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Abstract. Recent yearhiaveseen the rapid growth in the need for sensors throughout all areas of society
including environmental sensindjealthcare, public safety andnanufacturingquality control. To meet this
diverse needsensors have to evolve frospecializedand bespoke systems mainiaturized low-power, low

cost (almost disposable) ubiquitous platforms. A technology that has been dewstupbdjives a route to

meet these challenges is theemicapacitor sensor. To date twmmercializatiorof these sensors has largely
been restricted to humidity sensing, but in this reviewewaminethe progress over recent years to expand this
sensing technologyto a wide range of gases an@pos. From ensors interrogated withaboratory
instrumentationchemicapacitosensors havevolved intominiaturizedunitsintegrated with low powereadout

electronics that can selectively detect target molecules to ppm apbsulevels withinvapormixtures.
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1. Introduction

The relentless release of chemical waste products globally has an adverse impact on both the
surrounding environment and human health. Common inorganic air pollutants irczhiolen
monoxide sulphur dioxide and nitrogen dioxidaerimarily from the burningof fossil fuels and
automobile emissions [1Air pollutants are linked to cancer and asthma, as well as abnormal growth
and development {2]. Volatile organic compounds (VOCs) are a group of chemical compadaonds
liquid or solid formthat evaporate eagiat room temperature and are often in the environment in the
form of vapors.Atmospheric vapors are distinct from gases in that a gas is above its critical
temperature and cannot beliguefied under ambient conditions. Sources of VOCs can be both
naturd and manmade.Paints, adhesives, protective coatings, and cleaning agents contain solvents
and the storage and use of these md@aseharmful emissions tandividuals using these materials
and also to building occupan®.h e p h e n o sick buiddimg synéirom® , whi ch mani f est
in headaches, nausea and respiratory problems, has been linked to air pollution by4Y.OCs
Continued long term exposure to certain VOCs can lead to more serious effects on the nervous
system, to cancers,nd to kidneyand liver damage |5 VOCs such as benzene, acetaldehyde,
methylene chloride, and formaldehyde are of particular concern as they are prohaghler
suspected carcinogens-3p. In recent years, regulations on the allowable concentrations of various
pdlutants have been introduced.[%uidelines definghe time weighted average (TWA) exposure



limits beyond which VOCs are considered hazardous for human health. For VOCs such as ethyl
acetate, toluene;yylene and benzene these are 400, 200 and 1 ppnespectively [10

In the active industrial setting, exposure to VOCs are much more common since large volumes of
VOCs are essential ingredients that have to be stored and pumped through piping systems during
manufacturing processes. At each part of jinerney there is risk of leaks, spills and serious
contamination and therefore continuous monitoring at these sites isragpisite to meet strict
regulations and safeguard plant and persor@etwith the industrial areajoxious emissions into
residetial areas from wastreatment and other industrial plants have to be monitored by regulation.
Areas containingvaste dumps, landfill, or derelict industrial sites alequire monitoring. Any leaked
chemicals can take years to naturally breakdown tocgafeentration levels. However, the time and
cost of routine sampling of polluted land witandardequipment (or sample transport to a remote
laboratory for analysis) make such, even limited, practices costly anddins@ming and minimizes
the abilityto continuously monitor areas of interest.

In agriculture,VOCs are released by plants in response to crop disgddemnd in response to
insect infestationslP-13], the early detection of which can help reduce the economic losses incurred.
Quiality cortrol procedures in thggharmaceutical andood industries also routinely sample and
analyze gas concentratiorfsom perishable goodsThe ripeness of fruits and vegetables is
accompanied by the release of VOQ4][and typical gas sample analysis may ema expensive
mass spectrometer. Elevated levels of VOCs within sealed medicine and food packagihg
indicative of compromised seals. Identifying and measuring the concentration of gas molecules also
has important applications inedhfield of medicaldiagnosis [1h In addition, miniature lowost
standalone sensors are also highly desirable in the area of securigtéotidg explosive compounds
[16] or warfare agents in venues of open access to give warning and time to esacuate

However,VOCs are commonly detected in vapor form, and established vapor sensors are bulky,
expensive, with high power consumption, which limits their widespread use, even in an industrial
setting. Tle rising demandor sensors throughout socidtgs led to invesgation of alternative low
cost lowpower sensor devices with adequate sensitigityarget molecule€o ppm concentrations or
below) and which can operate unattended. Anotkey requirement for this type of sensor is to
operate in ambient conditions Withe ability to detect target molecules within a complex gas or
vapor mixture, i.e. high selectivity is desired.

