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ABSTRACT

POST-CMOS MICROELECTRODE FABRICATION AND PACKAGINGOR
ON-CMOS ELECTROCHEMICAL BIOSENSOR ARRAY

By
Lin Li
Miniaturized biosensor arrays are attractive forapal analysis of multiple
parameters and targets. Without the need for bublench-top instruments the
miniaturized sensor arrays enable many applicasock as DNA testing, drug screening,
antibody and protein analysis and biosensing. Wighadvance of CMOS technology and
microfabrication it becomes possible to integratd miniaturize the sensors and CMOS
electronics on a single chip. The integration wiorkolves multidisciplinary knowledge
including CMOS design, biosensing and biointerfgmest-CMOS microfabrication and
packaging. In this thesis, it seeks to overcome ¢hallenges in the post-CMOS
fabrication and packaging to interface with the CM@lectronics. Specifically, for the
first time, CMOS-compatible die-level photolithogley was characterized and

developed besides wafer-level photolithography. phetolithographic photoresist spin
coating was carried on 1.5x1.5r%rand 3><3mr721 silicon substrates and characterized.

Then, the result was later applied to the fabricattf on-CMOS microelectrode array.
After that, to enable on-CMOS biosensor measurenteatCMOS die with on-CMOS
microelectrode array was wire-bonded into ceranaickpge and properly insulated by
parylene. A novel masking method was developecklecsvely etch away parylene to
expose on-CMOS electrode to form biointerface. Tiwchrome C biointerface was
formed and characterized on CMOS to verify the fiemality of the packaging and

electronics. The instrumentation and post-CMOSicalion processes reported here are



suitable for forming single-chip electrochemicahbysis microsystems with a wide range

of biological and chemical sensor interfaces.
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1 Introduction

1.1 Motivation

1.1.1 Protein biosensors

Miniaturized biosensor arrays are attractive forapl@l analysis of multiple
parameters. Without the need for bulky bench-tggirinments the miniaturized sensor
arrays enable many applications such as DNA testingg screening, antibody and
protein analysis and biosensing. Protein biosemsmys are highly desired for high
throughput toxicological and preclinical studiesmer to effectively identify candidates
for drug screening, monitor efficacy and toxicity bapid and efficient ways[1-4].
Membrane proteins are one of the important protefristerest because of their key roles
in cellular metabolism and drug discovery. In faichas been estimated that 50% of drug
targets are membrane proteins (receptors and iamnets) [5-7]. As an example,
membrane-protein-based biosensors are able totdisteys, neurotransmitters, hormones,
toxins, and inhibitors such as amiloride [8-12]. thVielectrochemistry techniques,
membrane protein interfaces are capable of contislabel-free monitoring to study and
characterize membrane protein. These featuresigingy ldesirable in many applications
while hardly enabled by the present biosensor t@ogres that dominate today.
Furthermore, membrane-protein-based biosensorwealtesuited for miniaturization and
implementation within microsystem array platforr@her than membrane protein which
is functional in the membrane, soluble protein banmmobilized with lipid monolayer

on electrode to be used as a label-free bioseim@xample, glucose or lactate sensor.



1.1.2 CMOSédectrochemical circuit

Many techniques have been developed to measural $rgm biosensor including
analyte concentration in solutions, such as elebh#mical methods, optical imaging,
thermal detection, and spectrometry [13]. Electemcital methods are attractive because
they can readily be adapted to CMOS instrumentalibe CMOS instrumentation could
replace bulky lab bench top measurement equipmenthat it permits the further
miniaturization and integration of the biosensoneTtwo techniques most commonly
used to acquire gqualitative information in elech@mical sensors are voltammetry and
impedance spectroscopy. In voltammetry, a voltagapplied to the electrochemical cell
resulting in an output current between the coumfectrode (CE) and the working
electrode (WE) which is measured using an ampemxnetadout circuit [14]. In
impedance spectroscopy, most commonly, by applgngingle-frequency voltage or
current to the target interface the impedance fsaeted in amplitude and phase, or real
and imaginary parts. It can analyze either theuerite by change in the electrode itself

or external stimulus.

1.1.3 Integrated biosensorsand CMOS

There are vital needs to miniaturize these sengaisallow real-time continuous
monitoring, reduced use of reagents and cost, @eldasensitivity and portable usage.
Because of the successful advances in the eleetrichl CMOS circuit and advantages
of microsystem platforms, there has been a trendhtegrate sensor arrays onto the
surface of silicon chips and perform measuremeingusn-chip CMOS electronics. Thus,

there is a great opportunity to expand lab-on-dujutions that replace bulky benchtop



sample analysis tools with simple, low power, amtgble systems. The fabrication
compatibility between many bio/chemical sensorriates and CMOS technology also
makes a CMOS circuit an outstanding candidate fsifieon-based lab-on-chip solution
[15]. Within the sensor arena, this compatibilitioas a number of existing biological

sensors to be integrated with the CMOS to formrapgarct single-package microsystem.
Such systems provide the potential for high thrqugtcharacterization of biointerfaces
or simultaneous measurement of multiple interfacddowever, it involves

multidisciplinary effort that includes not only tmeiniaturization of the biosensor itself

but also that of the instrumentation and systeegiration.

The chip-scale miniaturization and integration leficeochemical sensors and their
instrumentation electronics has many advantage®ugh miniaturization of electrodes,
the limits of detection can be extended by imprguime signal to noise ratio. The direct,
on-chip, electrical connection of electrodes to thstrumentation circuit eliminates
external wiring and provides immunity from envirommtal interference. The
minimization of noise permits highly sensitive cits to measure the responses of
miniature biosensors, allowing a high density seasay within the small platform of a
CMOS chip. The integrated system allows single goiet miniaturized instrumentation
without bench top bulky equipment, toward handhmddable lab-on-chip measurement
and testing. The integration imposes a specifikagiog scheme that can completely
repeat the bio-interface production done off-chipilev it can protect the CMOS

electronics to function properly in the generalijppaous biological environment.



1.2 Approach and challenges

Fig. 1.1 illustrates the protein-based electrocleambiosensor array microsystem
that serves as the conceptual model for the wodcrdeed in this work. The CMOS
circuitry as substrate works as the measurememtumsnts for the biosensor arrays.
Combining CMOS instrumentation circuits with miniezed electrode arrays fabricated
on CMOS chips introduces the opportunity for a mitinge measurement system. Many
semiconductor devices and fabrication processesamgatible with biological materials,
which has enabled the expanding use of microeleictand microfabrication for devices
such as neural probes and biosensor arrays. The&ogles are placed on top of the
surface and a top passivation layer insulates CM@fce metal routing, defines size-
adjustable openings over individual electrodes, proyides an interface to a variety of
possible fluid handling schemes, including micraflcs or the simple liquid. The

electrodes are patterned gold and insulated toneledensing area and all the other

surface passivation fluid reservoir
\ electrode & biosensor array |
'.II ;:-. _.l\-. T

&

h i

CMOS chip (silicon)

3-5mm
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Figure. 1.1. Conceptual illustration of a CMOS aitavith on-chip electrode array
and packaging for use in a liquid environment. iRterpretation of the references
to color in this and all other figures, the readereferred to the electronic version
of this thesis.



electronic parts are protected in agueous envirofmEhe array of gold electrodes
fabricated post-CMOS on the surface of the chipcarenected through overglass contact

openings to the underlying CMOS electronics.

