hence contribute to cell currédéna, total current densitys an inegral from the
surface to the actual thickness of the PV Celle current density can be calculated using simple

photogeneration equations as follows

00 |0 ® &
* O NOQ6m T
Oi o 0 é Qonio Qo T8

Where N=l,/hd and x and x represent the depths where the elechrole pair generation and
collection starts and end (these are found by adding depletion widths and minority carrier diffusion

lengths on both n and p side of tha unction).

This formulation can also be used taulate the external quantum efficiency as following

L MbE 0000
00 o 1 Qouniw Qw
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The open circuit voltage of ampjunction photovoltaic devicdepends upon the short circuit

current density found through equation (4.9) engiven by following relationship

,,TQTQI"YTUI(I) @
WeE W—/— -, T U
n L E P

Here,* Gidithe short circuit currerdensitywhich in this case is equilent to photogenerated
current andb éis the reverse saturation curredensity of the pn junction. This shows that to
maximize the photogeneratetltage of one junction good junction quality (n) andigh light
intensities are requiredAlso, the reverse saturation curremtensity ( ¥ should be as low as
possible Normally, n is higher for crystalline Silicon (as in CMOS) than in commercial
polycrystalline Siliconsolar cells For a loaded photovoltaic device, only a portiom df @an be
provided to a load for a nexero voltageVi,ageqs 2Cross th&eviceas the rest flows through internal

(intrinsic junction diode)This valueis foundby following equatiorj136

3 ITQ{YTL') i (SQO( 3 ('bp’Q B p
n 0 €

In theory, maximunavailable output powetan be given by product of maximum outpottage

(open circuit wltage Vo) and maximum available currefghort circuit current ls). However,

practicallyoperating at this maximuiis not possiblédue to loading effects)n practical casesa

fill factor (FF)is defined tdllustrate the effect of load on the céllis given as

0 W

00 —;
U W

$q

Here, J, and V;, areoutputcurrentdensityand output voltage at maximum power poirtiis FF is

oftenused to define the maximum cell outputerms of cell characteristics as
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The maximum power point is the point when cell is loaded lhasacteristicébad impedance

Y @ ® 0
o P

This shows that maximizing the FF is as important as maximizig@nd L. to get higher cell
output power. FF is maximized by maximizing loaded voltage and current by decreasing the
amount of photogenerated current not converting into cell output. This requires optimizing cell
geometry as discussed in next section. Finally,can define conversion efiiéncyat maximum

power pointas

This analysis shows that to achieve maximum output power, designer should try to maximize the
FF, open circuit voltage ) and short circuit currentJ The wavelengtrand device material

should be chosen to have maximum quantum efficitmeghieve this

4.4CMOS PV Design
A photodiode generate photocurrent when illuminated by light of right photon energy. The

equivalent circuit of a diode under illumination is showifrigure65.
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Figure65: Simple Equivalent Circuit of a Photodiode

The current source represents the photogenerated cuftemtdiode represents the intrinsic
junction diode with drift and diffusion currents due to the Hnilpotential and the thermal
kinetic energy. At open circuigll the photogenerated current flows through the intrinsic diode in
the forward bias direction and generate an epmuit potential determinedy its I-V
characteristics. At short circuit, aliff the current flowghrough the shorand no current flows
through the internal diode. At an intermediate level, some of the current flows through external

terminals through the load and some flows through the internal @gdation 4.10)

The desigmof the CMOS PV devices involves optimizing the junctions which are designed for
electronic use such that these can provide best possible photovoltaic resgunggpel of
junctions are both lateral and vertical in standard CMOS and only latenashSOl CMOS
processesSome standard CMOS processes have only basic N and Pwiadleas others have
both standard and deep N and P WHIS. Optimizing the Photovoltaic power hasting for
different applications needs different design methodoldgy. example, m@ximizing current
requiresmaximizing the photogenerated electiuole pairs and collecting thes#iciently before

recombination can happefhis normally means utilizingnaximum area for device which is
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normally achieved using one device to avoid amstedspacebetween deviceHowever,
maximizing voltage calls fousing best photodiode junctions asthckingthesein series
Furthermore|t is also important to matcthese to haveimilar characteristics whichequire

having multiple smalledevicesthan onelarge device For CMOS, the materials are chosen by

the foundry,the user can only make the suitable choices of structure désigmaximum
possible efficiencyHowever the wavelength selection here is limited by the optical properties of
the tissue. Given this limited range, the designer must choose the wavelength with maximum
guantum efficiency to get maximum efficiency of the PV cell. Alternatively, if the lgagéh is

fixed, we should choose the rightpdiode structure to get maximum conversion from incident
photons to electrical current. The optimum structures for the Photovoltaic devices were custom

designed since the CMOS proceis nothave any suitabliyouts.

Also, the CMOS devices have a stack of insulators and metals on top of the actual Silicon area.
These metals are used for interconnects while the dielectrics are usedhsiaation and
planarization of each laydd5]. In our designs, the metal contacts are optimized to caver
minimum area since the photocurrents are normally small and hence the deetads face
electromigration problems. Secondly, the top insulatayer was removed during the CMOS
fabrication process from some devices while it was kept on some tiitesre its impact. This can

affect the interference pattern from the dielectric stacl appears as a ringing in measured
guantum efficiencie$13§. Results showed that the devices without the top insulation performed
better (higher currentspince the device will be coated with some biocompatible polymer at the

end and also the diodes are pretty robustdiies notreate any issues for the photodiodes.
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The types of photodiodes available in a standard CMOS pratesg with approximate

junction depths are shown kigure66 and their equivalent circuit Figure67.
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Figure66: Types of Junctions in Standard CMOS
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Figure67: Types ofJunction Diodes in Standard CMOS

This shows thathiere are different devices available lie tCMOS procesand careful selectien

need to be made for optimal performance. In general,-fhelidoes are expected to have better
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spectral response cpared to the m diode due to higher electron mobility and lower hole
mobility [13€. Also, low doped regions have low recombination rdtasyer minority carrier
diffusion lengthsand should perform better than highly doped regions. Furthermore, each type of
junctionis expected to have slightly different quantum efficiency and hence different responsivity
(Amps/Watt) to light. A comparison between different photddg from literature is shown in

Figure68. It seems that for maximizing current, the nwgeltructure is the best option.
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Figure68: Photoresponsivity of differentpdiodesin CMOS[139

An issue withthis type of standard CMOS in achieving higher voliagae common substratieat
causes problems in stackimghotovoltaic devicesFor series stacking, none of the possible
n+/psubstrate,-well/psubstrate and p+imell diodes can be usedealio the parasitic buried diode

structures as shown Figure 69. Here, an important point to note is that the CMOS substrate is
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normally pdoped and hence has to be connected to lowest potential in the circuit for proper

operation of the transistors.
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Figure69: Effect of Parasitic Devices on Diode Stacking

Different solutions have been proposettiuding the use of extra devicesdompensatdor the
substrate leaka@®4(q or theuse of DGDC converterso boost the voltagé41]. However, most of

these methods take too much area or use complex cireuiitish increases systecomplexity and

area requirementdNe decided to usdhe deep well type structures since these are used to
electrically isolate different parts of circuits form each other by isolating their subgtrates
application[45]. Furthermore, suchvells can also provide more -p junctions which make it
possible to stack more devices in series for high voltage operations. Deep Wells are becoming
more available in the CMOS processedl drence are standard design components in our
applications. For a standard CMOS process with deepll, different types of doped regions are

availableasshown inFigure70.
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Figure70: Types of Junctions in Deep-Well CMOS Process

In general, P substratshould be connected to the lowest potential in the circuit which would be
the cathode of the last photodiode in the series. With this constraint, stacking of twadiddbs
arrarged using different topologies. However, as we wanteddrive a vertical cavity surface
emitting laser(Chapter 5) with the CMOS PMve wanted to generate more than 1.5V and hence
t wo didoes st ackiimg deapawelisbcreates alettricaisolatian rbetween S
devices, the part of substrate inside the wells acésbasly terminal for the MOSFETinside the
well and hencghese neetb beconnected to lowest potentiavailable in the system. Hence, the
entire P substrate no longer needs tedimnected to the lowest potential aoh @ctually be used

as part of thephotocollectors The circuits are designed inside isolated wells and their
corresponding wells become their bambntacts Preliminary test on a simple ring oscillator in this
techrology showed good isolation as desidddwever, it is important tmmeasurdhe effect of such
topology on circuits to see if the isolation is enough or not for the desired applietiare three

didoes could be obtained usitigtopology shown irFigure 71.
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Figure 71 . Connections and equivalent circuit thiree photovoltaic cellspowering integrated

circuit

The actual die diagram of this implementation in TSMC 0.25 microns process is staguray2

Figure72: CMOS photovoltaic on die utilizing deepwell based devices

Optical testing under laser illumination revealed tteg optical output voltages generated were
pinned to around 8.V after stacking these deep well devices. From these resultieweépeda

revised model which takestinaccount the ffect of stray (Parasitiajevices, as shown Figure73
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Figure73: Parasitic BJTs in deep-Well CMOS

The most important realization here is to take the parasitic BJT structures (both vertical and lateral)
into account. An importantesultis thatthese BJTs leak currerd the substrate and decrease the
percentage of photocurrent available to ldddnce substrate leakage is still an isstgen with

deep Nwell based CM@ processes ai$ drains the current away from thedevices.Substrate

leakage also appeared in limgithe current of the stacked devices even when large photocollectors
were used. This is because increasing the area of the actual diodes also increases the area of the
buried parasitic devices as wellchieving very large currents is not possible witis topobgy for
reasonably sized diodes, attd best solution is decreasing the wavelength sdigfmitdoes not

reach the stray elements and hence these stay off. However, since we have to operate in the NIR
region and since the parasitic junctions aoé very deep in Silicon; this is not a viable solution.

Also, metals or other structuresmnnotbe usedto block light as these parasitic devices exist

underneath the actual photodiodes.
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Anotherproblemexists instacking the photodiodes series to gehigh optical power output.

Since these devices are similar to current sources,dineents have to be matchéa a proper
series connectiorOtherwise, the lowest current forces other devices away from their maximum
power point. Howevedifferentdidoes connected in the stack have different leakage iasdeis is

hard to design these to have equal cureeptiori asthe actual photogenerated current that they
produce is not simply proportional to their area. This candbeedby doing an array ofeabigns

each timdor dynamic (ruatime) matchingbut is notvery practical Another method can be to only
stack similar types of devicelsut thisis not possibleas shown with the model befofRecursive
designsenables uso achieve sufficient matchirtgetween the devices to achieve enough current to

power the electronic system wirelessly.

4.5Testing and Results

The load curvevasmeasured by using a Keithley source meter as a sink to draw variable amount of
current from the PV device and measuring theltiagwoltageas well The results for single diode

as well as for the stack are given in tableThe devices showed the exponential behavior of
illuminated diodes as expecte&slimmary of the Open Circuit Voltage and short circuit currents for

different dode structures as well as their series stack are given in table 5.
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Table5 llluminatedcharacteristics astackedCMOS PhotovoltaicDevices

Diode Open Circuit | Short  Circuit | Short  Circuit | Short  Circuit
Voltage Current (d1) Current (d2) Current (d3)

Deep NWell 0.75%v 50uA 200uA 500uA

Substrate 0.6V 250uA ImA 1.5mA

Surface 0.7v 40uA 150uA 375UA

2 Diodes 1.1V 30uA 110uA 230uA

3 Diodes 1.5V 25uA 75UA 120uA

Here d1 denotes surface diode of 35@fum, d2 represents surfadiede of 2700um100um and

d3 represents a surface diode of 5006@0um.The FV characteristics of the stacked photodiode
were used for FF and efficiency calculatiolhgs important to emphasize here that the cells are not
always used at the maximum powmint. These are used depending upon the requirements of the

load which can be low current, high voltage or high current, low volédge

The current mismatch effect also manifested during testing. |d%er focusing location for
maximum voltage and maximum current were slightigalignedfrom each othemwhich is most
probably due to the fact that the smallest diode has to receive most light to be able to provide high

current. Howeverthe maximum voltage pat represents lower current from the system which
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pushes other didoes close to their open circuit poterifials mismatch can also be due to the
incident laser whicldid nothave a nicely collimated beam. Use of a better laser or a power LED
can be bedrin this scenarioWe have recently acquired a power LED along with a driver circuit to
do testing with it for a comparison. There are ofiR powering systems which can be used as

well for comparison.

lluminated Characteristics of CMOS Photovoltaic
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Figure74: |-V Characteristics of stacked Photodiode (d1)

The FF for the entire device comes out taabeund 48% and efficiency around.8% (appendix
III). This efficiency calculation was done based upon the area of the PV spdtieongh these
numbers are lowethan what is expected from silicon PV devices (FF can be as high as 80% and
efficiency around30%), these devices need top metal for contacts and aresudfeoing from

leakage and mismatch effeckeeping these limitations in mind, these devices agtpaitformed
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pretty well and the resulting power is sufficient of most low power circlitese devices

provided highest reported voltage for integrated PV devices without the needE BGhverters.

It is important to emphasize that the received po{met the efficiency) can be increased by
focusing the light more. The results by focusing the light are giva@mlite 6. It was noticed that
further enhancement was also possiblg the intensity was higknoughto cause damage to tissue

as was noted byamage to different dielectrics (e.g. thin FR4 stryzed for testing

Table6 Effect of Laser focusing on performance of stacked PV system

Diode Open Circuit | Short  Circuit
Voltage Current (d1)

Deep NWell 0.8v 70uA

Substrate 0.6V 350uA

Surface 0.7v 65UA

2 Diodes 1.1v 45uA

3 Diodes 1.5V 35uA

Another test was done to compare the photodiodes with different geometigtseiee the optimal
geometry from the different possible geometries showrrigure 75. It is evident that the

distributed structures with higher peripheral areas around-thgupction provide higher current
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due to higher percentage of electtayie pair being able to be collected at the device terminals.
This also shows that using therliby diodes as photovoltaic structures will result in-gptimal
performance. Finally, it should be noted that further optimization using rigorous mathematical

modeling using the CMOs process parameters is also possible and can increase system efficiency

even more.

