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CHAPTER 1: INTRODUCTION

Sensors play a crucial role in protecting the puahd environment from

chemical threats. By detecting threats quickly aocurately, proper steps can be taken

to mediate situations and minimize damage. Becaleir importance, researchers

have focused on the improvement of existing sermadson the design of novel sensors.

Some of the many issues that researchers and desiguust consider are listed in Table

1.1

Table 1.1. Metrics for Evaluating Chemical Sensors

« Sensitivity .
- Probability of Detection .
- False Positive Rate .
+ Response Time .
« Power Consumption .

Cost
Reliability
Maintenance
Durability

Size and weight

Depending on the application, certain items in €dbll are emphasized more

than others. Also, there are tradeoffs betweenyrathese issues; for example, greater

sensitivity may lead to increased false posititegdfalse alarms). Because of this, some

researchers have focused on designing electronge%i. These “noses” are arrays of



different types of sensors that are networked tegyeind may employ pattern

recognition to better detect chemicals.

Focus of Thesis

The work presented in this thesis details the agreknt of a
microelectromechanical system (MEMS) sensor fordigiection of volatile organic
compounds, spanning from the conceptual desigheo$énsor through fabrication and
initial testing. The unique feature of this senisahat it detects low-permittivity analytes
(relative to many other chemicapacitive polymerdobsensors, which have reported
insensitivity to low-permittivity analytes). In diion, the fabrication of the sensor is
relatively simple. The design was developed shahthe sensor can later be
monolithically integrated with CMOS sensing cireyitor improved performance.
Specific goals for sensor development presentéaisrthesis were to:

- Design a simple, effective sensor to detect lowrpitivity volatile organic

compounds.

- Fabricate the sensor entirely in-house at the Iddicoofabrication

Laboratory (Boise State University cleanroom).
- Perform proof-of-concept testing to demonstrate titva sensor works as

expected.



Techniques Used for Sensor Development

An exhaustive literature search on chemical miarsses was performed. This
search verified that the proposed sensor desigringagd novel (no literature was found
on the same design). The search gave insighphoicess integration and fabrication
concerns, as well as device performance conceasslyl. potential materials were
investigated, as the materials were critical irhitbe fabrication and functionality of the
sensor. In particular, polymers were studiedhasatorking mechanism of the proposed
sensor relied on polymer swelling.

A conceptual design of the sensor was proposdteanteption of this project by
Professor Jeff Jessing. From this, a detailedydesmnd process integration was
developed. From the process integration flow, @glthography mask set was designed
and purchased.

All fabrication was done in-house at Boise Statéversity. Fabrication tools and
processes were characterized and modeled. Witindihedual process models, the
entire sensor fabrication was modeled. Finallpsse fabrication was performed.

Only proof-of-concept tests are presented in thesis. These tests demonstrate
that the sensor works as designed. Determiningiihenum sensitivity of the sensor
requires a complex testing environment, which watsanailable at this time. The
sensors were tested by probing them on the silicafers that they were fabricated on
(they were not packaged). A detailed descriptibtne test set-up and results is

presented in this thesis.



Structure of Thesis

This thesis is divided into seven chapters, whiehtaiefly described below.

- Chapter 1: Introduction to project and thesis goal

- Chapter 2: Literature review of pertinent topicghe sensor.

- Chapter 3: Details the sensor design, procesgratien, and materials
selection.

- Chapter 4. Presents process development and mgaelequipment used to
fabricate the sensors. Sensor fabrication isralsdeled.

- Chapter 5. Detailed presentation of sensor fatioica

- Chapter 6: Describes tests that were performedesudts.

- Chapter 7: Provides a summary, a discussion afdéutork, and conclusions.



CHAPTER 2: LITERATURE REVIEW

An extensive literature search pertaining to chamigicrosensors was
performed. This chapter summarizes topics thaparenent to the sensor that is the
focus of this work. First, a review of polymer-bdsnicrosensors is provided. The
review is limited to polymer-based microsensorsabige of their popularity (and in part
to limit the size of the review). Relevant behasiand properties of polymers are then
discussed. Finally, due to their similarity to theveloped sensor, MEMS

(microelectromechanical systems) tunable capacaieriefly discussed.

Polymer-Based Chemical Microsensors

Microsensors detect changes that are induced ggttanalytes (substances the
sensor is designed to detect). Generally thessosghave a size limitation of being
smaller than a couple of millimeters. Also, mi@wosors are typically built using
integrated circuit (IC) and MEMS fabrication techogies. Aspects of microsensors that
were important to research for this project weesisgtivity, selectivity, and ease of
fabrication. These aspects directly relate tonlegrics listed in Table 1.1.

While there are many different types of microsessarpopular choice is to use

polymers as the chemically active sensing componeotymers undergo several
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different physical changes when exposed to speaifadytes. Sensors are designed to
exploit and detect these changes. A few of thesighl changes that sensors have
employed are changes in (1) dielectric permittivi8) thickness due to swelling of the
polymer, and (3) effective mass. Sensors thattleteemically induced changes, such as
in dielectric permittivity or thickness, are calletkctrochemical sensors. Sensors that
detect changes in mass are sometimes referredgi@asnetric sensors. Some

electrochemical and gravimetric sensors are desttiielow.

Electrochemical Sensors

Polymer-based electrochemical sensors use chemieedctions between
polymers and analytes to induce changes in thenpmly Several different types of
electrochemical sensors have been reported orumingiry of chemicapacitive,

chemiresistive, and calorimetric sensors is pravidethis section.

Chemicapacitive Sensors

Chemicapacitive sensors are generally composedlamtonducting electrodes (of
various geometrical configurations) separated pglamer, which serves as the capacitor
dielectric material. Exposure to target analyi@msses changes in the polymers properties
that in turn change the capacitance of the devitdee magnitude of capacitive variation

is often proportional to the concentration (withmits) of the target analyte that is
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present. The change in capacitance alters th&ielcharacteristics of the device and

can therefore be electrically measured.

Parallel-plate Capacitive Sensors

Two geometrical variations on capacitor electrdokgpe are common: (1) the
parallel-plate capacitor and (2) the interdigitagéettrode capacitor. Typically, with
these configurations, two significant events rgkato capacitive changes occur when the
polymer is exposed to a target analyte. Firstpthlgmer swells which usually acts to
separate the two electrodes. This correspondsiézi@ase in capacitance. Secondly, the
permittivity of the polymer increases, correspogdio an increase in capacitance. A few
examples of well-characterized and well-documegtezmicapacitive sensors are
described below.

Some of the earliest capacitive sensors were hiyrsdnsors in which two
conducting electrodes were separated by a polyafima¢l, 2]. Water, with a
permittivity of approximately 76, absorbed into fh@yamide, increasing the net
permittivity of the polyamide. An increase in péitidity causes an increase in
capacitance. For parallel-plate geometries, fentater to access the polyamide, the top
electrode had to be porous. One way to do this ise an ultra-thin metallic film, such
as a 500A coating of gold reported in [3], for thp electrode. An electrode of this
nature is effectively transparent to moisture. #heo way to create a porous electrode is

to simply etch slits or holes in the top electragiereported in [2]. Humidity sensors
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were eventually fabricated with CMOS circuitry toprove sensitivities to approximately
1% relative humidity [4, 5].

Chemicapacitive sensors to measure the swellifigneg have been reported in
[6, 7], which act as pressure sensors. These iseasoparallel-plate capacitors, formed
between the substrate (bottom electrode) andasilnembrane (top electrode), which
is separated by an air gap. Figure 2.1 showsss<gection of this type of sensor
(pressure is applied by the swelling polymer).

r—'-'p;I:!’re p+ 51 Membrone

RARIAREE

Metal

Figure 2.1. Parallel-plate pressure/chemical s€j$o

To make the structure in this figure a sensorstheon membrane is coated with
a chemically sensitive polymer, which is then cdatgth a rigid, porous material. When
an analyte is present, it travels through the poroaterial and absorbs into the polymer,
causing it to swell. The swelling pushes the memértowards the bottom electrode,
causing the capacitance to increase. While thigcdavas initially developed to measure
the pressure of the swelling film, it was later émypd as a chemical sensor, as the

swelling was proportional to the analyte concerdrat
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A different type of parallel-plate capacitor hagbeleveloped to detect changes

in dielectric permittivity [8-10]. For this sens@s opposed to the previous one (Fig.
2.1), the chemically sensitive polymer serves ascHpacitor dielectric separating the to

electrodes, as shown in Fig. 2.2.

Electrical connection
Fill hole to lower plate

Vented
upper place

Polymer

Lower plate

Figure 2.2. Parallel-plate capacitive sensor feledtric permittivity changes [8]

In effort to maximize detection of dielectric pettivity changes, a system of
anchoring the top electrode to the substrate wed, wghich acted to prevent the swelling
polymer from pushing the electrodes apart. Thissgewas fabricated as air-gap
parallel-plate capacitor. A large hole was etcimeithe center of the top electrode so that
the capacitor can be filled (post-fabrication) watkliluted polymer via injection. The
smaller holes in the top electrode (seen in Fig) &e necessary to remove a sacrificial
oxide that is used in making the air-gap capacitdt.of the holes in the top electrode
provide access for the target analyte to the potyriibde sensor was integrated
monolithically with CMOS sensing circuitry. Someported performance specifications

for this sensor are a lower detection limit of 100pvhen detecting DMMP with a SXFA
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polymer and a response time of 15.8 seconds. sEmsor has been tested with many
different polymers and simulants and is now commaéycavailable from SEACOAST

Sciences [10].

Interdigitated Capacitive Sensors

A novel implementation of interdigitated electro@diews for a permittivity
change or swelling to be detected based on thkrtéss of polymer [11-17]. Figure 2.3
shows a diagram of this interdigitated sensor gogrolymer deposition with the two
electrodes labeled as E1 and E2. The polymer piged the to electrodes by spraying
it through a mask. Figure 2.3 shows a diagramisfdénsor with thin and thick polymer

coatings.

Figure 2.4. Interdigitated capacitor with

Figure 2.3. Interdigitated capacitive

. L polymer coatings [12]
sensor prior to polymer application [11]

As shown in Fig. 2.4, when a thin polymer coatisgised, the electric field lines
pass through some air and some polymer. Whendlyenpr is exposed to an analyte, it

swells and displaces some the region that wasvaere the electric field lines pass
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through). Depending on the permittivity of the lgtarelative to the polymer, the
capacitance can increase or decrease (based dmgyveWhen the sensor is covered
with a thick polymer coating, almost all of theale field lines pass through the
polymer. Swelling is negligible in this configui@t and the change in permittivity will
dominate. This sensor was integrated on the bagloba CMOS delta-sigma sensing

circuit.