These electrodes serve as the interface to subfasensors and must be clean and
smooth to support the self assembly of moleculalesbiointerfaces. For the integration
of biological sensors it inevitably deals with liutest environment. This imposes
special requirements for the packaging that needsdist against the water considering
that the electronics underneath the electrode bgmss are inherently incompatible with
water. Except that, the packaging also needs ftat fagid or base solutions that are
usually needed in the pretreatment or cleaning h&f €lectrodes. In addition the
packaging is supposed to be biologically compatdxethat the packaging does not

interfere with the measurement.

Before fabricating microelectrodes on a CMOS clile electrode geometrical
factors of planar electrodes must be determinedsé&lgeometrical factors include shape,
size, spacing, and location. The design limitatitaxgors of a planar electrode system
involve microfabrication tool, area management imitGMOS surface, and underlying
CMOS layout design, etc. In general, the electrddsign includes working, reference
and counter electrodes as 3-electrode system. izheokthe electrode and the relative
positioning between these electrodes depends onsémsitivity requirement and
maximum readout range of the circuit. Smaller etx# can detect smaller signal and
improve the density of arrays and closer distaretevéen electrodes allow better current

flow and compress the noise. On the other hand,dé®gn is limited by the area



provided by the supporting CMOS substrate. On therchand, the microfabrication tool
available determines the electrode design. The-@bKDS fabrication toolset includes
physical vapor deposition of metal, photolithogmaplwvet etching of metal and dry
etching of metal. While the typical MEMS microfatation usually starts with simple
and standard silicon wafer, glass, silicon nitidethe substrate material to start with, the
post CMOS process begins with foundry manufact@stDS chip. The unconventional
material and structure in CMOS as substrate, coeapaith those traditional materials
like silicon wafer, glass slide in MEMS, asks fotpoitation of fabrication tool and
adjustment of fabrication parameter, even creatie¢hods to solve the problem. As we
know, photolithography is the heart of all the rofabrication. The small millimeter
sized CMOS die as processing substrate is diffdrent normal at least centimeter sized
substrate when doing photolithography. Photoresisters the small die surface very
non-uniformly making it hard to achieve desiredt@ating. Furthermore, the alkali
developer reacts extremely well with the aluminuasdd bonding pads in CMOS die. It
also needs careful layout design and process seguenovercome this challenge.
Designing the microelectrode is a system levelgiecsimaking problem that requires all

of the above factors be taken into account.

Post-CMOS microfabrication of the electrodes on C3/Adde introduces practical
challenges in interconnection between electroded @NOS. Firstly, as mentioned
earlier, during photolithography, when photoressstpin-coated on the chip, the non-
uniform buildup at chip edges greatly affects th@liy of photolithography. Secondly,
since the chip’s final passivation dielectric lay®@not planarized, the CMOS layout and

the electrode location needs to be carefully pldrinemaintain smooth electrode surface.



At last, the packaging of the system should pratieetelectronics from but expose
the sensor electrodes to aqueous test environMieafpackaging material should achieve
3D coverage to protect both the surface of the ahgbsidewall of the CMOS chip. Then,
the packaging material should be patternable t@msxghe sensor electrodes. All these
material and patterning should be CMOS compatiblso the packaging should be bio-

compatible.

1.3 Goal

The goal of this project is to develop a post CMfaBricated on-chip electrode
array for biosensor to perform on-chip electrocleainimeasurement of protein

biosensors. To achieve this goal, efforts are ot the following areas,

-Development and characterization of CMOS-compatibé-level photolithography

of electrode array

-Development of on-chip biosensor array packagingy felectrochemical

measurement in liquid environments

1.4 Thesis outline

In chapter 2 background and literature will be tughly reviewed including topics
of planar electrode fabrication, post-CMOS fabrmatand packaging. Chapter 3 will
cover post-CMOS die-level photolithography analyarsd development for electrode
fabrication. Chapter 4 will describe the post-CM@&kaging process using parylene
and in chapter 5 on-chip electrochemical measureméhbe performed to verify the
post-CMOS fabrication process and packaging. Ineth@, in chapter 6, a summary of

7



this thesis and contributions will be provided.



2 Background of electrochemical biosensors and post-CMOS
fabrication

2.1 Electrochemical biosensors

An electrochemical biosensor combines an biologieabgnition element with an
electrochemical transducer [16]. Potentiametriamperometric detection [17, 18] are

the basic mechanism for most of the biosensorrelgoémical transducers.

A lot of effort has been put into the fabricatiardacharacterization of a large variety
of amperometric enzyme biosensors [19-22]. Theldelanzyme in electrolyte solution
or immobilized enzyme on a solid electrode servesaaredox center to react with
biological species. It is the mediated electromgfar that is the most efficient process
and typically used for biosensors construction 4, The distance between conducting
substrate and enzyme redox center will decrease wheyme is immobilized on a solid
electrode. Thus, the reduced/oxidized mediator bl produced within the diffusion
layer. It will increase the sensitivity and seleityi of the sensor [25, 26]. Amperometric
measurement has been used widely to constructrisoseand many attempts have been
made to improve the sensitivity and stability imtthg, composite materials [27],

functionalized polymers [28], metal oxides [29] as®df-assembled monolayers [30].

Other than amperometric detection, the electrocb@&mmpedance spectroscopy
(EIS) [31] is a powerful potentiametric techniqué. is commonly used for
characterization and study of corrosion phenom&®j, [fuel cell and batteries [33],
coatings and conductive polymers [34], and adsompltiehavior of thin films [35]. EIS

also has been used in biosensor applications ssictharacterization of SAMs (self



assembled monolayers) [36, 37] and electron traksgifetics [38].

2.2 Post-CMOS fabrication

2.2.1 Post-CMOS on-chip electrode

In electrochemical biosensor, the electrode detdutsnical biological processes at
the electrode surface and transforms it to eledtrsignals. This electrode is usually
called the working electrode where the reactiomtgrest occurs. A working electrode
can interact with various target molecule of ins¢rby surface modification. Planar
electrode that is smooth is used to form biointfahat can communicate with

biological target.

A typical electrode system consists of a workingc&bde, a counter electrode and a
reference electrode. The performance of an eleetsgdtem can be greatly affected by its
geometry [39].A planar electrode system is usediritggration on the surface of the
CMOS electrochemistry circuitry. The electrode getnoal factors of a planar electrode
system depend on microfabrication capability, dirdayout, electrochemical effects,
electrode materials, chip size and surface probleinterface quality, packaging and
microfluidics. The geometrical factors of planagatodes have to be carefully designed
before fabrication stage with consideration of mpldt factors. The geometries on
microelectrode size, shape, gap and positioninge vséudied by Bard [39], Wightman
[40] et. al.. A few on-CMOS microelectrodes have been constdicKovacset.al.
designed an electrode array for mercury anodip@trg voltammetry [41]. Levinet.al.
created a stepped-electrode process to simplifyiciion [42, 43]. A CMOS gold

interdigitated electrode array was designed fooxekcycling of probe molecules on
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immobilized DNA probe [44]. A microelectrode arrayas fabricated using CMOS

process and electroless plating [45].

To date, the geometry of on-CMOS electrode desegiriot been fully discussed.
Research on planar microelectrodes for electroatentiiosensors on CMOS has not
been reported yet. An open challenge remains teldp\van approach for synthesizing all
these published methods while resolving, simultasBg constraints imposed by CMOS

integration, planar electrode fabrication, and tetmhemical measurement performance.