D2 D1
Nwell
NWwell P/ P+
PP+
D3 D4
PPt i
NWell Nwell

Figure75: Different Photodiode Geometries

The results from the comparison are listed@ale 7.
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Table7 Photodiode Geometry Comparison

Diode Open Circuit | Short Circuit
Voltage Current

Surface §D1) | 0.7V 35UA

Suface 6D2 | 0.6V 41uA

Surface(SD3 | 0.63V 44uA

Surface D4 | 0.6V 50uA

4 .6 Effect of Tissue on Power Transfer:

A piece of chickerskin andtissue(around3mm thick)was placedbetween th&€MOS chip and the

power laseto see its effect on theceivedpower. It was evident that tissue absorption, scattering
etc. will have a negative effect on the performance ofptietovoltaiccells. This was observed

from the results as welk is difficult to relate these measurements with tissue paeasnet human

skin as described earlier in this chaptelowever, it was evident thabhtroduction of tissue
substantially reduced the power output of the system (around 70% reduction in performance).
However,it is also important that the experiment was donariextreme case (2mm thick skin
along withlmm thick tissue). Also, the larger diodes shoumter percentageeductionthan the
smaller diodesThis is possiblydue to thereducedeffect of scatteringpn bigger diodes than on
smaller diode. It is alsoimportantto note that these readings are consistent with the transcutaneous

datareportedn literature[142]
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Diode Open  Circuit | Short  Circuit | Short  Circuit | Short  Circuit
Voltage Current (d1) Current (d2) Current (d3)

Deep NWell 0.65v 20uA 80uA 190uA

Substrate 045V 100uA 600uA 750uA

Surface 0.55v 15uA 60uUA 130uA

2 Diodes 10v 120A 40uA 90uA

3 Diodes 12v TuUA 250A 60uA

It was also observed that a thicker piece of tissue had more effect than a thinner slice. Furthermore,
tissue with skin had more effect than bare tissi@mvever, the P\system still showed adequate
performance for most of the applications if appropriate low power electronics can be designed.
Moreover this effect can be minimized by using some integrated focusing mechanism and also by

using wavefront shaping to improveetfocus inside the tissue.

4.6.1Thermal Effects

Since the photons used have energy higher than Silicon bandgap, the extra energy is converted into
heat. For high illumination levels, this can increase the temperature of the photodiodes which

increasethe nt rinsic diode current and can decrease

built-in potential is noted to b&€mV/°C [136]. This was observed in our exjmeents by continuous
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testing of the photodiodes for long time (few hours). However, in actual applications, the
illumination will be for short durations and hence this effect may be neglidilde, the tissue

around the device caot down to body tempature if the temperature is ngevated too much.

4.6.2Effects oNonruniform Illumination

For PV systems witmonuniform illumination, any diode receiving minimal energy becomes the
performance limiting pointdowever, as our devices are quite small antisage scattering spread

light, the possibility of this happeningleveri n our case. Hence, it wasngc
case However, it was observed that the focus for maximum voltage and maximum current outputs

from the stacked devicesaw different from each other. This was possibly due to current
mismatches between devices resulting from-maiform illumination as well as inherefeakage
phenomenon as described bef@er power laser had a namiform output beam and replacing it

with a laser with more uniform beam can also decrease this effect. Use of an LED can also help as

long as the viewing angle can be small to focus maximum energy on the implant. Also, for high

power LEDs, caution must be used to avoid constant UV irradiation skithe

4.7 Compound Semiconductor Photodiodes

Direct bandgap materials can absorb/emit light just by absorbing/emitting photons. Hence, these are
more efficient for both light absorption and producti®@aAsis a direct bandgap material and
hence is more efficient fophotovoltaic power generation than SilicorCommercial GaAs
photodiode arraysrom ULM Photonics[143 were tested as PV cell3hese devices were

assembled into multiple diode assemblies chip carries using wirebondingAlthough, hese

5 Assembly performed by Akram Sadek and Muhammad Mujg&tahman
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devices provided high open circuit volta@e8V from eachdiode), thar voltage dropped very
quickly when a load current was drawh.seemed that thesievices wee designed as efficient

photodetectors rather thagfficient Photovoltaic devices and thelVI characteristics were not

suitable for powering applications.

4.8 Silicon-on-Insulator (SOI) based Power Harvesting System

SOl technology provides inherent isolation using trenches created during the CMOS fabrication
(shallow trench isolation). Hencseriesstacking of diodes is not a probless long as the resulting
voltage is below the dielectric breakdown for the trench isolation material (much higher than the
voltages needed in implant applications). HowgtleSi absorption area is smaller due to the very
thin nature of the top active Silicam such processeslso, only lateraljunctions wee used since
vertical pn junctions are not available in such technolodiesto too thin Silicon device layédne

metlod will be to increase the path length of light in Si by scattering and/or reflecti8@Iit.

devices were designed in180 nmprocess from S Microelectronicsprovided through the CMP

service.
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Figure76: Different regions in Silicoron-Insulator CMOS
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The top Silicon is only around 200nm thick in the process. Hence,-phstwption would be

very low. However,same lighttrapping methodsan be used tlurtherincrease device efficiency.

A simple metiod is using the top metal structures as bottom reflectors and using backside
illumination. For this, the thick handling substrate on the back of the devices needed to be etched.
Etching was performed using aligned backside lithography and gas phase @ishiggXenon
Difluoride). The silicon oxide insulation layer was used as etch stop. The resulting structures are

shown inFigure77.

Figure77: Backside vew of SOFCMOS after Etching

The devices were tested using backsitlenination and front electrical contacts. Due tonthi
structures, bigger photodiode arra§@b0 micron x 250 micron) were usedto achieve high
photocurrentsOptical measurements wetlené on these devices using the same power laser as
used for standdrCMOS. Howevesince these devices were very thin, heating due to permanent

exposure caused damage to the devimelighly focused power lasefhis was mitigated by using

 Measurements done by Dvin Adalian
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pulse mode testing employingNewportelectromechanical shuttéopen for40 miliseconds

every 1 minutg

The maximum voltagérom a stack of four diodes was found toh85V and maximum current

215 microamperes for pulsed operatsomd 2.91V and 51 microamperes for continuous Mmool

in air. Efficiency was calculated to be ara 9.6% for constant exposure and arour@1% for

pulsed mode operatiokfficiency is lowfor these devices because of the thin silicon absorption
region.Al s o, the effect qbutcanbe assuenedlticabs thé dJamelfae same t e s t
power source as in standard CM@S. new SOI technologies are emerging with more and more

Silicon thickness, this process can easily achieve higffmiency and can be used in many
applicationsespeciallyneurd implants where high data rates are needbed only when actual

neural activity happens so continuous communication may not be needed.

An importantobservationvas made from the SOI devices is thgiilar postprocessing can be
done toisolate the diffeent structures in standard CMOS. This can provide thick light absorbing
regions which are isolated from each other. This can result inHgh voltage and high current

and is currently being pursudgF coils were also designed in this SOI technologyérformance
comparison. However, presence of fill layers from the fabrication process has created difficulty in

testing and we are currently trying to find methods to test these structures.

4.9 Safety Issues

Both irradiative and conductive heating can happéhesesystens. Human ellsare known to
sustain ugo a 4C temperature changeto41°C) but higher temperatures will increase the
likelihood ofcell deaththrough necrosigl44]. IEC 60601 standarntdicatethat cells can withstand

41°C for longdurations 42°C only for eight hoursand 43C for four hourg145.The actual
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temperature risdepends upon the locatias some parts okim are cooler than othefEhe

American National Standard Instituteds standar
(MPE) guidelines for exposure to optical fields of different wavelerjg#§. For reference, total

NIR exposure in sunlight is 50mW/cnf@ut of total 200mW/cm2)The maximum permissible

exposure (MPE) in NIR region depends upon area of exposure (eye or skin) and duration of

exposureA graph of the MPE allowed by this standard is showFignire78.

MPE for Skin exposure in NIR region
40 T T | I T T

W
&)
T

| —0.1seconds exposure
| 1seconds exposure
——10seconds exposure

W
o
T

N
(&)
T

MPE (mW/cm?2)
a3

—
]
T

0 ges5 07y 075 08 08 09 095 1 105 11
Wavelength (microns)

Figure78: MPE guidelines for Skin exposure in NIR

It is important to note thahis standard is a guideline for keeping the temperature beftwird all
conditons and has large safety margidswever it does notake into account the cooling
mechanisms for vivo tissue (e.g. blood perfusion) if the exposure is on a small area. For example,

a 789nm laser diode using a 1mm diameter optical fiber was shotestdmm thickin-vivo
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tissue a.95x10" °C/mWicnf. For the 4C safety range, one can use intensity as large as

13.5W/cni compared to the MPE value of 316mW7dit44. We performeda numerical
simulation to test the effect of 800mW/rfifor a short duration of 1 second. Thimple COMSOL

smulation showed that the temperatusewas within the safe limits as showrFigure79.
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Figure79: COMSOL simulation of tissue heating due to laser exposure

Also, pulsing can be used to keep the temperature increase within the safetyf limidsher form

of heating is due to the thermal contact (hence conductive heating) between the opticahmeitter
tissue during the emitter operatiorhis can be easily avoided by using proper packaging of the
junction so that iloes notome in direct contact with the tissi@r external power laser (or LED),
this limits the distance the closest the deviae lma brought to the skin surface without increasing

the local temperature beyontsafety limit.

4.10Electrical Power Transfer

Electrical power transfer cgrovide an alternative to photovoltaic poweririche circuit model for

an electrical power transfeystem is shown irigure80.
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Figure80: Electrical Power Transfer System

Electrical power transfer using lower frequemdgctromagnetiavavesis classified basedpon the

distancebetween the source and the receiver into following three categories

() Near Field (NorRadiative) Mode
(i) Midfield (intermediate) Mode

(iii) Far Field coupling (Radiative) Mode

The near fieldnodeuses strongly coupled systems in close proximity to each dttlean be done

by electrodynamidmagnetic field) coupling, electrostatic (electric field) coupling or evanescent
wave coupling.The field from the source is strongesttive nearfield region and hence most
efficient energy transfer is possiblEhe exact rationshipbetween Electric and magnetic fields as
a function of distances complex in the nedield region. Both the electric and magnetic fieldsy

very rapidly (1/to 1/F) and hence the electromagnetic energy vamegrapidly as a function of
distance from theourc§l147]. Due to the physics of electromagnetic induction, this method is also
a strong function of alignment between the transmitting and receiving struidggsin the far

field, electric and mgnetic fields decay linearlyith distance and hence tReynting vector (field
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energy) decays as square law. Hence, the exact distancecistiesisthan neafield. However,
the energy transfer iswer due tothe smalletenergy density related withe fields far away from
the sourceThe farfield methods are a bit more tolerant in terms of alignment between transmitting

and receiving structure$n the midfield regionfield energyand alignment requirements are

intermediatdbetweemear and far fig.

FarField methods are more suitable when efficient antennas can be designed at the wavelength of
interestto have high directivity; iherwise the efficienciesf power transfeare relativelylow. Due

to the higher frequencies involvedhe on-chip area required foimplementingfar field methods
(e.g. antennasgan be smaller than that needed fear andmid-field coils. However, higher
frequencyalsoresults inlower efficiency due to high tissue lo§$49. Such high frequency far
field methods provide very low power even if relatively large (but stilhgatbelength) antennas
are usedor even slightly deepmplants For example, a 1/8 wavelength emta (8.6cm in MICS
band, 433MHz) and a halfavelength (30.5cm) antenna could transfer egdBm between them
in air. In tissue the situation will be even wold&(. Hence, RF powering is only viable for
implants which are sitated close to the skin surfacddowever, the advantage of existing
infrastrudure at these frequenciesong with lowpower circuit designcan be a very interesting

combination and is being explored currently.

Normally, near and midield coupling basednethods are more efficient than far field based
methods for ultramall scaleimplant applications. For nedield methods, frequencies near or
below 10MHz arenormally used due to low tisstess [151]. The nearfield power transfer
methods have high efficiency if strong magnetic coupling can be achamséd the case in

transformersand sufficiently large coils can be made to intercept the magnetic field energy.
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However,in small implantssuch inductive coupling hagry low efficiencieslue tosmall coils

and low coupling resulting fromonferrite core (air and skirij implant applicationsEfficiency

enhancements are possible if the coils can be resor@ntpted[157. Such esonantcoupling

basedmethods have been increasing in popularity in powering consumer electronics and even

vehicles[153. They can providegood performance when the conditions are not suited for simple

magnetic couplingjl47]. A comparison of these different methodgligvided inTable9.

Table9 comparison of Electrical Power Transfer Modes

Method Frequency| Off/On Chip | TX Size| RX size Power | Efficiency
(Diameter)| (Diameter)| Transfer

[152 Indudive ~1MHz Off-Chip 4cm 2cm 242mW | 30%

[149 Inductive 8.75MHz | Off-Chip 5.9cm 3cm 80mwW | 20%

[59/Resonant Coupling 20MHz - 1l.4cm 0.4mm 0.46mW | -

[154 RF 50MHz Off-Chip 7.6cm 12cm 56mW | 11%

[55] RF 2.4GHz Off-Chip - 5mm 1.1%

To understand the tissue response to electrical powering, it has to be modeleah weiggrical

circuit model Tissue is electrically modeled adossy dispersive medium as it has both dielectric

and conductive propertieghe commonly used model for such media is the Debye relaxation

model[121] andis given as

R

R ZR b

Here,f is operating frequenciHz),

constant of the tissya nd U

[159. From the model, it is evident that low frequency losses are mostly due to conductivity
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whereas high frequency losses are mostly tdudielectric phenomenofi5€q. Similar to the

optical power transfer, a model for wave propagation inside tissues can be made. The dielectric
constant in equation (4.14) allows this model. However, the analytical solutions are quite complex
and numerical simulation®.g. FDTD)are nostly done to find the absorption depth and power

inside the tissue.

For resonantly coupled power transftre operation of #asystencan be explained ke theory of
simple coupled resonatofd57]. A simple lumped element analysis is followed to ustind the
system better. Replacing the simple matching schemes with high frequency magtvoidkscan

help use the results of this analysistimh frequencyystems as well.

A passive electrical resonator consist two different energy storing element€. , an inductor
and a capacitor. Practically, there is alwapsenergy dissipatinglement Kesistoj due to finite
conductivities of materials used. These elements can be connected in serigaraliel. Aseries

circuit being powered with an AC sourisesshown as an exampleFigure81.

C1
R1 |

L1

Figure81: A typical seriesRLC Resonator circuit
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The current in this circuit depends uptire frequency due to the frequency dependence of

capacitive and inductive impedances. A typical respiansigown inFigure82.
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Figure82: Current inseriesRLC resonator as a function of input frequency

The frequency for maximurcurrent amptude corresponds to resonance condigiean by
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The height and sharpness of the pgalkectivity)is given by alimensionlesguantity described as
the quality factofQ). It is the ratio betweethe reactive impedance (either inductive or capacitive)
at resonance artie resistive impedance of the system. It is basically a measure of stored versus

dissipate energy in the system or the bandwidth of the system.

" At high frequencies or for other topologies, the expression is diffarehican be derived analytically using ratio of

energy storing oer energy dissipating factors using S gpafameters
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This shows that the magnitude ariven resonant frequency depends upon the value of frequency
dependent parameter®., capacitive(X.) and inductive(X,) impedances. The quality (i.e. height)

depends upon the energy dissipating element i.e. tistoress well.

