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Abstract

Emergence ofraphenederived highly functional materials has transformed chemical and
biological sensing. Several novel approaches utilizing chemical modification of graphene
oxide (GO) were investigated and implemented using these materials in sensor fabrication
for the detection of chemical analytes such as volatile organic compounds (VOC). The
detection methods rely on using functionalization of modified graphene derivatives to
targetselectanalytes and produce a quantifiable, distinguishable electrical respotiss. |

work, an inhouse hydrothermal fluorination technique to synthesize fluorifated
(FGO) suspension was developed. The FGO material was drop coated in its solution phase
onto interdigitated electrodes to create a chemiresistive gas sensaltralow-level
detection of NH (~>2.26 ppm) was observed by the chemiresistive sensor which was
extended to detect acetone and distinguish between their individual transient responses
The sensor system is fully integrated and miniatunmeding it suitabledr pointof-care,

continuous health monitorirgpplicationsn exhaled breattesting
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Chapter 1: Introduction

Gas sensing devices are crucial sensors that idemtdymonitorthe presence of certain
volatile gaseous analytespplications for these sensors primarihclude detection of

toxic gases, vehicle emissions, and breath analysis for medical health monitoring. These
devices employ a miniature, sofstiate architecture that rely on interface to gas interaction,
whose chemical and electronic properties change and eanelasured and quantified
electronically. A chemiresistor consists of a material deposited on top of parallel electrodes
that change electrical properties due to exposure to atmospheric presence of interactive
analytes. Chemical interaction between the s@msing layer and gaseous analytes
adsorbed onto the surface can be quantified by measuring the electrical resistance on the

electrodes that are addres§&d

These sensors have been widely adopted to detect harmfalgtses within the
atmosphere. The sensing layer on a chemiresistor is deposited on top of two electrodes, or
an interdigitated electrode array (IDE) and the resistance is then measured. The resistance
of the sensing material modulates proportionally ® d@kposureto a certain targeted
analyte. The interactions between the target analyte and the sensing surface can indicate
the presence of the target molecule and in addition has the capabilities to identify the
specific concentration of the analyte withire atmosphere based on the distinct changes
in conductivity. Working characteristics of a chemiresistor are adopted from general
chemical sensors which include a receptor and transducer element. The receptor element
is the segment where the reaction @scthus modifying the chemical and electrical
properties of the layer. These chemical properties then can be measured by the transducer

element that converts the energy and transports it to the electrode underneath that provides



a quantifiable electricalignal [2]. Chemiresistive sensors have also been deployed for
environmental sensing and medical point of care applications dheitbigh selectivity,

sensitivity, small footprint, low operating temperatures, and e&fsdrication.

Sensing
Layer/Membrane

}

O——>0
- oo ! Elctrochemical Signal
O 1 o ; Optlcal_ Meas_ureahle , Processing
I Electronic Signal Unit
(9] i Piezoelectric
-2124:>:
O Residue
'_.—1 A J ,
T T O Target
Sample Receptor Transducer

Figure 1. Principle operation of a chemical/biosensor

Some materials that have chemiresistive properties are -meta@ (MOX
semiconductors, conductive polymers (CP), nanomaterials and nanostructures such as

graphene and carbon nanotubes (CN3k)

1.1 History

In the late 1960s, there have been reports of semiconductor mateaiadgng conductivity

based on exposure to the atmosphere realized in the form of olfactory transduction.
Rosenberg et. al discovered that the interaction energy between a certain odorous molecule
and the sensing layer must be weak, representing a minahat of the product of
Boltzmannds ¢ on s tkB that allaws dapid ceamge enrsigrtaluvhen thé
material is exposed to a different molec{d¢. The weak interaction would produce a
distinguishableeffect on thesensing layer due to the number of molecules adsorbed.

Chemical interactions were attributed electronically to the change in conductivity due to



the increase of the charge density carriers in the membrane of the sensing material. These
effects were firstealized to produce a distinct change in signal in relati@xposure to

an olfactory molecule.

The first commercialized chemiresistive sensor in 1970 incorporated a MOx
sensing layer for carbon monoxide, combustible gas, and other toxic gas detection
applications[5]. The research around these sensors has grown exponentially due to their
solid-state nature and the choice of materials such as polymers and organic films. Various
material parameters such as film geometrieBickhesses, and microstructure
configurations have been produced to investigate improvements on specificity where they
are inherently sensitive to reducing gases. Many discrete-fihitlsensors have been
deployed since the 1990s for industrial applicagicuch as medical, automotive, and
environmental air quality monitoring. Sensors from the Capteur product line provided
accurate sensitivity and selectivity on a combination of metal oxides as opposed to single
composition metal oxides to detect ammorigdrogen, carbon monoxide and other
reducing gaseg$6]. Electronic nose chemiresistive sensors have been commercially
available throughout the 1990spwevertheir expensive pces and complex miniature

footprint restricted them to be deployed as a compact, convenient chemical sensing option
[7]1.
By the 2000s more commonkxaminedproperties of the MOx chemiresistor,

moreoverfor tin and zineoxide, have been investigated for sensitivity and selectivity for

small footprint microsystems as the material can be tuned to focus on these pafameters

Currently the development of semiconductive sensing matehae led o

innovations in materials processirigmerging technologiesandictate the drastic changes



in sensor design and capabilities in terms of smaller footprint with high sensitivity and

specificity in sensor desid8].

1.2 Types of Gassensors

Gas sensors can be used to observe different properties of specific targetd@]géses
wide variety of materials such ad0Ox, CPs and CNTs are used for gas sensing
applicationsMOx requires higher operating temperatgr® yield higher sensitivities but
lack selectivity andhave large power requirements. The ability to operate at room
temperature, and to incorporate conducting polymers into sensing devices is hynited
material degradation[10]. CNTs may operate at room temperature and have high
sensitivity, but long recovery time and thetricacy of processing and fabrication

techniquegput them at a disadvantage.

A comparison between these sensors can be demonstrated in the following table:

Tablel. Comparison of gas sensing technolog&ls

Type Electrochemical Optical Chemiresistive
Cost Low High Low

Lifetime Short Long Long
Sensitivity High High High
Selectivity Good Excellent Poor
Response time Quick Quick Quick
Footprint Medium Large Small

The comparison between the three major gas sensing technologies and its
parameters: electrochemical, opticahd chemiresistive are compared in Table 1. The

electrochemical sensor has been the standard in the gas sensing domain as it has been



extensively researched and implemented. However, their short lifetime and high
temperature requirements are a major limitation. Optical sensors have optimal sensitivity,
selectivity, andshelflife however, they are costly and require a larger footprint.
Chemiresistes generally have loweselectivitycompared tdahe othersensors butre low

cost and easy to fabricate which are major contributors to their widespread ad®ption
The ability to modify the sensing layer properties to focus on a specific target analyte gives

chemiresistors another advantage and ability to compensate for poor selectivity.

Table2. Types of Electronic Gas Sensors

Sensor Diagram Features
a .
signal electrodes = sensing layer
dr heater 9 High sensitivity,
Metal oxide - Ti adhesive layer T Response at
. . $i0z insulation lay elevated
semiconductive i0z insulation layer
Si substrate temperatures of
sensor (MOXx) 150-400°C
Diagram of layeiby-layer composition for a MOx device
from an Auloaded In203 sensgill]
Capillary
Diffusion
Barrier . _ Hydrophorbic
N / Membrane 1 High sensitivity,
v N 9 Low power
Eleclroﬁ! Consumptlon,
Electrochemical — ] Reference 9 Small footprint,
Sensors Electrode 1 Specificity
L Js = Counter towards
- Electrode
I ~ Flectrolyte analytes.
Diagram of an electrochemical senqa2]
Parameters
Substrate IDE Structure Top Layer dependent on the
electronic change
L in the sensin
Chemiresistive \ / / layer: ¢
Sensors 1 Sensitivity,
9 Responsiveness
: 1 Specificity
Diagram of a Chemiresistive gas sensor.




1.2.1 FieldEffect Transistors (FET) Sensors

FET sensors are a type of commonly found-gassing device. It is a simple, caftective
devicedue to its simple fabrication process, its portability and sensitivity. A FET sensor
consists of a semiconductor with a sensingnoleh material and two metal electrodes
served as the source and drain. Different gate biases control the channel conductance and
can be modulatefd.3]. Gas detection is realized by the change in drain current before and
after gas exposure. The electronic structure of the sensing material will change due to the
adsorption of gas molecules onto the surface and, hence changing its conduethnce
Different gases such as: CO, NO, AINO,, SG, Hy, are the many types of gas analytes

that can be targeted.

The operating principle features the interaction of oxygen atoms that are adsorbed

onto the surface sensing material whather permits or restricts current flow based on

the interactionThe presence of reducing gadewersthe surface density of adsorbed
oxygen andpermitscurrent flow within the material. These devices typically operate at
elevated temperatures whereyggn adsorption on the surface is enhanced by the
acquisition of free electrons. The depletion layer dictates sensitivity as it encapsulates the
semiconductor material. The higher the depletion region can extend around the area of each
particle, the highethe achievedsensitivity would beif the region encloses the target
particles. The energy band structure is represented by a distribution of conduction band
electrons for a semiconductor with increased adsorbed oxygen molecules. The surface
electron concentratior , and the resistancghange from steady state can be derived

[15]:



Q Q" (1)

where Lp is the Debye length, Ns the carrier concentration, a is normalized with respect

to Lp, and p is dependent on the exposed gas.