1.1.Gas and Vapor Detection TechnologfeBrief Overview

Laboratorybased gas measurements often employ optical spectroscopy faelegkivity and
sensitivity [17. However the basic cost of fixed or tunable optical sources (often anfraded
laser), the requirement of adequate optical pathlength, and a suwifatidal detectorwith high
responsivity and low noismeans these systems are usually of higher cost, power hungry, and less
amenable toniniaturization Thus such sensors have found limited deployment in the wider society
and are often developed for a specific application and location. lon mobility spettrama very
sensitive technigue that detects ionized gaseous molecules according to their drift time in a carrier gas
under the influencef an applied electric field [18, 19Portable systems have been developed but
they arestill bulky, require an ogrator, and hava battery life of a few hours [20Acoustic gas



sensors measure the velocity of sound through a target gas with respect-twudinreference gas
sample to estimate the ammntration of the target gas [2IT'hese sensors usually haweede power
consumption and require a predetermined reference gas or mixture of gases. Calorimetric gas sensors
use resistance changes in a ceramic elech@nto the presence of a gas][Zlhe gas is often heated

or burned leading to a sensor that disgpasignificant power during operation. These types of
sensors often suffer from selectivity problems within a mixture of gases as well as detection
sensitivity limited to parts per thousand of the target gas. The change in conductivity of metal oxide
semconductors (MOS) in the presence of a gas is also used as thddvasirange of gas sensors

[23]. However, to achieve high sensitivity the MOS is heated to a temperature of several hundred
degrees during the sensor operation. This adds to thepowst-consumptiorand complexity of this

type of sensor.

In contrast to hese technologies lower powsensorscan be created by making standard
capacitance measurements on thin dielectric films (oftertheféhelf polymers)whose intrinsic
properties changepon absorption od wide range of VOCand gases. Changes in the filmass have
also been measured using cantilevers [24], microbalance$, [@3d surface acoustic waves [26
However,the measurement afapacitance changeggateshe need for optical sources or resonance
excitationand thus facilitatingniniaturization The diverse range of gases and VOCs that are required
to be detected and measured usindistributed network of low-cost sensors can potentially be
achieved by tb development of a single legost technology platform, namefginiaturizedsensing
capacitors, which can be integrated with {pawer electronics.

2. Capacitor Sensor Topologies and Methods

There are two basic formats of capacitance sensors, namefgigitatel electrode capacitors
(seeFigure1(a)) and parallel plate capacitofseeFigure 1(b)). These platforms can be used to sense
a wide range of target molecules by the deposition or growth of a thin sensing film upon the IDEs or
between the ptas of the parallel format. The sensing film is a receptor for the molecules being
detected and its electrical properties or dimensions are modified in the presence of the target
molecules.

Interdigitated electrodes (IDEs) are commonly formed on an indostste as pairs of
overlapping parallel combs with a fixed spacing between the electrodes. Traditionally, the IDEs are
fabricated on solid substrates such as glass or s{&@nbut more recently flexible plastsubstrates
have been used [R8Theseplanar IDEs can be fabricated by conventional microfabrication processes
involving patterning, etching and léff, and thus can be massanufactured at lownit-cost. In
comparison to the parallel plate format, the IDE platform is easier to manufadter¢éDE sensing
area is often a femillimeterssquare and the width and separation of the electrodes on the order of a
few microns. The sensitivity of this sensing platform usually increases with decreasing electrode
spacing [8]. The electric field stregth decays exponentially away from the electrode surface and
becomes negiible after a short distance [3@nd for electrodes of micron dimensions a sensing film
of only a few microns thickness tkereforerequired [3]. Coating one side of a seriesealéctrodes
allows the whole surface of the sensing film to immediately access the environment being sensed and



often leads to a faster response time compared to a thin film sandwiched between a pair of parallel
plates. In a parallel plate configuration tiygper parallel plate is often permeated with holes to allow

the target molecules to reach the sensing film, but this still limits the available surface area of the
sensindilm. However, in the IDE format only half of the electric field lines pass thrdbglsensing

film, the rest of the electrical field passes through the lower substrate, therefore IDE sensors will have
approximately half the sensitivity of an equivalent parallel plate device.
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Figure 1. (a) Schematicview of interdigitated electrodes (IDES) structure showting generatwo
dimensionalplanar)nature, together with relative size 1B pairs ofgold IDEs on glas¢photo) (b)
Topology of mrallel plate capacitor showing sensing film sandwiched between overlapping
electrodes.

A sensor that measures capacitance changes dabfemically sensitivefilm is known as a
chemicapacitor. Chemicapacitaran operate at room temperature and use a sensing mechanism that
is ideally nondissipative and hence requires very {pawer (as low as a few pWatts [32, 82]).
Multiple chemicapacitosensors can be fabricated on a single chip with different sensirg thim
form a compact array of micrgensors targeting different molecules.



2.1 Sensing Mechaniswof Chemicapacitor Sensors

Igreja and Dias [3Bconducted analysis oan IDE structure having one sensing layér
di el ect r i@ andathikk sabsttate ) d i e | e ¢ tsh and shawvedhtsat thentotal U
capacitance is given by:
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where N is the number of electrodes an&@ G are the haltapacitance of one interior electrode
andthe capacitancef one outer electrode given by:
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whereg is the relative permittivity of free space, L is the length of the electrodes, and K(..) is the
complete elliptical integral of the first kind. Thesli termwithin the square brackets represents the
contribution to capacitance of an infinite air layer, the second term the séhmsingnd the third term

the thick substrate. From these equations it is clear that for other parameters remaininfpdixed, t
capacitance is directly proportional to the dielectric constant afethsing layef (kle,).