2.2.2 Post-CMOS packaging for on-chip biosensors

To enable measurement using CMOS instrumentatiopaegkaging scheme is
required that will provide access to the test sotutwhile also protecting the CMOS
electronics. Packaging that meets these demandsrtmawvell studied, however, without
proper packaging all the efforts in the previougal@pment stages would result in failure.
A successful package needs to take care of mulappects of multidisciplinary areas
including microfabrication, bio-compatibility, bdihg material, and packaging

technologies, etc.

To utilize CMOS chips for biosensing within a liguenvironment, the packaging
should provide electrical insulation of the chipdaelectrical connections (e.g., wire
bonds), resistance to processing chemicals, andbdgial compatibility. Several
approaches to permit the use of CMOS circuitry witlhquid test environments have
been reported [45-51] as described in the sectefmv and discussed at the end of this

section.
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2221 CMOS microelectrode array for electrochemical lab-on-a-chip
applications [45, 47]

An 8x8 6um circular microelectrodes with centercenter 37um spacing were
fabricated on silicon using conventional microfahtion techniques. Another chip was
individually addressable 32x32 array of 7um squmaicroelectrodes with 37um center to
center spacing on a CMOS chip with built-in verygkscale integration potentiostat for
electrochemical analysis. The CMOS microelectrods post processed at the die level
to coat the exposed Al layers with Au. Cyclic vaittaetry was performed using a
potassium ferricyanide. Electroless nickel immaersigold (ENIG) deposition was
employed to create on chip electrode and epoxyapasied by hand to cover bonding
wires. The ENIG deposition was reliable and repoilale but the epoxy application was
not and resulted in several lost chips. The apjineof the epoxy required fine control

to cover the bonding wires without coating the méectrode array.

2222 CMOS capacitive sensor lab-on-chip packaged by direct-write
fabrication process [48]

The CMOS capacitive sensor by Sawan et. al. waghagdnecision capacitive sensor
carried out in TSMC’s 0.18um process. The passwvabn CMOS was removed by pad-
etching process. The electrical wires and other pmorants were sealed using low-
temperature bonding techniques called direct-wakbgication process (DWFP) as a soft
post-processing. Direct-write assembly is a robdéposition technique used to produce
layer-by-layer microscale structures composed tHmients with either cylindrical,
hexagonal or square cross-sections. The filameet® Wiormed by a micronozzle and

deposited on a substrate when the extrusion o pi&e material for building of planar
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or three-dimensional structures. The infiltratidnao uncured epoxy resin followed the
deposition of a fugitive organic ink scaffold. Theocess system and materials were of
low cost. The method could be a good candidatechemical, biological microfluidics
because it was not necessary to deal with expemsieefabrication in the cleanroom.
The direct-write procedure realized microfluidicckaging on top of the proposed

integrated sensor.

2223 CMOS microelectrode array for bidirectional interaction with
neuronal networks[47, 49]

The 6.5mmx6.5mm chip comprises 128 stimulation r@sdding-capable electrodes
in an 8x16 array and an integrated reference elgetrThe chip was manufactured from
foundry using an industrial 0.6um CMOS process. -fadsk post-CMOS processing
procedure was used to cover the Al electrodes bittbompatible platinum and to protect
the Al using three stack of silicon nitride andcsih oxide. Reactive ion etching was

applied to etch the dielectric stacks to definedleetrode shape and locations.

The processed chip was mounted on custom desigdBdaRd wire-bonded. Those
wires and bonding pads were protected by watesteagi medical epoxy. A glass ring

was used to form a large reservoir to containroellium.

2224 High-density CM OS switch matrix electrode array [46, 49]

The processed chip is mounted and wire-bonded enstom-designed printed-
circuit board (PCB) with an electroplated nickeltjedge-connector. A glass ring is then
glued on the PCB, and a water-resistant medicakxyef@POTEK 302-3M) is used to

encapsulate the bond wires and the pads.
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The packaging yield was currently limited by theopadhesion of the epoxy to the
chip substrate. If the epoxy lifts off from the strate, culture media can flow to the bond
wires leading to electrolysis and corrosion, whiehders the chips unusable. For short
term cultivation or acute preparation an estimgiett of about 90% has been achieved.

For long term culturing over several weeks, thédydrops to an estimated 70%.

2225 Biocompatible encapsulation of CM OS based chemical sensors
[51]

In this work, parylene was utilized to encapsul@dOS-based chemical sensors
bonded on a cartridge, while the sensing area kas bxposed by laser ablation and
sonication. The parylene coating was inert and &eckllent moisture, chemical and
dielectric barrier properties. Those coatings wasgally patterned via standard photo-
lithography and oxygen plasma etching. They uspdlsed UV laser to ablate the frames
on the perimeter of the ISFET sensing membranesrAdblation of the parylene, the
membrane parylene is stripped in a standard ulfadmth. The success of this approach
depended highly on the perfect focusing of therlaseremove parylene uniformly.
Otherwise, a non-uniform ablation could cause wisl including areas where parylene
was not removed or there were damages to the ymprsensing membrane. They
ablated the parylene on the perimeter of the sgresiea with the laser and the remaining
membrane was lifted off with sonication to expoke sensing membranes. Measured

results demonstrated better electrical isolati@mtprevious reported techniques.
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2.2.2.6 A CMOS dectrochemical impedance spectroscopy biosensor
array [50]

In this paper, a fully integrated biosensor 10xfr@yain a standard CMOS process
was presented which takes advantage of electroclhéimpedance spectroscopy. They
showed this system was able to detect various diicdb analytes, such as DNA and
proteins, in real time and without the need for exalar labels. They also used ENIG
process to deposit on-chip gold electrodes. To & reeasurement without interfering
with the electronic data acquisition they isolatied conductive solution from the bond-
wires, 1/O pads, and the IC package by using actrgdally insulating epoxy (EPOTEK
H70S). The ENIG process suffered to rough goldam&fand requires circuit design

techniques to achieve consistent gold depositi@n the whole chip area.

2.2.3 Discussion of prior work in biosensor packaging

In section 2.2, the methodologies for post-CMOSkpging were reviewed in
different applications. Although they were ableswlve the problem in their specific
situation, there were still issues not addressbds& methods utilized epoxy adhesives or
PDMS to seal the electrical wires and to createroflisidic structures. However, these
materials cannot survive extreme cleaning procejugey. piranha cleaning, which is
often required to clean electrode surfaces befoi@sebsor interface formation.
Furthermore, epoxy encapsulation has reliabilispés due to poor adhesion to the chip
substrate, stress imposed on wire bonds, and l&ancaccurate alignment method.
Another approach reported the uses of parylenehasehcapsulation material [51].
However, the micromaching laser source used taelie@ parylene during patterning is

hard to control and potentially damaging to thessem region underneath, and the
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ultrasonic bath used to lift-off the parylene coglsmpromise sealing around the wire
bonds. In chapter 4, a new packaging approachbeitiescribed in detail that overcomes

these drawbacks.
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3 Post-CMOS electrode array fabrication

3.1 Analysis of post-CMOS processing requirements

Realizing a single-chip biosensor array with emlgeldchstrumentation circuitry
requires the synergistic integration of CMOS desgjactrode fabrication and packaging
while simultaneously meeting requirements set bylQ) process compatibility, 2)
biointerface self assembly, 3) electrochemical ysislcapability and 4) operation in a
liquid environment. Fabrication processes such &almvapor and chemical vapor
deposition, wet chemical and plasma dry etchingl photolithography maintain the
reliability of active circuits within the CMOS subste when conducted at temperatures
lower than 400°C [52], forming a limited microfabaiion tools set. Similarly,
requirements for biointerface assembly and operatioa liquid environment constrain
the materials and structures available for eleesoand packaging. Therefore, a design
and process need to be determined and verifiedctratmeet all the requirements and

constraints set by the application and tools akikela

In the following sections in chapter 3, the chajjes to fabricate post-CMOS
electrode arrays will be analyzed taking into actoof constraints set by available
techniques and their biosensor applications. A esgfally electrode array fabrication
procedure will be described based on the analysts experiments. Following the
electrode array fabrication, the chip packagingirexments will be analyzed according
to the application and use, and the packaging usawly designed methods will be

introduced in chapter 4.
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3.2 Die-level photolithography and processing

In general, the traditional photolithography is dan the silicon wafer substrate or
those of big area. However, in this project, thiesstate for electrode arrays is the CMOS
dies which are in millimeter sizes. The fabricasaealing with these CMOS die are

referred to as die-level process with respect tiemlavel process.

