10

11

12
13
14
15
16
17
18
19
20
21
22
23

24

25

26
27
28
29
30
31
32
33
34
35
36

Available online at www.sciencedirect.com

0
SCIENCE@DIRECTO A%%“usé'ggs

CHEMICAL

Sensors and Actuators B xxx (2003) XXX—XXX

www.elsevier.com/locate/snb

Chemicapacitive microsensors for volatile
organic compound detection

S.V. PatefP*, T.E. MIsnaP, B. Fruhberget?, E. Klaasseft?,
S. CemaloviéP?, D.R. Basel®3

@ Graviton Inc., 11025 N, Torrey Pines Road #200, La Jolla, CA 92037, USA
b Seacoast Science Inc., P.O. Box 130485, Carlsbad, CA 92013-0485, USA

Received 23 December 2002; received in revised form 11 July 2003; accepted 22 July 2003

Abstract

A low-cost, low-power volatile organic compound (VOC) sensor has been constructed from an array of micromachined parallel-plate
capacitors. The sensor has demonstrated detection of many VOCs well below the lower explosive limits and could be used in industrial leak
monitoring applications or for homeland defense. In place of a standard dielectric, the individual capacitors were filled with selectively
absorbing polymers. Absorption of a target vapor alters the permittivity of the polymers and thereby changes the capacitance of the elements
in the array. A variety of polymers have been used, including polyethylene-co-vinylacetate, which was sensitive to nonpolar hydrocarbons,
and siloxanefluoro alcohol, which was highly sensitive to polar VOCs and chemical warfare agent simulants. The response magnitude for
each element depends on a combination of different phenomenon such as the dielectric constant of the analyte and polymer swelling. The
measured sensitivity of the sensor to most VOCs was found to be in the low parts per million (ppm) range. The response magnitude from

one capacitor to the next is reproducible to within 3.2% &tQ0The sensor typically responded within a second but frequently required

5-10min to reach equilibrium. Response times could likely be substantially improved with an optimized capacitor structure that contains

a decreased gap between the plates and provisions for more rapid vapor exchange.
© 2003 Published by Elsevier B.V.

Keywords: VOC; MEMS; Capacitance; Permittivity; Polymer; Sensor; Array; Dielectric

1. Introduction sensors. Such networks would provide faster response times
and lower operating costs than manually conducted sus-
Volatile organic compounds (VOCs) are widely used in veys with handheld sensors. To this end we are developityg
industry and can present serious medical, environmental, andsensors based on selectively absorbing polymers. The selec-
explosion dangers. VOC sensors are therefore commonlytivity of these polymers results from functional groups that
used to monitor oil-drilling platforms, fuel storage tanks, interact weakly with certain target analytes, imparting some
air pollution sources, and other locations where VOC leaks degree of preferred interaction. Each element in the senser
may occur. VOC sensors are also useful in civil defense andarray can contain a different polymer, and the collective:
military applications, because many chemical warfare agentsinformation from the responses of all elements of the array
and explosives can be detected with VOC sensor technology.is used to identify an unknown analyte. Our polymer-based
The ultimate goal of the present work is to produce sensors require relatively simple, low-power detection harel
distributed wireless sensor networks containing numerousware and can operate unheated at ambient temperaturess
battery-operated, low-cost, low-maintenance VOC point

1.1. Polymer-based VOC sensors 49
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CA 95052, USA. polymer. The specific chemical properties that affect absorg:
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energy relationship (LSER],3]. Hansen solubility param- Various researchers have developed chemical sensorsithat
eters are empirically determined parameters that indicate thecontain an array of different polymers and/or other selacs
dispersion, dipolar, and hydrogen-bonding strength of nu- tively absorbing compounds on a single, microfabricated
merous organic compounds; compounds having similar sol- chip with multiple transducer$6,8-10,21,22] Some of 115
ubility parameters are typically highly solublé,5]. LSER these “electronic noses” combine such arrays with pattere
relates the chemical properties of materials, combining fac- recognition algorithms to analyze the outputs of the various
tors such as polarizability, dipolarity, hydrogen bond-acidity, sensorg18-20,33—35] Electronic noses can identify comziis
and hydrogen bond-basicity, to determine the gas—liquid par-plex odors, but are especially sensitive to drift and haue
tition coefficient Kp). to be frequently “trained” (i.e. recalibrated). Examples ofo
In the arena of microfabricated chemical sensors, a num-commercially available electronic nose instruments include
ber of groups have developed VOC sensors based on poly-a chemiresistor array from Cyrano Sciences Inc. (Pasadera,
mers that selectively absorb the VOC of interest. These sen-CA) and a SAW array from Microsensor Systems Ines
sors measure one or more polymer properties that changgBowling Green, KY). In addition, the JCAD chemical wart24
when a VOC is absorbed. For example, researchers havedare agent sensor from BAE Systems (Rockville, MD) iss
used resistive sensofd—7] and cantilever stress sensors essentially an electronic nose also based on polymer-coated