For a capacitor constructed from two parallel pldgessshown in Figure 1(byyith the gap (d)
between the plates filled with air, then if the plate area>Al>the electric field E can be assumed to
be uniform between the plateBhe capacitance C is defined as the electric charge stored by the
capacitor to the voltage appliggt]:

6 - — 4)

If a sensingdfilm is placed between the plates the voltage between the plates will reduce and the
capacitance will increase in proportion to the dielectric constant 6ifrthé )

6 — (5)

T h u s smordschadgein the presence of target molecules a direct change in capacitance occurs.
The important design goal is to ensure that the analyte molecules can interact with the dielectric layer
without hindrance from the parallel plate capacitor structure.



2.2 Analyte Interaction witha Polyme Thin Film

Although different materials have been used to form the sensing film of a chemicapacitor, non
conducting polymersre regarded as the most advantageous to be developed for chemicapacitor
sensors.The absorption of # analyteby the filmis accompanied by changes in the dielectric
properties and/or thickngswhich alters the intrinsic capacitance of the device. This leads to a
measurable change in capacitance between the electrodes. These sensors do not rdigrogethinc
conductivity of the material and ideally are ndissipdive in power and therefore is the favored
direction to pursue in the development@fi-powersensors. The polymers can also be low cost off
the-shelf and unlike other sensing films (e.getal oxide semiconductor) polymers function at room
temperature, which again reduces the power required by the sensor for normal op&natiymer
can be readily deposited using diogst, inkjet, or lithography E36]. Polymers have also shown
good lnearity, good reversibility, and fast response time to absorption of analytes and different
polymers can be selected for their affinity to target molecules. However, in order to achieve good
reversibility, only weak interactions between the target molamutiethe polymer sensing film should
take place. This leads to nspecific absorption and problems of cross sensitivity to other molecules
in the atmosphere. This is especially true of water molecules that have an unusually high dielectric
constant (76.6and are evepresent in the environment. This cross interference has been a major
stumbling block tobringing chemicapacitors to the marketplace, but researchers are finding ways
around it. For example, weak selectivity to VOCs has led to the adoptiamayk of sensors with
different polymer films, and pogtrocessing of measured data using numerical methods, such as
multicomponent analysis and pattern recognition, is used to identify individual molecule
concetrations in avapormixture [37]. In addition, separate humidity and temperature sercamse
included on the sensor chip to allow calibration for changing atmospheric conditions.

2.3. Electronic Circuitsfor MeasuringSensoiCapacitance

The success of miniaturized sensors will be dependent on theffamtive integration of the
sensors with lowcost, lowpower electronics that offer capabilities such as signal amplification, self
calibration, data processing, signal conditioning, coiergnreadout interfaces, and wireless data
transmission. To facilitate commercialization, sensors need to be miniaturized and combined with
electronics using standard processing used in CMOS technology that uses established processes and is
amenable to bah fabrication. Chemicapacitors are advantageous in this respect as there are no
complex moving parts (as found in MEMS), thus simplifying fabrication processes. The sensing films
can be deposited by inkjet technology after CMOS fabrication.

In generalelectronic circuits used tmeasurehe capacitance of a chemicapacitor can be applied
equally to IDE and parallel plate formats. Chemicapacitors usually produce a small capacitance
change of a few pF or less in response to an external analyte whilst laawvimdperently larger
intrinsic capacitance. There are also parasitic capacitances from circuit components and
environmental interferenceA range of electronic circuit interfacdsave been demonstrated to
translaé the changes in capacitance of a chenaiciagr to changes in another parameter that can
undergo further signal processing. These have included simple capacitance to frequency conversion
using an oscillator formed from either a timer or araam. If theubiquitouslow cost 555 timer is



configured in astable formatsge Figure 2(a)) it will continuously oscillate and output a square
waveform whose frequency givenby

Q . (6)

Therefore a measure of the output frequency gives a measure of the instantapaciiance value

of the sensing capacitoBimilarly, a relaxation oscillator can be constructed from a singlengp
(seeFigure2(b)). The voltage level to the inverting input of theaspp depends on the charge on the
capacitor. For a low level of clge the opamp output will be high (approx. £ and the capacitor

will charge through Runtil the voltage at the inverting input rises above theinweerting input of

the opamp which will cause the epmp output to switch to low (approX/ ) and the capacitor will

begin to discharge until the voltage at the inverting input falls below thénmerting input and the
op-amp output is switched again to high. In this way the output of thergpwill oscillate at a
frequency dependent on the Ri@e constant. Often a comparator, which has a faster rise and fall
time, is used instead of an-amp. A microcontroller can be used to count the output pulses from an
oscillator over a fixed time period to estimate the frequency. The use of thesstarscith determine

an unknown capacitance negates the need for either a comparatoamal@gio-digital converter
(ADC) within the microcontroller. However, temperature changes can alter the values of the circuit
components producing errors, and thdsgke circuits cannot exclude excess (parasitic) capacitance
introduced, for example, via connection wiring linking a chemicapacitor sensor to a circuit, thus close
integration of the sensor and electronics is a necessity.
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Figure 2. Schematic of capacitanckependent oscillator circuits based(apa 555 timei(b) op-amp.