FET gas sensorshannel current changegroportional to thegate material
modulationdue to a change in adsorbed oxygen concentradidsorbed oxygen present
in ambient conditions will be trapped resulting in carbon monoxide @@resultsin a
decrease in Rand correlatesto the concentrationlThis detection method is commonly

found in tin dioxidebased materials (TP

1.22 Impedance Sensors

The impedance sensor is a mixed potential sensor and determines the impedance change in
which a sinusoidal voltage is applied, and the current is measured to calculate the
impedance in the frequency domajh6]. This sensor uses solélate impedance

spectroscopy to measure the response over certain frequencies from kilohertz to gigahertz.

The sensitivity of this sensor can range from the parts per million to higher
concentrations. The design features senslegtrodes which are usually comprised of a
noble metal, a metal oxide and layered materials and does not require a reference electrode
for air. Impedance sensolsave been used for detecting small concentrations of various

gases such as hydrocarboNg&x, CO, and humidity17].

1.23 Optical Sensor
Optical gas sensors provide another method to detect specific analytes by analyzing the
infrared (IR) or spectrum close to IR by detecting vibrational or rotational atomic

transitions[18]. Determining the presence of gases is conducted by the sensing of optical



fibres that transmit an input beam and await feedback information from a gas cell to a

detector.

Chemical species possess strong absorption in the Ultraviolet (UV) and IR
spectrumsand these absorption lines show specificity towards ceateilytes Optical gas

detection is based on the Baeambert law{19]:

‘0 "0Q 2
Werel is the light transmitted through the gas celljd the incident light applied on the
cell,| is the absorption coefficient of the sample, and | is the optical pathlength. The
absorption coefficient is the product of the gas concentration and the specific absorptivity
of g[20F Optical detectors do not needdatput a beam by gratings or prisms but
determine specific gas selectivity deriving information from the molecule at a specific

wavelengtH18].

1.2 4 Heterojunction Sensors

These novel gas sensors attempt to impsavee ofthe disadvantages afsingle material

type gas sensor. The heterojunction consists of bayipe and rype semiconducting
material, and thus can be enhanced through the reactions at the interface of two
componentsExample targegiases that have been detected by heterojunction sensors are
Oz, Hz, HO, NO,, and GHsOH [21]. When gases are adsorbed onto its surface, the
structure of the interface is change and thus modifies the ehrargderattributes This

then affects the current flow characteristics across a current rectifying heterojjid2jion

1.25 Surface AcousticWave Sensors
Surface acoustic wa&SAW) sensors as small gas sensors provide high sensitivity and

low costby detecting thehange iramplitude frequency angelocity ofasurface acoustic
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waveinduced athe inputtransducerThe changes of physical dndchemical properties

are introducedy the reaction between sensing materials and gas molecules, this then
affects the acoustic wayedfile. The SAW gas sensing mechanigelies on the material
interactionwith adsorbed gaasit modulatsthe amplitude of the output waveelectivity

of these sensors depend on the property enhancements that can modify chemical

parameter§23].

1.3 Sensing Materials

Chemiresistive and electahemical (polymer) sensors provide optimal sensitivity, short
response times and are low cost but are limited to their poor selectivity. Other sensing
materials such a&8NTscanalso be used due to their high adsorption capacity, high surface
to volume ratio and greater sensitivitjowever, heir limitations include their high cost

and complicated fabrication proces§2s).

Electrochemical MOx sensors require fewer environmental constraints where they
can operate in ambient temperatures due to their intrinsic;fiitkomposition, that can
be modified to fit the sensing needs along with a heating element to elevateoopérati
temperatures. This allows for the ability to control the sensing element composition and
tune it foruniquematerials and stimulates specific catalytic reacti@7$. MOx sensors
with crosssensitivity properties cdme achieved with recent advancements in the material
composition. New improvements like a thiaeay sensor deposited on a ceramic heater,
prove to have the system embedded onto a single monolithic package and thus
demonstrating a smaller footprint for tdaacquisition purposef28]. The electrical
conductivity of these sensing materials is sensitive to the presence of gas particulates which

are adsorbed onto the surface, catalyzing a reaf2@n These transition metal oxides



have d and do orbital configurationsand allow for the gas sensing mechanism to be
formed on metal oxides such asQ¢, WOs, TiO2, and doformulates on transition metals

such as ZnO and SaQ@30]. In general, iype metal oxide semiconductors possess
properties such as: chemical stability, modifiable transport characteristics, and large
excitation binding ermgy. The difference betweentype and pype films is that the n

type sensitivity can be increased with reducing gases while-tpepdecreases upon
exposure. So,-fype sensors have lower working temperatures thgyper sensor§31].

N-type oxide semiconductive surfaces are used up to 90% more due to their higher charge

mobility than those of a-fype sensof28].

CPsare highly interactive materials when exposed to gas. Changes in conductivity
can be identified to be multiple orders of magnitude higher when exposed to a target analyte
when compared to its initial stgt@2]. Conductivity is not present in the initial state, but it
was observed that charge carriers form under oxidizitgpe doping, or reducing;type
doping. This change in charge carriers can be observed by the change in electrical and

optical propertiesegarding the doping concentrations in the polyfaar 34}

1.4 GasSensing Mechanisns
The main sensing mechanism in gas senssies on two major functionghe receptor
and transducer as stated previously. A shift in the state of equilibrium occurs due to the

presence of targeted analytes and creates the surface oxygen on the sensing element.

Table3. Resistance changes for different material under the presence of gagge and gype materials.
[35]

Material Reducing Gas Oxidizing Gas
n-type Decrease in Resistancg Increase in Resistance
p-type Increase irResistance Decrease in Resistance
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More commonly used materials for MOx: such as;J&hO, SnQ have a band gap of 2
4 eV, have more donor electrons in the conduction band and extypie semiconductive

behaviour. Other materials such as NiO, CuO acttgpe sensorg36].
The chemical reaction formula for artype material is:

O2 (suriacg + 2COA 2 COr + €puik) 3
Where Qsurface is the oxygen surface boundand ebulk are the electrons in the
substrate. The response for oxidizing gases is the opposite. The resistance changes
proportionally in the presence of increasing oxidizing or reducing gases according to Table
2. The sensitivity c¢an bistaldesistance onden &antienb y @R
conditions R, and the change in resistance R after exposure to the targeted analyte. Using
a 2D (two-dimensional)material such as graphene as a semicondwsttows to be
ambipolar and can be either p etype material bsed on an induced external electrostatic
potential or chemical dopingg7]. Therefore, it can be used to specifically target either

oxidizing or reducing analytes based on its distinct interaction.

1.5 Motivation

Chemiresistive gas sensors demonstrate excellent properties in terms of sensitivity and
selectivity. This makes them ideal candidates for-imvasive health monitoring. The

market for small footprint, loveost health monitoring devices is continuouslplewng.
Devices t hatti ma viindset adnrteafleedback, with opt
regarded and ideal for poiof-care or wearable applications. The ability to track and

record a subjectods condi t i oaddedbenefit.dDifferenth a v i n
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algorithms and processing techniques can be employed to enhance and evaluate more

specific data pertaining to a subjectds he

The interest surroundingtargeting VOCs such ashigh impact markerdike
ammonia and acetonallows forspecificphysiological conditiomonitoring Commercial
sensors exist for detecting ammonia in ranges above 10 ppm, however they are not
adequately sensitive for healthcare centric applicatiGtisical studies showed that the
presence of ammonian exhaled breath samplesdicates pathological conditions
pertainingto kidney and liver diseasd38]. Predialysis conditionsexhibit ammonia
concentration rangaa exhaled breath to be52 ppm[39, 40] Acetone is also crucial
for monitoring conditions such as diabetes. Studies have shown that persons with diabetes
would exhibitacetoneconcentrations of 1.8ppm in exhaled breafdl]. This puts an
emphasis on highly sensitivgas sensingdevices in ultralow concentrationsto

characterize anthrget vital gaseous analytes in exhaled breath

1.6 ThesisOrganization

This work is focused on extending the application to a near market ready, small footprint
device fabricated using lowost techniques. Graphene oxidenctionalization is
performed using a commercial and-hause synthesis fluorination methods. Sensor
implementatiorwith a custom circuit board design is carried out to observe the viability of
incorporating them in compact prototype configurations ot ifiexible polymers for

point of care applications.

The organization of this thesis is outlined below. A comprehensive literature review
on the notion of targeted gas sensing is presented in Chapter 2. Existing research on

chemiresistive gas sensors isalissed here, detailing the prevalent sensing techniques

12



with different materials and the obstacles in configuration and implementation for specific
gas sensing. In Chapter 3, the idea behind the selection of graphene and its derivative GO,
is examined bagl on their electronic properties, and the ability to have the chemical
affinity of GO tuned toward Nkland ketones by fluorination. The IDE design criteria and
response are also investigated. Chapter 4 describes the overall experimental approach and
setp. Material synthesis, novel device fabrication, and custom circuit board design are
discussed. The setup for both ideal and low concentrations is described, and the testing
methodology for both conditions is explored. Chapter 5 presents the resulteobtain

the FGO based chemiresistive sensors. The conductivity data for the sensors using novel
materials, gas sensing metrics upon exposure to ambient, burst, andowltra
concentrations of NgJ and the response of the sensor when exposed to ketoneassuch
acetone are all delineated. The conclusion and future work discuss the overall outcomes
from this project and further outlook towards the integration of these devices for a point of
care system. Finally, the appendix provides the design overview fauitem board

components.
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Chapter 2: Literature Review

Gas sensors have been investigated throughout the research community and many advances
have been made towards improvirggponsiveness, selectivity, and sensitivity through
modifications primarily of the sensing layer. Improving the sensor composition focuses

on fabrication techniques that incorporate novel materials. These material improvements
will be used to modify cheimal and electrical propertieand augmenthe sensing

mechanism.