[8-17]to measure swelling of the polymer; resonating can- SAW sensors. 127
tilevers, surface acoustic wave (SAW) devid8s18—20]
and flexural plate wave (FPW) sens{f] to measure mass 1.2. Chemicapacitive sensors 128
and viscoelasticity changes; and capacitive ser@ars29]
to measure changes in polymer permittivity. A “chemicapacitive” sensor (or “chemicapacitor”) is a caze

Surface plasmon resonance (SPR) sensors use phonongacitor that has a selectively absorbing material, such asoca
created from light reflected off of thin metal surfaces, which polymer, as a dielectric: chemicals absorb into the dielee:
can be coated to provide selectivity enhancements similartric, alter its permittivity, and thereby raise or lower the cas2
to other polymer-based sensd®0]. Polymer-based sen- pacitance of the sensor. Polymer-based chemicapacitorsin
sors that measure changes in a coating’s index of refrac-particular are a promising platform for low-cost, low-powegs
tion or fluorescence have also been used to detect VOCs asensors, since unlike most other VOC sensors they do notse-
well as other chemical and biochemical compoujdds32] quire heating, mechanical excitation, or light sources. Hows
These sensors generally operate on the same solubility-basedver, chemicapacitors are not limited to polymer dielectriasz
principles as the microfabricated devices, by measuring the Other materials have been used to broaden the range ofigke-
changes in the properties of the coatings, however, theytectable chemicals—sol—gel chemicapacitors, for exampte,
may also be sensitive to the optical properties of the target can detect carbon dioxidg3]—although such materials of-140
analyte. ten have to be heated to achieve optimal performance. 141

Generally, polymer-based sensors can be used to de- To date, chemicapacitors have been developed in two ge-
tect most volatile and semi-volatile organic compounds. ometriesInterdigitated el ectrodes[22—25,29]consist of sin- 143
Highly volatile chemicals, those that are gases at room gle layer of metal deposited on a substrate to form twa
temperature and pressure, such as methane, are difficult taneshed combs. Polymer is deposited on top of the combsaén
detect since they do not absorb into polymers well, while one exampld22], the combs have a periodicity of Jun, 146
low-volatility, solid compounds such as some explosives overall dimensions of @ mm x 0.8 mm, and capacitancesr
produce insufficient vapor-phase material for detection. of about 1 pF. General Eastern (Woburn, MA) offers a hus
Polymer-based sensors can detect industrial solvents, liquidmidity sensor based on this technolo@grallel-plate sen- 149
fuels, many chemical warfare agents, and certain volatile sors [25—-29] consist of a layer of metal deposited on a sulxo
compounds present in commercial explosives. In addition, strate, followed by a layer of polymer and finally a second;
polymer-based sensors have been used to detect severalorous layer of metal on top of the polymer. This technabe
non-VOC compounds, particularly water vaga8—27]and ogy cannot generally produce an array of capacitors omsa
ammonia[28]. single sensor chip, since etching the final metal layer woutd

Although such sensors have proven successful in a num-destroy many polymers. Honeywell Inc. (Freeport, IL) aneb
ber of applications, various difficulties have prevented the Vaisala (Helsinki, Finland) offer humidity sensors based ot
development of low-cost, low-maintenance VOC sensors. this technology, and Vaisala also offers an ammonia sensor
Variations in polymer composition or nonuniform polymer [28] based on similar technology. 158
films can cause poor unit-to-unit reproducibility, necessitat- We have developed a micromachined parallel-plats
ing costly calibration of each unit. In addition, sensor output chemicapacitorKig. 1) that, unlike previous parallel-plateso
can drift due to chemical interactions of the polymer with chemicapacitors, has a fixed gap width and makes it possi-
the environment, creating a need for frequent recalibration ble to construct an array of different capacitors on a singée
or for periodic rezeroing with automated exposures to clean chip. These micromachined chemicapacitors are signiés
air. Finally, because no polymer is perfectly selective, the cantly smaller than previous chemicapacitors, so moreief
sensors can have undesirable cross-sensitivities. them can be integrated on a single sensor chip. In additiaa,
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Electrical connection @ fixed-plate microcapacitors
Fill hole to lower plate

Vented
upper plate

fixed-plate microcapacitors
B

Polymer
Lower plate

Fig. 1. Diagram of a micromachined parallel-plate chemicapacitive sensor.

the response characteristics of our micromachined chem-
icapacitors are highly reproducible from device to device
since the amount of polymer deposited is not critical; ex-
cess polymer lies outside the gap and does not affect sensor
performancg25,29] Parallel-plate capacitor sensors should
have twice the sensitivity of interdigitated-electrode sensors,
since in the latter, half of the electric field lines pass en-
tirely through the substrate rather than the polymer. On the
other hand, parallel-plate capacitors are more complex to
manufacture, and they have a longer response time since the
polymer is partially covered with the capacitor plate, reduc-
ing the surface area available for vapor excha23e29].