Direct capacitance to voltage convers{tmlowed by an ADQ can also be implemented by an
AC signal applied to a simple capacitance divider circomsesting of the unknown (sensing)
capacitor and a fixed (usually larger) capacitor of known capacitance. As the capacitance of the
sensing capacitor changes the reactance (and the voltage) across it changes and thus the output voltage
from the midpoint onthe two capacitors will change. The stability of this voltage output will be



dependent on the stability of the input voltage and the fixed capacitor. For more accurate
measurements a capacitance bridge circuit (formed from two capacitance dividerslsadasethis
arrangemenis less dependent on fluctuations in the input voltage, and the unknown capacitance can
be balanced against three capacitors whose variation with temperature can be matched.

Charge transfer/balancing methods have also been usketetonine the capacitance of a sensor
capacitor. Figures illustrates a method for transferring charge from a sensing capacitor to a larger
integrating capacitor. Switch 1 is closed until the integrating capacitor is discharged and then switch 1
is openedhgain. Now switch 2 is closed so that the sensing capacitor is charged up to the level of the
reference voltage and switch 2 is then reopened. By closing switch 3 this accumulated charge is
distributed between the sensing and integrating capacitesuidize the voltage between them. The
voltage that appears across the integrating capacitor will be directly proportional to the charge on it,
which was transferred from the sensing capacitor. The subsequent closing of switches 2 and 3 only in
order allows lie voltage on the integrating capacitor to build up to a predetermined wvdlile a
timer records the number of charge transfer cycles (from the sensing capacitor) needed to achieve this.
The converse method can also be used where the number of transfer cycles is fixed and the resultant
voltage across the integrating capacitor is thad @t via an ADC, and thus a varying output voltage
will be in proportion to a varying capacitance of the sensing capacitor. This malimmaigh simple
in concept requires a stable reference voltage and analog switches that have inherently smaller
capaitances than that being measured.
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Figure 3. Capacitanceneasuremerity charge transfer to an integrating capacitor.

In recent years direct conversion of the c#ipace to a digital signal on d& chip usingSD
( Aisidgemhat a 0) c o n v eominence38]. Ate sensing ¢apaeitdr is plirectly connected to
the virtual groundof the IC chip reducing parasitic capacitances and dmiibh temperature sensor
compensates for temperature drifts byohip calibration. The converter incorporatas onchip
excitation source ana switched capacitor network to samfiie charge othe sensing capacitor and
a reference capacitof.hese single IC chips have come to be knowmapacitance to digital
converters (CDCs)[39]. An input analog signal is sampled and turned into pulses whose varying
number (or frequency) represents the changing analog signal amplitude (known as pulse density



modulation) and the original signal can be recovered by time averaging methods. The errors
introducel by digitizing an analog signal (quantization error) from the output are fed back (via a
digital to analog convertgand subtracted from the next input signal (delta operation) to improve the
resolution of the quantizer and allow a coarser quantizépmversampling the signal, quantization
noise can be spread over a larger frequency range andiae integrator (sigma operation) can push

the noise to higher frequencies and{pass digital filtering can reduce this noisae CDC output is
directly compatible with an?C interface.The introduction ofSD CDCs that are directly integrated

with the chemicapacitor sensor has improved the accuradpgdthe conversion process [40
However, this type of converter has a limited capacitance range daoedidator overload41], the
internal signal processing (oversampling and
relatively higher power consumptipand they can have a relatively limited data rate (kBxample
CDCb6s devel ope dDn4sgeeies framAhalog Eevicesire. whAich offeip to24-bit
resolution, with a +4¢F range and a # accuracy for less than 10 dollars a chip. It incorporates an
onchip temperature sensor with an accuracy of +2°C, and can accommodate 1 or 2 patsortie
operating power is several mW, but variations have included the AD7150 with a power dissipation of
300uW, and the AD7147 with up to 13 sensor inputs.