Chemiresistive sensors have been deployed as gas sensors that feature a top layer
sensing element which interacts with a targeted analyte. The top film polymer conductive
properties would cdinge upon exposure to a specific gas and thus producing a change in
electrical resistance. Motivation behind research of these gas sensing defacese in
environmental monitoring, food processing, and medical diagnosis applicgtyné3,

44]. Among these applications, detecting medical diseases using techniques such as
exhaled breath analysis has garnered much attention due to {isvasive nature and
reattime feedbacl{45, 46] Human breath contains many trace particslaigch as,
oxygen, nitrogen, carbon dioxide, and ammonia to name a few. These ultra low

concentration ranges feature in the ppb to the hundredswofame47].

Previous work focusng on use of chemiresistorsdemonstratethe benefit of
sensing a targeted analyte within the environment due to the ability to configure layer
properties of the sensor. Common materials featured on chemiresistive sendt@xare
CNTs andCPs. These materials all have unique optimal sensioggptiesout come with
tradeoffs associated Wi high temperature requirements, complard expensive

fabricationmethods and poor selectivity48, 49] Graphendased chemiresistors offer
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versatile performancetemming from grapheniick 2D composition, high surfade-
volume ratio, ancaugmenteccarrier mobility. Adsorption of targeted gas on graphene

produces a noticeable change in the electrical conducibiiy

2.1 ChemiresistorDeviceArchitecture

Chemiresistive gas sensing devices are fabricated by coatibgEastructure with a top

thin film that acts as the sensing layer. These thin films are used to bridge the gap between
two electrodes. The conductivity of the film provides a cletifor the electrons to flow,

and a change in conductivity can be realized due to the change in electronic properties of

the sensing layer when interacting with targeted gas molgé&igs

IDEs are ideal for gas sensing &pgtions due to its linearitywhen biased at steady
state sensitivity, lowcost production, and high surface to volume raf&2].
Chemiresistivegas sensors consist of inorganic substrate materials with metal IDEs that
are patterned on an interface between the sensing layer and the production of electrical
signal due to their high integrity and conductivity. IDEs provide a maximum functional
areaof contact between the sensing layer ana theputan electrical signa[53]. Types
of IDE sensors are mechanical and chemical structures that react to a change in influencing
conditions such as force, or environmentahaentrations. Carbon based electrodes are
great alternatives to metal electrodesicanoffer alow-cost solutiorfor fabricatingIDE
devices on flexible polymer substrates. Their excellent electrical properties such as
capacity, energy, and power density have put them at the forefront of organic energy
storage systemfb4]. Together with their electrochéral performance they are great

candidates to be incorporated in organic sensors.
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IDE Chemical sensorgan berepresented by two categories: capacitive and
resistive sensors. Capacitive sensors consist of a dielectric material that senses the change
in cgpacitance from interaction. Resistive chemical sensors detect the change in electrical
properties of the sensing layer resulting in a change in resistance when exposed to a target
analyte. The current flow within the material when biased at a certaigegaiteangeshe
conductivity of the material when exposed to different concentrations of the targeted
analyte. The electrodes are arranged in a serpentine structure which take advantage of the
large gapsuchthat the electrodes can be modelled as resistqrarallel. Figure 2 shows
a common design of an IDE structure where the top sensing film willaemdcemonstrate

this phenomenon.

Figure 2. Interdigitated electrode structure.

Dimensions of the IDE structures dictate the sensing operation of the device. A
large gap between electrode corners do not contribute to the sensor performance. But since
this is the path of least resistance for current flow, most of the current willibé fio this
area. Therefore, optimization of the overlap gap G, between electrodes must be optimized
to output an accurate readiff]. Optimization of the serpentine electrode structure can
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be expressed as fraction ofthe electrode gap thickness over the sum of the gap and
electrode thickness It was observedhat to achieve maximum efficiency, electrode

fingers can be lengthened and overlap gap will incrgeje

2.2 IDE Fabrication Techniques

IDEs consistingof these serpentine electrodes can be fabriaatesi semiconductor @n
insulating substrate such as Silicon Dioxide #i@r pSi The insulating layer can be

grown hydrothermally to prevent an electrical connedbietwveen the sensing material and

the substrate. The electrodes can be patterned onto the substrate by depositing metal such

as chromium, gold, or aluminum to create the conductive structure.

- . 4‘-

Aluminum
Deposition

= ANy

PR Coating Soft Bake UV Exposure Development
'—’.7 - 1., —’B

Rinse Hard Bake Aluminum Etch Acetone Spin-on

Rinse QOxidation

L

Completed IDE

Substrate Oxide Aluminum PR Acetone

Figure 3. Process flow of IDE fabrication through conventional photolithograpteproduced fronb2].
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Sputtering is a physical vapor deposition (PVD) method where the target material is ejected
and deposited onto a substrate. Two common forms of sputtering are direct current
magnetron sputtering and electron beam evaporation. Direct current magnetrenngputt
features an ionized gas to inject an influx of atoms onto a target (source) material to be
sputtered off onto the substrgfb]. Electron beam sputtering transforms target material

into a gaseous state.

Photolithograhy is also used to pattern IDEs onto a substrate. It uses photoactive
polymer materials and specific UV wavelength that produces a patterned material layer
[56]. Wet etching and lifbff are the more common patterning methdhat are used.
Photomasks are used to achieve the exact electrode pattern. Drawbacks show that the wet
etching process takdonger to producejs lower resolutionand compromisesedge
integrity. But the benefits include longer shigié in repeated mrcesses, better pheto
masking and are cost effectij&7]. Lift-off does however offer fewer fabrication steps
with a single lift off to patterrResidues that are more difficult to remdyecomeeasier to

extract in the alence of the etching st¢p8].

Inkjet printing is an additive fabrication process that has beensasadalternative
method for lowcost devices. The ability to produce migratterns on flexible substrates,
such as polymers are ideal for disposable electronicgetrrinting allows for drogon
demand fabrication which drops a precise amount of solbsed material to be

fabricated onto the substrd&5].

2.3 SubstrateConductivity
Chemiresistorsan be deployed on various substrates. They are more commonly found on

regular silicon substrates for typical IC fabricatard for ease of systelavel integration
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But for applications such as wearable or disposable electytméyzare fabricated omert
polymer substrates that are inherently 40onductive. Flexible electrodes printed on
polymer requires high electrical conductivity along with mechanical robustness. Therefore,
a thinfilm coating of a conductive material will aid in decreasing tihees resistance of

the material andugmentsts conductivity.

Flexible devices require durable propertigsler twisting, folding, and stretching
conditions. The minimum tensile strain (U)
change in material fgyth over the initial length, is required to be at least 10%. The demand
of wearable organic devices such as solar cells, thin film transistors, and flexible touch

sensors benefit from being on a strong conductive mafé@ab0]

Improving the conductivity of electrodes on flexible inert substrates can be done by
incorporating metal grids on an organic substrate with thermal evaporation or a shadow
mask seen on organic solar c¢ig]. However, thicknesses are limited due to the organic
layer underneath being extremely thin and thereby potentially causing a short circuit
between the metal grids attte layer. Moreover a costly and complex methoéladding
an intermediate insulating layer can prevent this discrepg@&2¢yAn innovative process
of fabricating electrodes wasvestigatedoy metatembedding flexible substrate (MEFS)
andhas been closely looked at in reciterature The process involves treriike patterns
and is removed by chemiealechanical polishing, but it proved to be expen§da:; 43]

Jung et al. reported a method bvercome adding an insulating layer by using a
combination of metaémbedding into the flexible plastic substrate and ultrathin transparent
electrodes leading to high optical transmittance of 93% at 550 nm, high conductivity at 13

~

q/ I, and daindrddieswof~BA0 pm. Bhes fabrication method proved to perform
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like devices fabricated on a glass substrate and did not demonstrate any degradation at

maximum material straif64].

CPs such as poly(3;#thylenedioxythiopéne):poly(styrenesulfonate)
(PEDOT:PSS) on rigid metal oxides have played a critical roleréatingelectrode
property enhancements on transparent substraitts augmented hole transport layers,
and electroactive layefg5]. PEDOT:PSS is an optimal candidata CP because of its
tuneable electrical conductivity, work function, and flexibility. It is widely adopted in the
fabrication ofnumerousievices such as photovoltaics (PVs), displays, organic transistors
ard bio sensorg66, 67, 68] TheseCPs have great attributes such as uniformity and
roughness <2.0 nm regardless of the underlying substrate being plastic or glass. This has
enabled a monolayer inface that is easily applicable for transistor applications that no
other material could achiey85]. Pristine PEDOT:PSfpically hasa direct current (DC)
conductivity (0) [69, bunvehenmodified, thebedilms can abhie®/ ¢ m
values up to 4008/cm through doping of strong acids, and ionic lig{ir@s 71] CP films
also have typical work functions of845.4 eV that is ideal for enhanced charge transfer
and injection with fast kinetics, these films are preferably used in optoelectronics as a p

type contact lay€65].

2.4 ChemiresistiveMaterial Layersfor GasSensing

The novelty attributed to a chemiresistor is its sensing layer. The sensing layer interacts
with the target analyte and goes through a chemical reaction where the electronic properties
are modified and can be observed and characterized. Differe¢atiasmwould provide

optimal sensor characteristics based on the sensing application.
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CPs as &D organicmicro andnanostructure are sensing layers that are typically
employed in electronic nose arrays. The polymer would incorporate a template ard intera
with a target analyte and change conductivity. The sensor arrays are simple to fabricate
however its high cost makes them harder to implerf#jt The use of CPs in chemical
and biosensors is used due to its intrinsic affinity towards acidic or basic species that
catalyze redox reactiorj82]. Interaction specificity can be tuned by modifying receptor
sites on the pgimerand providehigh signal amplification compared to single molecular
monomer receptorf/3]. Sensor response using conductometric techniques is the most
common method of transduction for chemaad bio sensors due to thmall interactions
thatcause a chain reaction in the CP wirkese can then be setupsensoiconfigurations
and combined into multiple sensing arréyat would provideptimal sensitivity[74, 32]

The disadvantageof this sensor is that selectivity is limited dtm it being highly
interactive. The CP would interagith exposed impuritieandconductivity would change.