To achieve the electrochemical electrodes beingidated on CMOS die, a few
steps need to be considered and solved. Firssylinfited small size of the CMOS die
makes the photolithography challenging becausehef 9pin coating. Secondly, the
geometry and layout of the electrodes should bsidered to have all those WE, RE and
CE with appropriate dimensions and relative loc®tioThird, the electrode should be
properly connected to the underlying CMOS circuiainyd electrical routing should be

properly insulated.

In this chapter, the major issue related to thelaliel process, edge bead effect, is
reviewed and the general die-level process is @xgetally studied with respect to the
spin coating radius, die size and orientation ef @he photoresist is then patterned using
fine patterns of 20um feature dimension. After thiaese results are utilized in the on-
chip electrode design and fabrication. The desigelectrode arrays is analyzed for the
electrochemical biosensor applications. Then op-cbiectrodes are successfully

fabricated using the characterized die-level fattion.

3211 Edge bead effect

In post CMOS fabrication, millimeter die is the mesmmon substrates used after

foundry manufacturing. In traditional MEMS techngyp however, the fabrication
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generally starts with larger, centimeter scale stales. Therefore, widely used existing
recipes are for large wafers. The problem wheninigalith millimeter substrate is that

the spin coating of photoresist no longer follows larger wafer recipes. That is because
the edge bead build up could cover up relativelyehportion of the substrate surface. As
shown in Figure 3.1, the edge bead exists mainly wuthe properties of the fluid

including surface tension when it coats surfaces Viscosity and surface tension decide
the contact angle at the solid-liquid-gas interfdtean dramatically reduce the available

area for accurate patterning.

contact

‘al/ngle photoresist

Figure 3.1. Edge bead effect on substrate.

3212 Background of edge bead effect

An example of the photoresist edge bead effect @M®S chip is as shown in
Figure 3.2. The edge bead covered the edge an@rcofrthe CMOS chip so that the
photoresist was not easy to be patterned in tgi®melt is called waveform pattern edge
bead which occur at the corner of rectangular sates{53, 54]. It is mainly because the
increased friction with air at the periphery, résuh an increased evaporation rate. It

makes a dry skin formed at the corners and slowsdbe fluid flow. In contrast, when
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spin coating a round substrate, those edge beatksfang pattern around the substrate.
Some methods were sought to reduce the evaporatighe photoresist during spin

coating to minimize the edge bead. In addition,nBetli effect also contributes to the

edge bead effect [54]. Bernoulli effect says thag¢ fpressure above the substrate
decreases due to acceleration of the air flow sd ithspeeds up the evaporation
significantly by the vacuum created by the flowsa®wn in Figure 3.3. This can cause
massive buildup in the corners by 200-500% of thiminal thickness in the center of the
substrate [53]. The pressure difference is expththat the air streamline splits through
unequal paths so that the flow through the longath paccelerates while the other

decelerates. The phenomenon is expressed in Béisiegluation (3.1).
2 2
P1/p+V 1 12+9z1=P5/p=Po/p+Vo [2+gz (3.1)

where p is fluid density, p pressure, V velocity, z heiglgt gravity acceleration. If

Figure 3.2. An example of photoresist build up dM@S chip.
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subscript 2 is path above the substrate and spbdcmeans path below the substrate, it

is known that
Po<Py, V1<V)

Compared with the wafer level process, few wereonte on the die level spin
coating process. For such small substrates, the édgd effect, becomes a more
significant challenge to photolithography and gsea¢duces the patternable, uniformly
covered area. In post CMOS fabrication, recessatiaco pads on the peripheral cause

even more severe edge bead effect.

3213 Solutions proposed for edge bead effect

A few methods exist to remove the edge bead, sacbeaeling the edges of the
substrate, spraying the periphery of the subst@até, spraying removal fluid on the

bottom side of the substrate. For beveling the edidehe substrate, although the edge

edge beads

air flow

» photoresist

Uniform area

Top view
Figure 3.3. Bernoulli effect illustrated when spioating photoresist on the sqt
substrate.
bead is flattened there is still excessive amotifiua on the surface of the edge which

could contaminate the process. The spraying ofl fhti the edge is useful for round

21



substrate while not for rectangular substrate dukdk of radial uniformity. The third
technique of spraying a solvent rich spray from bwtom of the substrate during
spinning is also not practical for rectangular $tais. All these methods are designed for

large substrates and not suitable for small sulestra

3.2.2 Experimental analysis of die-level photolithography to overcome edge

bead effect

A better understanding of this phenomenon is ne¢al@dercome the challenges of
edge bead effect to pattern small substrates. Tdrerean experiment was designed to
investigate the photoresist coating and pattermnghe small dies of millimeter size.

Here it presents the first known experimental cti@razation of photolithography

performed on 1.5><1.5m2mand 3><3mrr21 substrates and the edge bead effect associated

with small substrates.

Silicon substrates of 1.5><1.5rr21rand 3><3mrr21 were prepared by dicing a silicon

wafer. The centrifugal force is the main force thpteads the thin photoresist film over

Silicon substrate 3”Silicon wafer
v 5 v
' <4—Centering guide

; G
Spin chuck \J

Figure 3.4. Side view of the spin coating setup.

the substrate. The centrifugal force is proportidaahe spin radius. Therefore, a 3 inch
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Figure 3.5. The locations of 1.5x1.5mmand 3x3mm the silicon substrates w
respect to the center on the 3 inch silicon wafer.

supporting silicon wafer was spin-coated with Séypl813 photoresist, and the silicon
dies were placed on the wafer and bonded by batkiagphotoresist on a hotplate at
110°C for 1min. To do the comparison test, all the ¢omas should be kept constant
except the parameter under investigation. To mirgnprocess variations, all test die
were bonded to the same wafer and photolithogragtpgeriments were performed

simultaneously. To ensure the supporting wafer ee&stered on the spinner, a wafer

Figure 3.6. Photoresist coverage of the 3><§n$|iﬁcon substrate at Omm from we
center with large edge be
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Figure 3.7. Photoresist coverage of 1.5X1.52I‘BiﬁC0n substrates at 10, 20 and 34
from the center with percentage of uniform area.

centering guide was bonded to the backside of itters wafer as shown in Figure 3.4.