3. Review of Interdigitated Chemicapacitors

3.1. IDE Chemicapacitor Gas Sensors

Due to the high dielectric constant of water and its prevalence in the atmosphere, humidity
sensors based offim coated IDEs werdghe first widespreactreated chemicapacitors and were
developeddur i ng t he |[.®drieg the 49BOs &lsemidadalitbumidity sensorg43-44]
moved beyond the demonstration stage #Hmacommercialization of these devices followed this
researchCurrently humidity sensors are still the most common of the chemicapacitors on the market.
I n t he e arcHemicagh@t®&d Hosthumidity sensing using planar IDEs coated with an
inorganic thin film ofion-exchangegorous zeolite was reported [43\dsorption of a gas into the
zeolite modified the dielectric constant of the material and hence its capacitance. The sensor wa
located within a test chamber at an elevated temperature of 55°C and its capacitance was monitored
with a LCRmeter at a measurement frequency of 1000 FHm. 1% butane in air atmosphere
introduced stepvise a change in capacitance of 1.2 pF took platle awesponse time between 20 to
120 seconds (depending on zeolite film thickndss).et al. [4§ deposited an organic ormosil layer
upon IDEs to create a sensor for the gas sulphur dioxidg (8@r a wide range of concentrations
from 0.5 to 6000 pprwith a response time less than 20 seconds.

However, the successful deployment of chemicapacitor sensors for gases (and VO®Gs) will
driven bytheir ability to operate outith the laboratory in an environment of changing humidity and
temperature, both afhich affect the stability of these sensors. Therefihetschall and Obermeier
[47] developed a chemicapacitor for the detection of, @8ing a sefel film consisting of a
combination of propyltrimethoxysilane (PTMS) aneéa®inopropyltrimethoxysiloxaneAMO). An
integrated resistive heater on the quartz substrate around the 5 x tdgiomof IDEs (electrode



width andgapof 5 um) was included, which made the sensors insensitive to changes in the ambient
temperature. The topology of the heater (a 30Gimmof molybdenum) was modelled and fabricated

to produce a uniform temperature distribution across the IDEs. Thermographic imaging measurements
confirmed the temperature distribution across the IDEs deviated by under 4% at 75°C. However, the
dissipated pwer was around 200 mW to maintain a temperature of 70°C. At this temperature the
sensor exhibited a 0.7 pF capacitance change measured on an impedance analyzer for a step change of
10,000 ppm C@

Endres et al. [& reported a chemicapaciteensor forCO, designed with reduced humidity
interference. A segel film consisting of 30% PTMS and 70% AMO was employed as a CO
sensitive layer which was deposited gold IDEs upon a glass substrate formingrtheagtacitor fee
Figure 4). This platform wasintegrated with a resistive heating element around the sensor that
thermally cycled the device area temperature. A second resistive element formedchip on
temperature sensor located in the center of the sensor, whilst humidity was measured with a
commecial capacitive humidity sensor. The inclusion of the hydrophobic PTMS within the more
hydrophilic AMO was intended to reduce sensesponsesiue to the presence of humidity alone.
However residual watewas required to drive theversiblereactionwith CO, (equation 3§ and hence
the sensor performance was still humidity dependent.

60 66 OGP §'0 0 ©

In addition, to facilitate this reaction (and thus reduce the response time) required a platform
temperature around 60°C which dpsged over 30GnW. Calibration for changes in humidity was
achieved through raiterative numerical algorithm established from step changes in &@
humidity. This calibration allowed almost total suppression of humidity interference and the sensor
could operate reliably in room air with a resolution of 10 ppm.G&ith the highest resolution over
the range 100 and 3000 ppm £®@he sensor was successfully tested over an 8 month period within
an office environment for monitoring air quality.



Figure 4. Early IDE chemicapacitor C@gas sensor incorporating -chip temperature sensor and
heater Reproduced with permission from Endres ef4d]. Copyright Elsevier 1999.

Additionally, in 2006 Kebabian andrreedman [4Preported the combination of a fluapolymer
(Tefl on AF 2 &le@iéapacitor ontegratedith a custom made capacitance balancing
measurement circuitn a PCB The specific application was the development of a lightweagpat
low-poweredsensor for dalloortborre platformto measuratmosphericCO,. However, watevapor
was found to be an interferent producing larger signal change than for equivalent concentrations of
CO; and increasing the response tinikis was exacerbated by having neatiip reference sensor to
help subtract outhese effectdn a driedgasstream the response time for 0 to 100%, Claiange was
under 10 seands with good linearity andn accuracy of between 5 and 10 ppm.

3.2. IDE Chemicapacitor VOC Sensors

By the mid1990s researchersedalso expanded the range of target molecules to VOCs in the
atmospheravith the more widespread adoption mdlymer coatingsJosse et al. [J0demonstrated
chemicapacitors with 28 pairs of aluminium electrodes on glassawiimge of polymecoatingsfor
target VOCs ethanalnd tetrachloroethene, whilSasalini et al. [SlLused a chemicapacitor coated
with a modified polysiloxane film to reversibly detect vapors of benzene, ethanol and acetonitrile
with a response time up to 10 minutekhese early VOC(and gas)chemicapacitor sensors
demonstrated during the 1990s were almost exclusively interrogatedwiithmpedance analysers
or LCR-meters.However,at this time Cornila et al. [32nvestigated the use of established CMOS
fabricationtechniguego form a chemicapacitantegrated witha custommadeSD modulatorcircuit.
The bast chemicapacitor platform was fabricated with the 3 pm-akdined contact CMOS