To increaseselectivityon the CP, a molecular imprint (MIP) can be employed to enhance
responseand this creates the active site vacancy in a CP needed where the specific targeted

analyte would be trapped andnsequentlgnhancing molecular interacti¢prs].

A 1D composite layer such as CNTs possess excellent properties due to the
interaction of the nanotubes with functional (carboxyl and ammino groups), metallic
nanoparticles and polymers that allow them to be robust active chemical d&6gors
However their high costand complex fabrication process makes them difficult to employ

as widelyadoptedsensors.
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Figure 4. Working principal of nanomateriddased sensor arrays. Chemiresistors with a) monotayer
capped particles, b) singiwall carbon nanotubes, c) conducting polymers, d) metal oxide[Tilfh.

A MOXx layer on top of an interdigitated structure in the presence of gas is enhanced
by a chemical adsorption of oxygen ions in the air and creates surface acceptor ,sites (O
0%, Oy) [78]. A heating element is implemented to catalyze these reactions at higher
temperatures. The surface then traps the targeted molecules, and henckepletion
region increases. Oxidation and reduction happen at the surface of the thin film of the

sensor ad thereby modifying the electrical resistance by chaniggrgpnductivity[48].

The barrier between the metal and semiconductor is the main feature of the interaction
between the semiconductive sensing layer and thdralies (Hayer). The {layer

properties influence the builh potential voltageVand t he b aw[® er hei gh

The energy band diagram is modifieshen a metalmakes contactvith the
semiconductivelayer. The contact areaand an increased barrier height from the
semiconductor material to the metal electrodes results in lower condu¢80ityThe
Schottkeyy uncti on, is represented mpyisthdbarriemet al
heightofthemetad e mi conduct or i nterface, @i is the
to promote el ectr on syis the total hcavationoenetgyomtthe o n b ar

fermi-l e v e |l and the conaddcwmiosntvbandufilrbomi o pot
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potential across the interface, and x is the eledfbnity of the semiconductor, LQand

Qmare the space charge densities of the semiconductor aabresgtectivel\81].

I n ideal cases, the barrier height on
should be greater than the electron affinity x of the semiconductor, and ftype

should be less. More holes whié present in the valence baattican be represented as:
a bn = mu X (4)

But in practical situations the interference between the metal semiconductor is due to the
surface from other stat¢81], metal induced gap statf?], and due to the interface of
chemical reactions between metal and semiconductor atf88% Cowley and Sze

formulated an approximation for the barrier heig@a]:

Bw B w p [ O K B ®)
where,
r - - Aw© (6)

Where x, is the thickness of the | layer, andiBthe density of interface states. But when

Ds= 0 it is relatively the same as the ideal cadeguoationd.

The surface of the semiconducting metal oxide adsorbs the gas molecule and
reduces the potential barrier by promoting electrons to the conductiorabdmpfomotes
the flow of electrons and carrier mobilitf84]. When reducing gases interact with the
surface, the ion and charge replenishment of the charge carrier density occurs in the
conduction band85]. And whenoxidizing gases interact with the surface, the reverse

phenomenon happens, and the resistance increases dypgnmaterial.
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MOx gas sensors have remained at the forefront of gas research as improvements
are required due to challenges regarding thediinselectivity, and higher heating power
requirements (15@00 °C) that makegshem difficult to employ in miniaturized
configuratiors and integrated sensor networks. Methods to overcome these limitations
have been investigateslich as using micromachined heaters to decrease the power
consumptiorn[86], and preparation of nanocrystals for solid state gas sensing techniques

[87].

The use of graphene, a 2D material has lveeaiving more recognition for gas
sensing applications due to its single atomic layer which is ideal for gas ads@@giion
The electrical response, high surfdoerolume ratio, and low noise levels makes graphene
a viable candidate for gas sensing applications. Chemical modification of graphene is
essential for targeting specific analytes, requiring oxygen groups beirgpi@stargeted

sensind89].

Pristine graphene demonstrated drawbacks in lower sensitivity and respomse ti
Functionalization of graphene composites saslEO has been investigated to improve
graphene gas sensing capiéibs by reshaping the surface chemistry and electrical
response. Tang et al. reported that a fluorine atom, which is more electronegative than
oxygen, introduced into the surface chemistry of GO would influence the hydrogen binding
in GO and the surfacadsorption of hydroxyl and epoxy functional groups would be
enhanced90]. Intermolecular distances between the O from GO and the H froawiliH
be reduced and increases electron transfer for higher responsiveness &ndtysens
Reduced graphene oxide (rGO) is the formation of GO that is processed by chemical,

thermal and other methotisat reduces oxygen contearidcreate vacanciesAs a result,
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GO is a material produced by oxidation of graphite which leaiteteased intermolecular

spacing and room for functionalization of the base planes of grdp@jte

2.5 ExtendedApplications in Targeted/Specific Gas Sensing
Targeting specific analytes while maintaining a #movasive, miniature footprint is
paramount in applications where sensors can provide instant feedback while maintaining

specificity and selectivity.

To broaden the scope of these devices in other senategories, they can be
applicable in other domains such as environmental monitoring. The requirement for gas
sensorstemsfrom building regulations in an enclosed space such as a house or industrial
area. More specifically, monitoring the concentratiamfshazardous gases such as
hydrocarbons,CO, CO,;, Oz, and their concentrationf1]. These sensing units are
commonly connected to a broader platform of other sensors to determine the potential gas
leaks within the environmenrtas sensors can be deployed within the network to determine
the presence of various analytes while being ableetused independently as a separate

sensor monitoring node or part of an overall sensor netj8aik

A catalytic gas sensor has the same operational principle as many commonly
available gas sensors but tailotedmmedately detect targetdt consists of two elements:
a detector, and a compensator. The detector element consists of a catalytic material that
will detect combustible gases, and the compensator element remains inert and not interact
with the gas. A Wheatstenbridge is typically employed as a variable resistor maintains
equilibrium of the detection circuit. When a combustible gas is identified, the resistance of
the detector will change amidoducesan observable signal. These devices tend to produce

a linearsignal with respect to the targeted gas concentration.
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Chemical agents and other volatile substances foimamsive medical monitoring
can be detected through exhaled breath as opposedagivemethods Exhaled breath
contains around 1000nique VOCs that are products of metabolism. Discharged gases
from exhaled breath such as N®IHz;, H.S, acetone, ethanol and various others can be
identified and correlated to diagnose various dise@33slt is possibldo also determine
different nutritional levels of patients due to the lack or excess of any detected chemical

component in the breath sample.

Specificity and sensitivity ofiniquegases caulistinguishdetection in categories
to specify different physiological conditionRecently, @s exchangéor more indepth
medical measuremengsch as ionic and proton mass spectroscopic metisedanalyzers
to measure the concentration of oxygen and nitrogen exhaled gas sample to study

gases present in the blood but have proven to be more [@&itly

In summary, chemiresistiveensors have shown to exhibit optimal properties for
gas sensing such asnsitivityand specificity, which areall attributed to thehange in the
conductivityof thetop sensing layeresulting fomthe interactiorwith atargeted analyte
Among common applicationsof chemiresitive sensaos, physiological monitoring of
diseases using techniques such as exhaled breath analylseehasargetedapplication
for due to theiminiaturefootprint, robust composion andsimplefabrication techniques
Theybenefitfrom the ability to chenaally configureand tundhe sensindayerproperties

for specificgasdetection.
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Chapter 3: Theory

Gas sensing devices rehgavily on gas interaction between the interface layer and thus,
solid state mechanics. The receptor and transduction functions play the major role in
obtaining a unique response with respect to a targeted analyte. The transduced input is
translated intoraelectrical output that can be used and analyzed. The stimulus is generally
chemical, and the output signal is directly proportional to the induced reaction. The
determination of these effects on the sensing surface dictates the quantifiable electrical
signal on the sensor. Graphene would be the principal material that would be investigated

due to its unique and outstanding properties for gas sensing.

The increasing interest imvestigatingthe phenomenon behirtie FGO based
chemireistive gas sensor is attributeth® tuneable propertied graphene band structure
andthe sensor response whémctionalized graphene oxide is used aseasing layer.
Sensoparametersuchasthe conduction mechanisamdcurrentflow are dictatedy the
properties of the sensor compositardIDE configuratiorthatare governed btheoretical

background behind thenductvity changes.

3.1 GrapheneBand Structure and its Electronic Properties

Graphene has rapid response and recovery time when used in gas sensing applications.
Carbon has hybridized atomic orbitals like many offtret-row elements in the periodic

table, attributing to the &ind porbitals in the secondary shell having similar energies. This

can be related to form chemical bonds with unique morphol¢@#e <95, 96] Graphene

features one -erbital and two ifplane porbitals of carbon associated with %sp
hybridizaton.The ~ or bi tals are available above a

form ° bonds that can ov sheesag@ctwniswithinthei ghbo
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materi al are densely bound so ¢Caorbitalsecant ¢ ond

behave like valence and conduction band electrons and dictates the planar conduction
mechanisnm{94]. Electrons behave like pseudo relativistic particles following the Dirac
equation due to linear energy dispersion in conical valleys at high symmetry Brillouin

zones[94, 96, 97]

Effective masss dependent on the second derivative of energy with respect to
electron momentum. The Dirac points in a material is represented as the transition between
the valence and conduction bands in an energy diagram but arranged as a honeycomb lattice
made of hexgons. Since the derivative of a linear function is zero, electrons have zero
effective mass near the Dirac boundaries. Graphene being-gagsemiconductor where
electrons travel at constant speed, indicates that electrons are closelyftaning strong
sigma bonds between carbon atd8¥% 97] Graphene can be structurally represented by
six cones and its Fermi level can be found the converging point. This indicates a low

electrical conductivity in pristie graphene.