The theory of coupled resonators proposes that the transfer of electromagnetic energy from one
resonator to the other is maximized when these are resonantly coupled. This means that the primary
(external) and secondary (implant) circuits Widobe matchedo have the same resonance

frequency.
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There are four different configurations possible regarding the series or parallel arrangetment in

primary and secondagjrcuits A series resonant circuit is mostly used in the prinaaug ve also

usedit for simple PCB based desigdowever, a parallel topology is better for matghnetworks

for high frequencpl5§. For the secondaryircuit, a parallel configuration is also better since it

increases the effective resistance of secondary when seen through primary which increases the

power transfer efficiencj15§. Simple cpacitive matching is optimal ofie CMOS chip due to

higher quality orchip capacitors compared to -ohip inductors. For external dev&emore

sophisticat ed ng,nétworksrcande bsedr basedaupan ldeésign requirements of

bandwidth, areaetc.[156.
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The coupling between the primary and secondary circuits is quantified using the coupling
coefficient. The ratio betweemctual coupling (also known as mutual inductance) raagimum
possible coupling is callettie coupling coefficientFor optimalpower transferthe coils need to be

critically couplal and thecoupling coefficient has to be lardmit notveryclose to 1

O

® X

0noi

Our analyss of the resonant system assumes simple lumped element model for simplicity and

follows the analysis ifil59 and[160. The model used for this analyss shown irFigure83.
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Figure83: Circuit Model for Resonant Power Transfer

The Voltage transfer ratio is a function of inductance of coils as well as the quality factors
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Here, Yp and Ys are diameters gbrimary gransmitting and secondaryréceiving coils. Np,

Ns are number of turns in transmitting and receiving siBles. AC power, the resistance after the
diode (P) is replaced by a resistor with equivalent power dissipafi@suming rectifier with
100%efficiency, R=R/2 (rms value)Including the effect of resonandead resistancis given as

10

Y
Y

& T

The total resistance ithe secondary circui{Ry) is then the sum of internal resince of the
secondary inductor gRand the load resistan&g. The power transfer efficiency is then calculated
from power ratios in the primary circuit with equivalent reflected resistance of secasdstipwn

in following equations

Thebest casefficiencyis achieved for optimal load given by

0 i

p lonvoui
I onoi
- ———— 8 p
p p lonoi

It is important to emphasize that the acefficiencydepends upon the actual load and can be much

lower than the optimal efficiency. Also, efficiency will be higher for more coupling and narrower
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resonance theenegtrarférsat)the eesonance will be highest. This also signifies
that without reonant coupling, efficietes will be very low in standard inductive powerifigw
Q). Forthecompletesystem, the efficiency is further reduced by multiplying with the efficiency of

nextblocks in the power management system (rectifier and regulator).

4.110ptimizing Electrical Power Transfer

There are many factors which affect the system performance and needs to be carefully Bedected.
distance between coils and their relative position affects the amount of coupling. For optimum
operation, the receiver kshould beplaced as close to the transmitter as possible and should be
within the maximum field regions of the transmitter based upon its field pattern. For ex@mple
planar spiral coils, it should beithin the circumference of the transmitter rathiean in exact
coaxial alignmenf159. Angular msalignment between the it®also affecss the link efficiency

[148 due to field interaction with the receiver structure. As noted befayle, @0 aregood for

high efficiency.However, bwer Q provide better performance in casé mismatches between the
external and internal coil©f coursetoo small Qualues makéhe receiver voltage dependent upon

the changes in the load resistarjdél]. | n i nt egrated <circuit coils
10) [167 due to limits on metal thicknessd other losses which makee design challenging
especially at very small scaleSince the systenshould be resonarih presence of complex
biological media optimum tuningcan beperformedby dynamic matching impmented at both
source and loadl63. Howevera simple approach is to incorporéte effect oimismatches due to
tissue in the external device to make the implant design easy. This can l#dogehe implant

read outexperimentally by changinghé¢ matching capacitor in the external devacel hence
keeping the internal device simpléie use this approach andraesultsshowthat reasonable

matching can be achieved using this metleodn when the device is insitiesue.
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4.12Implementation of Eledrical Powering

Electrical powering was tested using different devices to get more insigtiteéttadeoff involved
in the system design. The purpose of these tests was takeanthe optimization parameters
which can then be applied to the-cip design toobtainmaximum efficiency. This is described in

the followingsection.

4.12.1Prootf-of-Concept using Discrete Coils

Discrete coils made of a 20 AWGIre were used to test the system parametersterelffect of

saline solution on itperformanc® An Agilent function generator wassed to drive the primary
andan oscilloscope was usedragad tle secondary. Resonance frequenniezr 20MHz were used

as the system waglite big. Discrete capacitors were used to tune the LC cir€tie coils were
testedin both air and in salt water to test the effent alignmentand power efficiency inside
conducting mediaThe series and parallel configurations were also tested to compare their

performanceThe results from a typicéstare shown irfFigure84.

8 Done by Muhammad Mujeed-Rahman and Sith Domrongkitchaiporn.
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Figure84: TestingResonant Coupling using Discrete

Coils

The results from these system showed thabnance basembuplingis needed for air corand

water core coilgor reasonable power transfer efficiendEsausesimple magetic coupling had

very low efficiencies for such loosely coupled coltsrthermorethere was substantial change in
received voltage in going from air to DI water. As DI water should not have much loss, this was
considered due to loss of resonant cogpbetween the coils. It was assumed that these wires have
thin insul ator s \lidlds from watecdnglatéytWhen $£BS wag aelded tb e

DI water, thevoltage transfer ratiaroppedby 50% at maximumsalt concentrationThis was
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assumedda be due to thehange in parasiticomponent®f the RLCcircuit which affected its

resonance and hence decreased the voltage in secondary.

4.12.2PCBbased Design

Wealso tested coils in PCB technolagly a model systefor the integrated coilss shown in the

schematic irFigure85. The PCBtechnologywas chosen to enable fast turnaround tifoegesting

© D

| l_
: I D
X J_—_ Power
PCB Voltage Management
Unit
L Regulators
Envelop
Detector —
< J

< J c D

4

Free Back Telemetry
Running Unit
Oscillator

.|H_[

Figure85: PCB system for testing resonant coupling

Since bigger coilsvere possiblethe frequencyrange similar to the discrete coils wased in this
case.The6 i mp P@BmaHs5mmxX5mm in size and contairet andwo layer inductorThe
inductor was designed using the planar inducalculator availabl®nline [164]. One andtwo
layer inductors werdesignedRegularFR-4 substrate was used for simplicépd theresonance
frequency was chosen at around 20 MHz to compare planar coils with discretely wounéircoils.
ontboardcapacitowas used ttune tke resonanceand alargerexternal PCB wasonstructeds the
external reader and power sourddest boarcandan integrated board was made for testing power

harvesting efficiencandcomplete system operation.
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The results indiated good power transferair. An input powerof 1W (30dbm)at primary

resulted in a power of 5mW at secondamnglthe power transfer efficiendy estimated to be

around 0.5%. Although it is quite low, it was enough to run the esystemGiven that this waa

very basic desigwith no optimization, the results were quite promising and showed that wireless
powering using suwavelength coils can provide enough power even in the presence of conducting
and dielectric mediurauch agissue in betweerlso, it was found that efficiency was higher for
peripheral alignment rather than when the device was in the center of the transmitter coil, which is
in accordance with literatuf@59]. Furthermore, the feasibility of backscattered communication as

a means of communication from the secondary to primary side was also verified (chapter 5).

An important point here is that although these systems were designed to study the codrdkesign

the effects of misalignmenetc., if designed on proper biocompatible substrates with enough
flexibility (e.g. flexible polyimide), theseowld actually be used for some applications where
extreme miniaturization is not required. Since thicker coppgers are possible in these
technologies, highedp@d s can be achi eved awhichacan allow epsratiboni g h e r
at lower frequencieshat are more tolerant to misalignment and can communicate for longer

distances as well (due to longer wavejths).

4.12.3Silicon Based Gstom Designs

Major difference between the PCBased systerand onchip systems ar¢he conducting silicon
substrate, thin metal films (hence lower Q) and smaller.coiisse effecs were studiedusing
simple inductor®n oxidizedSilicon substrate@vith bottom oxidation remove@dT he inductance of

a planar spiral coils is given loyodified Greenhouse formulel62.
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Here,Q is the average diameter of inductor, n is number of t@ns,fill factor and cn are

functions of geometry. g and d, are outer and inner diameters of inductohas been shown
empirically thatthis formula overestimates tireductance valuby 26%[162. The coefficients for
this inductance formula for different shapes are givefl@&%. A comparison ofnductances for

different shape&iameter of 1mmis shown inFigure86.
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Figure86: Effect of Geometric Shape on Inductance value

Due to the extreme swhlavelength nature of teecoils, bothplanarcoil modelg 162 and
simulationsusing COMSOL software were used to test the effect of different parameters on coil

design.The inductance of a conductor was calculated in COMSOL using following relationship
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Where W,i s t he magnetic energy around theThenducto
simulation results are shown in appendi¥lor understanding the induct
view, it is modeled as lumped elements. There are different models reported in litSizmtyle.

t wo prmdeltfor inductor is given ifil65 and model for CMOS type lossy substrates is given
in[166. T 4medel can work for most of the cases and verified using simulations. It is shown in
Figure 87 . Here, G is the parasitic (self) capacitance of the cod,aBcounts for overall ohmic
losses in metal, jRaccounts for overall ohmic losses in Si substratg, r€presents parasitic
capacitance between metal and substrate through intermediate dielegtitc,c&pacitance of

substrate due to its semiconductor properties (induced polarization effects))

CP
I|
I
L, R
® AN .
= Cox1 CooT
Csil Rt Csi2 Rsi

1

Figure87: Simple Electrical Model of O«hip Inductor{166]

All these values can be found analytically from process parameters (metal thickness, substrate

resistivity, etc.) and their cleed form equations are given [ih67]. In our experiment, &ligh
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precsion LCR meter Agilent 4404A) was used to measuhe approximate resistance, self
inductance and setfapacitanceof the onchip, custom fabricated coils aftdetailedcalibration
proceduresvere done to decouple the probesom the results, ivas noticed that the lag@mall)
turns do notadd much inductance to the ¢dilit only increase its resistance. It was also noted that
the stray capacitance to substred® be decreasdyy usingthicker oxidesHence, processes with
thick dielectric lgers can decrease substrate coupling effects and wmliie abetter choice A

typical custom designed coil on oxidized Si is showRifure88.

Figure88: A Silicon Coil Design for Impedance Testing

Multi-layer simulationsin COMSOL showed the effect of caent direction on inductance
(appendixl). As shown in followingschematicthe direction of current in a spiral caitfectsthe

overall inductance of the coil
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Theresults from discrete caitesting indicated tha highemumber of turns (longer coil), higher
frequency of operation arginalker conductorwidth (to allow for more turnsre general trends for

a good design in aifFor multilevel coils, these should lhesigned to have maximum positive
mutualinductance (same direction of current in adjacent conducfams}her important realization
was that the SelResonance Frequen¢$RF)should be much higher than the desired resonant
frequency to avoid th&negdive inductancé phenomenonThis was especially important for
system operation in water and tissue as it affects theamdicitance which affects the SRF. One
way is to simulate this effect and incorporate it into the dedigh anaccurate simulatiors
difficult. Another methodisesthick top insulators to isolate the resonator from changes in its local
environments. As thick top dielectrics are not available in CMOS, this niesrspecial thick top
dielectric layers need to be coatey postprocessingThese layers can also serve the function of

biocompatibility and hencgo notnecessarilyadd to system complexity.
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4.12.4 Integrated Coil Design

The integrated coitlesign start®y choosing theptimumfrequency and mode of operation. The
choice of optimum frequency depends upon tissue response as well as size and power requirements.
For small (mm scale) implantshe optimum wavelength for transmission through the tissue is
around 1GHZ163. We chose 900MHz as it lies in the ISM band which allows high power
operation withotimuch restrictions. The relative permittivity of skin is around[#88 at this
frequency which results ina wavelengthof around 50mmat 900MHz. For the small size
requirement®f around 1m, we had to design an optimum swhvelength coil structurdt was

shown in[159 that subwavelength systems can harvest enough power if proper matching (tuning)
between primary red secondary side is donidence, wé chose to design a resonantly coupled

system for wireless power harvesting.

As discussed beforehe quality of the resonance depends upon the quality factor of the system. For
integrated coils, a process with thick toptal s desired since it will reduce the parasitic resistance
of the coil and hence improve its quality factor. The thickness should be at least more than the skin
depth at the frequency of operation. Skin depth is defindtbadepth of the conductohere
current density falls to 1/e percent (37%) compared to the value at the surface. It depends upon
material and frequency of operation and is givefia3
T
1 K5

The effect of sk depth on resistance is normally included in resistivity as given by

® Designed by Meisam Honarvar Nazari and Muhammad Mtlje8ahman.
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For Aluminum(most common top metal in CMQShe skin depth at 900 MHz is around 2.8um.
Hence, a process with metal layer thickness near this value would be helpful in regoiaihg
guality coils. Another important aspect about quality of the coil is proximity effect as changing
fields in nearby conductors can affect the field in the et®hce, we designed tieeil at sufficient
distance from other metal structures (e.g.gbesoy found through numericadlimulations(using
Ansys HFSS software)The design could also be tested for its real impedance using the same
techniqus used for custom fabricated coilsoWever it was realized thathis testing would be
difficult due tovery small values anthe absence of appropriate calibration structures at that scale
in the current fabrication ruNonethelessthe system provided adequate performance in power
transfer and hence simulations are considered very accurate in thiscsegaare extensively
used for design optimizatioft. was also found through simulatiotigtlarge number of turnare

not very suitable for internal cojlsspeciallyasit will degrade Q a lot and since the Q values are
already low inthe CMOS processs(around 1620 for most casd462), it was decided to design a
four turn coil for our applicatiorOnly top thick méal was used as it provides much higl@@than

lower layers.

It is alsoimportant to note here thaarefullayout can reduce the effect of proximity conductors and
also decrease the negative effect of opposite currents inothelesign itself Detailed Layout
improvement techniques are listed[t69. Differential excitéion can also help as given [ih7(.
Also, suspending the inductor can also minimizediplinglosses to lowelayers This can be
achieved using wercutting of insulation layerfdl 71]. However, for mechanical stability reasons,

this was not sed.Processes with lower substrate conductivity would be betseictioptions are
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available.Multilevel inductors can alsprovide betterperformancef thick enough metals are

available in more than one levd73.

High frequencydesign and analysis was done with trelp of Ansys HFSS softwarEhe ystem
geometry was designed and simulated in it. Resultipgrameters were used in Cadence to
calculate the coupling and power transfer efficienthe CMOS processhosenwas the
0.18microns process from TSMC offered through MQ®ffering a thick (46 microns) top metal.