technology and consisted @anpolymersensing film upon 32luminumelectrodes with a 3 um gap
between the electrodedifferential measurementsetween a sensing and a silicon nitride passivated
reference capacitor withalibration, offset and analogo digital conversion was achieved using a
secondorder SD modulation echnique. The performance of four different polymers coated on the
chemicapacitoiwas evaluated in detecting changing concentrations of a range of polar (such as
ethanol,trichloromethaneand propari-ol) and norpolar (such as tetrachloroethene, toluere] n
octane.) VOCs. For all polymers and VOCs, the chemicapacitor demonstrated godty limiiar
vapor concentrationsrdm around 100 ppm up to several thousand ppm. Atseyas found for
polyepichlorohydrine (PECH) and polyetherurethane (PEUT) serfding that their response to
water vapor was less than to the target VCHisvever, the response time of these sensors was over
400 seconds and humidity effects would cause significant baseline drifts after several hours of
measurement.

This system wasdurther developed into a hybrid platform incorporating additioédrimetric
and mass sensors [5Experiments revealethat for the IDE chemicapactor coated watipolymer
layer of thickness larger than half the periodicity of the electrpttemn for a target analyte with a
dielectric constant less than that of the polyther resultant capacitance wouldcreaseand for an
analyte dielectric constanfarger than the polymer the capacitanceuld increase.For a layer
thickness less than half the poaticity of the electrodes, the capacitance would always increase
regardless of analyte dielectric constartis consistent behavior supported earlier simulations by
theseauthorg54] and suggesteal criterion for discriminating between different analytBse authors
reported a detection limit of 5 ppm for ethanol and 8 ppm for toluene vapors for the chemicapacitor
elements of the microsystem, withr@sponse time for the sensuir a few secondsThese authors
went on to create a battery operated handbgfiem incorporating six chips each witle tthree
sensor types on thend356]. In this prototype device each chemicapacitor was formed from 128
IDEs with a coating of PEUT, and an-board microprocessor conditioned the sensor signal before
displayng it on a LCD displaygeeFigure5). A detection limit in the range 1 to 5 ppm for ethanol
and toluene was achieved. It was noted that, as always, water vapor can cause unwanted signal
changes but with the use of npalar sensing polymers this problem d¢ensignificantly reduced.
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Figure 5. (a) Micrograph of system chip incorporating chemicapacitor sensors for the detection of
VOCs. Reproduced with permission from Hagleitner et al. [55]. CopyrigiNa®ure Publishing
Group 2001. (b) Schematicof batterypowered miniaturized gas flow system, sensor array and
microcontroller Reproduced with permission from Hagleitner ef%6]. Copyright© IEEE2002.

To increase the selectivity of chemicapacitors toaangplecules, Igreja and Dig57] studied
the partition coefficient of polymers as a method for selecting an appropriate polymer to target a
specific organiozaporwithin a mixture ofvapois. By studying the change in capacitance over,time
separate relaxation processes could betiitkxh indicating different polymer affinity for different
vaposs. In addition, by modelling gold electrodes on borosilicate glass they concluded that for
polymer thicknesses beyond half the sensor waggte (equal to electrode width pludectrode
separ#ion) the sensor was not sensitive to permittivity changes in the sensing film beyond this
thickness. Hence, the smaller the IDE spatial geometry that can be fabricated the thinner the sensing
film can be for fullutilization of the sensing geometry of the film. Subsequently, in a follow up paper,
the authors reported for the first time the evaluation of a chemicapacitor array, and they combined this
platform with the use of Principal Component Analysis (PCANVEporrecogntion within a mixture
of VOCs in approximately 5 seconds [S8CA is a mathematical method that models the variation in
the data to find significant patterns (correlation) within the data to create a reduced number of
principal components. The number agnsors within an array will give a number of variable
responses toeapormixture and analysis will allow clustering of the output data. The chemicapacitor
resolution was 0.1 fF and it was possible to discriminate indivicejabis within the mix of toluee,
n-octane, ipropanol and ethyl acetate.

Kitsara et al. [9] began the development of an array of chemicapacitor sensors for VOCs that
would be not only integrated with lepower electronics but would offer better immunity to water
vaporinterferenceln an early version, a single quartz platform with four chemicapad¢geesigure
6) with 400 aluminumelectrodes (width and spacing of 5 um) coated wifferent offthe-shelf
polymer coatings was applied to discriminttegetvapors within a mixturefovapors.The developed
sensors were exposed to four target molecules: water, ethaegtblanol and ethyl acetate [68ll the



polymers were found to exhibit a sensitivity (measured on a capacitance meter) to each of these
targets whose magnitude was degent on the dielectric constant of the molecule andiltkerptive
capacity of the polymer. The ratio of these differential sensitivities gave a method to selectively
discriminate a binary mixture of these vapors. It was also shown consistently thaigtéuate to the
sensor response to a binary mixture was the sum of the responses to the individual pure analytes, thus
allowing identification of the individual analyte within the mixture. The response was found to be
linear and reversible up to concentwas of 4000 ppm of all the analytes. PCA was applied to enable
further discrimination between vapors consisting of 5000 ppm of individual target molecules and
binary mixtures of thee. Figire 7 shows the ability of this analytical method to isolate th#vidual