In this paper we describe the sensitivity and selectivity )
characteristics of these micromachined parallel-plate chem'Fig. 2. (a) Two sensor chips showing various sensor designs. (b) Typical
icapacitors. We also discuss how the novel response charsensors on the same chip before and after polymer deposition.
acteristics of these sensors could be used to enhance the
selectivity of VOC sensor systems.

Y X ) 7
substrate ~ Wirebond  drivelineto  temperature
ground pad bottom plates sensor

by about 3Qum. These holes were required for removal ofs
a sacrificial silicon oxide layer during fabrication but alsms

2. Experimental allowed analyte vapors to pass through. 205
The gap between the plates was filled with a polymes
2.1. Sensor elements injected either from the edge of the device, through the etoh

holes, or through larger fill holes in the top plate. Variouss

Sensor chipsHig. 2) were fabricated in the Multi-User  etch and fill hole patterns were tested to optimize easexmf
MEMS Process (MUMPs; JDS Uniphase, Research Triangle coating. For example, some capacitors had many small=fitl
Park, NC). All sensor chips measured 5mramm and had  holes instead of one large fill hole to ensure complete filling

10 parallel-plate capacitors that could each receive a differ- of the device. 212
ent coating. The capacitor plates were made of conductive
polycrystalline silicon consisting of a Oum-thick bottom 2.2. Readout electronics 213

plate resting on the substrate, an air gap that was filled with
polymer subsequent to the MEMS fabrication process, and The readout electronics have been described in a previaus
a 2um-thick ventilated top plate. The capacitor plates were publication about capacitive cantilever-based sengl8k 215
either circular or square. Circular plate capacitors measuredThe readout electronics were identical for the cantilevers
360um in diameter, with a Am gap and a base capaci- and the fixed-plate capacitors, since both devices had #tre
tance of about 0.5 pF. Square plate capacitors measured 308ame base capacitance. Also as with the cantilefd8h 218
or 150pm on a side, with a 0.75 or 2)im gap and base the fixed-plate capacitors are intrinsically explosion-safe; the
capacitances of 0.1-1.0 pF. electrical power available to and stored in the sensor chipas
To minimize flexing of the top plate when the polymer insufficient to cause a VOC explosion. 221
absorbed VOCs and swelled, the top plate was anchored to In brief, a charge/discharge readout cird8itL6] (Fig. 3) 222
the substrate with posts at approximatelyu6g intervals. measured the capacitance of each sensor array usings a
The top plate also had2n diameter etch holes separated 10kHz charge/discharge drive voltage, and producecza
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Vinid T

Charge-to-voltage Sample-and-hold
converter amplifier

AV i | Oscillator

o L T1
E, Reset
S L L sample . . . .
Fig. 4. A sensor unit as tested. The sensor chip in its 18-pin package is
Vour T Output visible at the lower left corner of the motherboard. The antenna connector
L " L " L at top left is for wireless 1/0O capabilities that were not used for the present
0 100 200 work
Time, ys '

Fig. 3. (a) Diagram of the charge/discharge readout circuit. Opening or

closing the “Gain” switch sets the feedback capacita@ggpack to 0.5 the output voltage of filled and unfilled capacitors in the aiz4
or 1.0 pF, respectively. (b) Control and output waveforms for the readout sence of VOCs: 255
circuit.

(Csensopfilled

& | = -
polymer
(Csensodunfilled

(@) 56

corresponding output voltag¥out ) . . .
P g outp 9Fout where Csenso)unfilled IS the capacitance of the capacitor withs7

Vout = Vinid + AVose Csensor 1) air in the capacitor gap, an(C£.enso)ﬁ||ed the capacitance2ss
Creedback with polymer in the gap. Assuming th&eegphackaNd AVosc 259

whereVpig is a virtual ground voltageA Vosethe amplitude gre constants, solvingg. (1) for Csensorand substituting 2e0

of the oscillator drive voltageCsensorthe capacitance of the N0 Ed.- (2)leads to: 261

capacitive sensor, artteednackis the feedback capacitance. (Vout — Vmid)filled

The value of the feedback capacitance is either 1 or 0.5 pF,Polymer = (Vout — Venid)unfilled S

and is determined by the position of the gain switch. In the

circuit, the feedback capacitor is charged as the sensing ca2.3. Polymers 263

pacitor discharges. In general,Vosc Was set between 0.2

and 1.0V withVpg being set to 1.8V, but the settings var- Polymers and synthesis precursors were purchased