A 4turn, 1.3mmX1.3mm coil was designed in the top metal lapdra onchip MIM capacitor
was used to tune the system to 900MHZ3J. Detailed parasiti@xtraction was performed in

Cadence to achieve this tuning in the presence of stray elements (L and C) in the system.

4.12.4.1CMOSResults

The power source for CMOS system is thechip integrated LC resonator. The output of the
resonator is fed to the CMOS powaanagement unit consisting of a three stagedsieién
synchronous rectifier (completely MOSFETSs based) followed by a low drop out regutagor.
power transfeto the chipwvas tested using an exterh& resonator as the wireleggswer source.

The outpts at different points in the power management system were measurearusing
oscilloscope and external load resistarc&ssful power transfer through air, water, PBS, isopropyl

alcohol and chicken skin angsug(5mmthick) was achieved, as sha in Figure 89.
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CMO®evice under Test

CMOS Power Supply Level

Figure89: Wireless Power Transfer to CMOS chip using Resonant Coupling

The systenshowed aroun8mm alignment toleranaan either side (from the center of the external
PCB)which is more than thaiequiredfor optical power ansfer However, nisalignment tolerance
can be improved by using different approacfiE#]. For example by distributing the coils as
much as possible , especially the transmitter oajjenerate even magnetic fi¢ld’y or by usimy

lower frequency (if possible), more robusiyering is possible.

A stable supply voltage of 1.2V was achieved using around 16dbm of power in air and 19dbm when
the devices were immersed in water and 22dbm for devise inside 5Smm thick tissue. The currents
drawn in each caseenrearound 8 microamps. lHee, he efficiency in air is around 0.25 in water
is 0.01%, and through tissue is around @& (appendixlll). Also, this efficiency ighe relevant
efficiency for load as it includes the effects of rectification, filteramgd regulation in itAlthough
the efficiency is low, the transferred power was enough to run all the subsystetiies CMOS

chip.
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In the past, &ctrical powering has beeshownusing custom fabricated MEMS coi7q,
wound wire inductorg177], Printed (PCB) inductorgl7g or off-chip coils[179. An onchip
inductor is designed in 90nm RF procesq1i8(. However,no data wagrovided on power
transfer efficiencyof that system and hence a comparistannotbe made. To the best of our
knowledge, this work ighe first example of using smadicale orchip resonators to power a

functioningmicrosystem.

4.12 5External(Reader)Device

The externapoweringdevice was deghed to be a 900 MHz PCB withmatched coito couple

the energy to the impht andto read the backscattered signBhat system was also designed in
HFSS.The external coil isargerto enhance the mutual inductance by indregisoth its diameter

and its quality factorOur external PCB was characterized using a vector netewoakyzer to verify

its resonance properties. The PCB was connected to RF signal generators and oscilloscopes for
powering and communication. Input power levels (at the primary coil) were measured using a
directional coupler and RF power meter. Output pofsem the onchip power harvester was
measured using different | oad resistors to dr a

output regulator.

4.13RF Safetyand Regulatorylssues

Froma communication point of view, the electromagnetic methodsnare restrictive in terms of
regulation compared to the unregulated optical methods. The regulations are stricter for minimizing
interference in other electromagnetic systems compared with the allowed levels for safe operation.
However, using ISM and otheapproved bands (e.g. MICSRD, WMTS etc.) allows some

freedom in terms of regulatory control on power levels. For the ISM band near 900MHz, FCC
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allows a maximum EIRP ad6dbm while maximum power fed into an antenna can be 30dbm

[187]. These levels are pretty high and our device operated within these levels. However, the other
concern of using high electromagnetic energy is biologicatysaFhese energies can causating

in thebiological tissues beyond the safe linjit82. Both near and far field energy transfer can also
heat up the biological tissues by both conductive and dielectric I@$seguantity that relatebe
electromagnetic field levels to energy absorbed in the body is c@fledific Absorption Rate

(SAR) andhas units of mWI/Kg.

Here,, is conductivity, E is electric field intensjtand” is density. It has to be done over the
relevant part of the body that will be exposed to the electromagnetic eferdgycalized exposure,
|IEEE guidelinesseem taallow up to 200W/rhbetween 300MHz and 3GHAlso, for localized
exposure, SAR isllawed to be as high as 20 W/K$§83. However,FCC hasalsoset the exposure
levels based upon the frequeniogind For examplethe 900MHz cellular band imited to
1.6W/Kg SAR[184]. However, for localized exposures as in our case, the SAR nedds t
calculated and simulated to carefuligderstand the risks involved. For example, it can be done to
see if the temperature increase in any arexégedinghe 4C safety limit for substantial time

periods. Fortunately, full human body models arélavie and can makihese simulationsimple.

It should be pointed out that some other modes of damage from electromagnetic power are also
sometims reported (e.g. from microwave auditory effect). However, these are still ambiguous and

are not regulated alocumented properly. Our experimenlig not create any such effects and
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hence can be considered safe. Also, with iterative designs, the required power level can

furtherdecreasg andefficiencyincreasd making these systems even safer.

4.14Comparison of Power Harvesting Methods
A comparison othe different wirelesspowering methods is provided Fable 10. It shows the
advantages of both electrical and optical methods. This shows that both can be used for such

systems based upon specific requirements (e.g. size, safety etc.).

Table10 Comparison of different methedo power wirelessmplants

Method Size Disadvantage| Tissue Loss Longevity | Power
Density
Battery Big (cnT) | Toxicity - No 10uW/mnt | [30]
Inductive Mﬁgium Interference | Negligible Yes 1.6mwW/mnt | [152
(cnr)
Resonant | Smal(mn?) | Interference | - Yes 3.6mW/mnt | [59]
low freq.
(~10MHz)
Resonant | Small Interference | 0.5dB/mm Yes 10uW/mnt | This
(mn) work
RF Smal(mn?) | Interference | 2dB/mm Yes 12uW/mnt | [150
PV Smal(sub | Scattering 10dB/mm Yes 20uW/mnt | This
mnT) Work

Tablel11 Comparison betweentegrated powetransfer methods

Method | VoltageOutput Current | Tissue Effects | Size Efficiencyin Tissue
Output
Optical No., quality of Area, QE | More Severe | Very Small | 0.001%
photodiodes
Resonant| No. of turns, Area, Q | Less Severe Small 0.006%
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4.15Summary

In this chapter, we provided our results on wireless power harvesting using optical and electrical
methods. It was shown that there are many challenges involved in obtaining high voltages from the
CMOS integrated photovoltaic power harvesters. The elatpbwering results showed that this is
lessof a problem for the resonantly coupled systems. However, results showed that optical power
supply can provide high currents while electrical powering schemes can plowielecurrent.
Realistic testing wagpeformed using chicken skin and tissue to compare these methods in
realistic environmentResults from Silicofon-Insulator based PV systems showed that these can

provide high voltages due to inherent isolatiaut low currents due to thin silicon abserf
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Chapter 5 Wireless Telemetry

Wireless ommunication between the sensor and the outside resadalledWireless Telemetry

This communication ideally needs to be done in both directions; from the implant to outside
(forward link) and from outside to the implant (reverse linkhe type of device used for this
telemetry depends upakesignfactors which include data ratg@ze andpower requirementsn the

case of implantable devigehe size and power need to be as small esilpesThe actual data rate
depends upothetype and number of sensors. For examplesifagleglucose sens, the data rate

is very low(bits per secondOn the other handpf neural implants, the data rate can be very high

(Mbps) based upon numberdafannels being measured.

Both active and passive communication schewwes be usetbr implantswith slow data ratedn

active communication, a signal is generated on chip and is transmitted outside carrying the data. In
passive communication, a signial transmitted from outside and is modulated by the csens
circuitry. For high data ratesctive communication has the advantage of high Signal to Noise ratio
since signal has to travel through the tissue only once. Passive communication has the advantage
low onchip power consumptiosince no signals need to be generated and hence overall size

becomesmall

The options for wireleseommunicationare similar to those available for powering and the
challenges are similaf-or example, @oustic telemetry has been used fsome implantable
applications[117]. However, such linkk normally need high voltagegfor proper transducer
operation and special materials. Also, although tlevices can be miaturized in principle, there
are still someechnical challenges which netdbe resolved beforthis can be achievdd85. On

the other handTelemetry using low frequency electromagnetic wavas beerusedin many
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applicationg58]. Both active and passive modes carebwloyed for such communicatidn.

the passive format, the fact that any change in electrical parameters in one coil affects the other coil
through their mutual interaction is used to communicate between the coils. For example, change in
current(impedare)in the secondary coil generates a back Ebtfangein reflected impedancéi

the primary coil which changes the potential and current in the primary circuit which can be
detected. Even for weakly coupled coils, this can be used for reliable comnamatalow data

rates, especially if digital communication schemes are used. Arraying techniques can be used to
increase the robustness of this technigue by increasing the coupling to the small coil inside the
body. For weak and scattered signals in bagkrhetry,some equalization techniques can be used

for faster data rate communicationhe neaffield communication schemes make use of low
frequenciesto achieve high signal levels at short distances. Tissue loss is also lower for low

frequencies.

At higher frequencies (GHz range), telemetry is done b¥idéd propagating fields between some
radiating antenna structuréhere are many windows in the electromagnetic spectrum which can
be used for radiative transfer of dator small implants, these anteas are normally sub
wavelength and hence are syftimal. However, adequate signal to noise ratio can still be achieved
for sufficiently small implantdocated near the skin surfafsh].The allowedfrequency bandor

RF communicatiorare MICS band and ISM ban@Short Range Devices, SRD in EUYlue to
regulabry issueg$181]. Even within these bandBF links are susceptible to interference from other
systems using same frequency bands (e.g. WiFi, Bluetddsio). hgh frequencies suffdrom high

tissue absorptiofil86. An advantage though is the existence of abundant communication protocols

to make the communication network implementatjaitk
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Optical Telemetryhas many useful properties sdtfor wireless sensofd 87 like lower
electromagnetic noise and smaller footprifite @tical spectrums also unregulated and hence
there is no bandwidth limitatioexcep the fundamental limit of transmitter and receiver designs.
Moreover background noise can be easily filtetesihg optical filtering Furthermoreequalization

is also less critical asptical signals are not limited by tissue scattetngjl very highdata rates
(Gbps) compared to RF where this effect staatsmuch lower data rateld8§. Since channel
bandwidths are higtsimple oroff modulation can be used which keeps power requirement low
since multilevel coding schemes are not requjd&¥]. However, optical communication suffers
from high tissue loss anthe need to integrate extra components capable of emitting or

manipulating optical signatsthe implant

In this chapter, we will compare these two methods (Optical and Electrical) for their performance in

communicating through tissue and discuss the results.

5.1 Optical Telemetry

Optical telemetry uses electromagnetic waves near the visiblewspdogsign of optical telemetry
consists of designing the transmitter at the implant side and the receiver on the external reader. The
general design includes a modulator and laser driver witbpéical transmitting element arad

receiver with some filtémg/focusingoptics, a detectand electronics as shownkigure90.
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Figure90: General Optical Telemetry Link for Implants

5.2 Optical Telemetry Link Design

Optical link design starts with choosiag optimalcommunicatiorwavelength similar tevhat was

done inoptical poweringlf the powerlaser is also used to pump the implanted communication

laser, the communication wavelength has to be longer than power wavelength. Longer wavelengths

also scattelessthan shorter wavelengths. In this case, a detector with starting wavelength higher

than the power wavelength is used for easier filtering of background signal from power laser.

Alternatively, communication wavelength can also be lower than poweslevayth so a detector

with cutoff wavelength lower than the power wavelength can be used. This can be advantageous as

the responsivity of the detector is normally higher for shorter wavelengtinsNHiR.

5.2.10ptical Transmitter

The rext step is choosing thight light emitting deviceLuckily, there are many types of materials

and devicesavailable for this wavelength range. Both Silicon and compound semiconductor

materials can be used for this wavelength region. Silicon is an indirect bandgap matdreaiand

is less efficientfor such applicationsCompound semiconductor materials (e.g. GaAs) are direct
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bandgap materials and hence are more efficient emitters and absorbers of light. Optical
Telemetry links based upon Light Emitting Diode (LE[2P(Q and Laser Diode (LD)J19]]
structures have been demonstrated in literature before. In this wotksttlee use of compound
semiconductor basedertical Cavity Surface Emittintaser(VCSEL) from ULM photonics[143
as alight source Luckily, the VCSEL wasavailable within theherapeutic windo& gransmission
wavelengthrange(@850nm) VCSEL was selected asciin be more efficient than micro LEBsd
Laser didoedor many reasonsThese VCSEE offer very small threshold currenéand one of the
smalest threshold voltages for devices which emit in the desired wavelength ramgber
advantage of laser is higher spectral efficiemtgnce, dow power lasecan beused to reduce the
power consumptianAs a consequence, this would allow smaller pdwewesting systenThese
devices have lower power dissipation which increases their efficiency arsldeadpissue heating
low. Finally, hedr outputbeam is narrow and hence more light can reach a deteithoa limited

angle of incidence. An 850nmGSEL from ULM is shown irfrigure91.

Man WO
268« 46 TiMgap

Figure91: SEM image of VCSElchip from ULM[143
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We tried to improve the VCSEL by etchifigaway the bottom substrate using wet chemical
etching. This would lao help in bonding as it would make it much thinn€he VCSEL

characteristicbefore and after etching are showrrigure92.
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Figure92: Effect of substrate etching on VCSEL

properties

5.2.20ptical ReceiveDesign

The quality of detected signah the receiver siddepends a lot on the quality of thardware and
signal processing used. High quality low noise amplifiers and fittars improve the system
performance a lotThe toice of proper detector is also imfant There are different types of
detectors includingp diodes, g-n diodes, avalanche photodiod@$Ds), Photomultiplier Tubes

(PMTs), and Schottky diodeg197. APDs need very good filtering (due to high intrinsic gain) and

10 Etching was performed by Chidfeng Chang
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large bias potentials while PMTs are bulky. Hencésnpphotodiodes are the best choice
considering quantum efficiencies, respwity and bandwidth.[193. Both regular (no
amplification) Si deectors (CMOS imagergompound semiconduct@nGaAs) and Amplified Si
p-i-n photaletectors were used and their performance was compared. The compound semiconductor
detector(InGaAs) and amplified Si p-n detector showed adequate performaibce the snple
imager shoed poor detectiddowever,the amplifiedphotodetectacame with buikin high gain,
low noise electronics. Hence, this may also be due to the electronics which was part of the package

to amplify the detected sign@s an example, theéark state noise level of the amplified Si detector
is stated as120dBm and noise equivalent power is 3.2k [194 which is much higher than

simple CMOS or CCD imager.

For the actual integrated receigsign, the receiver circuit needs to be custom designed. However,

it is quite straightforward to use effie shelf components to achieve thislow noise high gain
Transimpedancamplifier (TIA) can beused to convert the photodetector signal into aagelt

signal. If the use of multiple components increases naiseustom IC can be designed for this
purpose. Since the data rates are low here, the design is much simpler than those required for high

speed optical communication links. Hence, a simplegdowercustomdesign can sulffice.