Chemiresistive Sensors

Chemiresistive sensors measure the electricataesis through a polymer
between two electrodes. Typically the polymemisresulator that is mixed with
conductive black carbon. When the polymer swétis,arrangement of the black carbon
molecules changes, which changes the effectiveteasie of the polymer [18-22]. While
these are relatively simple devices, the uncegtaihtvhere the analyte absorbs into the
polymer (near the contacts or in the bulk of the/per) makes determining a precise
analyte concentration difficult [22]. Sensitiviby these sensors has been increased by
integrating them on-chip with CMOS circuitry [21]in addition, it is common to use

arrays of these sensors in effort to increase Helkyd21].



13

Thermal (Calorimetric) Sensors

Calorimetric sensors have been reported on thaeserhanges in enthalpy during
absorption or desorption of an analyte into or fwolymer [11, 23, 24]. This is done
by using thermocouples to measure the differentedss a polymer-coated n-well
island and the substrate, which makes use of tabes& effect [11]. Not many

calorimetric sensors have been reported on.

Mass (Gravimetric) Sensors

Polymer-based gravimetric sensors use a changadympr mass to alter an

electrical signal.

Surface Acoustic Wave (SAW) Sensors

Surface acoustic wave (SAW) sensors are composiegaif transducers, output
transducers, and chemically sensitive polymers piezoelectric substrate, as shown in

Fig. 2.5 [25-27].
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Chemically
Adsorbent
Filn \
i

Input #
Transducer

Output
Transducer

rs

Acoustic Wave
—’

f

I
Heater and
Temperature Sensor

Piezoelectric Quartz Substrate

Figure 2.5. SAW chemical sensor [18]

Due to the nature of piezoelectric materials, a&ctelcal signal (at the input
transducer) generates a mechanical wave in oreosubstrate. The wave propagates
through the substrate to the output transducerrevine mechanical wave is converted
back into an electrical signal. A SAW device isigerted into a sensor by coating the
substrate with a chemically sensitive polymer. Witiee polymer absorbs an analyte, its
mass increases. This additional mass on the sistill decrease the velocity of
mechanical waves propagating through the substrdiieh corresponds to a phase
change in the electric signal generated at theubtitansducer. Sensitivities of parts-per-
trillion (ppt) have been demonstrated with SAW se8$28]. A very common
piezoelectric substrate is quartz, however, pieat films, such as aluminum nitride
and zinc oxide, can be deposited on silicon sutestiso the CMOS sensing circuitry can

be monolithically integrated with SAW sensors [29].
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Cantilever (Resonant Beam) Sensors

A cantilever sensor is a small, suspended, polycoated beam that oscillates at a
resonant frequency [11,30-33]. When analytes dbiswo the polymer, its mass
increases and this causes a change in the redoegunency, which can be electrically
sensed. Cantilever sensors have reported detesftemmalyte concentrations of volatile
organic compounds of less than 1ppm [11]. Alseygroconsumption in the nanowatt

range has been reported [30].

Polymer Use for Chemical Sensors

Because the sensor in thesis is a polymer-basasodisenbasic review of polymer
terminology is provided. These items that areused are related to how well an
analyte will absorb into and diffuse through a poéy. Following the terminology
review is a discussion of polymer/analyte inte@tsias well as topics important to

choosing polymers for chemical sensors.

Polymer Chemistry

A polymer is composed of a chain of repeated uwiiecules called “mers” (polymer
= many mers). A mer is analogous to a unit cellsrystallography — that is, it is the

smallest repeatable unit in a system. A copolyimeomposed of two or more different
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mer structures. The molecular structure of polyoan be divided into four general
categories [34]:

1. Linear Polymers: linear polymers contain mer uthiteg are bonded back-to-back
to form long chains, sometimes described as stohgpaghetti.

2. Branched Polymers: branched polymers have chabeséixg off of a central
chain, similar to how tree branches protrude framttee trunk.

3. Cross-linked Polymers: cross-linked polymers canliaiear or branched polymer
chains that are covalently bonded to adjacent petyehains.

4. Network Polymers: network polymers exist when gkeinmer molecule has
several covalent bonds attached to it (versus otemcovalent bonds for
structures (1)-(3)).

Often times, a polymer can contain several diffetgoes of molecular structures
simultaneously. The molecular structure of a payuhrectly affects how well
molecules diffuse through a polymer and how mupblgmer will swell.

Polymers can be defined by their many physical @rogs. It is helpful to review
some of these definitions when considering a potyimreuse in a chemical sensor.
Below is a list of some useful terminology:

« Crystallinity: polymer crystallinity refers to trerganization of a polymer’s

molecular chains. The degree of crystallinity defseon the molecular structure
of the polymer and on some synthesis/processingeduoes, such as allowing the

ample time for the polymer to cool after it hasrbbeated.
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Diffusivity: the diffusivity of a polymer describdsow well a foreign substance

can travel through the polymer. The degree otdiffity is largely determined by

the permeability of the polymer and its adsorptbaracteristics. Molecular

structure plays a key role as well. For exampiem@hous polymers have larger

diffusivities than crystalline polymers.

+ Melting Temperature: the melting temperature oblymer occurs when the
polymer changes from a solid to a liquid state upeating.

« Glass Transition Temperature: the glass transigarperature describes the

transition from a rigid solid to a rubbery stateemtheating. The glass transition

occurs in amorphous and semi-crystalline polymers.

Polymer/Analyte Interaction

The adsorption of an analyte into a polymer caddxseribed in three steps [35]:
1. A cavity forms/exists in the polymer
2. An analyte diffusing through the polymer fills tbavity
3. Attractive interactions between the polymer andyaedorm. The attractive
interactions that can form between the polymeramalyte are [35]:
« Induced dipole/induced dipole interactions (alsiteda_ondon dispersion
interactions)
- Dipole/induced dipole interactions (also calledadigpinduction

interactions)
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- Dipole/dipole interactions (also called dipole otegion interactions)
« Hydrogen bonding interactions
It is desirable for chemical sensors that intecmdibetween the analyte and polymer
be reversible.
The absorption of an analyte into a polymer witluce physical changes in the
polymer. Some of the significant changes pertgitninsensor design are:
« Change in volume (swelling). The absorption obaalyte causes a net repulsion
of the polymer chains [36].
« Change in dielectric permittivity.
« Change in mass.
« Change in index of refraction.
« Calorimetric change.
Many different sensors, some which have been destrhave been designed to

detect the change in one or more of these physicglerties.

Polymer Selection for Chemical Sensors

The basis of using polymers in chemical sensattsaisthe polymer must be able
to absorb a target analyte. However, for a givagmer, generally only a certain type of
analyte can be absorbed by that polymer; thabmsessort of compatibility must exist
between the polymer and analyte. Methods to pradid quantify this compatibility

have been developed. Sometimes the use of a giagdeneter is sufficient. Examples
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of single parameter methods are the Partition @oefit or the Hansen Solubility
Parameter. However, a more precise method togireaimpatibility of a polymer and
analyte is to use the linear solvation energy i@iahip (LSER) equation. These

methods are described below.

Hildebrand and Hansen Solubility Parameters

Hildebrand and Hansen solubility parameters prosm®e insight into how
soluble a material is into another material. Hidend defined a single solubility
parameter in 1936, and Hansen later subdividedptimameter into a polar, dispersion,
and hydrogen bonding component. The general glt#@t for an analyte and polymer
with similar Hansen solubility parameters, the steals likely to absorb into the polymer
[37]. A concern with this method is that sometimesterials with dissimilarities have

similar solubility parameters [35].

Partition Coefficient

The partition coefficient is a thermodynamic partan¢éhat measures the
concentration of analyte in the gas phase neautface of the polymer to the

concentration of analyte in the polymer (at equilitn) and is defined as:

O

K=—t
C,

whereK is the partition coefficienC, is the concentration of the analyte in the polymer

andC, is the concentration of the analyte in the gaselaove the polymer surface.
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The partition coefficient can be derived from tkenslard Gibb’s free energy [35]. As
with the Hildebrand solubility parameter, becausegartition coefficient is only a single
term (which can fail to account for some physidampomena) it can lead to inaccurate

conclusions.

Linear Solvation Energy Relationships (LSER)

The linear solvation energy relationship (LSER)aan describes and quantifies
various interactions between the polymer and ae4Bf, 28]. This equation has been
applied in detail to SAW chemical sensors [25].e TISER equation is defined as [35,
38]:

logK =c+r,R, +s.71, +a,a, +1,logl,
The subscript® andA specify whether parameter applies to the polymanalyte. A

brief description of the parameters is providedhel

Table 2.1. Descriptions of LSER Coefficients

Parameter| Description

K Partition Coefficient

c A constant resulting from multiple linear

regression analysis of logK values

rp Measures polymer polarizability

Ra Models polarizablitity of analyte

S Measures polymer dipolarity/polarizability
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A Measures analyte dipolarity/polarizability
ap Measures polymer hydrogen-bond basicity
oA Measures analyte hydrogen-bond acidity
Ip Describes the energy relating to forming a

cavity in the polymer for the analyte as well as

the dissolution of the analyte from the polymer

logLa Describes the energy relating to forming a
cavity in the polymer for the analyte as well as

the dissolution of the analyte from the polymer

The listed references show that the LSER methoehmarkably accurate. The
difficulty of this method can be determining thegraeters in Table 2.1. The references
list values for many different polymers and anaytelated to chemical sensors;
however, employing this method for research grougsting to experiment with
materials not listed in the references could bélehging as they would have to

determine all of the parameters.

MEMS Tunable Capacitors

The sensor described in this thesis requires diplapéate capacitor to be
modified such that the top electrode is free to enmwards and away from the bottom
electrode. Another device that does this is a MEMtable capacitor. A tunable

capacitor is desirable for various applicationshsag phase-locked-loop (PLL) circuits
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[39]. A common method of making a tunable pargblate capacitor is to suspend the
top electrode with spring structures so that it wave [39-42]. This is shown in Fig.

2.6.

(Gas

damping
Suspended electrode

— J : |

Spring k

e

7
Signal electrode

Figure 2.6. MEMS tunable capacitor with flexiblearode [40]

Typically the most desirable dielectric medium éotunable capacitor is air. This
is because air provides the least mechanical aesistfor moving the electrode through.
The gap between the electrodes is modulated byiagph DC voltage across the
electrodes [42]. The idea of a flexible top eled& will be used in the sensor detailed in

this thesis.

Summary

The literature review performed for this thesis kvenowed that polymer-based
microsensors offer high-sensitivity, low-power cgtean, and are potentially inexpensive
(if bulk manufactured as many IC’s are), especidltile sensors are integrated

monolithically with CMOS sensing circuitry.
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Concepts relating to polymer-analyte interactiomsenreviewed such that an
appropriate polymer can be selected to detectebmeatl substance.