targets and their binary mixturéSubsequently, the same authors found that reducing the IDE critical
dimensions (electrode width from 5 to 2 um) did not affect the sengmrpance [6], and thus does

not impede increasenhiniaturization Following thework of Igreja and Dias [37this could also

allow thinner sensing films. This same research group went on to combigight sensairray with

low a power data readout module consisting of ®©i24ZDC (AD7746) and USB connection to a
conputer with devieoped user interface software [6Z'he developed electronics introduced an
estimated 0.2 fF of noise. The-lwilt temperature sensor within the CDC compensated for sensor
drift due to temperatures changes. A demonstration of a detectibrofi90 ppm for toluene and 30

ppm for pxylene was achieved using this small {pawered low-cost chemicapacitor systefsee
Figure8). In a further study [6Bthe authors found that with the use of more hydrophobic polymers,
the detection of low cona¢rations of target VOCs was possible in the presence of normal levels of
humidity (up to 50% RH). For a chemicapacitor coated with the hydroplpabyener poly(ethyl
methacrylate}he limit of detection (LOD) for xylene, toluene, ethyl acetate was 1@nti376 ppm
respectively. Thelevelopedtchemicapacitor systeintegrated with the single chip CDatitperformed

a bulk commercial capacitance metdP@278A for the detection of four VOCs in terms of LOD and
sensitivity. This &chemicapacitor array systewas applied to monitoring alcoholic fermentation of
grape wine as an altethae to offine GC/MS methods [64 By using this array of sensors the
production of alcohol could beneasuredand the discrimination between normal and spoiled
fermentation coulde achieved through the sensing ofdmgducts such as ethyl acetate and acetic
acid.



Figure 6. Four chemicapacitogensorsfabricatedas aluminum IDE®Nn a quartz substratgnset)
attached to a PCB. Reproduced with permission from Kitsara[60aICopyright Elsevier 2007.
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Figure 7. Identification of individual molecules and binary mixtures using principal component
analysis (PCA) on the data collected from a chemicapacitor array of four séRepreduced with
permission from Manoli et al60]. Copyright © IEEE2008.



Figure 8. Compact (10cr) electronic vapor sensinmodule incorporating eight chemicapacitor
sensorpoweredvia a computer USB connectioReproduced with permission froBotsialaset 4d.
[63]. Copyright Elsevier 2013.

Emadi et al. [6p simulated and fabricated a noved pm thick siliconcantilever structure
containing a chemicapacitor with a resistive ITO heater adjacent to the copper IDEs to maintain the
sensor temperature to within 1°C across the platformethucesensor drifts with environmental
temperature fluctuations. This particular chemicapacitor was aimed towards grain storage monitoring
where significant temperature variations are encountered. The sensing film was a layer of poly(vinyl
acetate) drop cast ontbe IDEs up toa thickness of 8 um. In the absence of moisture, the sensor
demonstrated a near linear and reversible detectioroofahol, a VOC released when stored grain
spoils. Subsequently, the same aush[6§ went on to use a poly Minylpyrrolidone) coated
chemicapacitor together with frequency spectroscopy to demonstrate a differential sensoe tespons
water and 1 octanol vapoed different frequencies. The authors suggest that employing frequency
spectroscopy (together with teemature modulation) offers a means to discriminate between octanol
and watelusinga sensor array. The developed chemicapacitor was shown to detect 1 octanol to ppm
levels. However, the time for this sensor to reach equilibrium after step changes imd woea
around 15 minutes.

Detection of explosives is a prioritg increase security in society andpimtect infrastructure.
Detection of explosives by detecting their vapor is currently undertaken using sniffer dogs (which
require training and a handjeor the deployment of developed technology (suctorasnobility and
optical spectrometry,-ray dispersion, terahertz imaging), which is currently bulky and of-¢tugh
and again requires personnel to operate the equipmaribdives sensors have lpeeported that are
based on fluorescence sensing, for example, ICX Technologies Inc. Overall, such optical sensors are
complex and expensive systems, requiring the integration of light sources, optical filters, sensitive



photodetectors and electroni&¥]. Biosensorgan be usetbr explosives detectioand the majority
of thesedeakb with liquid-mediatel formats and optial readout [6B These techniques at®wever
generally not reversible, and thus the sensor is not reusitidenicapacitors offer aafle alternative
to these technologies.