Graphene is a 2D material that is composed of a single layer of carbon atoms
oriented in a honeycomb lattice that serves as the base structure for its material derivatives
[98]. Device applications such as higpeed, radio frequency systems have been looking
to implement thermal and electrically conductive composites to enhance electronic
properties[99]. Many novel materials such as quantum dots and rare earth metals have
been investigated to enhance the performance of electronics, however their high cost,
complex, limited availability and synthesis methods make théficult to be widely
adopted100, 101] Graphene demonstrates extraordinary electronic properties and shows

unique characteristics with Dirac fermions, quantum Hall effect (QHE), and the ambipolar
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electric field effec{102, 103] The quantum hall effect stems from the Dirac fermions that

have unigue behaviours in a magnetic fi@ld4].

Figure 5 shows the view of crystalline structures of graphene in monandbi
multi- layer formations in Figures 5 a) and c), and their corresponding band structures in
Figures 5 b) and d). A unit cell would contain carbon atoms A (red) and B (blue) for a
monolayer of graphene, and and A, and B and B for the bilayer. The lines peesented
in b) and d) demonstrate the band structure of graphene materials and the difference going
from monolayer and bilayer with an adjacent influencing electric field. The solid and
shifted lines show the resultant energy band structure in the peestan influencing

electric field due to an adjacent graphene 1§9€}.
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Figure 5. a) Diagram of a monolayer graphene, c)layer graphene, e) trilayer of graphene, and their
corresponding band diagrams in b), d), f26]

The electronic properties of graphene are attributed to the crystallinity of the material and

is the main driver of experimental focus on graphene compared to other 2D materials.
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Electrons in graphene have paths where the movement of electrons woulldrokered,

and interaction would remain constant as it is algap material104].

a) b)

Va(V)

Figure 6. Electronic properties of graphene showing a) the Hexagonal lattice structure (left) and the
Brouillin zone (right); b) Graphical representation of the ambipolar electric field in a single layer of
graphene[104]

Graphee is essentially carbon atoms oriented in a hexagonal strfit@#k In Figure 6
a), a triangular latticas shownwith two base atoms would form a honeycomb lattice
structure. The unit vectors of the lattice cardbmonstrated g404]:

S O
w_
C

o— & ®Ww . =
oVlo hoo c oh Vo @)
Two carbon atoms feature a distance of 1.42A and the reciprocal vectors of the lattice

structure is:

N

&) - piioh ® = ph Vo (8)
W oW

Q

And the two points K and KO6 are at t he ed
known as Dirac points, and are essential parameters pertaining to the physics of graphene.

The positions in the space can be showji@4]:

SHRS R be SR S )
0w ollow 0w  ollow
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And the nearby neighbouring vectors as,

plo h ph Vo A o pht (10)

Nle

While the other six nearest neighbours are positionécat @ h a wh e

@ @ 8The electronic structure of graphene can be characterized and predicted
through simulation from the density functional theory (DFIQ4]. The properties of
graphene and different adatoms (lithium, sodium, hydrogen, potassium), density of states

(DOS), geometry, and work function can also be calculated usind T9T 106]

The ambipolar nature of graphene is shown in Figure 6 b) showing the change in
Fermi energy Ein response to the variable gate voltageiV a conical low energy
spectrum representation E(&D4, 107] The mataal exhibits either n or{bype behaviour
based on the biasing voltage. The Fermi level of the material is dictated by the biased gate
voltage and switches between the valence and conduction bands. The charge carrier
mobilities are high with values beimyer 15000 crfV-!s? in ambient conditions and the

concentrations of electrons and holes can be continually switched if*erf18) [103,

108]
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Figure 7. Hal | Conductivity w{oedyoah He(grdem ysecariiegr ap hgne
concentration[104]
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QHE is another element that demonstrates the outstanding electronic properties o
grapheneDue to its high temperaturgability range its QHE is 10 times broader than
other 2D materialfl04]. The massless fermions and their reactions in a magnetic field is
more pronounced at the high field limit, where ShubnidlevHaas oscillations (SAHOS)
develop intothe QHELO3]. Fi gur e 7 shows §hndthdtesistivityc ond u-
} xx Of graphene is represented with electron or hole concentrations in a constant magnetic

field. Distinguishable QHE plateaus in the graph are represented but do not behave as:

., — 0 (12)

Where N is an integer. The plateau is seen at the value—at and the progression

through:

(12)

Where the plateaus happen at fiatéger’ [104]. The lowest hole in graphenie (-,

and the lowest electron (- Landeau Level needs the same number of carriers to
move through adjoining | gofadraphite domppaingef 7 wo
two graphene layers and the presence of a quantized level at zero E, is gleeettdns

and holes is an accurate depiction of the unique (19, 107]

3.2 Electronic Tuneability of Graphene
The unique properties of graphene make it suitable for a variety of applications that require
a specific response. It can be modified such that its electronic response demonstrates a

specific reaction to a target species for sensor applications.
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Modifications of the energy band in graphene carthbeughthe composition of
bulk graphite. Electron hopping parameters play an essential role in the structure, and tight
binding calculations would show that alttyer stack of graphene seen in Figue).5The
adjacent layers are oriented such that aatdm is in between bothyBnd B atoms[96].
This would lead to show that the top of the energy levels of the valence band overlaps with
the bottom of the conduction band, leading to finite density of J&tg¢Moreover, when
the interlayer symmetry is disrupteg &n external orthogonal electric field, the low energy
parabolic extremes would shift to lower energies as seen in FigtixeA6 disorder
broadened energy window leads would increase the band velocity at thdévainiE=0)
[37], and increases the overlap of the conduction and valence [0®Is110] The
opposite occurs in bilayer graphene as the band gap opening induced by the interlayer

symmetry is brokefo6].

Moreover, doping with catalytic noble ions is highly established in chemical sensor
research. The advanwag@f doping with noble metals argument adsorption, albeit with
fewer carriers and lower noise that can make changes discernable in tHewltra
concentration (stppm, ppb) ranges. Augmented chemical affinity and selectivity also can
be attributed to th&unctionalization of grapherjé@11, 112] Charge carrier concentration
by an induced magnetic field, morphology deformations or other external influencing

factors can be used to optimize atomic interactiveitieity.

3.3 Properties of Graphene Oxide
Dangling bonds help facilitatthemisorptiorof target molecules on the graphene surface.
Hence, graphene modification by functionalization with polymers or metals stimulates

surface adsorption with the target gas spga@i#3].
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Graphene oxide as a neonnductive meerial has been heavily investigated and
been incorporated in various oxidizing/reducing interaction that that are implemented in
hybrid materiald114, 115] The addition of oxygen in graphene allowed graygh® be
synthested into thin film sheets and allowed the expansion for graphene composites. A
number of studies have researched the chemical structure of GO, however, a complete
model has not yet been achieved. Probabilistic mddats Lerf-Klinowski ard Dékany
have considered the hydration behaviour of GO to have a carbon plane surrounded with
hydroxyl and epoxy (1;2ther) functional groups. There is also an abundance of carboxylic
acids along the sheet edge, along with organic carbonyl d¢idds 117] GO films

exhibited high conductivity with sheet resistances of21 2 4 [1i3].s g

S.-H. Kang et al. reported XPS data of samples of GO and the Cls peals are at
284.5, 285.5, 286.5, and 288.9 eV, each associated with Q N, Ci O, and @C=0
groups, respectiveljl 15]. Differences in the € ratios of the oxygen functional groups
of the GO led to different oxygen concentrationssent within the film[115, 118]
Binding energy peaks at 286.5 eV and 288.9 eV f@ é@nd GC=0 respectively, show a
large amount of oxygenated carbon structures. The exfoliation process can be shown as
[115];

OEEPWHO UVLO 0O U O (13

The anodic oxidation of water produces hydroxyl and oxygen radicals within the graphene.
Hydroxylation along with oxidation of raw graphite byethradicals influences the

dissolution of carbon atoms from the anode and leads to the oxidative cleavage of expanded

graphene that generates @Q9, 115]
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3.4 Graphene Oxide Chemical Functionalization

Electrical conductivity can be enhanced by chemically functionalizing graphene. This
process modifies the surface of graphene monolayers and exposes them to active functional
groups[120]. Functionalization of graphene promotes agton of target species that

cause changes in the material properties resulting in electrical change in reg§itdhce

Chemical functionalization is conducted through chemisorption in which an
exposedthemical specigbonds with dangling spelectrons in carbon atoms and forni sp
bonds. As a result, the hexagbamdsis$distugtadt i c e
This method of precisely modulating the chemical composition of graphene allptim fo
enhancement of its electronic propestiwhich can be reversed through chemical
disorption. Hence, feasible for large scale fabricafi#20]. Functional groups that are
compatible with graphene chemical functionalization are hydroxyl, epoxy, oxygen,
hydrogen, and fluoring122, 123] These chemical functionalizatiomethods are
paramount imodifying theproperties to tune G@r diagnostic applications. The reactive
functional groups found in GO can be tuned famattionalized with different electroactive
species[123, 124] Thesecovalent functionalization groups camminish nonspecific

binding that occurs ipristine graphenfL23]. Chemical functionalizatiowould finetune
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the characteristicsof GO and increasespecific interaction leading t@ugmented

electrochemicaproperties.