Good receiver optics can also help receive maximum communication signal. It was found that
simple focusing lenses improve the capturing area by focusing the incoming photons to the
relatively small detector. For integratedenation, this can be achieved using integrated lenses.
Also, an array detector can be beneficial in terms of noise performance than a single big detector.
Another important aspect of detector optics is filtering the reflected power laser.-Ftoin

experiments, it was found that this was not needed as the reflected signal got diffused due to larger
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distance used in the experiments. However, when these dexocés beplaced closeto the
implants it would be neessary andhysical filters can benadeby coating the detector with thin
layersof appropriate material®\lternatively acolor filter with low absorption at communication

wavelength can also be used.

5.3 Optical Link Capacity

The ink capacity describes how much data rate catrdrmesmittedwith a given error rate limit.
Calculation of link capacity is done by applying inforioat theory concepts to the link and
calculation of signal and noise levels is fundamental for determining the link capacity. There are
many different noise sources d@nr system including noise from background light and noise from

the receiver itself (e.g. dark current, electronics noise). Statistical or shot noise of the detector also
adds to noise by random photocurrent generation in the detector. Thermal noise&létether

creates thermal current and leakage (dark) current which also adds to the detector noise. Thermal
noise fromthe electronics itself also becomes a noise soBirilar to other communication links,

an optical link is characterized by its impulsesponsg189. It depends upon the wavelength,
signal power and tissue properties. This impulse response can then be used to find the response of
the system for arbitrgrwaveforms. We can formulate this using some basic communication theory.

If the receiver collects incoming optical signal usiagplanar absorber of area A having a
responsivity R at the wavelength of detection having a noise current déggity the signal to

noise ratio at the receiver can be defined using the system parameters

Y 0Y 'O WO oo O oty 'Q G

0 0Y O w0 dw Qdw 68
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Here, Hiissue represents the tissue transfer fumatifound by Laplace transformation of the

impulse respongd 89. Hc, represents the effect of receiver design (receiving detector and receiver
optics and electronics). A general closed form of the transfer function for different tissues may be
hard to find due to many ndimearities. However an experimental approach camsbd to measure

it. We used this approach by sending in a known pulse through the tissue and measuring the
response as a function of coordinates at the receiving end. A detailed experiment for different tissue
types and resulting responses have beemntegpin literaturd60]. They determined that the transfer
function takes the form of a Gaussian function for most tissue types. In our experiment, the line of
sight signal was weaker and hence the shape appeared to be skewed Gatighiarmay be due

to refractons at the tissugair interface. kksyewould be flat for a tissue with no scattering and
would only capture the effect of absorption. However, for most tissues, scattering is an issue and
Hissue would capture the effect of pulse widening behaving mee like a filter with finite
bandwidth.This can lead to intesymbolinterference (ISl) as in wireless communication channels
suffering from multipath impulse broadening. While ISI can be a problem for multipath channels,
short tissueslo nothave lots bdelay between different scattered paths and hence it is not a major
problem [195. For deeper implants, the situation may be differént.Chapter IV, we
experimentally found out that tramittance was around 25% ftew mm (around 3mmjthick

chicken skin and tissue for optical signals in NIR region. We also found that transmittance was
inversely related to thickness. Hence, body locations with smaller skin thickness are more favorable
for optical telemetry as the transmitter in this case is small and power limited. Also, very deep
implants are not easy to design with this technique. Furthermore, larger optics is useful to
compensate the effect of scattering. Also, detectors witlerldark currents would be better to

improve the signal to noise ratio. Filtering of background sigraddIcan also help in this process.
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Oncesignaland noise levels are determinedpacitycan be calculated usifigndwidth and the

Signalto-Noise ratio{ Shannon Theorefd89)
v s I S T,
# 6 waé P 5 AEOAAT T A

However Nyquist samplingtheoremdictates that thenaximumchannelcapacitycannotbe more

than twice the channélndwidth (BW)which means
# 6 wOAl DIDART T A
The two theorems are related together by channel encoding schemes employing M encoded

waveforms to carry the data from the channel

pOAT BOMAT Tak Q@ AEOAAT T A
Hence, for low signal to noise ratio (SNR) channels, encoding schemes with high number of levels
can be used to achieve high data rates. However, if the SNR is high, simple coding schemes can be
used and still high data rate can be achieVda: frst casenormally applies to RF channels
wheressecond one applies to optical channatsthere are no regulatory bandwidth limitations for
optical communication and optical devices can switch fast, the BW of the channel is normally

limited by the bandwidth ofhe transmitter receiver electronics. Channel bandwidths are also

normally quite high and tissue scattersgrtsimiting link capacity onlyat very high data rates.

5.4 Alignment in Optical Telemetry Links
Optical alignment is important for achieving good signal to noise ratio at the receiver. Using
maximum possible power at the transmitter and a-dedigned optics at the receiver provides

some misalignment tolerance. Scattering also plays a role in sread the signal. Pulse based



191

modulation (e.g. PWM) instead of amplitude modulation at the receiver provides some
decorrelation from the signal amplitude. Highly sensitive front end at the re¢eigen good

LNA) can help in amplifying the small resed signal. For such low signals at the receiver, signal

to noise can be improved by Minimizing background noise and by using low noise (e.g. dark
current) detector. Correlation based detection using airocikcuit can also help differentiate the

signalfrom the background noise.

5.50ptimum Modulation Scheme

As optical channels have very high bandwidth, simple amplitude modulation can be used where the
amplitude of the optical signal is proportional to the information being transmitted. However, since
thesignal is quite small, any change in tissue scattering and absorption and misalignment between
transmitter and detector can affect the reading. While Automatic gain control (AGC) similar to AM
radios can be used to compensate for some effects, its desigite challenging for such
applications. Frequency modulation based techniques in general are more robust since the
information is not encoded in the signal amplitubet in signal timing. Analog frequency
modulation would require somewhat complex dirguto generate a continuous carrier waveform

and to modulate it with the actual signal.

Digital modulation schemes on the other hdndhotneed a continuous carrier wavweit still can

encode the information i n s cogverathesadalog sigml imog . The
digital signal can be as sophisticated as required by the compromise between power and
performance. Different pulse modulation schemes can be used which encode information in relative
timing between pulses or in relative charin pulse duration compared to a standard pulse. The first

type needs slightly more circuitry for timing and relies on short pulses which need more
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sophisticated receiver and p@sbcessing (due to tissue scattering) to extract the information.
However their benefit is low power operation. The second type consumes more power as the laser
pulses are wider ngvbut it can use simpler encoding and decoding circuitry. We used the simple

pulse width modulation scheme in this work.

5.6 Optical Telemetry Circuit

Once the device (VCSEL) was chosen and its characteristics understood, a telemetry link needed to
be designed to drive the VCSEL to send data througfh& CMOS circuitwas designed to get
somedata fromthe onchip sensor circuitryn electrical form (#&her a current or a voltage) and
converts it into a digitally encoded pulse stredime digital modulator consisted of a simple ring
oscillator with either current put or voltage input controls for modulatiofhe ring oscillator was
designedy only utlizing the active device€CMOS transistors)This yieldsrepeatable and reliable
performance without the need of passive components (e.g. capacitors) as used in somé&alesigns.
simple N stagering oscillator, oscillation frequency is a function of thecillator design and is

given as

p
£ ——.
CL YO

WhereR is theequivalentesistance ahC is the equivalent capaaiice of each stage. Hence, RC
the (charging/discharging) delay time for each stdigevaluedepend upon the procegsarameters

and transistor sizes acdn befound from simulations gbrocesgransistor§133.

This is a free running circuit with constant oscillation freigcy at constant processing conditions,
within the limits of jitter and noise. A control circuitry is required to modulate the oscillation

frequency of the free running circuit accorditogthe data being transmittethe actual type of
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control circuitry depends upon the type of control variable. For voltage input, this can be
achieved by introducing another transistor in the inverter stage to modulate the equivalent resistance
of the inverter stage and hence the charging and discharging times of thscirdapacitances

which control the overall time response of the stage and hence the VCO frequency as shown in
equation 1Both NMOS and PMOS$ontrol stages were used to couple different types of gjout

the basic oscillator stage. This also hefpsnadimize the modulation ratio of the oscillator output

to achieve high signdb-noise ratioThe circuit is shown ifrigure93.
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Figure93: Pulse Width Modulation Circuit for Optical Telemetry

For thesecontrolled oscillatorsthe oscillation frequency becomes a functioringiut current as

well as the oscillator design as shown in literafligs
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For current inputs, the control circuitry can consist of a current togeolkkanverter stage
followed by the voltage fed design. Alternatively, current can be fed directly to the V@&llas
However,this resuls in some variation in output signal amplitude (voltage) as well as the desired
pulse width modulatioras predicted byhe simulations This extra modulation can create some
difficulty in demodulation especially at low SNRTransistor sizes were chosen so that the free
running oscillation frequendg kept low enough to minimize dynamic power consumption as it is

proportional to frequencyl 33

This range of frequencies was chosemtnimize power consumption of the circ@it.g.50 KHz,
100 KHz and 150 KH).The number of stages used was limited to seven to elosvgevariations

due to change in process and temperaitre diagram of the PWM circuit is shownRigure94.

g 1’1h

Figure94: PWM circuit utilizing seven stage voltage controlled oscillator

The pulse width modulated (PWM) dasafed intothe output VCSEL driverNormally cascaded
buffers with successively increasing sizes are used to minimiZeatiieg of the output driver to

the oscillatorusing themethod of logical effordesign[133. However,in this work,a simple
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single transistor based deivwas used to save area and power since the data rates were not
particularly high.The effectof the loading of this large transistor on the PWM stage was included

in its design trough cadence simulations. Since the output device (laser) is a thresdobidebice,

this loading was not expected to affect the system performance. The CMOS technology used is
0.25um 1P5M process from TSMC provided by the MOSIS service. The V@&Elepoxy
bonded" on a dummy top metal which also acts as a filter to protecirttherlying circuits from the

laser radiations. The electrical connectiorsenmade to the VCSEL by wire bonding it to the
circuit pads. The assembly was optionally sealed in aconducting implant grade and hermetic
(watertight) epoxy.The VCSEL was lao epoxy bonded on a chip carrier and wire bonded to it.

The connections between the circuit and the VCSEL were made through the PCB.

Figure95: VCSEL with bonding wires

The circuit was simulated using the electrical model of the VCSEL as series connected diodes and a

resistor. The model was optimized to result in simidrdharacteristics as provided by the VCSEL

1 Bonding performed bpkram Sadek.
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manufacturer and measured using a semiconductor paramaweddyzer. This technique
essentially resulted in an equivalent circuit model of the VCSEL. The rest of the circuit was
simulated using standard transistor models provided iprtieess design kiProcess and condition
corner simulations were performebhe circuit wadnitially powered through an externabwer

source and its output frequency was measured as a function of input current. The waveforms
showed some loading effects from the large capacitance of the output stage (large rise and fall
times). Fbwever, the frequencies were a function of the control voltage (input current or voltage as
desireg. Since the VCSEL is a threshold based device, this loadisgonsidered toave minimal

effect on system performance. An example result showing thentumesus frequency for one of

our readout circuits is shown figure96.

Curret vs Frequenc Response of the CMOS current Reader
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Figure96: Current versus Frequency Response of the Telemetry

Circuit
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Next, the output of the readout stage was connected to the lV&&Ethe optical signal was
detected on the other hand. Both Voltage and Current input version were Witemlit any
external modulating signalhe unmodulated carrier was detected on the receiveasestiown in

Figure97. There was some edge rourglivut oserall the responsappearedine.

Ch2 FRER = so.mm
(N1 FREq = 143k 4z

Moo\
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Figure97: Unmodulated Data from the Optical Telemetry Link

Then amodulating signa{100Hz frequencyjvasfed into the circuit and the modulated output from
the circuit was used to drive the VCSEL. Trensmittedsignal was detected on the other end. An
RF LockIn amplifier from Stanford Instrumenghowed the actual data confirming successful data

communicabn asshown inFigure98.
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Figure98: Results of Optical Telemetry Using VCSEL

5.7 Communication through Skin and Tissue
In this case, a piece of chicken skin and muscle tissue was inserted betweg@sHieand the
detector. Thepiece was soaked with saline solution throughout the experiment. Thé?sstup

shown inFigure99.

Figure99: Optical Telemetry through an asvo tissue

12 setup was done by Akram Sadek, Muhammad Mujédtahman and Elizabeth Schroder.
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The experiment was carried out using simple sinusoidal sigretsmitted through the
biological sampldor easy visual inspectioifhe results initially showed extreme distortion on the
receiving side. However, integrating the signal several times (4x integration) helped improve the
detection substantially. This sked that although scattering is an issue, its effect can be
compensated usingimple techniquesThe results are shown Kigure 100 Since large distances
were used in this case, the effect seemed worse than what it can be for actual applicatithe

readeiis placed very close to the VCSEL addally VCSEL should be kept inside the tissue
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Figure100: Optical Telemetry through Tissue (a) Raw Data (b)

Results aftedx Integration

This experiment showed that a properly designed opticaintgty link can work quite well for
implantable applications for communication through tissue. Using good optics and electronics on
the detector can provide good performance. This can be moré fesefoplants which need high

speed telemetry (e.g. neural implants).
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5.8 Effect of Power Laser

As described irChapter 1V, ahigh power (0.8W) laser is used to poweeintegrated photovoltaic

power supply. Due to scattering in the skin and tissue, somntliofhigh power lasealso
illuminatesthe VCSEL. Experiments were performed to find the effect of such high intensities on
the low poweroptical telemetry link. The experimental setup was modified to incorporate the high
power laserThe power laser wasitially turned off and the experiment was perfornasdusual

Then the power laser was turned on and the effect on the communication laser was noted. The
power laser was left on for some time to see the effect of continuous illumination. It was also

moduhted using a mechanical shutiesee the effct of pulsating illumination.

The power laser seemed to increase the signal amplitude without affecting the modulation and
showed no negative effect @ommunicationsystend gerformance. It is speculated thte
increase in signal amplitude is due to the optical pumping of the VCSEL by the laselodhisot
increase the signal level to very large extents because of the front mitier VCSELdesign

which reduces the actual intensity that reaches ttieeamedium.This also shows that a high

power laser of appropriate wavelength can be used to optically pump the VCSEL which can then be

modulated electrically to consurmver on-chip power.
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Figure101: Cross section of the VCSEL Structugigowing Mirrors

5.9Reverse Link Design

Optical techniques can be udedthe reverseommunicatiorink by utilizing the different types of

P-N diodesin the CMOS processhich are sensitive to different wavelengths.sT$pectroscopic

data can be used for forward communication as a digital communication schbige.
communication can be used to send data or commands from outside to the implant. It can also be
implemented by modulating the power signal itself with a kneeaquence. In this case, an extra

laser can be used to send signal at different wavelength compared to the power signal. The effect
can be enhanced using extra filtering layers added to filter out the power laser from generating a

false signal on these piooliodes.