ied according to polymer type and the desired sensitivity from Polysciences Inc. (Warrington, PA), Scientific Polyss
and detection range. While increasiny/osc could increase  mers Inc. (Ontario, NY), Gelest Inc. (Morrisville, PA), opss
the sensitivity of the capacitors, it could also increase the Sigma—Aldrich (St. Louis, MO). Polymers were selectesr
noise level if AVpsc Was near 1V. The timing of the reset based on their ability to selectively form weak reversibles
and sample voltage waveforms, required to make the sensocchemical interactions (hydrogen bonds, van der Wazds
capacitance measurement, was set by the microcontrollerponds, and dipole—dipole interactions) with a particular ame
and the measured output was an analog voltage. alyte [1-5,36—40] In general, liquid polymers or polymerg7i

The sensor and readout chips were packaged in awith a low modulus of elasticity were preferred because
custom-made dual inline package (DIP) with the readout they absorb analytes more quickly than rigid polym@is 273
chip in a hermetically sealed cavity and the sensor chip in  Experiments were carried out with eight liquid and solid4
a second, exposed cavity. The remainder of the readout cir-polymers Table ), all of which have been used in previouss
cuit [16], or “motherboard” Fig. 4) contained a socket for VOC sensorg3,4,18,19] Polymers were chosen based ons
the DIP, a microcontroller and a 12 bit ADC to digitize the the findings in the literature applying these solubility parz
output of the readout chip, and could be made quite small. rameters. Other factors in choosing the polymers includesl
For each data point acquired, 256 ADC readings were av- stability, ease of acquisition, solubility in a suitable solvent
eraged together to achieve effective 16 bit resolution. The and ease of coating application. The fluoroalcohol SXE#
smallest measurable capacitance change was 0.25 fF. [36] has an affinity for hydrogen-bonding bases and 28

The relative permittivity, or dielectric constant of the se- useful for the detection of chemical warfare agents sush
lectively absorbing polymer was calculated by comparing as Sarin. SXFA was synthesized in house from methaes
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Table 1
Polymer properties and deposition parameters
Polymer Properties Deposition
Polymer phase Analytes Measured Solvent Concentration
(at 50% RH, dielectric constant (wt.%)
20°C) (in dry N2, 20°C)
Polyisobutylene (PIB; 1350 MW) Liquid Nonpolar hydrocarbons 21.09 Toluene 1.0
Polydimethyl siloxane (PDMS; Liquid Nonpolar hydrocarbons 2% 0.07 Chloroform or toluene 1.0
100,000 cSt)
Polycarbonate urethane (PCUT) Solid Low polarity hydrocarbons +4M26 Chloroform 1.0
Polyethylene-co-vinylacetate with  Solid Low polarity hydrocarbons; 4.1 + 0.04 Toluene or chloroform  0.75
40% acetate content (PEVA 40%) aromatics
Siloxanefluoro alcohol (SXFA) Liquid Polar VOCs; hydrogen- 7.3+ 0.08 Chloroform 1.0
bonding bases
Polyepichlorohydrine (PECH; Gum Low polarity hydrocarbons; 7.4+ 1.1 Chloroform 0.2
700,000 MW) chloroethers
Cyanopropyl methyl phenylmethyl Liquid Nitro-aromatics; aromatic 11.0+ 0.5 Toluene or chloroform 1.0
silicone (OV-225; 9000 cSt) VOCs
Dicyanoallyl silicone Liquid Nitro-alkanes; polar VOCs 33.% 3.7 Acetone 1.0

(OV-275; 20,000 cSt)

found in the literature. Dicyanoallyl silicone (OV-275) droplets, were optimized for each combination of capacitas
and cyanopropyl methyl phenylmethyl silicone (OV-225), geometry and polymer type. 319
are siloxane-based commercial chromatography stationary Sensor capacitance was monitored during depositien,
phases that can be used to detect byproducts and impuri-and each capacitor was coated until its capacitance stopped
ties found in explosive§41]. Polyethylene-co-vinylacetate changing, i.e. until the entire gap was filled. Typically, thiz2
(PEVA), polyepichlorohydrin (PECH), polycarbonate ure- entailed depositing 100-300 droplets of a solution contaips
thane (PCUT), polyisobutylene (PIB), and polydimethyl ing 1.0wt.% dissolved polymer. Since the droplets wera
siloxane (PDMS) are used to detect VOCs with moderate so small, most of the solvent would evaporate before the
to low polarity values. next drop landed. The sensors were subsequently driedzén
Since literature values were not available for many of an oven at 110C for 30—60 min to completely remove thezz
the polymers used in these experiments, relative permittiv- solvent. After drying, the sensors were visually inspectesd
ity values [Table ) were measured according Ex. (3) under a microscope and their capacitance levels were mea-
The literature values of 2.1-2.4 for PIB and 3.0 for PDMS sured to determine if additional polymer was needed sto
[39] roughly agree with our measurements. However, the fully fill the gap between the plates. The drying process was
measured dielectric constants for high-polarity polymers repeated after each application of polymer. A small amougt
such as SXFA, OV225, and OV275 may be less accurate of material would remain on top of the top capacitor platess:
because they approach the limit of the detection electron- Coatings were typically applied to seven “signal” capacs4
ics and these highly polarizable polymers allow charge tors, leaving one uncoated “reference” capacitor and two uss-
to leak through the capacitors during the measurementused, unconnected capacitors. The uncoated capacitorgadid
process. not respond to chemical exposures or changes in relatie
humidity or flow rate. To reduce systematic common-moske
electronic noise, the reference output was subtracted frazm
each of the seven signal outputs. Typically this noise legal
was reduced from near 1 mV to approximately 0.3 mV, when