3.5 Graphene Oxide Reduction andFluorination

Graphene is an excellent2 mat er i al that has high char ge
and high surface to volume ratios. The mat
composition of active sites within the material that can be involved with malecul

interactions.

The gas sensing mechanism is reliant on the exposure to different target species and
targeted sensing analytes act as dopants as it interacts with the graphene sensing layer and
its localized electronic conductivity changes accordinglye Bddition of oxygen into
graphene would create GO and thuskemding would be heavily interrupted as there is a

huge decrease in the conductivity of GO compared to pristine graphene.

Reduced graphene oxide (rGO) is the formatiorheimically processed GO and/or
other methods to create oxygen vacancies which leads to increased intermolecular spacing

and room for functionalization of the base planes of graphene.

Reducing graphene oxide by fluorination offers several advantages, toring
low polarity of O F bonds and the high polarity of oxygenic groups, characteristics of FGO

could be tuned by controlling both tlwarbonrfluoring Ci F andcarbonoxygen Ci O

ratios.

Reduction and
D Fluorination

esosesagese CE 0
8383833;83 iy 3@33233&33

Oxidization

':(> "

Figure 8. Oxidation of graphene to create graphene oxide and reduatidrfluorinationto formFGO.
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This makes FGO a suitable candidate for replacing MOx based materials in
chemiresistors. Another benefit is that FGO can be produced usirgffeative chemical
methods, and in high yields from the inexpensive graphite raw material. In addition, due to
its hydrophilic nature, stable aqueous colloids can be formed to facilitate the assembly of
macroscopic structures by simple, loast solution deposition processd6, 127]
Oxygen or fluorine atom concentration can be tuned for different target analytes and end

productg128].

Fluorination of GO can be achieved by chemically vapour deposited (CVD) plasma
or other reactive gases onto graphdyut this process is more complicated overall. Another
advantage of using FGO for gas sensing is the high electrocatalytic activity (augmented
electron transfer), and specificity towards certain analytes due to the presence of these C
F bonds[129]. Firstprinciples calculations can estimate the adsorption energies, charge
distributions, and the configurations of lAnd NQ molecules on GO and chemically
fluorinated graphene oxide (CFGO). The calculations prove thatidnatization of GO
results in augmented sensitivity, selectivity, and reversibility are present at room

temperaturg¢88].

GO which is graphite with an expanded interplanar distance due to the repulsion of
oxygen groups thadre introduced, have been investigated for mass production in liquid
form [126]. GO has attracted attention due to its properties such as diverse oxygen
functional groups and various morphologi@80]. Oxygen reactivity and its specific
hetero atoms such as fluorine or nitrogen, promotes the interatioxygen acceptor sites.
This makes GO versatile for various uses such as sensor catalyzing mMasddiaGO

demonstrates high reactivity in catalyzing a reaction as an oxidizing agent. Research
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regarding the controbf oxygen functional groups and morphology in GO is very
encouraging. However, there are limitations such as the control of oxygen functional
groups. A reducing agent such as hydrazine would remove all oxygen functional groups
[132]. Processes such as heat treatment may lead to restacking and deficits in the carbon
structure which would lead to undesired electrical and chemical response. Fluorination on
the other hand is time and process efficient method of controllingxygen functional
groups[133]. Fluorine provides an ideal substitute fox0Cbonds due to it having a lone

electron paif126].

From literature, Park et. determinedluorination weakens the binding of GO and
hence the presence of the F adatom reducing the intermolecular distances between the O
group and the H in N§{126]. This suggests that the O group in the GO, actively facilitates
in the adsorption of Ngimolecules by breaking one of the two bonds on the GO surface.
As the O group is attracted to the H of the NH3, the hydrogen enhances adsorption. The
distance between the H of the hydroxyl (OH) and the N of iNHeduced resultingh a

stronger hydrogen bond between them.

Hence, the fluorine adatom enhances binding withky Biktl is adsorbed onto the
GO surfaceasit binds strongly with both O and OH groups. This change in the response
is attributed to the lower Fermi level of GO ahe increased number of holes in the GO

after fluorination, which is helpful for N¥pas retention.

The lowfluorine (F) content that augments the electron transfer from electrode to
biomolecule (or vice versa) will neither significantly affect éhectrical conductivity nor
the wetting properties of graphefiE34]. The fluorine adatom introduced into GO is

suggested that the fluorifwarbon bond and the Fermi level change of FGO extitét
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necessary characteristifor gas sensingg88]. Additionally, fluorination can be used to

control pores and surface area of (335].

Fluorination for gas sensing introduces a sensitivity targeted tovepelsfic
analytes that can be realized electronically and characterized in a unique profile that the
sensor exhibits from specific interactidfGO demonstrates excellent sensing properties
for a wide range of biomolecules such as ionized ammonia (NHAignized ammonia
(NHs), gaseous Nk nicotinamide adenine dinucleotide (NADH), ascorbic acid (AA), uric
acid (UA), and dopamine (DA). Hill et al. reported that improvements to sensitivity can be
associated to efficient device desif@4]. It was found that a larger surface area can
increase adsorption sites and thus optimize material sensitivity to short exposures and the

detection of ultrdow concentration levels.

3.6 SensorResponse

Solid-state gas sensors typically have rapid, ratbér response after interaction room
temperature compared to metadide sensors. The resistance of the device increases with
analyte concentration but is ndinear below the threshold saturation level of the material.

The sensor response can be showi38]:

Y 0Y Y (19
Wherez'Y is the difference in resistance in the presence of a target arste ('Y

Y , cis the analyte concentration, K is the bindoogstant, B is the initial resistance,
Rsat Is the resistance at saturation. Gas permeability involves three phases: adsorption,

diffusion, and desorption. The adsorption phase adsorbs gas onto the surface, diffusion is
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where the analytes disperse throogh the membrane, and desorption features the

molecules moving to a lower concentration gradj286] .

3.6.1 IDE Array Response

Interdigitated electrodes incorporating a sensing medium in between the IDEs forms a
capacitive effect and the principal phenomenon can be based on two parallel plate
capacitorsconfiguredas an array. The physical properties of the electrodes can be
represented by thermodynamic and conductivity mod@l87]. The thermodynamic
aspects of the sensor can be attributed to the relationship between the concentrations of the
sensing component in the adsorption of targeted particles. The polymer adsorption then
causes the physical thickness of the sensing layictease and conductive properties

are modified with respect to the change in conductivity. The conductivity model describes
the relationship between the spacing density (intermolecular distances between particles)
of the sensing film and the conductivityttvirespect to change in the exposed targeted
analytes. These two models combined can quantify the conductivity and thus the resistivity

of the devicg137].

The conductivity model for chemiresistive sensors can be derivedrpining
effective media theory and percolation theft$7, 138] and thus creating a model that

correlates the resistivity to the intermolecular distance in the sensing layer:

"Q ” - ” - p “Q ” - ” - v“ p "Q

” T 6 ” T ” T 6 ” T "Q

(16)

Here Qis the critical volume fraction of the percolation of the low resistance threshold,

is the resistivity of the low resistance phdsejs the resistivity of the high resistance
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phase, f is the fraction of the volume of the low resistance phasg,iarah exponential

constan{137].

Resistivity is an intrinsic property of the sensing material that is independent of
specific geometry. Resistance on the other hand is dependent on surface area, and can be

represented oftat electrodes attached to parallel, opposite sides by:

YO wo
0 Q0

(17)

Where R is the resistance, A is the crssstional area, L is the length between electrodes,

V is the voltage applied between electrodes, and i is the current flow.

A simplified 3D model of a polymer strip coating the IDEs in Figutea8 been
reduced to a 2D modelsthe current flow can be demonstrated as the Laplace potential

equation:

N %0 T (18
where%ois the electrostatic potenetial amds the gradient operatft37]. The solution of
the Laplace equation shows the orientation of the current flow being perpendicular and non

uniform as seen in Figure 9.

Increased area has shown a minimal effect on the baseline resistance of
chemiresistive sensof$39]. The generation of an electric current conduction paths can be
observed, and resistance can be measured between two electrodes. Total resistance can be

represented by resistances in parallel:

~ ~ (29
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Electrodes

Figure 9. Electric fields of IDEs top vieand crosssectional view. Reproduced frda87].

An electric field also can be generated between IDEs due to the two parallel plate
configurations under an applied AC voltage. The capacitive reactance would be a result of
the material under AC conditions. Therefore, when the sensing element is expased to
targeted gas analyte, the sensor dielectric constant changes and the device capacitance
along with series resistance. Measuring the output voltage of the sensing element across

the electrodests interactive properties can be quantified using the IDicture.

a) b)
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Figure 10. IDEs a) 3D configuration with sensing material b) simplified equivalent cird@éproduced
from[140].

Figure 10 shows therosssectional configuration of the planar structures of the
IDEs coated with a sensing material and its equivalent circuit model. The equivalent circuit
in Figure 10 b) shows two double layered capacitoss €nnected in series to the

resistance of thmaterial Ro. These elements are connected in parallel with the dielectric
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material Cen. The contact resistances are on each of the ends of the circuit represented by
Rieas The Roican be expressed pi40]:

Y —_ (20
The cell constant & can be shown g440]:

C L Q
O pOOMpP Q

(21)

N and L are the number and length of timgers, respectively. The function K(k) is the

elliptic integral of the modulus k that is shown as:

0 Q P 0o (22
p 0 p Qo
0 here k is:
T ¢V I V)
Q Al G — £1Q Al 66— (23
Y w -

where S and W are the interelectrode dgagsveeneach electrode, respectivelyis the

wavelength defineflL41]:

co O (24)

Ccellis the coupling term between two electrodes shown as:

0 .
= (25)
Where- @& Qg are the absolute and relative dielectric constants of the sensing layer,

respectively.