This enabled the spin radii of the chips could beexrtly determined between different

runs of spinning. The centrifugal force is deteradirby the equation, F=%, where F,

m, r andeo are centrifugal force, mass, radius and anguleedpTherefore, the test die
were placed at 0Omm, 10mm, 20mm and 34mm from theecef the wafer, with the side
of the die orthogonal to the radius, to investighteeffect of spinning radius as shown in
Figure 3.5. Shipley 1813 photoresist was then dispé on each silicon substrate die and

the supporting wafer was spun at 3000rpm befonmia $oft-bake at 110°C on hotplate.

Due to the photoresist edge bead effect, a sigmtiedge buildup was observed for
the substrate at Omm. A commercial image analydtsvare was used for the calculation
of the area where it is uniformly covered. It waarid that only about 50% of the surface
was uniform as shown in Fig. 3.6.As the spinningjua increased, uniform coating was
observed on a greater percentage of the die aresh@sn in Figure 3.7. The area

percentage improved from 53% at 10mm radius up 966 Gat 34mm radius. By

. 2 .
comparing the results between 1.5><1.52mamd 3x3mm substrates at the same spin

radius as shown in Figure 3.8, it was determined kwger perimeters provided better
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uniformity and less edge bead effect. The edge b#adt was worst on the trailing edge
relative to the direction of rotation and slighthetter on the interior edge than the
exterior edge with respect to the center of theewdf can be explained by the motion
direction of the photoresist when spinning andspi@ radius the photoresist experiences.
The photoresist moves opposite the direction of dhlstrate, thus, the photoresist is

pushed towards the trailing edge of the substrate.

To verify the quality of the photoresist coating teubstrates were patterned using a
photomask with an array of 20um circles at 50prohpdn the substrates at 20mm and

34mm from the center of the wafer. The S1813 plesist was exposed with UV light at
120-130mJ/cr% and it was developed with Shipley 352 develope#fd45seconds. The
results were as shown in Figure 3.9 and 3.10. Tést kesult was obtained from the

3><3mm2 substrate at the 34mm radius as shown in Figu#e Rr this substrate, all

Figure 3.8. Photoresist coverage of 3><32rrEmd 1.5x1.5 mrznsilicon substrates at t
same distance (34mm) from the center.

shapes that were more than 130um from the edge pveperly patterned, and on two
edges patterns could be formed up to the edgeeodiity resulting in reliable patterning

of 87% of the surface area. This experimental tegat utilized to design and fabricate
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Figure 3.9.20um diameter circle array with 50um period phadtise patterned ¢
3><3mm2 substrates at 20mm from the center of the wafer.

Figure 3.10.20um diameter circle array with 50um period phasise patterned ¢
3><3mm2 substrates at 34mm from the center of the wafer.

post-CMOS electrode arrays for biosensor applioatidhis provided the guideline of
how much estate is available on the substrate ;idad where the electrodes could be

placed and clearly patterned.
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Design and development of on chip electrode awaglectrochemical biosensor

3.2.3 Gold asthe electrode material

To form an on-chip microelectrode array, gold isoaitstanding metal because it can
readily be deposited and patterned, is inert amgdmnpatible in a biosensing liquid
environment, and permits immobilization of bioifiteres using well established adhesion
chemistry. The on-chip electrode could be fabridatesing an electroless nickel
immersion gold process that replaces the alumirayarlfrom a standard CMOS process
[50]. However, the deposition thickness of golddificult to control with this method
due to its deposition mechanism, and the procgsorse to poor reproducibility because
of variable aluminum alloy composition across gpchind between different chips. Also
the gold follows the topology of the original aluram alloy so that the gold is relatively
rough. Our experimental efforts with this depositiprocess have resulted in a non-
uniform gold layer with high surface roughnesseatatively, the on-chip microelectrode
array could be fabricated using conventional phatsicapor deposition (PVD) and
photolithography, which provides precise controletéctrode thickness and area. With
this method, the roughness of the gold is subgethe surface profile of the CMOS chip,
which is typically passivated by a flat silicon xiide layer. For many protein-based
biosensors, the electrode roughness is a critiaghrpeter. For example, a biosensor
utilizing a bio-mimetic tethered lipid bilayer menalne must have a very smooth surface

to prevent pinholes in the self assembled lipidymst.
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Figure 3.11. Single element of an electrode aromgisting of WE, RE and CE.

3.24  Design consideration of electrode geometry

To enable electrochemical measurement, each elemhéim¢ on-chip array includes
a WE, CE and RE. Development of a reliable plarderence electrode remains a
research challenge, and a pseudo RE was chosématsalltelectrodes could be formed
using Au. Figure 3.11 describes the electrode patteat was designed to maximize the
electrochemical response current and realize unifon flow by arranging the electrodes
concentrically. The distance between WE and CEefg kmall to minimize errors due to
potential drop in the solution and to speed up gihgrof the double layer capacitance
thus providing faster steady-state sensor respfige Reducing the distance between
RE and WE minimizes the IR (current-resistant poddioss to allow better control of
WE potential. The RE could be placed where CE-WHEetu is low to minimize the
current contribution of IR loss [55]. The workintetrode is relatively large to maximize
sensor area, and the size can easily be modifieslitodifferent biosensor interfaces

based on the electrochemical current level (which function of WE area) and desired
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array density.

3.25 Development of post-CMOS die-level electrode fabrication

The die-level post-CMOS fabrication process begiith formation of the electrode
array on the CMOS chip. It is referred to as dieleprocessing because it is received
from the foundry and individual die is processedt Bhe same processes can be applied

at a wafer scale.

The process was done in Keck microfabrication itgah Michigan State University.
The metal was deposited on the die by thermal eadipa of titanium/gold (50A/1000A)
using physical vapor deposition equipment whesmniitm played as adhesion layer. The
current required for titanium evaporation was 2.2Ad the deposition rate was
approximately 0.1A/s. For gold the current was 2&#d deposition rate was about
0.7A/s. Obviously, the deposition rate dependedttan heating temperature thus the

flowing current in evaporation boat. The base pressn the evaporation chamber was

-7 .
5x10 torr. Lower base pressure can offer lower evapmmatemperature and less

GTd Contact pad Electrode
' v ! [ ¥
__CMOS chip ~  CMOSchip
(a) (b) -
Polyimide coating Opening
= Lt — oz, ¥

(c) (d)

Figure 3.12. Process flow for padSMOS electrode fabrication: Ti/Au is deposited
patterned (-b), Polyimide is spin coated and patterned (c-d).
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contamination due to enhanced mean free path afeutels and lower vapor pressure.

The gold and titanium was then patterned by wethiegc using standard
photolithography. The procedure described in sect®2 was employed for the
photolithography and photomask design. The die lveagled to the perimeter of a 3-inch
silicon wafer to do the photoresist spin coatingtaBsium iodide solution and buffered
hydrofluoric acid was chosen as the etchants fta god titanium, respectively. The gold
was left on bonding pads and electrode contactausecthe original metal aluminum
alloy was very reactive with following alkali phog&sist developer and even with water.
Apparently if the aluminum alloy had corroded dgriphotoresist developing the circuit
chip could have been damaged detrimentally andbgipgoduct of the reaction could
have contaminated the surface electrodes. Polyimatethen spin coated on the CMOS
chip surface and patterned to insulate electrodéing® and define the electrode area.
Polyimide exhibited good coverage on planar surfd®elyimide was an excellent
insulation material used in electronics, for exasmjal lot of ribbon cables were insulated
by polyimide. Polyimide was patterned in a way tékctrodes and bonding pads were
exposed so that electrodes could be reached btisoland bonding pads could be wire
bonding. The polyimide was then baked in 2 stepmif3is at 200°C followed by 30mins
at 300°C. Both steps were ramping up and down gigdirxom and to room temperature
to avoid cracks in the polyimide caused by unmatctieermal expansion coefficient

between polyimide and silicon. The die-level preceteps are illustrated in Figure 3.12.