In 2005 Patel et al. [§%abricated 16 IDE capacitors on a single chip each with 25 pairs of
electrodes elevated above a substrate using 2 um tall pestsidure9). These particular electrodes
were fabricated uisg micromachining of conductive polycrystalline silicon fabricated using a Multi
User MEMS Process (MUMPS) process. Each sensor was coated with a different polymer using inkjet
techniques. These polymers were selected for their particular affinity @@t teapor molecules. The
sensors were integrated wighcustom electronic circuit incorporating a chatgeoltage converter
(driven by a 10 kHz charge/discharge drive voltage) followed by a saampleold amplifier. The
timing and sampling were contred by an ofboardmicrocontroller that output an analog voltage
(proportional to the sensor capacitantea RS232 interface. The circuit was hermetically sealed,
whilst the sensor was left exposed to the atmosphere (except for a protective screen to reduce dust
ingress).A reference sensor on the chip with no polymer provided a subtractive signal to reduce
noise. It was demonstrated that the sensor showed a high sensitivity to the explosive compaund 2, 6
DNT to less than 10 ppb in a stable 60% relative humidity. Howeegiationsin humidity would
causecorresponding fluctuationis the detected signal as teavaporwas a competing analytand
an increasingenvironmentakemperaturegeducel the LOD. In a later analysis the response time of
these elevated IDE structures was measured as undemddor absorption and 2 seconfis
desorption of an analyte B
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Figure 9. Schematic of three dimensional micromachined IDEs platform subsequently coated with a
sensing polymer to forna chemicapacitor. Reproduced with permission from Patel .e[64].
Copyright 200550ciety of Photo Optical InstrumentatiBngineers

Vobecka etal. [7Q investigated an alternative method of sensor polymer fabrication and
deposition in comparison to established techniques such as inkjet pri@8hgr[ spincoating



followed by lithographic patterning3p]. These polymers we designed to specificallyarget
chemical vapors containing the nitro (§@roup (which is found in high explosive§)he overall

aim was to minimize the cost of the final sensors. Firstly, rather than uffeesfielf polymers,

which have crossensitvities to a range of VOCs and thus require an array of sensors (as well as
numerical algorithms), bespoke nigooup sensitivemonomerswere chemically synthesizeithat

could be deposited as a polymer by electrochemidiigctrochemical polymerizations an
inexpensive highyield, massproducible deposition technology thahable controlled localized
growth (on the scale of nanometers)aopolymerfrom a monomer solutioonto IDEs by passing a

small current through the electrodes for approximately 40 minutes. This has the potential of achieving
a single step process that can be employed to seledia@lgatemultiple sensors on a single silicon

or glass substrate by miwolling the flow of currentln comparisonspincoated and plasma etching

has the disadvantage of requiring expensive microfabrication equipmwiglst ink-jet printing is not
compatible with producingmall structures of just a few microns sizik-jet systems yieldroplets

that are tens of microns in sifél]. Both of these technologies also require that the polymers are
soluble in common organic solvents, whereas electrochemical deposition is not limited Iy this.
addition, the ability tochemtally tailor the monomeallows the resultant polymer toe adapted to

new targets such as the explosive precursor materials ammonia and formaldehyde which are gaining
importance within the security community.

Br-ProDOT (3,4[2(p-bromophenyl)propylene] dkythiophene) monomers were synthesized
(see Figure 10(a)) and electrochemically grown onto gold IDEs, each consisting of 25 pairs of
electrodes with a spacing of 15 pseéFigure10(b)). On a single sensor substratrd&roDOTfilm
could be grown on one IDE (nitro sensor) and a polyé&@lenedioxythiophene) (PEDOT) film on
the neighboringIDE to act as a reference sensor to subtract signal changes due to any humidity
variation.
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Figure 10. (a) Chemical synthesis of brominat®doDOT and its corresponding polymér) Glass
substrate with two IDE devices individually coated with polymer films using electropolymerization.

These sensors were placed into a test chamber and exposed to contpatscbfmitrobenzene,
2-nitrotoluene, and a range of VOCs commonly found in the atmosph#reTfre interaction with
the nitro group affected the conformation of the polymer and induced charge transfer between the film



and the NQ@ containing moleculeFigure 11 demonstrates théigher affinity for nitrebearing
compounds leading to a capacitance response that was up to 3 orders of magnitude higher than other
vapors that do not contain the N@roups. The initial sensors demonstrated a rapid, linear and
reversible response to around 20 ppm (limited by the available test vaporghe detection of
explosives suppm detectable concentrations are desirable, and therefore the authors altered the
synthesis chemistry of the monomer to create a polymer io@iipg spiro compounds to greatly
increase the porosity of the polymd#8]. The resultant chemicapacitors exhibi@delective and
reversible detection of nitrotoluene and nitrobenzene vapors to a concentration of around 200 ppb in
room air (sed-igure12). It should be noted that these prototype sensors were not integrated with on
chip readout electronics, which could further reduce parasitic noise levels and achieve lower detection
limits.
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Figure 11. Measured capacitance change of aPBsDOT film (average thickness 400 nm) for
changing concentrations of several common VOCs shown in relation to nitroaromatic compounds.

Figure 12. Linear response of a HroDOT:Spiro coated chemicapacitor to nitrotolueared
nitrobenzene vapors down to 200 ppb in room air.