CpL can be simplied as double layer capacitances that can be approximated as:
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0 ™w 000 j (26)
Where A is the electrode surface angl Gurtaceis the double layer capacitance of the
electrolyte system. Note that the factor 0.5 is fropn £om only half of the electrode
surface. The characteristic capacitance,, €urfaceiS around the Stern capacitance for

electrolytes with high iconic strength of values from2DuF/cn3 [142].

A chemiresistive sensor would adhere to the IDE equivalent circuit model without
the capacitance values, essdhtiacting as an open circuit due to the main operation mode
being in steadgtate DC. The main observation with the chemiresistive gas sensor is mainly
reduced to the resistance of the layer coated on top of the IDE aeya(l® minimal

contact resistnce from the leads (R).

FGO-based chemiresistive gas sensing mechanism is investigated using theoretical
models that describe material and microstructure properties responsible for electrical
conduction, allowing for the quantification of electricasistance of the sensor. Tuneable
properties related to graphene oxide band structure and sensor response associated with the
use offunctionalized graphene oxide as a sensing layer are based on mathematical
representations provided ititerature. Sensor parameters such as the conduction
mechanism and measured current are governed by the properties of the sensor composition

and IDE configuration and influence the conductivity change and sensor performance.
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Chapter 4: Materials and Methods

In order to achieve a low cost, flexible, simple to fabricate chemiresistor gas sensor with
reliable robust device properties and operating parameseasegictesting and results
reproduction was necessary. The IDE design, material cHaitetjonalization synthesis
methodsand experimental set up was tuned for optimal gas sensing propertiesiigth
responsesensitivity,and selectivity, while maintaining a simple fabrication process and

robust device profile ideal for repeated tegtin

4.1 Sensor Fabrication

The IDE structures on the pSi substrate were layered with Poly(vinyl alcohol) PVA,
PEDOT: PSS as a conductive layer, and Polymethyl methacrylate (PMMA) as a sealant/di
electric layer. A homogenous suspension of GO and the diffes@mples of FGO
(0.2mg/ml) were drop coated using a mipipette on each of the separate device samples.
The sensor microchip was then wire bonded onto a package, that was then used to connect

to a measurement circuit.

The aspect ratios of a set of ID&® apart of the design specifications as a ratio of
the channel width to channel lengii#/L. Initially the designs of the IDEs were configured
to maximizesurfacearea to obtain an optimal response from the sensing layer so feature
sizes of 30 and 50evr e used. The overl|l apping electro
|l ength of 5.3 mm for an aspect ratio of 20

8mm for an aspect ratio of 50.

The IDEs used in this experiment were micropatterned using standard
phoblithography of 200 nm chrome layer, deposited on Silicon (Si), passivated silicon

(pSi), and polyamid&apton substrates. The process of passivation would render the
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substrate surface inert and sealing it from interaction. Exposure to residual matauldls w
not change any conductive properties. This is typically achieved using thermal oxidation

[143].

|
Sensing Layer: FGO, GO; Thickness: 200 um .
W Dielectric Layer: PMMA; Thickness: 400 nm
1 Base Layer: PVA, PEDOT:PSS; Thickness: 500 nm B
Electrodes: Chromium; Thickness: 200 nm
Substrate: Si, pSi; Thickness: 625 um H
I
(—{:F U U 4:}1
L
|

Figure 11. Left: Width and Length of a pair of IDEs. Right: Chemiresistive device-sexg®nal diagram.

The first device featured a silicon substrate patterned with 200 nm chromium layer
GO deposited on top creating a tBeleflectgan | aye

the device exposed to gas with out any chemical modifications to the sensing layer.

The second device used silicon substrate patterned again with 200 nm chromium
| ayer and deposited with the various FGO se&
setup created a configuration to test and validate the sensing layer exposed to target

analytes.

The third design was fabricated on a pSi substrate with 200 nm chromium layer to
form the electrodes. A layer &00 nm PVA was deposited onto the substrate as a
conductive film. A dielectric layer of PMMA was then deposited on top of the corducti

layer and followed by the different samples of FGO as a top sensing layer.
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The fourth design was fabricated again on a pSi substrate with 200 nm chromium
layer to form the electrodes. A layer 500 nmPEDOT:PSS was deposited onto the
substrate as a nductive film. A dielectric layer of PMMA was then deposited on top of
the conductive layer and followed by the hydrothermally processed of FGO as a top layer

sensing layer.

Figure 12. FGO coated IDEs on pSi substrate.

4.1.1 Device Substrate Novelty

The reliance on the natural conductive properties of bulk silicon isdeah when aiming

for the design of a flexible electronic device or a-owst chemical detector. While in
conventonal silicon chemiresistors, the intrinsic conductivity is attributed to the silicon
being an active device laygr44], our goal here was to achieve an ideal, active substrate
using an inert base layer. A conductive layer that would enhance conductivity on an
inactive substrate, would be a desirable method to employ asomoluctive materials

such as glass or plasticseaavailable at much lower cost and easier to source. This
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approach would be investigated and corroborated through exposure to the targeted gas

through experimental findings.

4.1.2 Substrate Usage

Experiments were conducted sensors printed on both SS amsdlys$rates. Initial tests
were performed to observe the response of the validity FGO sensing layer on SS.
Subsequensensor function verificatioexperiments were carried out using p&wverify

the multilayer stack would provide the sassnsitivityas a SS without having to rely on

its inherent conductive properties.

4.13 Substrate Materials Stack Selection

The sensor design focusedtbe ability to fabricate on a readily available, inert substrate.

pSi would emulate and mimic a low cost, polymer substrate that has a similarly high
resistivity compared to silicon wafers that featuedueson the lower end of 120 q

(higher conductivity). They ab have high thermal conductivity and frequency
independent permittivity compared to regular sili¢da5]. These properties suggest pSi

to be a good substrate candidate to test and in turn fabricate on low cesbndoitive
substrates that are suitable for miniature, flexible gas sensing devices. In addition, using a
suitable film coating on top of these substrates lowers the ovasalibe resistance and

increases conductivity of the substrate.

Two conductive base layers, PVA and PEDOT: PSS were investigated to enhance
the conductivity of pSi. PVA is porous and would increase the active sites of the GO/FGO
coating for target molecelretention. PEDOT: PSS has a proven conformal contact with
textured silicor{146], and was also investigated. PEDOT: PSS film is ideal for deposition
on hydrophobic surfaces, such as a substrate due to the film beidgpo®ted and
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annealed. This shows PEDOT: PSS to be a thick conductive film when depb4itpdt

was then used in conjunction with the substrate layer to increase conductivity on the pSi.
PEDOT: PSSis a porous materigland as a functional mechanism, may provide an
unwarranted response with the targeted gas molecules. To limit interaction, a dielectric
layer wasthenused to coat the substrate. PMMA is a synthetic resin that is derived from
the polymerization of methyhethacrylate, and due to its fiborous composition, aides in the
retention of gas molecules due to it creating active vacancies for molecular binding and
retention, as well as possess excellent dielectric propgrti8s XPS data for PMMA has

been reported and seen Cls and O1s to peak at 286 eV and 532 eV resp&dtyely
PMMA film, in addition to FGO helped enhance the sensing mechanism as the PMMA
would provide the necessary active segsite micrestructures to trap targeted molecules
and facilitate interaction of FGO with NHThe chemiresistiveensor incorporates a novel
component using readily available, inert substrate. The use of pSi in ouvassige to

its low cost, norconductive naturgl46].

Gas sensors based on MOx haakeeady shownstrong attributes such as,
instantaneous high gas response due to augmented charge transfer. Other influencing
parameters influence the sensitivity such as: transport, catalytic activity, and surface
adsorption[150]. Potyrailo et al. have shown that dielectric excitation at specific
frequencies in oxide semiconductors can provide an extremely linear response with respect
to gas concentratior[851]. Various sensors were studied based -oanal ptype oxide
semiconductors exhibit an extremely linear correlatioh>R.995). Linearity was also

maintained throughout a wide range of methane concentrations. (@idlectric sensing
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effects also achieved to filter out external conditions such asurmiahd temperature

[151]

In a dielectric, the capacitance can be realized as a charge buildup from electrical
potential across an insulator preventing a transfer of charge. An example of a dielectric
insulator is PMMA[152]. PMMA is known to promote charge carrier mobility at the
semiconducteinsulator interface due to a low trap density and has a dielectric constant of
2.8 and resistivity of 2 x #0q m[153]. PMMA thicknesses found in literature tend to be
400600 nm [154]. PMMA for chemiresistors provides a fibrous structure and low
chemical affinity and would provide enhanced moleculapping for the targeted gas
[148]. PMMA stacked underneath the interaction layer therefore helps in trapping gas

analytes and facilitates enhanced interaction.

PMMA was chosen as a sealant layer due to its fibcoogposition and very low
chemical affinity. The thin film stack aids in the retention of gas molecules, pessess
excellent dielectric propertied48] , and therefore proved helpful in trapping analyte

molecules and fadthted interaction of FGO witNHs.

4.2 IDE Device Patterning Steps

4.21. Negative Lift-Off patterning
This method of nandevice fabrication would pattern the metal layer without the etch step.
It is beneficial in reducing device fabrication steps and can lift the strain on substrates that

cannot withstand aggressive patterning procedures.

Lift-off patterning was employeaif regular and passivated silicon substrates. A

passivated silicon substrate would allow for device fabrication without the reliance on the
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intrinsic conductive properties of regular silicon. A negative photoresist was used for the

lift off procedure and @n be demonstrated in Figur@ [155].