At the end of this process, the electrode arraybessn formed and the chip surface

has been passivated everywhere except the dedeetliode areas and the wire bond

30



pads. Thus the wire bond pads can be used for waneling later. The CMOS die was
then ready to go through the subsequent packagowegs that was specifically designed
for operation in liquid environment. The backgrousad procedures of the packaging

will be described in detail in chapter 4.

3.2.6 Preliminary results of post-CMOS die-level electrode fabrication

A few designs were realized using the approachritestin section 3.2 including
electrode arrays up to 10x10 and interdigitatedteddes, etc. A single 1mm electrode,

2x4 electrode array, 10x10 100um (diameter) eldetrarray and 20um gap

interdigitated electrode were successfully fabadabn 3><3mr% CMOS die. These

9200000009000
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Figure. 3.13 Different electrode designs fabricated on CMO$ dhcluding 10x1!
100pum diameteelectrode array, 20um gap interdigitated electradé electrodes f
electrochemical measurements.
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results verified the viability of the die-level messing technique and show the potential
applications in on-chip electrochemical sensinghwitifferent sensing needs. The

fabricated electrodes are as shown in Figure 3.13.
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4 Development of post-CMOS packaging fabrication

4.1 Requirements of post-CMOS packaging for
electrochemical biosensor

The integrated die of electrode array and CMOStedeics should be able to
operate in an aqueous biological environment andsome the bio-activity on the
electrode surface in real time using the CMOS sdaats. Thus, there are requirements
for biointerface assembly and operation in a ligeidvironment that constrain the

materials and structures available for packaging.

Operation of the CMOS biosensor array in an agquerysronment establishes a
critical requirement to insulate all surfaces @ ®©@MOS device in contact with the liquid.
The small surface area available on a CMOS chigswtates either a complex fluid
handling system or packaging of the entire chipifomersion in liquid. Because the
chip’s surface must remain accessible for bioiaisefformation and sensor operation,
flip-chip packaging and other approaches that siryilbury I/O bondpads cannot be
employed in a straightforvard manner. Also, thosenggal surface or bulk
micromachining technique in MEMS could be not dire@pplied to the packaging

process without custom modification because ottimaplicated structures of packaging.

Alternatively, a chip-in-package approach utilizmwge-bonded die was adopted in
this work, establishing a need for a protectivailasng material capable of coating all
surfaces of the 3D chip structure, including chglewalls and wirebonds. At the same
time, the packaging approach must permit patterafripe 2D chip-electrode surface and

cleaning of electrodes to remove any metal ionsantaminants before biointerface
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Figure 4.1. Chip packaging flow: (a) chip in DIPg@ckage; (b) dispense SU8 2002
using a syringe; (c) soft baking, UV exposure aaddhbaking; (d) final SU8 reservoir;

(e) PDMS cap and DIP40 package. Steps (b) andrécyepeated 4 or 5 times until
package is fully filled with SUS.

assembly. For example, our experiments have shbamaggressive electrode cleaning
by piranha solution and organic cleaning are reguifor reliable self assembly of
nanostructured biointerfaces. The packaging matewest therefore withstand the strong
corrosiveness of piranha solution. Several matenare studied to meet these demands.
Mainly, three packaging materials were investigatested and compared including SU-8,

polyimide and parylene.

4.2 Packaging materials

421 SU-8

SU-8 photoresist is widely used in MEMS fabricatidns available in a wide range

of viscosities and is suitable to form thick layarsd high aspect ratio structures [56].
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Previously, SU-8 was used as the packaging maferialse in liquids in our work [57].

In [57], the DIP40 ceramic package was used to ggekthe CMOS die. In order to
perform on-CMOS test in water, the area arouncthp, inside the DIP40 package, was
filled with SU8 photoresist. The SU8 was appliembtlgh a syringe in several layers, soft
baking on a hotplate and cross linking with UV tiglfter each layer, as shown in Figure
4.1. The final SU8 layer isolated the wire bondd areated a reservoir of approximately
0.5ml was formed above the chip, as shown in Figuga). However, when tested
experimentally, cracks were observed after proldrggaking in an aqueous environment.
Figure 4.2(b) shows cracks that developed neapdlgearea and caused corrosion of the

bonding pads that rendered the chip useless.

4.2.2 Polyimide

Polyimide is another insulating polymer materialdely used in bioOMEMS
packaging applications, although it cannot achiayers as thick as SU-8. Polyimide can
be applied by spin coating and curing in a low terafure oven. It is easy to pattern
using either wet or dry etching, and our testsaatdi it provides excellent coverage and
uniformity on 2D flat surfaces and survives proledgise in an aqueous environment.
However, when tested for coverage of 3D structlikesa wirebonded chip, cracks in the
polyimide layer due to shrinkage during curing weteserved. Figure 4.3(c) shows a
polyimide-coated CMOS chip with large cracks (ligbtor within the dotted line) where
the polyimide layer approaches wirebonds on the@'shperiphery (dark color within

dotted line).
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4.2.3 Parylene

Parylene, or poly (p-xylylene), is a thin film pahgr that is also popular for
insulating electronics. Parylene is chemically in@ermits conformal coating and has
excellent barrier properties. Parylene C (poly(nuoro-p-xylylene)) has the highest
possible biocompatibility rating among polymers fong term implants and has an
extensive history of use in the medical industrec&use of its biocompatibility,
biostability, low cytotoxicity and resistance agsimydrolytic degradation, Parylene C
has been widely used in micro/nano-fabricated @=sviand microfluidics. Parylene C
utilizes a simple chemical vapor deposition methatth low process temperature and is
compatible with standard microfabrication proces§as experiments have shown that
parylene successfully overcomes the problems aseocivith SU-8 and polyimide, no
cracking and uniform coverage, providing an excgltoating of 3D structures like wire-
bonded chips.

Sensorarea open
= l & -\ & T _.';" : '—._"'—._: -

1‘ Polyimide
R Cracks
Cracks
(a) (b) (©)
Figure 4.2 (a) A CMOS chip packaged using SU8 with electsodeposed; (b)

crack in SU8 observed at the interface of the emg SU8 where leakage occurs; (
polyimide coating on the surface of a packaged ttap cracked after hard baki

4.3 Post-CMOS packaging process

As introduced in section 4.2.3, parylene has trapgnties suitable for biological
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applications. Besides, parylene can be deposimdogcally at low temperature. The

parylene is usually patterned by dry etching usphgptoresist or other dielectric as
masking layer made by photolithography. In our aesle, the CMOS chip was wire

bonded to package body and the whole CMOS chiphbamdling wires needed to be
coated with parylene while the on-CMOS electrodesukl be exposed for access to
form bio-interface on the electrodes. To exposeethetrodes, or to selectively etch away
the parylene above the electrodes, normal maskigttpad by photolithography was not
feasible any longer because the 3D structured geckauld not be spin-coated by
photoresist uniformly and consistently. Thus, adapoto-typing parylene etching steps

were developed to achieve the parylene packaging.