2.4. Polymer deposition

Polymer solutionsTable 1) were deposited onto the sen-

sors with a manually positioned piezoceramic inkjet head AVoscWas 0.2-0.7 V. 342
(Microfab Technologies MJ-AB01-030 30- or 80-micron
dispenser with CT-M3-01 inkjet controller). The inkjet head 2.5. Sensor test system 343

could deposit individual droplets (30-10@n diameter) of
solution, each of which dried in about 1s. The sensors were tested in custom-made stainless steel
Solutions were mixed to a concentration that did not clog environmental chambers. A large chamber with interrat
the inkjet nozzle (indicating that the solution was too con- dimensions of 10cnx 15cmx 6 cm could accommodatesas
centrated) or wash away previously deposited polymer (too two packaged sensor chips with their electronics. A smabier
dilute). The solution concentrations ranged from 0.015 to chamber measuring®cm x 7.6 cm x 0.8 cm, which could 348
2% by weight of polymer in solvent (optimal values are in accommodate two packaged sensors, with the sensor read-
Table J). Both the voltage waveform applied to the inkjet out electronics outside the chamber, was used for achiewisng
(controlling the droplet size) and the amount of time between faster vapor delivery. The small-volume chambers wese
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352 treated with the Silcoste®lprocess (Restek Corporation, Sors. We have observed that the chemicapacitors typicadly
353 Bellefonte, PA) to prevent chemical contamination. A re- have sufficient sensitivity to detect common industrial sabs
354 circulating chiller that pumped water through cold plates or vents below 100 parts per million (ppm), and below 1 ppsu
355 water jackets around the chamber regulated the temperaturéor the chemical warfare agents simulants and explosives
356 of each chamber. Each chiller had a closed-loop tempera-taggants[42]. Table 2shows the lowest concentration ofos
357 ture control system regulated by a four-wire RTD inside the Vvarious analytes—including industrial solvents, chemicat
358 chamber. Humidity inside the chamber was monitored with warfare agent simulants, and nitro-organics—that we have
359 a Honeywell HIH-3602-C humidity sensor (Honeywell Inc., detected with polymer-filled capacitors. Many of the vades
360 Freeport, IL). ues inTable 2reflect the lowest concentration that our testo
361 All VOCs were purchased commercially (Sigma—Aldrich; system can deliver, rather than the lowest concentration the
362 Alfa Aesar, Ward Hill, MA; Fisher Scientific Inc.; or VWR  sensor can detect. Theoretical limits of detection (LORp
363 International Inc., West Chester, PA) and used as received.have been calculated using a signal-to-noise limit of 3a13
364 VOC vapors were generated by bubbling nitrogen or air One can see from the LOD values, that SXFA is mose:
365 through gas-washing bottles (bubblers) containing liquid Sensitive to the more polar analytes. Four polymers were
36 VOCs. To control the VOC concentration, the glass bub- compared for the detection of CEE; SXFA and OV275 werss
367 blers were immersed in a water bath; the temperature of Significantly more sensitive than either PECH or PEVAw7
368 the bath could be adjusted to vary the vapor pressure ofAs an example of the data from whidiable 2was gener- 418
369 the VOC. Furthermore, the output of the bubblers was di- ated,Fig. 5shows the response of an SXFA-filled capaciters
370 luted with air or nitrogen metered by mass-flow controllers to various concentrations of dimethyl-methyl-phosphonate
371 (MKS Instruments, Andover, MA). Humidity was similarly  (DPMMP, a simulant for sarin) in dry and humid air. Both thex
372 controlled by passing a metered percentage of the nitrogenPMMP and water vapor cause an increase in the measueed
373 or air flowing into the test chamber through a bubbler con- capacitance; however the sensitivity of SXFA to DMM#3
374 taining water. A LabVIEW (National Instruments, Austin, Vvapor is significantly greater than to water vapor. Expe
375 TX) program varied the temperature, humidity, and con- sure to 800 ppb of DMMP causes a change in capacitamee
376 centration of up to six analytes inside the chamber while that is more than twice that of a change in 40% relatives