A silicon waferwasprepared by cleaning It in an oxygen plasma for one minute.
Microwave generated plasma is used on the oxygen plasma to clean surfaces free of any

debris.

The photoresist was patterned using a photomask on the substrate. The sensitivity
of the photoresist used was under the 350 nm range. The photons would interact with the
salt and creates hexafluoroantimonic acid and breaks up the epoxy groups in the resin

monomerg155]. These monomers then have an increased thermal energy after exposure.

After exposure the patterning procedures, the substrate must be heated to
polymerize all monomers that were activated. The substratéeeed to 65°C on a hot

plate for 1 minute anchmped up to 95° C for 5 minutes.

Development of the system was grown using photoresist and using 50 ml of the
metal ion fredMIF) 200 developer. The process lasts fér dhinutes and visually verified
under a microscope for any process variationgdeformities Metal Deposition was

performed using a Physical Vapour deposition macfié].

Metal ething would place the substrate faced upwards in a beaker of 50 ml of
etchant solution for -5 minutes. The chips were then verified using a microscope to
guarantee that the etching process was successful. The resist resulted in the micron
thickness and thmetal resulted in an order of magnitude less as 300 nm was used in the

liftoff process.
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The photoresist strip was performed using the mechanical process using a sonicator
bath as the ultraonic waves produces would successfully remove the photoresistife
surface. The photoresist solution was placed inside the sonicator along with the substrate
for 10 s. This process involves the stripper solution interacting/resonating and removing
the polymers of the photoresist, also removing redundant metalleawnithg only the

interdigitated electrode array.

a) Blank substrate b) Spin negative photoresist

c) Pattern and develop photoresist d) Deposit chromium

) Negative lift-off _
f) Deposit PEDOT-PSS

1 1
%[ 1 »
J !
f) Deposit PMMA dielectric g) Deposit FGO sensing layer
[ ]

Figure 13. Device fabrication with negative liff process

4.3 FGO SynthesisM ethods

Two separate synthesis methods are used to make Fluorinated Graphene Oxide (FGO). The
use of a commercial fluorinating agent was used for the comparison withhause
fluorination methodology. Products of the different processes were then charactEnieed.
resultant products are compared by studying the ammonia analyte sensing performance.
Validation of sensor performance and maltialyte sensing capabilities were studied using

the inhouse methodology FGO product.

XtalFluor-E (XtalFluor), Hydrofluore acid (HF), Sodium hydrogen carbonate were

acquired. Deonized water was obtained from local micro fabrication labsite
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regeneration system. A specialized Teflon beaker with a specially formulated stabilized

Polytetrafluoroethylen@PTFE) carbon badge aid in heating.

4.3.1 XtalFlour Preparation M ethod

XtalFluor-E 2 g of and 2 mL of 2 mg mMIGO are suspendeith 48% HF solution. The
mixed solution is then boiled at 18C for 2 h. The reaction is quenched with sodium

hydrogen carbonate (5%), washed a few times witlodized water and sample dried.

+

HSCﬁthHS
.S.
F o F

BF4

Figure 14. XtalFlour-E chemical structure[157]

4.32 Hydrothermal FGO preparation method (In-house HF Fluorination)

GO (50 mg) is dispersed in 20 ml of dei oni
different concentrations of HF (49%, 30%, 10%) are added with gentle stirring for different
batches. The mixture i s stirr ethgswlotionsis hot p
guenched using sodium hydrogen carbonate (5%), centrifuged and washed a few times

with deionized water. The final produetasfreezedried

4.3.3 Chemiresistor Coating Procedure

FGO/GO is suspended in DI water at a concentratio@.2ihg/ml. The suspension is
sonicated until homogenous. IDE arrays on a silicon substrate (SS) and pSi were used. The
pSi is coated with 200nm PVA (Spread 5sec/100rpm Spin 45 sec/1000q8n). for a

set of experiments, 500nm PEDOT:PSS (spread; 5 sepf08pin 45 sec/1000rpm)

followed by a coating of 200nm PMMA (spread 5 sec/500 Spin 30 sec/4000np&2
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for a set of experiments and 400nm PMMA coating (5 sec/500rpm Spin 30sec/2500rpm)
T pSi3 for another set. Chemiresistor measurements are perfoefioed boating and after
each coating layer of the different conductive materials. A suspension of GO is then drop
coated on one IDE each of §Silicon Substrate)pSil, pSi2 and pSi3. The different

suspensions of FGO (FGO49 and F&@FIluorare drop coated on the 2 IDEs of SS.

Drop coatingvascarried out using a micrpipetteasthis helps suspension to stay
on the electrode area. A small volume of 0cT%s dropped on the IDE at a time, with
evaporation in between to a total volume ef Ber coatThe different, polymer conductive
enhanced, passivated IDEs, PSS2 and PSS3, FGO49, is drop coated with a total volume of
15 ml at 5ml at a time as these are 5 times bigger than the SS IDEs. Chemiresistor
measurements are carried out on difféedectrodes. The coated IDEs are then exposed to
NH3z for a known period for SS and similar concentration ranges for PSS2 and PSS3.
Chemiresistor measurements are carried out immediately after exposure on each sensor.

The experiments are repeated to sleproducibility and result analysis was performed.

4.4 Sensor Packaging antihtegration

4.4.1 CustomPrinted Circuit Board Design

A printed circuit board was designed to be featured on a -$owdfirint package for the
potential of use with nemvasive, pointof-care, exhaled breath monitoring. This custom
board would be able to house the packaged sensor securely while haviegraédghated

components on the same board for data acquisition and readout purposes.

This board design was centred around the miniaturization and optimization of the
sensor integration. The components consisted of a packaged sensor on a pin grid array
howsing wire bonded to the chip and instrumentation amplifier to observe the sensor
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resistance change through a signal when connected to the voltage divider circuit. The signal
processing circuit was based on an Arduino ndeaturing an ATMEGA 328P

microcontoller.

The coated sensor chip was wire bonded onto a pin grid package with a silicone
bubble to encapsulate and protect treakoutwires from any external influence or
damage. The package was then soldered to the thtmighvias for connection to the
circuit and secure housing to the board. This implementation can further extend the
capabilities of the sensor as it can be incorporated as a regular dual in line package (DIP).
Traces that run out of the die would break out to the wire bonded pins amecttmthe
rest of the circuit board via through hole soldering mounts. It is important to consider that
the contacts should have low resistance as they should not contribute parasitic elements
that may influence the signal. The packaged die also reqieéstgn considerations that
centre around physical and elemental factors pertaining to the chip. The pin grid array gives
ample exposure to the targeted environment but can be susceptible to other ambient factors
such as moisture, heat, and biological aamhants that is exposed from the sensor being
used for exhaled breath in a peoftcare setting. Encapsulating the dye and incorporating
an exhaust hole as found in pressure sensors can be incorporated for a more robust package
design. The board has ttugh hole pins where the sensor packaged onto a pin grid array
can slot in easily. This makes the PCB design modular as the sensor component can be

easily interchangeable.

The resistance of the sensor acts as a secondary resistor in a voltage divider circu
as the signal is amplified by setting the gain of the instrumentation ampibié20to 10

V/V. The amplifier requires a minimum operating voltage of +2.8V, and a voltage
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converter was used to provide the necessary voltage supply for the amplifier5vit
According to the data specifications of the amplifier, the 3dBotfuirequency at around

120 kHz has alownoi se f | at b 4 M188]. Anf RC bw Ra8sfilter Was p
designed for up to 120 kHz and was fed to the input of the amplifier and was employed to
attenuate highefrequency interference in the signal and improve performance. Since the
constraints of the ATMEGA 328 has only aliid ADC, thismaps voltages from-BV in

integer values of 0 to 1023, which yields a 4.9mV resolution per unit. Therefore, to ensure
that the voltage readings are sufficient, the design for this voltmeter was designed to read
up to 12V to compensate and allow roomdetecting different increasing or decreasing
linear voltage profiles. This was done by using a voltage divider ot47 la n dq .3 3T hke
output voltage of the amplifier was then measured at 9600 baud for a normal serial to USB

interface by the microcontier portion of the circuit.

A 16-bit ATMEGA 328P onrchip microcontroller was implemented along with all
necessary components commonly found inogensourceArduino-nano device. The
board configuration having the microcontrollercmip allows for lessignal interference
and quick readout. Using the standard Arduino programming interface, the code can be
flashed easily to measure and capture the data that would be then sent to a connected

computer.

The implementation of using an ATMEGA microcontroller can upload a
barebones, custom bootloadesing the serial programming interface (StPkt can be
configured to feature only the specific data processing and acquisition code to keep the
readout simpland as efficient to display accurate and quick concentration level results by

differentiating different linear profiles with specific target gas.
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Figure 15. PCB board design with detailed boaztdmponents

The motivation to create a board with sensor integrdtans onintention to
miniaturize and implement the design on a flexible polymer substrate as a wearable device.
Board integration was designed to capture and storing data with a fodusdcen the
voltage dividing circuit where the sensor acts as a second resistor in the circuit. The initial
resistor is set to fit within the desired voltage division to output 0.5V. This would then be
amplified to 5V and then varies with respect to ggsosure and then captured on the
microcontroller. This circuit was designed to simply focus on the electrical response of the
sensorb6s exposure to gaseous analytes whil

that would be transferable from a rigad flexible substrate.

4.5 Experimental Procedure

4.5.1 Experimental Setup

The initial experimental setup is shown in Figure 16 a).s Bl N gases were released

into the stainlessteel test chamber and used to verify the concept of targeted gas sensing
in an ideal, controlled environment. The packaged sensor was placed inside the gas

chamber. A vacuum pump was used to achieve a chambermpresso f O 0. 0053 3
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