A review of MEMS capacitive devices gave insighthe idea of using movable
capacitor electrodes to modulate the electricatatttaristics of the capacitor. The
suspension of the top electrode in a parallel mapacitor configuration as done with
most tunable capacitors will be employed in theseendetailed in this thesis.

A prevalent concept that emerged throughout theeweis that none of the
chemical sensors were 100% selective. Howevderdiit types of sensors are capable
of measuring different changes in the polymer prioge Ultimately, arrays of different
types of sensors (electronic noses) are desiraldéart to improve performance in all

aspects.
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CHAPTER 3: SENSOR DESIGN, MATERIALS, & PROCESS IRGRATION

This chapter discusses the design of the sensatsatiaoretical operation. The
fabrication steps required to build the sensompaesented, including a discussion on

material selection for the sensor.

Sensor Design

Design Objectives

The main objectives of the sensor design are that:
* The sensor measures the swelling of a polymer film.
0 The sensor detects volatile organic compoundsdrg#seous
(vapor) phase. These compounds are referredttrget analytes
for the remainder of this thesis.
0 Specific analytes can be targeted by choosing gpiate
polymers.
* The sensor fabrication is as simple as possible.
o0 A simple design often corresponds to a low cosigtesiue to a

reduction in processing steps and time.
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* The sensor fabrication is compatible with CMOS ifeditron technology
o This enables the potential integration of CMOS s®neircuitry
with the sensor for improved sensing performance.
These objectives were the foundation from whichgtedecisions were made
throughout the development of the sensor, whidesribed in the remainder of this

chapter.

Physical Structure and Theoretical Operation

The sensor is a parallel-plate capacitor composésmplanar and parallel
electrodes separated by a thin polymer dieleatnit fNeglecting fringe capacitances,
the metric (capacitance C) relating the voltagessthe capacitor to the electrical
displacement current through the capacitor is:

c=fIA  Eq.(3.1)
t

wheree is the net dielectric permittivity of the polyméjs the area of the overlap of the
electrodes, antlis the distance between the electrodes. Equéidn shows that the
capacitance is directly proportional to the digiegpermittivity of the polymer and
inversely proportional to the distance betweenrelletrodes, which corresponds to the
thickness of the polymer.

Upon exposing the sensor to a target analyte, tgvofieant changes in the

polymer’s properties occur, relative to capacitaritethe polymer swells, and (2) the
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dielectric permittivity,e, increases. These changes are demonstrated. iB.Ejgvhich

shows a capacitor without and with a target anglyésent.

Top Electrode
N
Dielectric ’ ’ "
Medium with \ It,,
Permittivity & g /

Bottom Electrade

t=ttAr i?t e=¢g.+ Ae
v

Figure 3.1. Parallel-plate capacitor with a polymdielectric

Due to the opposite effects that swelling and angkan permittivity have on
capacitance, as seen in Eq. 3.1, it is possibtdltleaeffects could offset each other. For
example, if the dielectric permittivity increasgs 1% and the polymer’s thickness
swells by 10%, no capacitive change would deteetabb avoid this scenario, the
polymer must be chosen carefully so that swellioghghates the change in permittivity.
While polymer selection is discussed in detaildatethis chapter, an example of a good
polymer to use for this sensor is one that absioregpermittivity analytes. The smaller
the permittivity of the analyte is, the smaller tteange in the polymer’s net permittivity

will be upon analyte absorption, thereby allowimgBing to dominate the response.
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Key Design Decisions

Key design decisions that were made in an effoimf@ement the sensor were
the selection of materials (electrode material polggmer) and the design of top electrode
so that analytes would have access to the polynsa that it would not impede

polymer swelling. These topics are discussed iaildeelow.

Electrode Material Selection

Material for the electrodes was chosen based oaritezia of the material being a
good electrical conductor and the ability to precd®e material. High electrical
conductivity is important to minimize the seriesistance of the sensor. Probable
candidates were metal or degenerately-doped piglysil Due to the lack of polysilicon
deposition capability at Boise State Universitytahelectrodes were chosen. As for
processing the metal, it is desirable that the gi¢éipa and etching of the metal be
uniform, reproducible, and have fast processingsimUniformity of the processing is
important in reproducing sensors with the sameliveseapacitance.

Two concerns relative to metal selection are tHardimation of the metal from
the substrate and of the metal deposition andrjgtriocesses damaging the polymer.
The bottom electrode (and pads for the top eleedradll be deposited on an insulating
oxide. While delamination of the bottom electraslef minimal concern, during
operation of the sensor, the top electrode wilhpasway from the substrate (oxide) as the

polymer swells. Therefore, it is critical that tiog electrode metal firmly adheres to the
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oxide. Also, the chemicals, heat, and other prseesequired to deposit and etch the
metal must not damage the polymer.

Because of the integration of fabrication proce¢pessented later in this
chapter), different metals were chosen for theatog bottom electrodes. Titanium was
chosen for the bottom electrode and aluminum fert¢ip electrode. This was done
because, at the end of the top electrode etctipdtiem electrode is exposed to the
aluminum etchant. To prevent the bottom electfoal® being etched at this time, a

metal that resists aluminum etchant (titanium)sisdi

Polymer Selection

Polymer selection is critical for the capacitanbarmge of the sensor to be
dominated by polymer swelling. Key issues pertairto polymer selection are that:
» The polymer absorbs the desired analytes
» The polymer swelling is reversible when the taayslyte is removed from
the sensor
* The permittivity of the polymer be as large as faegelative to the target
analyte
* The polymer is robust so that withstands sensaordation
These issues are described below.
The most critical property of the polymer from asefunctionality standpoint is

that the polymer absorbs that target analyte. bttho predict the absorption of
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analytes by polymers have been reported (see GHapteéerature Review for details
and references). The caveat with these methdtiatishey require experimentally
determined data. Therefore, if data pertaininthéospecific polymer and analyte of
interest are not reported in literature, extensixeeriments must be done to obtain this
data.

For repeated use of the sensor, the polymer swetiinst be reversible so that the
sensor returns to its baseline capacitance betaeayte exposures. This typically
requires that only weak bonds form between themelyand analyte, such as van der
waals or hydrogen bonding. If covalent bonds wer®rm between the analyte and
polymer, much more energy would have to be appbeglease the analyte from the
polymer. A fundamental tradeoff exists betweenréhwersibility and the selectivity of
the polymer/analyte interactions. The lack of sigy of polymer-based sensors has
lead to the development of electronic noses, irctvlan array of different sensors is used
and some form pattern recognition is implementeletiter recognize specific analytes.

For this sensor, the permittivity of the polymeaisimportant property. Because
this sensor relies on the swelling of the polyntiee, permittivity of the polymer should
be as large as possible relative to the permitvitthe analyte. Since the net
permittivity always increases with the absorptiéithe analyte into the polymer, if the
permittivity of the analyte is negligible to thdttbe polymer, the effects of the

permittivity change are more likely to be negligibl
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There are a few of processing concerns (any oflwtén render the polymer

unusable) associated with the selected polymer.

The polymer must be solid at temperatures at andealbom temperature
(that is, the glass transition or melting tempa®tf the polymer must be
above room temperature). This is necessary sonbtl can be deposited on
the polymer. For example, experiments with the/mer polyisobutylene
(PIB), which has a glass transition temperatureithewer than room
temperature giving it a “tacky” property, showedtth lum-thick metal layer
could not be deposited on the PIB. Because ofatiey and slightly liquid
property of PIB, the metal tended to diffuse irte polymer so that there was
no separation between the polymer and the metak réndered PIB useless
for this sensor. However, experiments with polysriteat have glass
transition temperatures larger than 80°C (suchhasgpesist, PMMA, and
poly(ethylene vinyl acetate) (PEVA)) showed thataheould be deposited
on them.

The polymer must sustain the etching process redua pattern the metal
that is deposited on the polymer. Experimentseteminine this must be done
on a case-by-case basis.

For this sensor the polymer must be able to bepetl (specific regions of
the polymer must be able to be removed by etchiagay). Plasma etching

can remove many organic polymers, but the etch diges and other
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processing parameters can vary widely from polytogrolymer. Also, if the
polymer heats up beyond its glass transition teatpez during the etch, the

polymer can potentially flow, which is undesirable.

The polymer that was chosen to initially experimeith is poly(ethylene vinyl
acetate) (PEVA). It was chosen because a litexatearch and lab experiments showed
that it met all of the criteria listed above. PEYiAs been shown to swell when exposed
to toluene, octane and benzene (and de-swell wiesme tanalytes are removed). The
dielectric permittivity all of these analytes is¢ethan the permittivity of PEVA. Also,
the adsorption of chemical warfare agent simulditgethyl methylphosphonate
(DMMP) and cholorethyl ether (CEE) have been regub[8]. Lastly, experiments in the
Boise State University cleanroom showed that PEW#taned a 50°C aluminum etch

and that it could be plasma etched.

Top Electrode Design

The top electrode has two defining features. Fanstarray of holes must in the
top electrode so that analytes can access the polyiihe size and spacing of these holes
is potentially an important factor for optimizinget sensor’s performance. Secondly, the
top electrode must be able to flex away from tHestate when the polymer swells.

Flexibility of the electrode is implemented by atiang the electrode to the substrate with
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springs. Figure 3.2 shows a plan view drawing tfpaelectrode with access holes and

springs.

Analyte
Access Hole

Figure 3.2. Plan-view drawing of top electrodehwibles and springs

The flexibility of the springs is quantified by teering constant. The larger the
spring constant, the more flexible a spring islc@ating a precise spring constant for
this type of spring is complex. However, in gehetee longer the spring, and the
smaller the width, the larger the spring constaifitbhe. Electrically, it is desired that the
springs have low resistance (that they be highhdoative). Unfortunately, the physical
properties that allow for a large spring consthortg length and small width, increase
electrical resistance. Therefore, there is a tHdetween the flexibility of the top
electrode and the series resistance of the sefkmwever, since the sensor is a capacitor,
only small amounts of electrical current shouldlbes through it, so the series resistance

likely will not be too concerning.
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Process Integration

Process integration is the ordering of fabricasteps required to build
something, in this case, the sensor. Desirahiuatits of the process integration for the
sensor is that it has the fewest steps necessay,low temperature processing (has
small thermal budget), and that the processesduigbable and repeatable so that
sensors from different batches have similar eleaiticharacteristics. Designing a process
integration scheme can be a complex task, as gigras must consider how the
processes affect the performance of the deviceddetitrically and mechanically.