The CMOS die with on-CMOS electrode array fabridatechapter 3 was mounted
and wire bonded to a standard PGA108 (pin gridyat28) ceramic package. Figure 4.3
describes the package-level post-CMOS processt tkiteCMOS chip was wire bonded,
the whole package with CMOS chip was then coateéld avum layer of parylene using
PVD (PDS 2035CR, Specialty Coating Systems). Thiscgss covered all surfaces
within the package, including bonding wires, paekagntact pads and the electrode
array chip. Next, parylene needed to be removenh filoe electrode array area while
leaving all other surfaces coated. Parylene wagrgdiy etched by reactive ion etching
(RIE) using oxygen gas with photoresist or anotwdid layer deposited and patterned to
form a masking layer. However, in this complex #ddmensional structure, such
methods cannot meet masking requirement, and aomird etching process was
developed to overcome this challenge. First, a poleh was used to create a cylinder of

cured PDMS (polydimethylsiloxane) sized to matce #nea of the chip’s surface from
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which parylene would be removed, ~1.5mm diametethia case. A silicon chip of
slightly smaller diameter was also cut from a wafeing a dicing saw. The cylinder was
then attached, on one side, to the silicon chipguexygen plasma assisted bonding and,
the other side, to a glass slide. The silicon efag included to eliminate direct contact of
PDMS with parylene, which was observed to leaveamed particle contaminants that
were difficult to remove. The glass slide was tletamped to the parylene-coated chip-

in-package with the silicon chip pressed down dherelectrode area. Crystal adhesive

(a) | TECMOS chip
Package body

(b)

CMOS chlp
Package body

(c)

. .- .— T ]
CMOS ch:p
Package body

(d) "CMOS chip
Package body

Figure 4.3. Process flow of chip-in-package seatordiquid environment(a) Chip i¢
wire-bonded to package and coated lyn5parylene. (b) A PDMS cylinder and silic
chip are attached to a glass slide and clampeketpackage to cover the center of
CMOS chip before crystal adhesive is melted to thilé cavity. (c) Glas slide i
detached and parylene is etched away by oxygen (@)ECrystal adhesive removec
form final package with all non-electrode surfareslated.
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(Crystalbond 509, SPI supplies) was then inseréal the cavity beneath the slides and
melted at 120°C to fill the cavity except where BBMS/silicon cylinder was held
(Figure 4.3(b)). Later, the slide/PDMS/silicon asbéy was removed leaving parylene
everywhere except the interior of chip’s surfacesmehpreviously deposited polyimide
remains to insulate surface routing and leave tindyelectrodes exposed. Parylene was
then etched using RIE, with 300W RF power and 58@soxygen flow rate, to expose
the desired electrode surfaces (Figure 4.3(c)).eChe crystal adhesive was removed
using acetone, the final package provided exposedrede with all other surfaces

coated with parylene (Figure 4.3(d)).

4.4 Discussion

This packaging method used parylene as the ineolatiaterial so that it had the
advantageous properties of parylene itself whitiild accomplish the goal of insulation
and protection. The parylene did not crack like &dnd uniformly covered the every
surface. Those works using epoxy to insulate cfps50] relied on hand manipulation
to apply epoxy to define exposed are which was eranerror and not reproducible
because the epoxy used cured permanently and westahot removable. However, in
this packaging method exposed area could be aetyredntrolled by the size of the
silicon chip and every fabrication step was revsesso that it allowed correction of
errors occurring during fabrication and enhanced fabrication yield. To our best
knowledge, the only reported CMOS packaging usiagylpne used laser source to
scribe the parylene [51]. The laser source wasonet of the standard cleanroom tools
and the dose of the laser should be carefully ssdeto cut parylene but not damage

CMOS chip. In comparison, RIE is a typical clearmmodry etching tool and the etching
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rate of parylene could be easily characterized. él@x our method required heating of a

crystal adhesive that dissolved by acetone, PDMiSh@mual manipulation of clamping.
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5 On-CMOS electrochemical array

5.1 Post-CMOS electrode fabrication and packaging

A multi-function amperometric instrumentation chip (MAlwas designed ar
manufactured by MOSIS and the chip is as shownigure 5.1.A 2x2 electrode arra
was fabricated on chiusing methods described ichapter . The four electrodes ea
included a WE, CE and RE that were connected toCiOS circuit by routing gol
traces to surface contact openings. All surface GWOnact pads were covered in g
to protect them during photoresist development. gdlgimide insulation layer was the
coated, patterned and cured to insulate the suwhde exposing electrodes and bond
pads. The chip was then bonded tPGA108package with conductive epoxy and w

bonded. Next, parylene was deposited on the padkabe and etched so that

Potentiostat
Array

Waveform Generator

. 2 o : :
Figure 5.. The 3x3mm CMOS amperometric instrumentation chip v
waveform generator anc-channel potentiostat and amperometric readout.
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surfaces were covered by parylene except the sexleotrode array area. The final
packaged CMOS chip with electrode array is showRig 5.2. This package scheme is
suitable for subsequent integration with microflaidhannels mounted either to the chip
or to the package. The wire bond contact padsh@ebst vulnerable area in this type of

packaging.

To evaluate the package sealing, the chip was malvep and successfully tested
after a water drop was dispensed on the chip. Sulesdly, the packaged chip was
exposed to piranha solution to clean the electraday, verifying the capability to
withstand the aggressive chemical processing nacesBefore protein biosensor

interface formation on the electrodes.

| Electrode array
DIP package

Bonding wires with
parylene coating

Figure 5.2. Photograph of a CMOS biosensor arr@fy-ichpackageand close u
views of the post-CMOS surface electrode array.
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5.2 Bio-interfaces on CMOS-compatible electrodes

5.2.1 PpcA bio-interface on gold electrode array

Microelectrode array was fabricated on silicon su#te using the same CMOS-
compatible process to investigate bio-interfaceslOfelement gold electrode array of
1mm and 500um (diameter) was fabricated on silgwstrate as shown in Figure 5.3.
The actual electrode area could be adjusted bysitepoand patterning of the insulating
silicon nitride layer. a cytochrome protein bionfiaee was formed on the gold electrode.
PpcA, a periplasmic Cytochrome C, was expressedrdggneously in e. coli and
purified using cation exchange chromatography. Di@nterface was prepared by
cleaning WE gold electrode surface and contactimgth ethanolic solution of 5mM 11-

mercaptoundecanoic acid and 11-mercaptoundecar®idtio) to form a self-assembled

Figure 5.3. 1Glement gold electrode array is fabricated on @ilisubstrate. Tw
are 1mm of diameter and the rest are 500um of deame

monolayer. PpcA was then immobilized on the sedleatbled monolayer by covalent
bonding with 50mM EDC (N-(3-dimethylaminopropyl)-Ethylcarbodiimide) and 5mM

NHS (N-hydroxysuccinimide) solution. Unbound PpcAasvwashed with 20mM
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phosphate buffer. A commercial platinum CE and dA8€! liquid junction RE were
used to take cyclic voltammetry. A clear oxidati@md reduction peaks were observed

after successful immobilization of PpcA on the geléctrodes as shown in Figure 5.4.