5.100ptical Communication Results
The optical telemetry link using a VCSEL and a CMOS modulator and dsivewed adequate
performance in both free space communication and communidat@rmgh skin and muscle tissue.

The Unmodulated (free runningllge stream showed that the oscillator design was successful in
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controlling both the operation of the oscillafg@roviding stable oscillationsas well as the

frequency of operadn. After modulation with a sinusoidal signal, the data stream showed pulse
width modulation effects as expected from the design. The detector showed appropriate detection
performance as the signal at the detector end was cabipao the transmitted signafter

passing through skin and muscle tissue, the received signal er@agkd in amplitude and also
showed effect of scattering. The optimal reception was not at line of kighiound to be at an
angle(around 10 degree&om the transmitter. This angle was found to be dependent upon many
factors including skin antissue properties and laser properties. Line of sight was the direction of
maximum received signal without the skin and muscle tissue in the path. The received signal
strength as a function of angle appearede a skewed Gaussian functidime signal shae was
recovered after several waveforms were integrated to result in a smooth signal at the receiving end.
This can also be achieved witie use ofa properfront-endfiltering and back end signal processing

as well When actual modulated signal was gwamitted through skin and tissue, the result showed

an attenuated and distorted signal due to absorption and scattering. The signal was still recoverable
though after integration was used to integrate waveforms. Long term performance of the telemetry
link was tested by leaving the setup on for few days. The system showed very little variation and

hence the overall scheme appears stable enough for long term use.

However,an issue with the active optical telemetry link is too high power consumption. Although
the VCSEL is the most efficiemptical signalgenerator at the micro scale, it still requires around
1.6V and 400microamps of current to work. This is too high for most small scale power harvesting
schemes. Théestpossible mechanism at the small sizdessgems the use afpower laser to

pump a small laser and then modulate it with the telemetry cif¢ugt.was tried in our group with

some custom laser desighsit no successful design could be obtained. An alternative is to use on
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chip power storagand then use the VCSEL in pulsed modes for communication. This is
possible but needs large echip capacitors which take lots of area. Due to these problems, it was

decided to explore other communication mechanismsuidow data rate applications.

5.11Electrical Telemetry
Electrical telemetry (low frequency electromagnetenmunicatioh is the most prevalent form of
telemetry br most implantable applicatigd52. Such €lemetry can bestablishedh both forward

and reverse directionSimilar to powering,tican be done in near, mid and far field regions.

Far Field communication can be used by employing specialaublength antennas these small
implants However,integration of these antenna and relevant feed structures on CMOS -at ultra
small scale is quite challenginfhese structures take significant area even for optimized éases.
interesting method idual purpose use ohetal structureand can allow th design of ultrasmall

systemsn special situationgl97].

Near field communicatiois much more versatile and has beeed inmany areagor example
RFID[198. Such communication scheseavealsobeen implemented inell phones and other
devicesandtheir use is also regulated in the ISM bdi@9. Passive Telemetry using Load Shift
Keying (LSK) or backscatteringlso employssimilar communication between two resonantly
coupled systemfl49. This £heme can use the same coil which is used for powering and hence
does noneed extra chip arg¢&51]. Thesimplecircuit modelusedto illustratethis schemes shown

in Figure 102. Here a switch in the secondary circuit modulates the load seen by the prichary an
creates a change in the current in the primary circuit which can be read as a change in voltage across

the primary inductor
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Figure102: circuit Model for Load Modulation Telemetry

This methodhas been employed before feome implants includingetinal implants[20(0 and
neuromusculartenulators[20]]. The circuit used in our desiga simply a transistor switch in
parallel with the receiver resonator and the switch is used to pulse width maHalaeoming

signal from the external device which is shown at the external device through backscattering. It is
detected using an envelope detector at the transmittefTsideeflected impedance depends upon

frequency and mutual inductance as follows.

The LSK scheme uses the saroé as used in powerind.he extra circuitry needed is minimal and

does notonsume any static powek.schematic of the circuit used is showrFigure103.
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Figure103: CMOS circuit for Backscattering Communication
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The equivalent AC load resistance in the secondary circuit is a function of frequerguatdnce
and is given by160

¢l O
Y

The @uivalent resistance of secondaircuit as seen on the primary side is given as

v 0

Y Y
Here Ris the series resistance of the secondary coil. Equatiosh@ys that a change in the load
resistancgR,) in the secondary circuit creates a change in the resistance in the primary circuit
through a change in the reflected resistangg (s phenomenon is called load shiflying or
backscatteringTo get high modulation, the transistor in the backscagemodulator should be

designed to have minimal resistance compared $o Ehat their parallel combination hagmimum

resistancevhich maximizes the change comphte the case when the transistor is open.
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5.11.1Electrical Link Capacity

Resonant based cougischemscan provide enough bandwidth for low data rate communications
through tissueUnlike the optical telemetry link, the bandwidth of these channels is limitegsand
dominated by the higher quality factor which is mostly the external awl theresonance

frequencyas given by 202

< (.9

For high power transfer, coil s wi th&t thdsystgrh e st
bandwidh will be low resulting in low data rate according to the Shannon theorem. For high data
rates, compromise on power efficiency will have to be made to decredse ENR requirement
will set the fastest possible data rate for a given distance betweaniti@nand receivesiccording

to Shannon theorem

P Y
0 0 wa =
e 0
As an example, for an SNR of 3 (received signal power is 3 times higher than background noise) at

ISM band of 900MHz and typical Q of 20

wTtoq | | -
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Practically,this high data rate may not be easy to achievkit shows that this system is capable of
providing sufficient data rates for mostetabolicsensing applicationgNoise in this telemetry
scheme is mostly dominated by the electromagnetic interferencefr@msystems using the same

bandwidth. Filtering is possible by use of specially designed external device housing eadiry
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very close to the receiver coilhe telemetrysystem has to be designed to work in worst

possible EMI (or RFI) situations.

5.12Electrical Telemetry Designs

Similar to electrical powering, electrical telemetry was tested using different models of the system

for better understanding. The results from these different models are given below.

5.12.1Discrete CoilDesign

Discrete coils were udeto test this communication scheme using the same coils used for power
transfer. The configuration used was similar to one showhigare 100 Different topologies

(series, parallel) of the resonant system were compélsml.both active and passive sahes were

tested. In the active scheme, an actual signal was used to power the secondary which creates a field
that links to the primary and create a change in it. In the passive scheme, this change is created by
only modulating the resistance seen by gthienary. The best topology was found to be series in
primary (providing isolation between input and output for easy detection of backscattered signal)
and parallel in secondary to create maximum changes in load resistance. The larger the secondary
coils was, the more was the change in reflected signal. Also, good alignment was needed similar to

poweringand theresults are shown iRigure104.
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Figurel04: Load Modulation Results for Discrete Coils

5.12.2PCBDesign

This telemetryscheme waslso implemented using PCBfor rapid prototyping of integrated
systemsThe PCBs used for power transfer experimat#s had the functionality to send the data
using load shift keying.The results from testing the PCBshowed clear changes irthe
backscattered signain primary side.An oscilloscopewas used for detectioror integrated

receiver designhis data can be extracted ligng an envelope detector.

Figure105: PCB testingpf Load Shift Keying based @emunication
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5.12.3CMOSDesign

Our systerf? consists of integrated resonant cirsuiin both primary and secondary sides a
switch to modulate the load impedance seen by the pripdd§. The system was tested for
communication through air, watemd chiclen tissue. The data on primary side was read using an

envelope detector. A typical s@tresultss shown inFigure106.

|

Figure106: Load Modulation using CMOS circuit

5.13Reverse Telemetry

Reverse telemetry can be done by modulating the power carrier to send a specific signal to the
implant. Modulation iglesigned to occuat very low rates to avoid significantdecrease in power
transferefficiency151]. We used this method tperform reverse tiemetry to send data to the

implant.An envelope detector dhe CMOSside detects and decodes this signal.

13 Designed by Meisam Honarvar Nazari and Muhammad Muje&tahman.
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5.14Comparison of Telemetry Schemes

A comparison oflifferenttelemetry schemes is givenTable 121t shows that both electrical and
optical methodsan be useful depending upon application. It also shows that passive methods are in

general more suitable for low data rate applications due to smaller size and power requirements.

Table12 Comparison of Telemetry schemes for inmtlapplications

Method Size Power Bandwidth Noise Tissue Effect
Requirement

Inductive Large (cm) Small Small Small Small

Coupling

Resonant Small (mm) Small Medium Medium Small

Coupling

RF Small (mm) Medium High High Medium

Optical Very Small(sub | High V. High Medium Large

(Active) mm)

Optical Very Small (sub | Small High Low Large

(Passive) mm)

5.15Summary

In this chapter, we discussed the wireless telemetry using optical and electrical niéthbitisvas

shown that optical telemetry can work if a small communication laser is driven through the CMOS
circuit. It was also shown that this communication can even work through skin and tissue. However,
the required power was too high for the smallpoharvesting system deigns showChapter IV.

Hence, passive electrical telemetry was tested and results showed that it can work through tissue
without needing too much powdt.was shown that good power transfer limits the bandwidth of

this communication scheme and for very high data rates (e.g. for neural implants), optical

communication may be a better choice.
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Chapter 6 Control Circuit

An ontchip circuit is required to control thersor operation. This circuit islesignedo be robust

and completely autonomoasit needs to be able to work in completely automatic mibdso

needs to measure the sensor response and process it for the communication system which transmits
it to the exernal device. The basic goal in thrscuit designis to keep it simple, low power and

have the smallest footprint possibfet providingenough capability as required by taplication

The operation of most electrochemical cdibpends orontrolling electrode potentialsiti respect

to the ionic potential or solution potential thus allowing omenwore reactions to happen
preferentially This potential is known as redox potential for particular redox spédien an
electrochemical cell is connedt¢o a control circuit, some currents flow through the electrode
electrolyte interface and the electrode potentials change from their initial (or idol) values as
predicted by the Nernst equatiddence, a feedback based control circuit is needed which can
adjust the cell potential tinve desired operating poirithis circuit,controls the potential difference
between the WE and RE by controllititge current flow through the Clgy adjusting its potential

w.r.t fixed RE potentigl76]. It is known as a Potentiostathe function of the Potentiosiatshown

schematically irfFigure107.
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Figure107: Schematic representation of a Potentiostat

The classical Potentiostat whichdemmonlyused is based updhe circuit shown irFigure108.
As evident, this desigoonsists of at least twgeamps, one working as a control amplifier which

is followed by another one working ag ensimpedancampilfier (TIA) [76].

Control Amp
~ Auxiliary Electrode
Elecirometer e
Reference
N
Working Electrode
Rm
X1 | I/E Converter
L

Figure108: Classical Potentiostat CircUil6]
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This Potentiostat haa large footprint and power consumptioAlso, it needs large resistors for
high TIA gain. Although large resistors are posstbleniniaturizein the CMOS process, it takes
large chip aremand ther values aredifficult to controt’. Moreover, the working electrode
terminal in this designis not at any fixed potential which makes it vulnerable to noise and
interference issuedNonethelessthis circuit has the advantage of high bipolar swamgl wide
dynamic rangeand hence can be used for many electrochemical methods including cyclic
voltammetry and amperometiWe used this design as a reference for other Potentiostat designs

for comparison.

6.1Low Power Potentiostat Design

Exact asign of thePotentiostat circuit depends upon the type of sensor. Our glucose sensor
works by oxidation of HO, on the WE which means the sensor current (conventional sense)
flows from the WE to the CEand hence WE is kept at higher potential than the AT, this
reaction happens around 0.5V vs. Ag/AgCl Rtherefore the WE has to be kept at higher
potential than the RE as weln our designthe WE is kept at highest fixed potential which is
VDD (which acts as AC grountbr noise) For O2 based detection, thigould be opposite
(sensor current flows from CE to WE) and WE would need to be kepeddwest mtential
(either ground or VSSYhe RE potentiais controlled to control the potential difference between
WE and RE. Hence the CE is the floating eleatrad our applicationsFurthermore,since

material consumption dhereference electrode can degrade its performance with éirdesign

141t designs can be based upon ratios of resistors in close proximity to each other, the error can be much smaller.
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with very low input current in the RE terminal is nee@éd. This meanshatthe RE should

only to connected to the gatrminalof a MOSFET.

There are many possible topologies that can be used to implement the desired Pof{@@Bhstat
The topology selected in this work was the fixed WE to minimize noise because of small sizes of
electrodes and resulting current. Many Potentiostat circuits are published in literature including
fully differential desigis[204] and shared amplifier based deg@95. In our work, we used the
current conveyor based desif@0€. This circuit uses a transistor to act @agrent conveyor

[207] which passes it to otheircuit elements for further processing as showrigure109.

Vpp
; -
—— Y

veell N / CE

-

i Isensor

Figure109: Current @nveyor based Potentiostat Design

As shown here, the RE isonnected athe input ofan op-amp This meanst can be kept
unpolarized (or at its standard potentgil)enthe input impedance of the -@mpis quite large. For
CMOS designs his is straightforward due to high gate impedances, especially at low frequencies.
The output transistor should act as curramrveyor. Since the sensourrent can change over a

wide range during the operation, design of this transistor is very critical to keep it within its proper
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operating range. For too large current variations, more than one transistor may be needed and
approprate transista can be selecteduring device operationsing some circuit which keeps an
eye on the current through the transidttwwever, for most practical sensors, a single transistor can
suffice. To keep the input impedance of the transistor low (so tliaeis notoad the CE node), a
PMOS isselected over an NMO8 which case the CE feeds to the source terminal and impedance
seen is rm (or 1/gmyvhich is quite small compared tgof MOS transstors.Also, the cell potential

in this case is the potential difference between WE and RE. Hence, the Vcell shaDiD B8 eqox
to have Vedoxbetween the WE and RE. Similar adjustments should be done in other topologies, if

needed.

In order to preventhe rest of the circuitry, most importantly the modulator affect the
Potentiostat operation, it is isolated fronattbircuitry as much as possibg0g. This is achieved

by copying the current using current mirrbefore it is used in other parts of the cirgeig. inthe
readout circult It is also possibléo isolate the power supply of the sstitng components of the
circuit from the analog components (DC and AC power supply). However, to keep the circuit
simple with minimalcomponentsa single supply based design is used which can later be replaced

with multiple supplies by using multiple valie regulators.

Thecurrent mirror isolates the actual sensor operation from the modulating circuitry. In our design,
cascode topology was used to increase the isolation and also to improve the current mirror
functionality [45]. Furthermore, the transistors used in the current mirror were designed to have

longer gate length thaheminimum gate length to be less affected by channel length modulation.