Since the sensor is designed to be integrated@WMBS technology, the
processing steps used to fabricate the sensormtsiterfere with any CMOS devices
that may eventually be integrated on the same wafke sensor would most efficiently
be integrated with CMOS by placing the sensor enbidick-end of the CMOS fabrication
process, in the metal interconnect layers. Thssies that the complex, front-end-of-
the-line CMOS transistor fabrication process dagshave to be modified. The objective
as far as integrating the sensor then would bause as little damage, perhaps thermal
or contamination, to the circuitry as possible dgrsensor fabrication. One method of
doing this might be to complete fabrication of @&OS portion and pattern the bottom
sensor electrode on the top layer of CMOS metalenipassivate the circuit and etch
openings to reveal the bottom electrode as well @antact for the top electrode. The
next section describes the sensor fabrication stepsare compatible with CMOS

technology.
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Process Flow

This section describes the theoretical orderingteps to fabricate the sensor.
Process parameters that are specific to the equipnsed in the BSU cleanroom are
postponed until Chapter 4, which describes thegg®development and simulation of

the BSU equipment.

Bottom Electrode Module

The starting material is p-type, 12&m, (100) silicon wafers. The substrate
type and doping for the sensor fabrication is mibical because the sensor is isolated
from the substrate with oxide. A 5000A isolatiofide is thermally grown, on which
probe pads to both the bottom and top electrodiésest. This thickness is chosen
because the expected maximum voltage that willdpdied to the sensors during testing
is 1V. The approximate oxide breakdown voltage08V/um, so 5004 of oxide
requires approximately 50V to be placed acrossfibie it breaks down. As a side note,
for a process that was integrated with CMOS, tlsalating layer would be replaced by
an inter-metal dielectric (IMD), which is typicallydeposited oxide. Figure 3.3 shows a

cross-section of the sensor after oxidation.
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I 50004 Oxide

Silicon

Figure 3.3. 5004 of electrical isolation oxide.

The bottom electrode is made out of 28a@anium (shown in Fig. 3.4) because
titanium is a conductive metal, is easily sputteaad etched, and resists aluminum
etchant. The importance of it resisting alumindohant, as will be shown in a couple of
steps, is because the top electrode (aluminunmg oesthe same insulating oxide that the
bottom electrode does, and making the bottom @detout of a different metal allows
the top electrode to be slightly over-etched withetttacking or etching away the bottom
electrode. To pattern the titaniunpni of photoresist is spun on the titanium and
patterned using photolithography. The titaniumét-etched using the photoresist as a
hard mask. Wet etching is chosen (over dry eteleabse it is selective to titanium and
has short processing time. The resulting crosseseafter bottom electrode patterning is
shown in Fig. 3.5. The photoresist is removedgisim acetone, IPA, methanol clean.
Figure 3.6 is a 3-D (three-dimensional) drawingha&f sensor after bottom electrode

module fabrication.
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I 5000A Oxide

Oxide

Silicon .
Silicon

Figure 3.4. 2508 of titanium for the
Figure 3.5. Patterning and etching of the
bottom electrode

titanium electrode.

Contact to Bottom
Electrode

Bottom Electrode
B Silicon
] Oxide
B Titanium

Figure 3.6. 3-D drawing of the sensor after botattrode fabrication
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Polymer Dielectric Module

Polymer Application

_ _ ~ Titanium PEVA
Poly(ethylene vinyl acetate), or PEVA, is Oxide
used as the chemically sensitive dielectric
layer. Itis spun on with a spin coater at a sillzod

target thickness ofjim, as shown in Fig. 3.7. Figure 3.7. PEVA application by spin-
Thinning at the corners of the electrode is a coating

concern because the thinner the polymer is,

the more likely it is that the sensor will 500A Aluminum
Etch Mask

breakdown in that region. However, the Y

: : : . [hEEwEN  PEVA
polymer is four times thicker than the bottom Oxtide
electrode metal, so this should be sufficiently
thick. A solvent bake-out will be necessary Silicon
to harden the PEVA. Figure 3.8. Aluminum hard mask

deposition
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Polymer Patterning Photoresist

The PEVA is patterned by plasma etching. ~ Titanium PEVA

Oxide

To accomplish this, a 5@0aluminum hard

mask is sputtered on the PEVA, as shown in .
Silicon

Fig. 3.8. The mask is patterned using
Figure 3.9. Pattern hard mask

photolithography and wet etching of the

Photoresist

PEEsum PEVA

on the aluminum is removed with an acetone, Oxide

aluminum, as shown in Fig. 3.9. Photoresist

IPA, methanol clean. This clean does not

Silicon

remove the PEVA. The PEVA is plasma

. _ Figure 3.10. Plasma etching of PEVA
etched in a barrel asher using&d Ck g g

chemistry. The etch chemistry does not
attack the aluminum hard mask, so after the

IR PEVA

etch, PEVA will remain in all areas that are Oxide

covered by aluminum (Fig. 3.10). Finally,

Silicon

the aluminum mask is removed with wet

) - . _ Figure 3.11. Removal of hard mask
etching, as shown in Fig. 3.11. At this point

a substantial hard bake is done to harden the
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PEVA even further so that is robust enough Contact to Bottom

Electrode

Polymer >
to withstand the subsequent aluminum etch / ) ,/

Insulating
Oxide

for the top electrode. Figure 3.12is a 3-D

¢/ W Silicon
[] Oxide

) I Titanium
drawing of the sensor after the polymer B Polymer
dielectric module fabrication. Figure 3.12. 3-D Drawing of sensor after

PEVA patterning

Top Electrode Module

2500A of aluminum is used for the top 50004

electrode, as shown in Fig. 3.13. o NEESEN PEvA L
Oxide

Photoresist is spun on the aluminum and is

patterned with photolithography. The Silicon

aluminum is wet-etched, as shown in Fig. Figure 3.13. 2500A of aluminum for the

3.14. Lastly, the photoresist is removed top electrode

with an acetone, IPA, methanol clean.
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This is the final step in the process flow. Top Electrode

Figure 3.15 shows a 3-D drawing of the H

completed sensor after the top electrode ] ‘
Bottom Electrode Oxide

module fabrication.

Silicon

Figure 3.14. Patterning of the top electrode

Access Holes
for Analyte

Contact to Bottom

Sori
Electrode pHng

Polymer

Silicon

[ ] Oxide
B Titanium
|| Polymer
] Aluminunr

Figure 3.15. 3-D drawing of the sensor after tiggteode fabrication
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This proposed process flow is compatible with CM@&&nology. It does not
require any significant thermal steps, and provithed the CMOS circuitry is passivated
prior to sensor fabrication, it is expected thatJetle contamination would occur as
none of the materials, such as the polymer, woaldecin physical contact with any

transistors.

Photolithography Mask Design

The general shapes of the different layers (fongxa, the electrodes or PEVA
layer) are defined using photolithography. Phtholjraphy requires the use of masks.
A mask is a thin piece of quartz or soda lime thabated with chrome. The chrome is
etched to yield the desired shapes and their pie@sitransparent or opaque). A mask is
then used like a stencil to transfer the patternynienes onto substrates using
photolithography.

A mask set was designed to enable the proposedssdiow to be implemented.
The process flow is relatively simple, as it orgguires three photolithography steps. If
the masks for this process flow are designed cthyraw critical photolithography
alignment steps will be necessary (that is, soma @r alignment is tolerable and should

not drastically effect the sensor operation).
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A die with various sensor features was laid outr@amasks. The die was
reproduced thirteen times on masks, which weregydesl for use with four-inch diameter

wafers. The general layout of a single die is ghawFig. 3.16.

Row 1: i ‘
Modules A-D with _
Sum wide springs :
= 35
Row2: — > iﬁ i# -
Moclules A-D with :
. iy

10wm wide springs .“ .."
Row 3: —— "- ‘*'i' ﬁﬁ “

Modules to vary

spring dimensions — gﬂ!
plus experimental & HIH
alignment structures '
-
1.5cm

Figure 3.16. Die layout from photolithography mask

The various modules seen in Fig. 3.16 were systeatigtset up to vary critical
parameters of the sensor, these being accessib®|@ensity, and spring dimensions.
Module A and B contain capacitors with varying aredodule A varies the number of
holes that are used (with fixed hole size and sggloetween holes), while Module B
varies the distance between the holes (with fixald kize and number of holes). The

specific parameters are described in Table 3.1.
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Table 3.1. Top Electrode Hole Size and Spaciny/foying Capacitor Dimensions

Hole Hole Capacitor
Dimensions| Spacing | # of | Dimensions
Name Variable | (um x um) (um) Holes | (um X pm)
10x 10 20 14 440 x 440
Module A | # of Holes| 10 x 10 20 16 500 x 500
10x 10 20 18 560 x 560
10x 10 20 20 620 x 620
10x 10 20 22 680 x 680
10x 10 20 24 740 x 740
10x 10 30 10 430 x 430
Module B Hole 10 x 10 35 10 485 x 485
Spacing 10x 10 40 10 540 x 540
10x 10 45 10 595 x 595
10x 10 50 10 650 x 650
10x 10 55 10 705 x 705

Module C and D contain capacitors with fixed areidule C varies both the

number of holes and the spacing between the heidfs fixed hole size and capacitor

area). Module D varies the distance between thestand the size of the holes (with
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fixed number of holes and capacitor dimensiong)e 3pecific parameters are described

in Table 3.2.

Table 3.2. Top Electrode Hole Size and Spacindrived Capacitor Dimensions

Hole Hole Capacitor
Dimensions| Spacing | # of | Dimensions

Name Variable | (um x um) (um) Holes | (um X pm)

10x 10 143 14 450 x 450

Module C | # of holes| 10 x 10 82 16 450 x 450
10x 10 56 18 450 x 450

Hole 10x 10 41 20 450 x 450

Spacing 10x 10 32 22 450 x 450

10 x 10 25.5 24 450 x 450

25x25 48 8 450 x 450

Module D Hole 5x5 45.5 8 450 x 450
Spacing 10x 10 41 8 450 x 450

15x 15 36.5 8 450 x 450

Hole Size| 20x 20 32 8 450 x 450

25X 25 28 8 450 x 450
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Modules A-D were laid out with springs that weregrbsum and 1@um wide.
Figure 3.17 shows a schematic of a spring and hevdimensions are defined.

Spring
Width
IJ"-

Liong

Sori
}prmg

Spacing
I Latont

Figure 3.17. Spring parameters

Variations of these spring dimensions were incluidettie third row on the die, as

seen in Fig. 3.16.