377 recording the output from the sensor units. humidity. 427
The signal-to-noise ratio generally increases with s
a7e  2.6. Sensor response time creasing polymer and analyte polarity, an effect that willo

be discussed further i8ection 3.31n our experience, at a43o
379 To gauge the differences in response times between liquidgiven analyte concentration, the signal-to-noise of a chem-
380 and solid polymers, a set of tests was performed with the icapacitor is roughly proportional to its capacitance. Thusz
381 coated sensors placed perpendicular to the outlet of a dilutedsignal-to-noise improves as plate area increases or asgap
382 vapor stream immediately after a four-way switching valve. width decreases. Although larger capacitors are undesirable
383 For this experiment, OV225, SXFA and PEVA were cho- because they occupy more area on the sensor chip asd
384 sen as representative liquid and solid polymers. Each sen-therefore cost more to fabricate, smaller gaps have no sush
385 sor chip was tested individually, and placed approximately disadvantage. In addition, smaller gaps lead to thinner poly-
386 1 mm from the outlet tube whose inner diameter was 1/16 of mer films and therefore faster response. Thus, the ideal gap
387 an inch. The vapor concentration was 10%Pgf; with the dimension is the smallest that can be filled with polymets
388 bubblers held at 15C, and the total flow rate was 500 sccm, We have successfully filled capacitors with Opd® gaps, 440
389 which resulted in a vapor plug that could arrive at the sensor Which is the narrowest gap achievable with the MUMR&
390 in approximately 0.01s. The electronic four-way switching process. Over a testing period of several weeks, we haxe
301 valve was alternated between dry nitrogen and the diluted an-not observed differences in the stability of capacitors witks
392 alyte vapor and took less than 2 s to switch fully. The coated a 0.75 or 2um gap. 444
393 capacitors did not respond to the switching of the valves, Although chemicapacitors may exhibit a linear response;
304 when there was no analyte present. Vapor generation wagparticularly when used to measure humidigg,26,29]in 446
305 started 10 min prior to exposure to allow the bubbler tem- general their response is nonline&ig. €). McGill et al. 447
306 perature to stabilize. During the experiments the uncoated[3] have suggested that the response is nonlinear becausesas
397 capacitors did not respond to the chemical exposures. the films absorb an analyte, their ability to interact with thes

analyte changes, generally reducing their capability to aty

sorb more of the same analyte. The ability to absorb othsr

398 3. Results and discussion analytes may also be affected; for example, the presenceof
humidity reduces the sensitivity of an SXFA film to DMMRs3
399 3.1, Sensitivity and response (Fig. 5. A possible factor contributing to the nonlinear resa

sponse may be that as the polymer swells, the reduced paiy-
400 The chemicapacitor sensitivity to most VOCs is gener- mer density between the plates causes a decrease in pessait-
401 ally comparable to that of other polymer-based VOC sen- tivity. This swelling effect counters the effect of adding a7
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Lower explosive limit (LEL) and immediately dangerous to life and health (IDLH) concentration for selected VOCs; with lowest detected vapor
concentrations and calculated theoretical limit of detection (LOD) in ppm (v/v), signal-to-noise ratio (measured response in volts/peak-to-peak noise in
volts), polymer used to achieve the lowest detected concentrations, and oscillation amplitude

Fig. 5. Response of an SXFA-filled capacitor to low concentrations of
DMMP in a background of dry nitrogen and in nitrogen with 40% relative

humidity. The sensor was at 3G and the oscillation amplitude\Vosc

was 0.1 mV. The response to 800 ppb of DMMP was approximately 167
and 200 mV with and without the background humidity, respectively, and
the peak-to-peak noise level was 0.5mV.