The control amplifier is the most important component of the Potentiostat design and it should have

alarge gain, low input offset voltage, large bandwidth and low input referred noise and large gain
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and phase margins for stabilitfhe stability of the dggn depends upon the stability of the

feedback loop in the control amplifier. Since the resistance and capacitance of the electrochemical
cell vary considerably during the system operation (e.g. from beingowered to turning on the

power), it is diffcult to design the system with exact values for these parameters as is normally
done in circuit design. The approach we used was based upon the assumption that the most
dominant elements in the Potentiostat response are contributed by the cell. For ,ex@nple
electrode capacitances are assumed to be larger than transistor capacitances. Furthermore, the
solution resistance is assumed to be much smaller than electrode resistance (verified
experimentally). Under these assumptions, the analysis givit0#h can be used as the circuit
topologies are quite similar. However, a point of importance here isuhaiectrodes are much
smaller than used itheir workand the assumptions needed to be verified numerically before we
could use their formulationTheir analysis showed that the dominant poles are the pole due to WE

(it is at AC ground) and the pole attput of control amplifier. For good stability, the poles are
pushed away from each other. Hence, the output node of the control amplifier is designed to have
small capacitance by not having too large second gain stage in it. We chose a PMOS based stage
compared to the conventional NMOs based design to have large voltage switmspare the
sensitivity of detection over a wide range of cell potentials. NMOs based designs were also done as

a reference. A typical PMOS based design is showagure110.
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Figure110: PMOS base Control Amplifier Design

More sophisticated designs using fully differential amplifier along with common mode feedback

adjustment circuits can be used for fully differential designs, if needed.

6.2 Potentiostat Readout Circuit

Thecontrol circuitnot only controls the cell operatidout should also be able to provide an output
corresponding to the cell operation. This will be voltage in Potentiostatic mode and current in
Amperometric(VoltammetriQ mode.Again, thiscan be implemented using different topologies.
The simplest method euld be to add a resistor in the current patid read the corresponding
voltage This resistor can be added at either WE or CE. The resulting voltage ceadbesing

some low noise amplifis{209. However,this method is prone to noise and interferehtesuch

cases, dransimpedance Amplifier (TIAg3an be usetb convert the current into a voltage reading
with enough gain The TIA can be implemented using standard resistor in the feedbackrpath
switched capacitori1(. The feedback element (resistor or capacitor) value can be changed to get

a wide dynamic rangé&or capacitive circuits, the capacitor needs to be discharged Heforext
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reading can be made. Normally a parallel switch is used to achieve this. These two topologies

are shown ifFigure111.

Isensor
> - Vout Isensor

r

Figurelll: Common TIA topologies using resistive and capacitive feedback

Reset

Cria
[|

Vout

In moresophisticated designs, the current can be fed directly into current input Aodbigjtal

converterssuch asa duailslope ADC[21]], a sigma delta convertf217, etc In other cases, this

current can be fed into a modulating circuit which my generate other variables proportional to it

(e.g. a cuent to pulse width convert¢t9q, acurrent to frequency convertg207] , a current to

time convertef213, etc).

In our first design, currentwas readising a low power pulse width modulat@WM) circuit. This

is one of the simplest implementation using few components and very low power consumption.

Since the frequency of the sensor current is very low, the simple PWM circuitockrdirectly

without the need of any sample and hold circuit. Herfefital circuit consists of a lowpower

integrated Potentiostat to control the three electrode electrochemical cell which forms the sensor.

The Potentiostat output is fed into a cutnemirror to replicatethe sensor currenthis is followed

by a PWM circuit to convert the current into a pulse streafmvarying widths The output of this
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circuit is fed to an output driver which can drive the output eleraefiCSEL or other micro
laser for example.The circuit was designed with different scales and different versions consume

from 1 ®0e Whetresulting circuit diagram is shownRigure112.

L=t ch o ne i

Vcell

i bl
[

Figure112: CMOS Potentiostat with isolation and readout circuit

L

The CMOS process usedhsthe0 . 25em process from TS MErieef fered

The diagram of the CMOS Potentiostat on the die is showigime113.

200um

200um

Figure113: A picture of one of the Potentiostat on the CMOS die
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6.3 Reference Voltage Generation

The Potentiostat needs a reference voltagee used athe working cell potential. For peroxide
based sensors, a voltage near 0.5V is mostly, adtsdugh our cyclic Voltamograms suggest that
the rangecanbe much widerThe simplestmethod to generate this voltageusing the output
voltage of a single Photodiodaswas used irour first design For arbitrary and more controlled
voltage, a supplindependent reference voltage generedor bedesigned45] andthis was used in
the secondversion.A potential of 0.6V was used tbtain high sensitivity for the small echip

sensor without too much interference.

6.4 Control Circuit Testing

For design and simulation purpostt®e Randles model dhe sensor was used. Parameter values
were extracted from EIS experiments as describathapter I. For testinghe Potentiostat was
connected with theimpede | e me nt R a.lldelcanokpotentiat wasiswept for the entire
range of operation and the reference electrode potential and counter electrode current was
measured A variable WE resistor wasusedto emulate the change isensors currentThe
Potentiostat circuit showed very good response with fast and accurate control on the R& pstenti
compared to the WE potentiafhe results are showim Figure 114. The results showed the
Potentiostat worked according to the desidrereas it could control the potential of the WE node
relative to the RE node in the range of 0 to 0.7V. The results also showed that the potential
difference between the RE and the WE could be maintained for the desired range of currents as per

differentdesigns. A typical range is OnA to 250nA.
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CMOS Potentiostat Test
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Figurel14: CMOS Potentiostat testing using Dummy Electrical Cell

Actual sensors were also connected to the Potentiostat and their resp@mpsrimmetric mode
were measuredThe results showed that the Potentiostat worked finemperometric mode.
However,electrode polarization time was aroume minutes (compared to instantaneous for the
resistor modetested) for the actual sensofrhe reason may be the small size of thevegor
transistor which increases the time to flmitial settlingcurrentsthatare larger than those during
actual sensingAlso, the sensors with background current smaller than 1nA could not be
polarized successfullgiue to noise issuesHowever for the sensors with area the considered
range (500unm&00um), the circuits worked as designed. Furthermore, for smaller sensors,
nanopatterning can be used to increase their cuseenhat these can also be tested with these
circuits. A typical result of gdrogen peroxide sensing using this Potentidstahown inFigure

115.
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The classicalPotentiostat was alstesigned on the same di® compare its performance to the

currentconveyor design. Similar electrical measurements on it showed similar response in its

working. However, this design is capabledoing CVs due to the bipolar current between WE and

CE, which is not possible in the current fed design due to jitslégy. Nonetheless, amperometric

mode providesesscapacitive noise and is actually the more appropriate method to be used in in

vivo detection for many reasof&l]. The classical desigequiredargeareadue tolargeintegrated

resistors. Even moderate resistors dfi)} Ohm occupy darge chip area. Hencthis design is not

ideal for actual implants.
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6.5 Ultra -Low Power Control Circuit

The second version of the control circuit was desifjrteddecrease the power consumption of the
circuit to be able to powethe implatable system based on electromagnetic powering and
communication scheme®uite a few relevantiseful functionalitiesre also added to this circuit to
make the implantable system more flexibdesupply independent reference voltage generator is
used to ontrol cell potential. ATIA with a capacitor with programmabkavitch rateis usedto
measure current. AADC is used taligitize the currenfl73. The block diagranof the system is

shown inFigurel116.

Reference
Generator

g
z

Figure116: Control Circuit DesigrVersion2

This system was designed in 0.18u CMOS technology from TSMC offered through the MOSIS
service. The system showed improvemientmany factorscompared withthe version 1 The
Potentiostat readisgfor glucose sensing are showrFigure117. The Potentiostat compared very

well to a commercial Potentiostat while consuming much less power (3 micro Watts) compared to

version 1 (20 micro Watts minimum).

15 By Meisam Honarvar Nazari and Muhammad MujeeRahman.
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Figure1l17: Glucose Sensing using CMOS and a commercial Potentiostat

6.6 Summary

In thischapterthedesign of the sensor control circuit is discussed. The control circuit consists of a
low-power Potentiostat and a readout circuit. For cetepl integrated systems, a reference voltage
generator is also needed. Two differentdoewer designs and their successful operation are

discussed using ultiemall electrochemical sensor measurements.
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Chapter 7 Conclusion and Future Directions

The requirement of designing a CMOS based integrated system lead us into testing different options
for achieving different functional subsysterfibe subsystems discussed in previous chapters were
all integrated in different manners to achieve this. Tls&@gdgorogression with time is shown by

different versions of the integrated system.

7.1 Fully Integrated Systems

The actual design goal for this work was to create miniaturized fully functional integrated sensing
platforms. The subsystems discussed in ptevahapters were all integrated in different manners to
achieve this. The integration in the beginning was crude but was refined with time. The progression

of the integrated systems is shown by different versions that were made during this work.

7.1.1Version 1

Initially, sensors were fabricated using standard Silicon based processing on separate dies and
CMOS designs were done using standard commercial CMOS process. Integration was achieved by
bonding these components together using epoxy and wire bondingestiiting system is shown

in Figure118. This bonding was used to test if the individual subsystems peafdequatelyafter

integrated to other subsystems in the complete design.
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Figure118: Integrated SensinBlatform-Version |

7.1.2Version2

For this version, fully integrated systems were designed usiGgMIOS process. The system
consists ofa Photovoltaic power harvesting system, electrochemical sensor, sensor control and
readout circuit, modulator and output driver heven inFigure119. Some electrical pads were still
there to debug the system as well as to make connections with the VOQ8BICSEL had to be
epoxy bonded on top of the dummy metal covering the circuit (to protect it from laser) using epoxy
and was corected to the circuit using wire bonding. This system could be packaged afterwards by
depositing thick biocompatible insulators to cover the bonding wites circuit was covered with

top metal to minimize the effect of laser irradiation on transistor&par
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The entire circuit takes less than 1farea which can be optimized even further. The die diagram

is shown inFigure120.
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Figure120: CMOSintegratedsystemVersion I
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On this design, all the subsystems worked fine. However, the VCSEL was consuming too much
power and needed an external power supply to run. This can be resolved by hagfig on
capacitors for power storage and doing short pulses for data communication (while leaving the
sensor always on to protect enzyme degradation). The other method can be to optically pump the
VCSEL using a shorter wavelength laser and modulate it usingdsiehl contacts. For very slow

data rates as in our application, this can be feasible. However, since the required data rates are very
slow for most health sensing applications, we decided to replace the optical telemetry link with an

electromagnetic likand use simple passive communication to save power.

7.1.3Version 3

This system used electromagnetic resonant coupling for powering and communications. The system
uses efficient omthip power management ( using CMOS based rectifiers, filtering and voltage
reguation) , onchip sensor, sensor control and readout circuit and forward and reverse telemetry
using integrated resonatft73. There are no offhip components in this design. TERMOS

circuit was designed with both wired (for testing) and completéhgless systemsThe wired

system was tested to test the functionality of individual subsystems. Since all the subsystems
worked as per design, the wireless system was tested next and performed satisfactorily. System

schematic with all integrated subsysgeis shown irFigure121.
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Figure121: Schematic of the Integrated Syst&farsion

The system worked as per design and completely wireless operation was achievig: pasgjve
backscattecommunication scheme. The system was tested in water, isopropyl alcohpbgrdBS
chicken skin and tissue (5mm thick). Ppebcessing was done to coverarip sensor electrodes
with suitable materials (Pt, Ag) for electrochemical detection of metabdfitegprocessing was
also used to coat the -ghip inductor was an implant grade insulating epoxy to prevent the
degradation in system performance sue to shift in itsregtinance frequency in high dielectric
media (e.g. water, tissuehn-situ functioralization was used tobtain electrochemical glucose

readings. A typical wireless measurement sequence is shdiguie122.
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Figure122: Wireless Operation of the Integrated System

A comparison obur design with other works is providedTiable13.

Table13 Comparison with Statef-the-Art Implantable Glucose Sensors

Parameter Design Version lll [4]] [2]]

Power Consumption | 6 ¢ W 110 &W 3 &W
Size 1.4mmx1.4mmx0.25mn 8mmx4mmx1lmm 1cm diameter
Communication lcm (5mmtissue, 5 mm 4cm (air) 15cm (air)
distance air)

Glucose Range 0-20mM 0-40mM 0.051mM
Sample Interstitial Fluid Blood Eye fluid
Signal Frequency 900 MHz (ISM band) | 13.56MHz 1.8GHz

Fully Integrated* Yes No No

* No off-chip components

7.2 Design Evolution
The design of the integrated system evolved during the course of this work, based upon different

system level design optimizations. The design is evolving towards smaller and smaller implants
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with shapes easier for implantation (e.g. cylindrical). Suclpeshare better for implantation

using needle based methods instead of surgical procedures. Higher frequency based designs can
help towards achieving optimal performance for these shapes (e.g. by taking advantage of the
largest dimension in the system). fh@rmore, a combination of optical and electrical methods
provides the toolset to select the right system for a particular shape and application. Hence, the
techniques developed in this work can provide very useful tools for the future evolution of these

systems for a diverse set of applications.

7.3Conclusion

In this work, we showed the feasibility of building a miniaturized and completely wireless sensing
platform for chronic application®-vivo. Different options to achieve this goal had to be designed
and tested as no data was available for device design at such small @mlpsrformance of
different subsystems utilizing different techniques was compared under realistic conditions and
tradeoffs in designing such systems were discovered. At theaendmpletely wireless platform

has been realized which achieves fully wireless operationvitr solutions and exivo tissue.

The devices have been implanted and would soon be testedvigo iperformance. We believe

this system can become the Basf improved personal health care whereby personal health could

be monitored continuously.

7.4 Original Contributions of this work

The original contributions of this work can be summarasfollows:

1 To the best of our knowledge, this work is the first euanof a completely integrated

wireless sensing platform for health monitoringhat mmsize scale
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1 To the best of our knowledge, this work is the first example of CMOS integrated
electrochemical sensors withsitu functionalization for different appltions

1 To the best of our knowledge, this is the fdsmonstration obptically powered integrated
monitoring systems at this size scale

1 To the best of our knowledge, this work is first demonstration of electromagnetically
powered fully integrated syshswithout any offchip components, with mm dimensions,

utilizing electromagnetic communication

7.5Work in Progress
There are many aspects of this research which are in progress to help expedite its apfidications
reatworld applications A brief overviewof this work is given heréo provide a perspective

towards the future development of this technology

7.5.1Special Shapes

For making implantation easier and for some special applications, it is desirable to make the sensor
in specialshapeavhich are not conventionally available in standaMOS processThesenclude
rectangular and aular shapess well as other polygonal shapé&sis needs designing special
antenna structures which can communicate more efficiestly the mm size scal/e arealso

workingonlaser cutting tde able to separate these atidped designs from the main die.