Summary

This chapter presented the conceptual design afehsor and described its
theoretical operation. A discussion of which mialsrwould be used and why was
included. A process integration scheme was predeand the design of the

photolithography masks needed to fabricate thecsemas detailed.
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CHAPTER 4: PROCESS DEVELOPMENT & PROCESS SIMULANO

Preparation prior to sensor fabrication was criticasaving time and money.
Each fabrication process that needed to be usedatkazed, and an understanding of
how the processes would interact with each othartivaught out as well. Specifically,
the tasks of oxidation,udn resolution photolithography, the deposition atuhiag
aluminum and titanium, and application and pattegraf PEVA were characterized by
performing lab experiments. In addition to thisudcterization, many of the processes
were modeled using Silvaco Athena and Tonyplot,[d3jrocess simulation software
tool. Modeling can allow for the investigationmicess changes without performing
costly, experimental fabrication. Lastly, the emensor fabrication was simulated with

Silvaco Athena. The details of these topics aesgmted in the following sections.

Process Development of BSU Cleanroom Tools

Oxidation
Silicon dioxide (oxide) is a relatively good elecal insulator and is relatively

simple to grow on a wafer. To grow an oxide, &sil wafer is placed in a hot furnace

(800-1200°C) and is exposed to an oxidizing ageni{svo common thermal oxidation
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processes are dry oxidation and wet oxidation.yHre differentiated by the oxidizing
agents used to grow them, and grow at differeestgiroducing different qualities of
oxides. Dry oxide is generally of higher qualityat wet oxide, but takes a considerably
longer time to grow (especially for thick oxidedhiah render dry oxidation impractical).

Oxidation growth can be modeled with the Deal-Grazlel, which provides
the following equation relating the final oxidedkness t(y), initial oxide thicknesst§),

and time {) given in Eq. 4.1:
2 t2+ Al
tox + Al:ﬂox =B t+% Eq 4.1

A andB are strongly dependent on temperature, whichdrgs leffect on growth rate.
The Deal-Grove model is accurate for oxides thitkat a few hundred angstroms.

A Minibrute oxidation/diffusion furnace was usedp@rform oxidation growth
for the sensor. A series of data sets consistirigne, temperature, and thickness for ten
runs was collected and the data was used to bade&-fw the coefficient®/A andB in
Eq. 4.1 (when 6sccm of @low into furnace during oxidation). These coeiffnts,

which are functions of temperaturg),(are listed below:
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With these functions, the time to grow a requirgale thickness can be determined

(given the silicon crystal orientation, wet or angthod to be used, and initial oxide
thickness). To grow a 5000A oxide in the BSU cteam at 1100°C, wet oxidation

takes 31 minutes, whereas dry oxidation takes H3uss.

Photolithography

Photolithography is a method to transfer pattesaf{micron and larger) onto a
wafer. A simple photolithography process involpesning the wafer (cleaning), then
spinning photoresist on the wafer, followed by # bake to harden the resist. Exposing
the resist to ultraviolet light (UV) causes a cheamhreaction to occur. For example, if
positive-tone photoresist is used, the UV lightaieapart cross-linked polymer chains
in the resist. A wet chemical solution called deper removes the areas of the resist
where the chains have been broken apart. To cagaattern with this method, a mask

(with clear and opaque features on it) is placeoomear) the surface of a photoresist-
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coated wafer. The UV light shines through therctegions of the mask and is reflected
by the opaque features on the mask. Thereforgdtiern on the mask is transferred to
the photoresist.

Photolithography in the BSU cleanroom requiressseps: HMDS cleaning, resist
spin-on, soft-bake, resist exposure, developind,rard-bake. The first step is to prime
the wafer with HMDS (a cleaner) by spinning the evadt a high speed on the spin coater
and dispensing ~ %2 mL of HMDS on the wafer. Spedétails (time, spin speed, and
ramp rates) for the Headway Research Inc. SpineCoatipes for HMDS and
photoresist are shown in Table 4.1. ImmediatelipWing the HMDS, 1mL of

photoresist is dispensed on the wafer.

Table 4.1. HMDS and Resist Spin Coater Recipes

Step 1 Step 2
Time | Speed Ramp Time | Speed Ramp
Material
(sec) | (RPM) | (RPM/sec) | (sec) | (RPM) | (RPM/sec)
HMDS 5 500 1000 35 5000 1000

1lum-thick photoresist

(SPR 220-1.2) 30 3500 2000 0 0 0

The thickness of the photoresist is measured witlargoSpec Film Measurement

System. A soft-bake, used to bake-out some o$dheents in the resist, is done on a hot-
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plate. For thedm resist recipe in Table 4.1, a soft bake of 1 narai 90°C is typically
used. After cooling from this bake, the resiggposed. A Quintel Contact Aligner is
used both to align the mask to pre-existing featorethe wafer and as a source of UV
light to expose the resist. For the alignmentiparof this task, the wafer is place on a
vacuum chuck and is brought very close to the sartd the mask. Alignment is done
manually and can have accuracy of arougeh 1 Once properly aligned, the mask and
wafer (coated with photoresist) are brought intotaot with each other. Upon exposure,
this method will yield a 1:1 transfer of patterhat is, the pattern on the mask will be the
same size as that transferred into the photore$lss is in contrast to some systems that
use a mask with features larger than desired, wdmelthen optically reduced during
exposure. Once the mask and wafer are in contéiceach other, UV light is used to
expose the resist. The user sets the time of expdmsed on the intensity of the light.
This must be experimentally determined. If thegm& over-exposed (too much time
for the given intensity), the pattern will be t@yde (over-exposed) and squared corners
will round off. If under-exposed, residual resisll remain after developing, which will
affect the processing following patterning. Thegpaeters that were developed for the

BSU contact aligner are shown in Table 4.2.
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Table 4.2. Contact Aligner Parameters famlFeature Photolithography

Resist Smallest | Measured UV | Exposure
Thickness Mask Intensity Time
Feature
1um 1um 11.5mW/crm | 2 seconds

After exposure with the contact aligner, the reisisthemically developed.
Development is performed in a beaker under hoaotetdink. At room temperature, the
experimentally determined development time is allominute, but varies depending on
how many times the developer has been used. Tfeg iBammediately transferred to a
beaker of DI water after development in order tppshe development process. After a
30 second rinse in the beaker, the wafer is gepitstyed with DI water for another 30
seconds and is then dried with a pressurized aie.h®attern fidelity is inspected in an
optical microscope after development. If the patte not sufficient, in most cases, the
photoresist can be removed with an acetone, IPéd nagthanol clean or with photoresist
stripper. If the pattern is sufficient, generalyard bake is performed in order to make
the resist more robust to the next processing stbjgh is almost always an etch step.
The hard bake recipe that is commonly used in lg@ncoom is a 2-minute bake at

160°C in a convection oven.
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Metal Deposition

Two common methods of metal deposition are cherviapbr-deposition (CVD)
and physical sputtering. CVD is done in a vacutmaneber in which specific gases are
introduced into the chamber and involves a chemmezdtion that occurs on the surface
of the wafer. Because of this surface reactionD@¥n provide excellent step coverage,
meaning that the deposited film thickness is reddyi uniform on all surfaces regardless
of what angle the surface is parallel to the salstfsuch as parallel or perpendicular).
Physical sputtering is also performed in a vacuhamtber. Here, a process gas, usually
argon flows into the chamber. A voltage (DC or RFpplied between the grounded
anode, where the wafer is placed, and a powerett@lie where a piece of metal (target)
that will be sputtered is placed. The appliedagdtionizes the argon and the ions are
electrical accelerated towards the target. Thdlideowith the target and dislodge metal
molecules. The molecules fill the chamber and detpm the wafer (as well as most
other portions of the chamber)

At the time of fabrication, the only reliable methof metal deposition at BSU
was with a CrC 150 Sputter System. Step coveragearconcern with this tool because
it uses sputtering and not surface chemical reastf@VD). The required metals for the
sensor were aluminum and titanium. The deposrades for these metals for the CrC

are shown in Table 4.3.
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Table 4.3. CrC Metal Deposition Rates

Process | Process DC Deposition Rate

Metal Gas Pressure | Power | A/min um/hr
Aluminum | Argon 5mTorr | 50 W 70 0.42
Titanium Argon 5mTorr| 50W 33 0.2

Metal Etching

There are two general categories of etching madaysand wet. Dry etching
involves placing the metal-coated wafer in a vacwlamber and using either chemicals
to etch the metal, or to bombard the wafer withaed molecules (or some combination
of the chemical and bombardment processes). Bhirgg can either be anisotropic or
isotropic, although usually a very directional,saropic etch is desired to yield vertical
sidewalls on the metal features. Wet etching rseda liquid chemicals. In general, it is
used less often than dry etching due to the ditfyoof controlling the process and the
potential contamination. However, wet etches candyy selective.

At the time of fabrication, only wet etching wasadable at BSU. Table 4.4
shows the etch rates for aluminum and titaniume fEtes were determined by patterning
the metal with photolithography, etching for a gped period of time (using the resist as

a mask), and then measuring the step height withM.
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Table 4.4. Metal Wet Etch Rates

Metal Etch Chemistry Temperature | Rate (A/min)

Phosphoric Acid (85%) 16 parts

Nitric Acid (70%) 1 part
Aluminum 50°C 6500
Acetic Acid (99.7%) 1 part
DI Water 2 parts
Hydrofluoric Acid (49%) 1 part
Room
Titanium | Hydrogen Peroxide 1 part 8500
Temperature

DI water 20 parts

PEVA Application and Etching

Many of the chemically selective polymers usedctoemical sensors are not
commonly used materials in the micro-fabricatiodgustry and therefore do not have
well-developed processes to pattern and etch tieemeral methods of applying
polymers are to use spin-coating or spray-coatifygpically, organic polymers can be
plasma etched using oxygen, although the etch catebve slow. To enhance the etch
rate, a ratio of approximately 80% £6 20% Q can be used. The chemical
composition of the gases and etch rates vary greatdifferent types of polymers. Heat
treatment of polymers prior to etching can hardengolymers and make them more

difficult to etch.
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As described in Chapter 3, the polymer that wdsetased for the sensors is
PEVA. No processes to pattern PEVA were foundt@ndture, so an in-house process
was developed. PEVA is purchased in solid petiahf and therefore had to be
dissolved into liquid form so that it could be smma wafer. 5 grams of PEVA pellets
were dissolved into 80mL of toluene. To assissalng, the solution was heated to
50°C on a hotplate and stirred for 30 minutes uadeime hood. NOTE - toluene is very
explosive, so extreme caution was taken at this stde liquid PEVA was spun onto a
wafer using the spin coater. 1mL of PEVA was disael with a disposable dropper and
was then spun for 30 seconds at 3500RPM. Nextnanbte solvent bake-out at 75°C
on a hotplate was performed. 75°C was chosen beatis slightly under the glass
transition temperature of PEVA (exceeding the gtemssition temperature could cause
the PEVA to run). The film thickness was measwétl a NanoSpec Film Thickness
Measurement System and yielded a thickness of appabely lum (with the index of
refraction (Nf) = 1.46).