Analyte LEL IDLH Lowest detected S:N LOD Polymer AVise
(ppm) (ppm) concentration (ppm) (ppm) used V)
Industrial solvents
Acetone 25000 2500 11 17 2 SXFA 0.4
Acetonitrile 50000 500 25 10 8 SXFA 04
Benzene 12000 500 142 5 85 0ov225 0.2
Bromobenzene 5000 N/A 7 50 04 SXFA 04
Ethyl acetate 20000 2000 37 20 6 SXFA 0.4
Ethyl alcohol 33000 3300 63 12 16 SXFA 0.4
Isopropyl alcohol 20000 2000 84 18 14 SXFA 0.2
Methyl alcohol 60000 6000 21 9 7 SXFA 0.4
Octane 14000 1000 49 5 29 0ov225 0.2
Tetrahydrofuran (THF) 20000 2000 7 15 1 SXFA 0.4
Toluene 11000 500 61 33 55 0ov225 0.2
Chemical warfare agent simulants
Chloroethylether (CEE) N/A N/A 1 3 1 PECH 0.5
0.4 3 0.4 PEVA 1.0
0.2 10 0.06 SXFA 0.4
22 10 0.07 0ov275 0.075
Diisopropyl methylphosphonate (DIMP) N/A N/A 0.1 100 0.003 SXFA 0.4
Dimethyl methylphosphonate (DMMP) N/A N/A 0.18 300 0.002 SXFA 0.4
Explosives byproducts and impurities
Nitro-benzene { N/A N/A 0.02 13 0.005 SXFA 0.2
0.44 10 0.1 0ov275 0.075
Nitro-propane N/A N/A 5 25 0.6 SXFA 0.4
Nitro-toluene N/A N/A 0.001 23 0.0001 SXFA 0.2
polar analyte and the resulting combination of factors may
in 40% relative humidity ~ in dry nitrogen not be linear with concentration. 459
A N/ \ The chemicapacitor sensitivity varies with temperatupeo
s lC T T 1 T T _] Increased temperature increases VOC volatility, decreasing
T 4L i the amount that absorbs into the polymer, as shoviAigné. 4s2
f 4L o ] The data are presented as changes in response from bassgline
z ) § at each temperature. The differences in response at the thiee
o s M | | M | | 7] temperatures are, within error, explained by the differenees
0 1 1 in vapor pressure. This suggests that, at least within this
3 q temperature range, the solubility of acetone into SXFA s
- - not affected by any changes in the polymer. This resultés
%29 - consistent for all of the liquid polymers we have tested 4ep
] m this temperature range. 470
g2 7] The responses{(g. 6) of the SXFA films show that hu-471
547 midity has little influence on the acetone response at low ace-
% tone concentrations, however above 15,000 ppm of acetane,
S 26 the high humidity background causes a larger response from
L the capacitors. Again, these data are presented as changes
oo oo bo o o g bo b from the baseline at each relative humidity. In typical conws
0 50 '°°°Tim'2‘:°min)2°°° 2500 3000 mercial applications, such as industrial leak detection, we

expect that an embedded microcontroller will take meas

surements from a temperature sensor and humidity-sensitive

chemicapacitor in addition to the analyte-sensitive chemiea-

pacitor, and then use a multiple-parameter calibration takie
or pattern recognition algorithm to determine the analyte
concentration.

483
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! e due to vapor absorption can take the form of changes in sbe
volume fraction of polymer and analyte. In addition, as longs
as the capacitors are completely filled, their topology wiliz

—e— 20°C

08H —a— 30°c - ; . g .

s | —a— 40°C ] not affect the capacitor's capacitance. This is an importasi
2 06 [ ) advantage of this form of chemicapacitor, potentially elinmss
s L ] nating the need to individually calibrate sensors and therehy
I . reduce production costs. 511
<04 [