7.5.2Compensating lag between ISF and blood values

It has been shown that under most conditions, ISF measurements can be used to have a direct
measure of lgod glucose levelf214]. Under some very rapid changes, there can be a slight lag
[215 which is reported to be as low as 5 minutes and as high as 15 njkiliedHowever, this

can be mostly corrected using predictive algorithms. The further the device will be from the blood
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supply, the greatewill be the delay. However, due to thize scalef capillary bed and of our

device, it will always be sufficiently clesto theblood supply. Mferent models to compensate this

lag have been discussed in the literaf@®q. It has been shown that simple first order prediction

can compensate for this. We are working on an adaptive algorithm which uses a basic mathematical
model and then adapts itself with time based on user feedback. This is thought to help make the
model sitable to a variety of people each having different metabolism and slightly different

relationships between the ISF and blood glucose level.

7.5.30ptimalImplantation Site

Selection ofan appropriate implantation site is important to achieve full functignaift the

implant. Usually, sensor size and the sensing application dictate where the sensor can be implanted.
Understanding physiology is important to make an intelligent decision on this. For example, first
implantations should be carried out in regiofsnimum skin thickness so that the skin loss is

minimal and alignment with the sensors can also be made easily. For glucose sensors, subcutaneous
ti ssue is considered a good Il ocation and the
subcutaneous tissuThe actual implantation procedure depends upon the location as the thickness

of subcutaneous tissue varies for different parts of the fatly}. A comparison of different

possible implantations is givenTrable 4.

Table14 Comparison of Different Implantation Sites

Site Accuracy | Implantation | Lag Risk Reference
Intramuscular | Medium | Difficult Medium | Low -
subcuaneous | High Normal Low High CGM systems
subcuéineous | High Easy Low Low Wireless CGM
intravenous | V. High | V. Difficult | V. Low V. High |-
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7.5.4Implantation Procedure
Initially, simple incision and placement procedures can be used for proper orientation of the implant
to make alignment with external reader simpler. Later on, special location monitoring techniques

can be used and implant can be simply injected similarly to a normal subcutaneous tissue.

© Epidermis
@® Dermis
3“ © Subcutaneous

fatty tissue
O Muscle

with skin fold without skin fold

Figure123: Subcutaneous Injection Procedui2s3

Special procedures and special needles can be used to keep the desired oiietitatiprocess.
The technology for much bigger implants using this method has already been approved and these

have beemised for some time now-@Amm diameter needles)

Figure124: Subcutaneous Implantatiogsgem[219
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7.5.5Body Powered Implants

Glucose based biofuel cells are an active research area and were proposed to be able to power the
i mplants using 80 Althosigh,ghe geaerate@ voltage @ power density are
quite lowfor small scale devicE221], Nanotechnology can be used along with cascading small

cells to improve the technology and this may become a suitable technologyl bsptogether

with ambient powering (e.g. lightyan be made to keep the sensor operational (can be optimized to
nearmicro-watt range). Power harvesting can still be used for reliable operations if needed. Another
method can be to power the implants using consumer electronics (e.g. cell phones). Both optical and
electrical powering can be done this waithough this wald need these devices to be in close

proximity of the power source.

7.5.6EnhancingBiocompatibility
The small size of our device decreases the foreign body response, as is evidgmelfroimary
results form an ivivo studyof silicon dies Figure125) as aly very thin microencapsulation was

observed in bth intramuscular and Intradermis implantations

Figure125: Intramuscular and Intradermis implantation for 7 weeks irtaVigat

More active measures can be takemrprove biocompatibility.tthas been reported before that the

techniques of increasing vascularization can overcome the adverse effects (time lag and decrease in
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analyte diffusion) due to foreign body respd222]. The effect of inflammation on changes in
local tissue environment can be decreased by increasing vascularization near tHe2gvidec
Angiogenesis halseen shown to reverse this effect to some dg2@de Another interesting point
in literature is that foreign body reaction to porous implanisaier than that to solid implanié$4].

Hence, we propose to create holes in the structure in any available area as $higwa 1126.

Figure126: Device with holes for improved Biocompatibility

We have also proposed an advanced method growing capillaries through the device to have
vascularization through the sen$@23. It has also been reported in literaty22q that local and
controlled chronic heating can enhance angiogenetlie bedy tries to increase blood perfusion in

the arealUsing our device in-vivo within the safety limits actually makes this heating process
natural and may help in achieving angiogenesis near the implant which improves the sensor
functionality as discussed before. Also, optical methods can be used to enhance this argimgenesi
more controlled local heating. A combination of chemical and thermal angiogenesis may be very

useful in applications using localized heating.
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7.5.7Sterilization

The implants have to be completely sterilized to avoid any adverse infectious readti@risoity.

It has been shown in literature that a combination of chemical sterilizagignir( hydrogen
peroxide) along with gamma irradiatiorprovided enough sterilization but only thermal method
could achieve desired clinical sterilizati#?27. Hence, prdéunctionalization sterilization followed

by clean processing ossiblythe most practical method.

7.5.8In-vivo Testing

In-vivo stability is more challenging than-uitro stability [63] and presents a unique set of
challenges. Careful design of experiment studies have to be done to get meaningful reseits. So
the wireless sensors hargeently been implantéd ratsand no adverse inflammatory resperhas

been noted in first 3 weeks. A detailed study would reveal thizzdnsystem performance and will
lead to iterative optimizatiorit has been shown that the implant behavior is quite unstable right
after implantationuntil a thick encapsulation f®rmed around it in almost two weeks and then
response becomes stap®28. However, the small size can help make this process faster due to

less local injury and less tissue irritation due to relative motion.

7.5.9Future Applications

These integrated sensing systems can be used for many applications, batfqaimtdiagnostics

as well as long term applicatiofd29. Electrochemical detection in PCR can reduce the system
complexity and cost and the use of nanopatternestretkes are a very promising technique to
eliminate the problems associated with the use of electrochemical sensors for conventional PCR
based poinbf-care systems. Also, a simple change in enzymatic chemistry allows tuning these

systems for different afipations. Table % shows some of the common applications.
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Table15Some Common Enzymes and tHaansingApplications

Enzyme Substrate Application
LactateOxidase/Dehydrogenase Lactate Physical Stress Measuremer
CholesteroDxidase Cholesterol Cholesterol Measurement
Alcohol Dehydrogenase Alcohol Alcohol Level Measurement

Also aptamer based detection schathews theuseof these sensors for many applications where
conventional sensing (e.g. antibody based sensing) maied applicability. This opens a whole

new aredor these sensors falifferentapplications.

7.5.10Sensor Calibration

Calibrating the sensas important as it relates ttsensor outputo actual levels of blood glucose.
Single point calibration andnultipoint calibrationmethods can be used for our devicEsr
completely linear sensors, single point calibration may suffisefor most sensors, a multipoint
calibration results in more accuradjoreover as thesensor chemistry degrasigoss of emymatic
activity) with time, calibration is needed for accurate readi@gee calibrated, the senseould be
able to work for some time before recalibration is neeSelfl.calibrationis also possiblevhereby
more than one sensor is implanted and theisg software usaeadings formall sensors to adjust

the overall reading.

7.6 Software Development

A softwarebased work engine is being developed which would allow easier data processing from
sensor results to create calibration curves and to compare results with gold standard Clark error grid
method.Similarly, software for readout subsysteisdeing developedor computers, tablets and

smart phone® manage handling, display and processing of the results at different levels
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Chapter 8 Experimental Methods

This chapter is meant faroviding deails on the experimental techniques used in this withls

includes sensdabrication, functionalizatiorand testing procedures.

8.1 Fabrication

In this section, details on sensor fabrication are provided both for planar and patterned sensors.

8.1.1Planar Sensors

Planar electrochemicakensors can be fabricated on both substrate Siéisonell as any CMOS
metal layes (most commonly the top metal laye3ubstrateéhinningwas performedising a simple
lapping machinealongwith SiC and diamond filmsAn Oxford HD ICRCVD systemis used to
perform plasma enhanced chemical vapor deposi(PECVD) of thin silicon oxide layers.
Operating parameters for this system are 350° C table tempdtiselation Photolithography

was performedusing either an image reversal resist AZ5214E with inward tapered sidewalls or
using lift-off resist LOR10A in conjunction with a positive resist such as S1&f@r adjusting

their viscosity to obtain desired resist thickneslso, Mi ¢ r o ¢ h e plio®resist pveralso

used to obtaifbetter coverage of ngulanarCMOS surfacesElectron beam depositioof metals

was performedh an ebeam evaporatéeithera CHA evaporatoor a TES evaporatorjo deposit a

thin (10nm) layer of Ti followed by a relatively thick (100 nm) layer of Platir{Bth Heated PG
Removerwas used to perform lifbff. Aligned lithographywas performedfor Ag deposition
(350nm)on onehalf of the samples (Pt reference electrodes are used in the other half of devices).
Final photolithographyvasthen performed using SU8 insulate the contact lines from the solution
and form a well for hydrogel immobilization later dfor sensors, on top metal layer, no SU8

insulation was used (CMOS provides inherent insulatitm)} SU8 wek were formed for
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functionalization.Chlorine Plasma in a Unaxis RIE systemasused to form a thin layer of
AgCl on top of the Ag film without the need of complex wet procesgiitgrnatively, dipping in
strong chloride solutions was also found to be effective in achieving chlorination by eksctrol
radical displacement reactio8imple Pt RE was also used for some sensbisy analysis was
done using EDAX in an FESirion SEM to verify the chemical nature of this structurbe

integrated sensors on CMOS are showrigure127.

Figurel27: An example integrated sensor on CM(PERE)

Figure128: SEM of AgCI/Ag RE interface



241

Electrochemical Oxidation of Pt to get Pt/Pt®E was performed using concentration
Sulphuric Acid solutions and Cyclic Voltamograms to 2V vs. Ag/AgCl RE, as shokigline129.
The decrease in current was used as a measure of surface passivation. Experiments were repeated to

find the validity of theprocess.

Current / A

18 16 14 12 10 08 06 04 02 0

Potential / V
Figure129: Electrochemical Oxidation of Platinum in Sulphuric A8idlution(0.1M) in PBS.

8.1.2Micro/Nanopatterned@ensors

We used a CMOS compatible fabrication method usingple lithographic and vacuum based
techniqueswhich are carefully optimized for fabricating very high surface ase®patterened
electrodes with very precise control on the electrode propeitistepby-step detail of fabrication

process is provided for interested reader.

8.1.2.1Lithography

For nanoscalgatterningusing electrorfbeam lithographyPMMA 950 A4 was used to achieve
clean liftoff while still achieving the required resolution. The resist was spun at 4000 rpm for 1
minute followed by a 180° C bake for 5 minutes. A dose of 1200uc/cm2 wasifi@ehto write the

pattern in a Leica EBPG5000+ system. Patterns were developed in 1:3 solution of MIBK and IPA
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for 20 seconds followed by a deionized water rinse. A 50nm alumina mask was sputter coated

in a Temescal TES BJDB0O0 DC reactive sputter systdiy depositing Aluminum in presence of
Oxygen plasma for 5 minutes. Mask liftoff was performed in dichloromethane in an ultrasonic bath
for 2 minutes Alternatively, maN resist was also used for electron beam lithograpegpUV
lithography is &0 aviable alternative to avoid the use of high energy electron beams which can
cause damages to the underlying substrate which may have other system elements e.g. circuits on

the same substrate.

8.1.2.2Etching

The roomtemperature silicon plasma etch recipe descrifpetienry et al[230, 2009 .3pwas
iteratively optimized to achieve uniform etch depth for all pillar widths and uniform sidewall

roughnesss shown irFigure130.

Table16 ICP-RIE Parameters for Si etching

Temperature ICP RIE Chamber SF6 Flow | C4F8 Flow
© Power Power Pressure rate(sccm) | Rate(sccm)

(Watts) (Watts) (mTorr)

15 1300 23 10 32 53
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1.22 i 133 pm,

AccY Spot Magn Det WD |—— 200 nm
10.0kV 50 87994x TLD 7.0 Jeebs

Figure130: SEMimage of ICPRIE plasmaetched Si nanopillars

Repetitive liquid testing was done on these devices to test their mechanical strength. This showed

no destructiveeffect on these devices and these retained their shape. For devices with higher aspect

ratios (nore than 20), we observed bendamy fracturingf the pillarsas shown irFigure131.

AccY Spot Magn Det WD
10.0kv 3.0 28735x TLD 6.8 Galtech

Figure131: Si Pillar bending due to capillary forcéspect rao of ~25

8.1.2.3Insulation

Both Thermal and PECVD deposited oxides shoeadamal coverage and electrical insulation.
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Det WD |————— 1im AccV Spot Magn  Det WD ——7mM——————— 500 nm
8x TLD 63 Muhammad-Caltech 30.0kv 5.0 70217x TLD 63

Figure132: Nanopillar Array aftethermaloxidation

500ky 50 Neeox TD 68 — S0nmEAccy SpotMagn Det WD ————{ 200nm
300kV50 92500x TLD 67

Figure133: Nanopillars after PECVD Passivation coating

8.1.2.4Metal Deposition

Electron beantdeposition was performed on a CHA electron beam deposition system at® x 10

torr. The sample substrate was placed on a rotating stage and various low impedance metals such as
Au and Pt were used as material sources. A 5 nm Ti adhesion layer wastedagodes A/s and

subsequently an Au or Pt layer of 50 nm or 100 nm was evaporated at 1 A/s.
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Figure134: Nanopillars after electron beam evaporation metal coating

Sputter deposition was useddbtainmore conformal coatingsHigh density Argon plasma of 20
millitorr was used to increase the isotropy of the deposition. Again a 5 nm Ti adhesion layer was
first DC sputtered and then 50 nm or 100 nm Au or Pt films were DC sputtered. The thin film layer
grew a consistent thickness on the top, side, and base of the pillars and substrate aBighoav in

135 and136.

L& N

Figure135: Nanopillars after sputter coating of 50nm of Au
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AccV  Spot Maan Det WD p—————— 500 nm AccV  Spot Maan Det WD p—— 500nm
6.00kV 40 53702x TLD 659 160kV 40 67627x TLD 69

Figurel36:Conf i r mati on of <coating on pillarsé

lon beam induced deposition of Pt was also performed using an FEI Nova 600 Nanolab ion beam
source. 100 nm thick depositions were aligned directly over the pillar array electrodes. EDS
analysis in an FEI Sition 200 SEM/EDAX machine was used to confirm the composition of

deposited layer.

Figure137: Nanopillars after ion beam induced metal coating

8.1.2.5Polymer Encapsulation
This polymerlayers allowa well struture for immobilization of the sensor chemistijhin

(approximately 2um) SU8 for this purpos@as usednd the results are shownHigure138.












































































