To pattern the PEVA, a metal etch mask was usedal@dminum mask was used
because titanium caused the PEVA to crack. 500&luhinum was deposited on the
PEVA in the CrC Sputter System (power=50W; time=futes; process
pressure=5mTorr). The aluminum was patterned stahdard photolithography.
However, in effort to not exceed the glass traositemperature of PEVA, a 1-minute
30-second soft-bake (pre-exposure) at 75°C was arisg@ 4-minute hard bake (post

develop) at 75°C was done. These lower temperatkes (relative to the typical 90°C
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soft bake and 160°C hard bake) did not noticeatictthe integrity of the pattern
(minimum feature size wagigh). After hard baking the resist, the aluminum wes-
etched down to the underlying PEVA. Finally, theresist on the remaining
aluminum features was removed using an acetone,dRdmethanol rinse (30 seconds
with each). The PEVA was resistant to this sohaaan.

With the aluminum hard mask in place, the PEVA ethed in a Branson
plasma barrel etcher. The chemistry used for ttie was 80sccm of GFand 20sccm of
O,. While G is often used to descum organic polymers, thetiatdof the CE greatly
enhances the etch rate. The etch parameters @&/¢RF forward power) and process
pressure of 500mTorr. The etch rate was approrinat22im/min. Therefore, the
time to etch a dmthick film was 4 minutes and 30 seconds. Howex&0% over-etch

was employed, so the total etching time was 5 resand 30 seconds.

Simulation of BSU Fabrication Processes

Oxidation

Silvaco Athena was used to model the oxidationattaristics of the Minibrute
furnace. To tune the simulator, the pressure petemvas modified (even though the
real pressure may not be the same as what is icotihe the temperature and time will be
close). The following is Silvaco Athena syntaxgtow 5000A of oxide using wet

oxidation (Fig. 4.1):
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BSU Oxidation

go athena

line y loc=0 spac=0.2

line y loc=1 spac=0.2

line x loc=-1 spac=0.2

line x loc=1 spac=0.2 e Hieon

init silicon c.boron=3e14 orient=100

Figure 4.1. Minibrute oxidation
diffuse time=82 temp=1000 weto2

simulation
#Tune with press parameter
press=.93
structure outfile=oxidation.str

tonyplot -str oxidation.str

quit

Metal Deposition

The CrC-150 Sputtering System was used to depatdlmSilvaco code to

model aluminum deposition with a rate of 4000A50\(V, 500mTorr) is:

go athena
diffuse time=82 temp=1000 weto2

press=.9
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etch oxide right p1.x=0

rate.depo machine=CrC aluminum u.

unidirec dep.rate=.4 angle1=0

deposit machine=CrC time=1 hours ..

divisions=10 E

structure outfile=aluminum.str L ;

tonyplot -str aluminum.str Figure 4.2. CrC aluminum deposition
simulation

Code to model titanium deposition with a rate 0d@&/hr (50W, 500mTorr) is:
go athena
diffuse time=82 temp=1000 weto2 press=.9
etch oxide right p1.x=0
rate.depo machine=CrC titanium u.h unidirec dep=r& angle1=0
deposit machine=CrC time=1 hours divisions=10
structure outfile=titanium.str

tonyplot -str titanium.str

These simulations show that metal deposited onrmakgavith vertical sidewalls
will likely be discontinuous. Therefore verticallewalls need to be avoided in the

process integration.
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Metal Etching

Aluminum wet etch is 6500A/min at 50°C

model this is: 0

using etch solution in Table 4.3. The code -

wJ\Hl\I\l\Hl\Hl\H \Hl\Hl\Hl\Hl

go athena

rate.depo machine=CrC aluminum
Figure 4.3. Aluminum wet etch simulation

u.h unidirec dep.rate=.42 angle1=0

deposit machine=CrC time=2 hours

divisions=10

deposit photoresist thick=.25

etch photoresist right p1.x=.45

#AL etch rate at 50C

rate.etch machine=wet_AL etch

aluminum a.m wet.etch iso=6500

etch mach=wet_AL_etch time=1.3

minute dx.mult=.05

structure outfile=aluminum_etch.str

tonyplot -str aluminum_etch.str

quit
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The etch profile is shown in Fig. 4.3. Because etehes are very isotropic, the
aluminum etches almost the same amount in latechlartical directions.
Titanium wet etch is 8500A/min at 22°C using etoluton in Table 4.4.
Titanium is modeled using that same code, butdteetch statement is slightly different.
It is listed below:

rate.etch machine=wet_Ti_etch titanium a.m weh.e20=8500

PEVA Etching

An image of the PEVA etch profile, whenheed in the Branson Barrel Etcher, is

shown in Fig. 4.4.

Plasma Eiched PEVA Profile

1w MAG = 34.77 KX SENSOR
i Wh= 7mm eum Data 6 Mar 2008

Figure 4.4. SEM image of PEVA etched in the Branisarrel etcher

The profile is rounded and has been observed oM RI&INd nitride films that have been
etched with this tool. Modeling of this profile 8ilvaco was not achievable. In order to

model the subsequent sensor fabrication, a sinmgked etch will be used.
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Simulation of Sensor Fabrication

This section provides the complete Silvaco Atherdedo simulate the
fabrication of the Bottom Electrode Module, Polyreelectric Module, and Top

Electrode Module.

Simulation of Bottom Electrode Module

Below is annotated Silvaco Athena syntax to moldelBottom Electrode Module.
go athena
#Define grid
line y loc=0 spac=0.1
line y loc=2 spac=1
line x loc=0 spac=0.1
line x loc=22.5 spac=0.1
#Define basic silicon parameters.
init silicon c.boron=3e14 orient=100
#Define machines that will be used in fabrication
rate.depo machine=PR_deposit photoresist u.mdepdate=1 step.cov=.1

smooth.win=.1 smooth.step=10



rate.depo machine=PEVA_Spin photoresist name.regAREm cvd

dep.rate=1.0 step.cov=1.0 smooth.win=1 smooth.4tep=

rate.depo machine=CrC_AL aluminum u.h unidirec dgp=.4 angle1=0
rate.depo machine=CrC_Ti titanium u.h unidirec cep=.2 angle1=0
rate.etch machine=wet_AL_etch aluminum a.m wét.et0=6500

rate.etch machine=wet_Ti_etch titanium a.m weh.e20=8500

#i##HE# Bottom Electrode Module ####H#H#HHHH#H#
#Step 1: grow insulating oxide in Minibrute furnace
diffuse time=82 temp=1000 weto2 press=.93
#Step 2: deposit 2500A of titanium in CrC Sputteoll
deposit machine=CrC_Ti time=1.25 hour divisions=5
#Step 3: Photolithography with bottom electrode knas
deposit machine=PR_deposit time=1 divisions=10
etch photoresist right p1.x=8
#Step 4: Wet etch titanium bottom electrode
etch mach=wet_Ti_etch time=.33 minute dx.mult=.1
etch photoresist all
structure outfile=bottom_electrode.str

tonyplot bottom_electrode.str
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Figure 4.5 shows the resulting structure from the@ecabove.

63

Materials

Silicon
Sinz2
Titanium

Figure 4.5. Simulation of bottom electrode module

Simulation of Polymer Dielectric Module

Continuing from the code above, the syntax to mtuePEVA processing is below.

###HHHHHHHHH PEVA Dielectric Module ######HHHHHHHH

#Step 1: spin on 1um of PEVA using spin coater

deposit machine=PEVA_Spin time=1 minute divisiorn$=2

#Step 2: Sputter 500A aluminum on PEVA to servhas mask

deposit machine=CrC_AL time=.125 hours divisions=5

#Step 3: Pattern aluminum etch mask using photgitphy

etch aluminum right p1.x=21

#Step 4: PEVA etch model - unable to accuratelyehbdrrel etcher

#Therefore will use a simple angled etch that rédesreal profile

etch material=PEVA thick=1 angle=50

#Remove aluminum etch mask



etch aluminum all
structure outfile=PEVA_Etch.str

tonyplot PEVA_Etch.str

Figure 4.6 shows the resulting structure up toRE¥'A patterning.
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Materials
Silicon
5102
Titanium
PEVA

Figure 4.6. Simulation of polymer dielectric moelul

Simulation of Top Electrode Module

The code below completes the sensor fabricationetirayl

Hi#H#HHHHHHHHH Top Electrode Model ###H##HHHHHHHHH

#Step 1: Deposit 2500A of aluminum with CrC for ®lpctrode

deposit machine=CrC_AL time=.625 hour divisions=20

#Step 2: Pattern top electrode using photolithdgyap

deposit photoresist thick=1 divisions=1
#access hole 1

etch photoresist start x=0 y=0



etch  cont x=0y=-3

etch  cont x=1y=-3

etch done x=1y=0
#access hole 2

etch photoresist start x=3 y=0

etch  cont x=3 y=-3

etch  cont x=5y=-3

etch  done x=5y=0
#Right Spring 1

etch photoresist start x=9 y=0

etch  cont x=9 y=-3

etch  cont x=11 y=-3

etch done x=11y=0
#Right Spring 2

etch photoresist start x=12 y=0

etch  cont x=12 y=-3

etch cont x=14 y=-3

etch done x=14y=0
#Right Spring 3

etch photoresist start x=15 y=0

etch  cont x=15y=-3
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etch  cont x=17 y=-3
etch  done x=17 y=0
#Right Spring 4
etch photoresist start x=18 y=0
etch  cont x=18 y=-3
etch  cont x=20y=-3
etch  done x=20y=0
structure outfile=top_elec_resist.str
#Step 3: Wet etch top electrode aluminum
etch mach=wet_AL_etch time=.385 minute dx.mult=.09
#Step 4: Remove photoresist
etch photoresist all
struct mirror left
structure outfile=top_electrode.str
tonyplot top_electrode.str

quit

Figure 4.7 shows the complete modeled sensor.
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Materials

Silicon
5ioz
Titanium
PEVA
Aluminum

Figure 4.7. Simulation of top electrode module

Summary
This chapter presented the groundwork that was @gdoeto sensor fabrication,
including characterization of the individual fataimn processes and simulation of the

processes and entire fabrication sequence.
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CHAPTER 5: SENSOR FABRICATION

This chapter provides a detailed description offgeication of the sensor. A
brief mentioning of why specific materials are usedthcluded; however, Chapter 3
provides in-depth discussions of why materials vodr@sen. Also, tools and parameters
used to perform the fabrication are listed. Finadhy mentioning of the “cleanroom” is

referring to the Idaho Microfabrication Laborat@tyBoise State University.

Standard Processes:

Because some of the processes are used multips tioring sensor fabrication, they
will be described once in detail here and thenijefgrred to for the remaining chapter.
The standard processes apenlphotolithography, photoresist removal, and wet

aluminum etch.