5.2.2 Fabrication of tethered bilayer lipid membrane (tBLM) on

microelectrode and tBLM interaction with nanoparticle (NPs)

To better understand the role and behavior of roelinbrane, tethered bilayer lipid

2E-05 -
----after PpcA forward sweep
----buffer forward sweep
1E-L5 ,/‘.‘ ——after PpcA reverse sweep
‘\‘ ——buffer reverse sweep
< s5E-06 \
=3 \
< %
QJ \\
- S
B N T e T e s s e e e SR ——
a OE+00 = e
-5E-06
-1E-05
-0.6 -0.4 -0.2 0 0.2
Potential(V)

Figure 5.4. Cyclic voltammetry of buffer solutigred) and after PpcA immobilized
(blue).

membrane (tBLM) becomes a very useful bio-mimetteriface. By using our fabricated

CMOS-compatible planar gold electrode, tBLM wasstancted and its interaction with

nanoparticle (NPs) was studied.

A self-assembled monolayer (SAM) of 1,2-dipalmiteypkglycero-3-

phosphothioethanol (DPPTE) was formed on a 1mm eli@ngold electrode patterned on
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silicon wafer after cleaning gold electrode in phia solution (51% SO, 30% HO, =
7:3) for 30s. Small unilamellar vesicle (SUV) lipose of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) adsorbed and ruptured on 8Adéposit upper leaflet of tBLM.
After tBLM formation, 200ug/ml F type multi wall carbon nanotubes (F-MWNT 8%
nm in diameter) were added into electrolyte sotumd mixed to interact with tBLM
after sonication for 15mins. Electrochemical impezka spectroscopy was used to
characterize tBLM formed on microelectrode and tBlt¥eraction with F-MWNT over
the frequency range from 0.01 Hz to 100 Hz at G&lpotential in a two-electrode setup.
Figure 5.4 shows that bode plots of impedance spentasured by potentiostat (CH
Instruments, Inc). The impedance magnitude of tBielsiched up to 10 M, suggesting a
highly insulating tBLM formed on the gold electrode investigate the interaction of
tBLM with carboxylic acid group modified F-MWNT, ipedance was recorded
immediately after addition of F-MWNT. An impedandeop was observed as shown in
Figure 5.5, implying transient pores induced by ®WMT allowing ions to pass through
lipid bilayer. So the impedance decrease aftertmadof F-MWNT confirmed that F-

MWNT could enhance the ion transport across liplialyer.
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Figure 5.5. Electrochemical impedance measuremeht8LM and tBLM afte
FMWNT interaction on a planar gold electrode.

5.3 On-chip electrochemical measurements

To verify the functionality of parylene packaging,test setup composed of an
MAIC chip, a packaged on-chip electrode array, an®C with a DAQ card and a
LabVIEW user interface was prepared. A typical etdgte solution with 1M potassium
chloride and 0.5mM potassium ferricyanide was preghaand cyclic voltammetry
measurements were performed at 25°C using an @n\ft, a commercial liquid
junction Ag/AgCl RE and a platinum CE. Figure 5i6ows the results from both a
commercial potentiostat (CHI760C, CH Instruments)imnd the MAIC at scan rates of
100mV/s and 200mV/s. In cyclic voltammetry, the lpdacations give important
information for biochemical identification, and #geresults demonstrate that the peak
locations and amplitudes of the CMOS system compateemely well with the

commercial system even at different scan rateanbther experiment, a second solution
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Figure 5.6. CV measurement of 0.5mM psiam ferricyanide at 100mV/s &
200mV/s for both CHI 760 commercial instrument @noposed circuit.
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Figure 5.7. CV measurement of potassium ferricyamtd0.5mM and 1mM for both
with 1mM potassium ferricyanide was prepared andicywoltammetry measurements

were performed. Figure 5.7 shows results from bloghcommercial potentiostat and the
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reported CMOS amperometric system at two differelectrolyte concentrations. As
expected, the peak current increased with ele¢aalgncentration, and again the peak
locations and amplitudes of the CMOS system compateemely well with the
commercial system. These experiments verify thegrmperation of the MAIC, the
functionality of the post-CMOS electrodes, and thatability of the parylene-based

packaging for operation in liquid environments.
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6 Summary

Miniaturized biosensor arrays are promising by é&ngbparallel analysis of
multiple parameters. Instead of bulky benchtoprumentation, integration of CMOS
technology and biosensor allows the sensing andsumements monolithically.
Multidisciplinary knowledge is needed to integratesensor, CMOS IC, and packaging
into one single chip. A post-CMOS die-level eled&dabrication and packaging scheme
were developed and the CMOS amperometric instruatient system with on-chip
electrode array and packaging were realized. PMKDE fabrication process was
described for forming an on-chip electrode arrajable for protein-based biosensors
and parylene packaging suitable for operation lig@d environment. Functionality of
the overall system was verified by performing oyclioltammetry in a potassium
ferricyanide solution. The on-chip instrumentatiaircuits successfully performed
electrochemical measurements at different scas aatd electrolyte concentrations. The
instrumentation circuitry and post-CMOS fabricatfmocesses reported here are suitable
for forming single-chip electrochemical analysiscrosystems with a wide range of

biological and chemical sensor interfaces achietheghesis goal.

The main contributions of this thesis research are:

Contribution 1: First experiments and characterization of CMOS-compatible die-

level photolithography for on-CMOS planar electrode fabrication

The traditional wafer-scale fabrication methods @og suitable die-level substrate

because of the edge bead effect during spin codtintpis thesis, for the first time die-

49



level photolithography was experimentally charazest and the post-CMOS die-level
fabrication process of on-chip electrode array wesgeloped. A few electrode designs

were successfully fabricated using the developetthoaks.

Contribution 2: Developed first rapid prototyping of on-CMOS biosensor array

packaging for electrochemical measurement in liquid environments using parylene

The integration of on-chip biosensor and electrauhal CMOS circuits is
attractive but challenging because of the liquigheximent environment. A parylene-
based packaging method was developed and verified allowed on-CMOS

electrochemical measurement in liquid environments.

Contribution 3: First monolithic integration of CMOS and electrochemical

biosensor for in-situ on-CMOS measurement tailored for tBLM interface

Even though some integrated CMOS biosensor sysiaTe reported, it is the first
time the integration was specifically designed amgblemented towards on-CMOS
formation of tether bilayer lipid membrane bioifiéexe (tBLM). The unique tBLM
biointerface imposes higher requirements on thetrelde quality including ultra-smooth
and clean gold electrode surface, accurately defalectrode area, and strict electrode
cleaning. The method in this thesis was designegttommodate these requirements and

achieved the monolithic system integration.
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APPENDIX
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Gold electrode fabrication procedure

1. Metal deposition

Vi.

Vii.

viii.

Use physical vapor deposition equipment in KECHKlifigc

Load Titanium and gold into the designated boats

Load the sample substrate
Close the chamber and pump down until less thé?le

Select the Titanium boat and turn on the currertcéw

Slowly increase current, 1Ampere per 5minutesas&6Ampere and
0.1A/s deposition rate

Open the shutter and start deposition

Once the deposition is done, close the shutterstmdly lower the
current

Similarly, do the gold deposition, at 2.2Ampere ar@ A/s

2. Electrode pattern

Vi.

Spin coat the Shipley 1813 positive photoresist3800rpm for
60seconds

Soft bake the photoresist for 1min at 110°C on lab¢p

UV exposure for 130-150mJ/c2rthrough designed photomask

Develop the photoresist using Developer 352
Hard bake the photoresist for 1min at 110°C on latgp

Etch the gold using potassium iodide+ iodine etthan
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vii.  Etch the titanium using buffered hydrofluoric acikar the protection
facemask, thick rubber glove and apron
viii.  Rinse away the photoresist using acetone and Ddrwat

ix.  Blow dry with compressed nitrogen gun
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