- Standard fim Photolithography: dm of photoresist (SPR-220 1.2) is spun on a
wafer using the spin coater (3500RPM for 30 secpndlke resist is then soft-
baked, but due to the various materials used,dftebake time and temperature
will vary and will be specified at the particulailopessing step. The resist is then

exposed using the contact aligner in the cleanrodhe optimal exposure for the
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resist is 2 seconds at a dose of 11.5m\§/cithe resist is then developed for
approximately 1 minute (depending on how many tithesdeveloper had been
previously used). Finally, the resist is hard-lthkégain though, due to the
various materials used, the hard-bake time andé¢eaiyre will vary and will be
specified at the particular processing step
Standard Photoresist Removal: The standard plsisbremoval process is to
rinse the wafer with acetone (30 seconds), IPAs@tbnds), and finally methanol
(30 seconds). The wafer is then dried with congadsir.

Standard Aluminum Etch: The standard aluminum atsd a wet chemistry of
16 parts Phosphoric Acid (85%), 1 part nitric a@i@%), 1 part acetic acid
(99.7%), and 2 parts DI water. The etch rate &f themistry for aluminum

deposited with the CrC sputter system is 6500A/ati50°C.

Bottom Electrode Module

The bottom electrode module spans from bare siliodhe patterning of the bottom

electrode. The steps to fabricate this module are:

Thermal Oxidation. Oxide serves as the electrical insulator betvikersilicon
substrate and the bottom electrode. Also, the fradbe top electrode will land
this oxide. 5000A is sufficiently thick, as thensers will be tested with an LCR
meter using a 1V testing voltage. Since the breaikdvoltage of oxide is

~100V/um, an ideal oxide of 5000A could sustairtap0V. The oxide was
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grown in the Minibrute oxidation furnace in theaeoom. Wet oxidation was
used in order to enhance the growth rate. Theabiid took 82 minutes at
1000°C while flowing 6sccm of £xhrough a bubbler (with water at 98°C) into
the furnace tube.

Titanium Deposition. Following the oxidation, 25004 of titanium was dsjied
for the bottom electrode metal. Titanium was usethat the aluminum etching
for the top electrode would not etch the bottonctetele (as the bottom and top
electrode both rest on the same oxide layer). résistance of the metal was not
a major concern because not much current will d&ifig through the capacitor
and the wires connecting to the electrodes wepenb@ide (relatively wide — the
wider, the smaller the resistance). The titaniuas weposited using the CrC
Sputter System in the cleanroom. The depositiok & minutes at a DC power
of 50W and a process pressure of 5mTorr (usingreagahe ionizing gas). Due
to the slow deposition rate of titanium, a thimfibf metal was desired simply for
shorter processing time.

Titanium Pattern and Etch. To pattern the titanium, photolithography and we
etch were used. The standagdrlphotolithography process was used to pattern
resist on the titanium using the bottom electro@deskn A pre-exposure soft-bake
of 90°C for 1 minute was used. After passing a+{deseloping visual inspection
of the resist pattern, the resist was hard-bakd®@tC for 2 minutes in a

convection oven. The titanium was etched with bfidoric acid (49%),
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hydrogen peroxide, and DI water (1:1:20). At rommperature the etch rate of
the titanium from the CrC sputter System is apprmtely 8500A/min. Therefore
an etch time of 20 seconds was required to etcdugfr the titanium. A 20%
overetch (additional 4 seconds, for a total etefetof 24 seconds) was included
to ensure that no titanium residue remained (amaneing residue could short the
top and bottom electrodes). Lastly, the phototegss removed using the
standard photoresist removal process. An optmabe of the resulting bottom

electrode structure is shown in Fig. 5.1.

Figure 5.1. Optical image of titanium (2500A) battelectrode on oxide (5000A)



72

Polymer Dielectric Module

The polymer dielectric module involved dissolvitg tPEVA into a liquid, spining

the PEVA on the wafer, depositing and pattering@th mask, and plasma etching the

polymer. Each of these steps is described below.

PEVA Dissolve The PEVA came from the manufacturer in solidgisl To get
the PEVA into liquid form, 5 grams of pellets weligsolved in 80mL of toluene
by heating to 50°C and stirring (note: heatinglséne is very dangerous because
toluene is explosive — and toluene is a carcinogerhis needs to be done in a
ventilated area). The ratio of PEVA and toluenes wlaosen because it yielded a
1um-thick film when spun on a wafer.

PEVA Application. The PEVA was spun on the wafer (covering thédmot
electrode) using the spin coater in the cleanrc@@@RPM for 30 seconds). A
solvent bake-out of 75°C for 2 minutes was thenedom a hotplate. This resulted
in a uniform film that was @m thick. Step coverage of the PEVA over the
bottom electrode was sufficient because the PEVA fear times thicker than the
bottom electrode. The PEVA was baked for 5 minate&°C on a hotplate to
bake out some of the solvents.

Etch Mask Deposition & PEVA Patterning. Because photoresist could not be
directly patterned on the PEVA (to serve as an gtakk), an aluminum etch
mask had to be used. 500A of aluminum was degbsitehe PEVA using the

CrC Sputter System (8 minute deposition at 50W D& BmTorr process
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pressure). Resist was patterned on the aluminumg tise standardpin
photolithography process and the polymer photoma#shkard bake at 75°C for 4
minutes used. A lower temperature of 75°C was frged this point on because
the glass transition temperature of PEVA is 85%@ exceeding this would cause
the PEVA to liquefy and possibly flow. The alummuwvas etched using the
standard aluminum etch. The etch time was apprabtaily 6 seconds (including a
20% over-etch). Photoresist was removed fromatbminum using the standard
photoresist removal process. Note, this resisokainwith solvents did not
remove the PEVA. The PEVA was etched in the Brarsorel etcher. The
parameters used were an RF forward power of 50\\agdcess pressure of
500mTorr. The etching chemistry was 80sccm of &t 20sccm of ©
Typically only G is used to etch organic polymers; however, thatiaadof CF,
greatly increases the etch rate. The wafer waeglaorizontally in the chamber
on a beaker (which raised it up so that it sahedenter of the chamber). The
etch time for im of PEVA at these conditions was 4 minutes ande@nds (for
edges) and 5 minutes for the center of the wafetotal etch time of 6 minutes
was used to ensure that all of the PEVA was removeadoptical image of the
sensor at this point is shown in Fig. 5.2, whicmdastrates that the aluminum

etch masks are still intact.
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Figure 5.2. Optical image of aluminum etch ma&A) after PEVA etch

After a visual inspection to confirm that no PEV#sidue was present on
the wafer after etching, the aluminum etch mask reasoved using the standard
aluminum etch. Lastly, the PEVA was hard baked3fdminutes at 75°C to
harden the polymer. This was necessary so thatdtmore resistant to the
aluminum etch for the top electrode. An opticaaga of the sensor after the

Polymer Dielectric Module fabrication is shown iigF5.3.
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Figure 5.3. Optical image of sensor after PEVAnjithick) patterning

Top Electrode Module

The Top Electrode Module involves depositing antdgpang aluminum, as described

below.

Aluminum Deposition and Patterning. 2500A of aluminum was deposited on
the wafer using the CrC Sputter System (approxip&&-minute deposition at
DC power of 50W and process pressure of 5mTorhe dluminum is patterned
using the standarduin photolithography process with the top electrode
photomask. The pre-exposure soft-bake was 75°€ foinutes. The resist was
hard-baked (post-develop) at 75°C for 4 minutelse Standard aluminum etch

was used to pattern the aluminum and the wet etehwas 45 seconds. Lastly



76
the remaining photoresist was removed using thedata photoresist removal

process. An optical image of the complete sersehown in Fig. 5.4.

Figure 5.4. Optical image of complete sensor

Figure 5.5 is a SEM image showing the transitiotheftop electrode aluminum
from the PEVA to the field oxide. It is criticdidt the metal be continuous when
transitioning from these two materials so thatdeesor can be electrically contacted

from the field oxide during testing.
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Figure 5.5. SEM image of continuous top electrivdesition from PEVA to oxide

Figure 5.6 is a SEM image of the springs and aaalgtess holes.

SENSOR
Cabe 19 Mar 2006

Figure 5.6. SEM image of spring and analyte achetss
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Review of Iterations Prior to Final Sensor Integraton

All data, including the process integration seciiohapter 3, the sensor
fabrication modeling in Chapter 4, and the fabraapresented up to this point in this
chapter pertains to the final process integratareme that was used. However, three
significant iterations occurred prior to the setlion a final process flow. This section
briefly describes these iterations to demonstraeesof the problems encountered in

during the fabrication and to present the engimgesplutions to fix the problems.

Iteration 1: Thick PEVA, Poor Step Coverage

The first iteration of the sensor yielded a probknthe top electrode metal
deposition. It was noted that (1) the PEVA wasenas thick as measured with the
NanoSpec, (2) the etch profile of the PEVA was ma@rical than expected, and (3) that
the aluminum (5000A) was not continuous. The PENi8kness was easy to address by
simply diluting the existing PEVA down with toluen&he unexpected etch profile was
traced back the aluminum wet etch used to remavetth mask. For some reason, this
caused the somewhat rounded profile to become #pneatical. Therefore, this
presented a step coverage issue so severe thaetaewas discontinuous as it stepped

down from the PEVA to the oxide, as seen in Fig@. 5.
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Figure 5.7. Poor step coverage and cracked iasise PEVA/Oxide interface

lteration 2: Thinner PEVA, PEVA Etch Mask Left Tract

To address the problems of Iteration 1, more pdeselopment with the PEVA
was done until afdm thickness was achieved. Secondly, a thicker@@8p aluminum
would be used to attempt to achieve continuity ftbmmPEVA to the oxide. Lastly, since
the removal of the etch mask (for pattering PEVA)sed a dramatic change in the etch
profile of the PEVA, it was attempted to leave thask in place (since it was only 500A
and 10000A of aluminum would be directly deposivedop of it). The resulting profile
of thepre-metal-etched top electrode (L0000A of aluminum on PEVA) is shaw Fig.

5.8.
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Figure 5.8. Top electrode metal continuity at PE&tRge prior to electrode etch

Figure 5.8 suggests that leaving the etch maskaremmay have solved the
problem of the abrupt sidewall profile of the PE¥Aown in Fig. 5.7. However, directly
after the aluminum (top electrode) etch, it wasepbad that again that the aluminum was

discontinuous at the PEVA/oxide interface, as showfig. 5.9.
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Figure 5.9. Discontinuity at PEVA/Oxide interface

It was then observed that after the top electracle, ¢he PEVA had laterally
shrunk by several microns, even though it remaimeltiintact in the horizontal
direction. From this it is hypothesized that ottoe top electrode etched entirely through,
the etchant caused the PEVA to quickly shrink/s#for etch laterally by several
microns. This allowed the aluminum etchant undiersiccess to the metal, which it then
etched entirely through. This suggested that tha®a problem with using PEVA as an

etch stop for the top electrode etch. To additesset problems, Iteration 3 was used.

Ilteration 3: Resist Buffer Layer

Since contact with the aluminum etchant causedrafsiant lateral reduction in
the size of the PEVA, it was surmised that a buifer could be placed between the

PEVA and the top electrode metal (using the saméAPghotolithography mask). That
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way, the PEVA would never see the final aluminuohetTo expose the PEVA to the
atmosphere, a plasma etch of the buffer film wdnddused. To test this process,
photoresist was used as a buffer. The additiaghebuffer layer did prevent the
etching/breaking of the metal as it went from tl&/R to the oxide. However,
interaction between the PEVA and resist (duringesalcaused a lot of bubbles due to
out-gassing of the polymers. This yielded veryttraative and non-uniform devices. In
effort to address this, a longer baking time (fromminutes to 30 minutes at 75°C) of the
PEVA was tried prior to applying the resist buff@yer. It was noted that this longer
bake made the PEVA more resilient to the alumintech during the aluminum mask
removal (post PEVA etch). This suggested thatggeshhe PEVA was capable of
withstanding the aluminum etch if it was bakeddaronsiderably longer time. This lead

to the fourth and final iteration.

Iteration 4: Removal of Resist Buffer Layer, Filatlegration Scheme

Iteration 4 was the final sensor integration schefee resist buffer layer was
removed and a 30-minute hard bake at 75°C (afeePE#VA was etched) was
implemented. This made the PEVA resistant enoaghd aluminum etching of the top
electrode. The details of this iteration are thesothat have been described in Chapter 3,
4 and 5. Figure 5.10 demonstrates (compared wgths) that the aluminum of the top

electrode is continuous at the PEVA/Oxide interface
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Figure 5.10. Aluminum continuity at PEVA/Oxide énface

Summary

Chapter 5 has provided a detailed description @fahrication process used to
create a functional sensor. Many images have bset to illustrate the fabrication as
well. Lastly, a review of the iterations requitedreach a successful design was

presented in effort to show the difficulty of demging a process like this.



84

CHAPTER 6: SENSOR TESTING

The objective of testing was to prove that the serssponded as expected.
Expectations were that:
« The capacitance would decrease when exposed tpdawittivity analytes that
have been shown to cause PEVA to swell.
« The capacitance would not change when exposedalgtas that are not readily

absorbed by PEVA.

Test Set-Up

Electrical contact to the sensors was achievedtlyipg them on the wafer. One
probe was placed on the bottom electrode pad aagabe on a top electrode pad. The
probes were connected to an HP 4284A LCR metdrtesting was done with 1V (AC)
at a frequency of 1kHz. The noise floor of thistenavas approximately 5fF (or less)
during testing. Because of the potential hazasds@ated with the analytes (octane and
acetone), the probe station was placed in a vearteglonment (the spin-coater enclosure
in the cleanroom).

To deliver the analytes, it would be desirableudda vapor delivery system, as

shown in Fig. 6.1.
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Figure 6.1. Diagram of an ideal analyte deliveygtem

However, due to the complexity and cost of thigifrgpthat all gas lines must be
stainless steel because the analytes attack plastisystem like this was not built for
this preliminary testing. Instead, a crude, probtoncept test was performed, which
involved dropping a small drop of liquid solvent thie sensor and recording the
capacitance from the LCR meter every minute uhéld¢apacitance reached equilibrium.
Unfortunately, precise volumes of analytes coultb®delivered to the sensor each
time, so gathering quantitative data was not péssibHowever, qualitative data could be
gathered. This method of testing could be desdrdsean impulse test — quickly
exposing the sensor to a large concentration oftiadyte and measuring the response
over a period of time.

Two different types of sensing structures wereettstThe first type of sensors

had 2um of PEVA as the capacitors’ dielectrics. The otiype of sensors had arh
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PEVA layers. The sensors were exposed to octasha@tone, which are classified as
volatile organic compounds. These analytes weosadue to the relationship of their
permittivities relative to PEVA. PEVA has a perity of approximately 2, as found in
literature and verified with the Ellipsometer iretbleanroom. Octane has permittivity of
approximately 1.1, which is less than PEVA. Acetbias a permittivity of
approximately 20, much larger than PEVA. Octarnelheen shown to cause PEVA to
swell [8]. Since its permittivity is less than PEMt was expected that swelling would
dominate the capacitive change, even though thperatittivity of the polymer would
increase (because of the addition of the absorb&he). No data was found in literature
on PEVA's response to acetone; however, durindahgcation it was noted that acetone
did not dissolve PEVA (implying that it does nosalb into PEVA very much and
would not cause swelling). Therefore it was expedthat acetone would cause minimal

changes to the sensors’ capacitances.

Testing Results

Sensors with @m-thick PEVA layers were tested first. For ondhedf sensors, the
baseline capacitance was 7.40pF (+/- a few femad&r The meter read this
capacitance for 15 minutes prior to exposure taenthat the capacitance did not drift.
An important distinction with this sensor is thiatvas “unconditioned” at room
temperature — that is, it was not exposed to aayytes after fabrication and prior to

testing. The significance of this is that duriadrication, the heat steps bake-out more
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liquid in the PEVA than is present at room tempégnat Therefore the baseline
capacitance would change after testing. Theaosemas first tested with acetone and

then with octane. The response to the two diffeamalytes is plotted in Fig. 6.2.
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Figure 6.2. @m PEVA response to octane and acetone

The data in Fig. 6.2 verifies that the sensor wdrke expected, that is the
capacitance decreased when exposed to octaneithndtdiecrease when exposed to
acetone). With acetone, there was a spiked inef@asapacitance, but the capacitance
returned to approximately 7.40pF within 15 minutéss believed that the increase in

capacitance was due to the liquid acetone fillingar-cut voids beneath the top
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electrode (near the analyte access holes), whiechdaemporarily increase the
capacitance (due to its large permittivity) urttiétacetone evaporated. Also, note that
the capacitance returned to its baseline valuegtwhigain supports the thought that very
little acetone actually absorbed into the PEVA.taDe, which has a smaller permittivity
than PEVA and has been shown to cause PEVA to ,sealsed a decrease in
capacitance of approximately 600fF, or 8.1% ofliaseline capacitance. The de-
swelling time was considerably long and relatielgar. Note, that the capacitance
never returned to its baseline value because tes&as unconditioned at room
temperature.

The second type of sensor tested usegha-thick PEVA layer. The order of
exposure for this sensor was (1) octane exposuemamconditioned sensor, (2) acetone
exposure, and (3) another octane exposure. Tpemss to these exposures is shown in

Fig. 6.3.
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Figure 6.3. im PEVA response to octane and acetone

For the first exposure, the sensor was unconditi@mel had a baseline
capacitance of 11.04pF. The octane-induced swetiused a decrease to 7.05pF (a
36% drop). As with the sensor data shown in Fig, Because the sensor was
unconditioned for the first exposure, the capacigaonly returned to 9.02pF and not to
its baseline of 11.04pF. The sensor was thensegto acetone and had a response
similar to that shown in Fig. 6.2. The pre- angtpacetone exposure capacitance was
approximately 9.02pF. Lastly, another octane expowas performed. This time, the

sensor was effectively conditioned from the firstame exposure. The baseline
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capacitance was approximately 9.02pF and the ociamsed a decrease in capacitance to
6.91pF (a 23%) drop. However, this time, the capace did return to its baseline value,

demonstrating that conditioning the sensors is namo.

Summary

This chapter described the proof-of-concept testipeand results for the sensor.
The sensor responded as expected, decreasingdoitzagre when exposed to octane
(due to swelling) and staying relatively constahew exposed to acetone (due to lack of
absorption of acetone into PEVA). The de-swellinges were considerably long;
however, the sensors were exposed to extraordidarge concentrations of analytes.
One possible integration scheme may be to emplisiticon heaters on the die to assist

in desorption time.
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CHAPTER 7: SUMMARY AND CONCLUSIONS

Summary

The objectives of the work detailed in this thegese to research, design,
fabricate, and perform proof-of-concept testingdEMS chemicapacitive sensor to
detect volatile organic compounds.

The literature review in Chapter 2 established pudymer-based microsensors
are highly sensitive, consume low power, and aneesghat selective. Chemicapacitive
sensors to detect changes in permittivity have beparted on. Complex pressure
sensors (using capacitance measurements) to detelling have been reported;
however, the sensor in this work is a considerabljier sensor to fabricate and works is
a slightly different way. Lastly a review of polyms as they pertain to chemical sensors
was provided.

Chapter 3 detailed the design process, materietseh, and process integration.
The most important physical aspect of the devicggtewas that of the top electrode, in
which the size and density of the analyte accelsstamd spring dimensions had to be
considered. The most important decision pertaitongaterials was the selection of

PEVA as the dielectric polymer. Lastly, a procksw was proposed that contained
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three modules: the Bottom Electrode Module, the/fel Dielectric Module, and the
Top Electrode Module.

Chapter 4 was dedicated to fabrication preparatidme theory and
characterization of the required fabrication preesswere presented. The processes and
sensor fabrication were then modeled with SilvativeAa.

Chapter 5 detailed the sensor fabrication, inclgdmormation on the specific
tools and parameters that were used. A totalwff@brication iterations were done in an
effort to finalize the fabrication process.

Chapter 6 described the proof-of-concept testiag)was performed. The sensors
responded as expected, decreasing in capacitaed® tloe swelling of the PEVA film
when exposed to octane. Acetone was used to staivthie sensor’s capacitance did not
decrease when exposed to an analyte that doesadtyrabsorb into PEVA. This

demonstrates selectivity of the sensor.

Future Work

Future work for sensor design and fabrication candtude using different
polymers as dielectrics to detect different typeshemicals, integrating several different
types of polymers on the same die, and integratoigsilicon heaters on the die to
reduce de-swelling time. Also, important futurerlwoould include building an

environment-controlled chamber to perform significeharacterization of the sensor.
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Conclusion

The sensor design and fabrication was a succesaf-8f-concept testing
showed that the sensor worked as expected. Tlg@efeéature of this sensor, compared
to other capacitive polymer-based sensors, istleaselective to low-permittivity
analytes, and the fabrication is relatively simple.

Due to the complexity and expense of building abd test environment, the
minimum sensitivity of the devices is not knownrfrohe tests that were performed.
Because of the inconsistency of delivering the sameunt of analytes to the sensors, a
conclusion about the optimal top electrode holesgaand spring design could not be

made, but could be the focus of future work.
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