s F

& 3.3. Response time 512

o
o

in dry nitrogen Many factors influence a polymer coated sensor's ses
sponse time, including mass transport limitations, vapor cenr
centration, the stiffness, crystallinity and thickness of the
polymer and the molar volume and diffusivity of the anaze
lyte [43]. In general, large analyte molecules will diffuse?
slower through polymers than small molecules. Solid pobts
mers will reduce the rate of analyte diffusion comparedd#o
liquid polymers, and polymers that have a high amount saf
crystallinity will also have slower responses compared sa
rubbery or amorphous polymers. In fact, it has been shosen
that the diffusion constant of molecules can decrease by sev-
eral orders of magnitude for relatively small increases in the
molecules siz§43]. Results in the literature suggest that thias
layers of liquid polymers should produce the fastest sensers,
0 5000 10000 15000 20000 25000 30000 35000 40000 especially with smaller analyte molecules. 527
Acetone Concentration (ppm) The response time of our sensors, as showmaible 3 528
Fig. 6. Average response of four SXFA-filled capacitors to varying con- gene_ral_ly conforms to thIS pattern._ Both SXI_:A and OVZ_SE
centrations of acetone in dry nitrogen at 20, 30 and@Q@upper graph). are liquid polymers, while PEVA with 40% vinyl acetate isso
Average response of the same sensors to varying concentrations of acea rubber-like polymer with approximately 10% crystallinitys1
tone at four different relative humidity levels in nitrogen at°20(lower (the crystallinity of PEVA 40% was estimated from dataz
graph). All four capacitors were on a single sensor chip and were mea- ;, 1447y For the three circular plate capacitors that weses
sured with AVysc = 0.2V. The error bars reflect the standard deviation o
of the four sensors’ responses. tested, the onset of response occurs within 1 s for the foursza-
pors tested for SXFA and OV225, and within 3 s for PEVA3s
Table 3shows that the time to achieve 10% of full respons&
3.2. Reproducibility (t10) to all four vapors for the two liquid polymers is onlys?
a few seconds to about 20's, whilg for the solid PEVA 538
To test the reproducibility of the deposition process, four films is typically longer. The time to achieve 90% of fuliae
identical SXFA-filled capacitors were produced on each of responsetgg) ranges from 20s for SXFA and acetone, tao
six sensor chips. These chips were separately given 30 minmany minutes depending on the stiffness of the polymer aad
exposures of 10%sa15-c) acetone in dry nitrogen at 20  the diffusion of the analyte. In all cases, the liquid polymers’
and 40°C, and their response magnitudes were measured.t;p absorption and desorption response was faster thansthe
The coefficient of variation for the four capacitors on any solid polymer’'s responses. In addition, it is apparent tisat
single chip averaged 3.2% at 20 and 1.9% at 40C. The desorption can be slower than absorption, especially if the
chip-to-chip variation averaged 9% at20 and 6% at 40C. polymer interacts strongly with the analyte. SXFA in partie4s
We hypothesize that capacitor-to-capacitor variability de- ular exhibits slower desorption than adsorption, presumaiity
creases at the higher temperature because the sensors settlieie to strong acid—base interactions with the analyte. sas
faster. That is, at higher temperatures, acetone diffuses more Polymers may “relax'[43] when responding to certairsas
quickly into the polymer, and a capacitor reading is more analytes and especially at large concentrations, i.e. the sig-
likely to be made under a steady-state condition. This re- nal reaches a maximum and then begins to decline during=an
duces or removes one source of variability, i.e. differences exposure to a constant concentration of analyte. This belsay-
in diffusion speed between different capacitors and betweenior could occur because the polymer expands and beginssto
sensor chips. seep out of the capacitor gap. Relaxation artificially lowess
Thus, inkjetting methods can make chemicapacitors that the 0—90% response time, since the maximum responsessx-
vary in response by only a few percent. Unlike most other curs before the sensor has finished responding to the anatgte.
polymer-based sensors, the structure of the capacitors fixesAnother factor that could effect the measured response tise
the volume being sensed. Changes in the dielectric materialfor the acetone exposures is evaporative cooling; where #ise

—&—— 0%rh
0.8

o
o

o
S

Sensor Response (V)

o
)

at 20°C in nitrogen
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Table 3
Time to reach 10%t{p) and 90% {gp) of maximum response at 20-26 and 0% humidity; average responiestandard deviation; analyte concentration
= 10% of Pgy at 15°C

Polymer Analyte Absorption Desorption Absorption Desorption Response
tio (S) tio (S) too (S) too (S) (mVv)
PEVA Toluene 14.3 18.6 366 510 —90.8+ 4.6
Acetone 21.1 10.0 312 378 408 6.6
DMMP 65 49.2 1548 1812 3.2 0.3
Water - - - - Negligible response
SXFA Toluene 2.6 3.9 318 690 1728 12.8
Acetone 4.2 3.2 19.8 228 7500 23.7#
DMMP 15.8 11.0 138 3084 1170& 3.5
Water 3.7 9.12 636 2016 788 10.3
ov225 Toluene 8.6 13.8 168 396 —27.0+ 1.4
Acetone 2.1 2.2 84 84 444 5.0
DMMP 2.9 6.7 558 402 66.& 5.7
Water - - - - Negligible response

24.3% relaxation in 1 h.

temperature of the liquid acetone decreases when high flow Unlike the interdigitated design of Hierlemann et[2R], 594
rates are pushed through the bubbler. Even a small amounin the present design, the fixed parallel-plate structure thmt
of cooling could have lead to a measurable reduction in va- we have employed causes all of the electric field lines to pess
por concentration at the sensors. through the polymer between the plates. Consequently, dive
The diffusion path length also affects response tj#i. measured capacitance is only dependent on the propesties
The distance that analyte molecules need to diffuse in our of the material between the plates, which is a fixed volumea
micromachined capacitors is determined by the thickness of Upon vapor absorption the polymer can swell through bath
the polymer film and by the number and density of etch the fill holes and vent holes, and the electric field will then:
holes. Making larger etch holes, or increasing the number pass through a polymer with lower density than in its neat
of etch holes would greatly increase the open surface areastate. Therefore, swelling alone would cause the capacitasee
for vapor exchange, and reduce the distance that the analyte¢o decrease. In contrast, the absorption of any analyte with-
would have to diffuse. The density of etch holes in our cur- out concurrent swelling, whether it has a higher or lowes
rent devices is very low, and response time would be greatly dielectric constant than the polymer will increase the capas-
improved by reducing the distance between etch holes to theitance of the device, because it is an additive effect. The ea-
MUMPs design limit of 2um. In addition, residual polymer  pacitance of the device upon vapor exposure can thus either
remains on top of the capacitors in our method of deposition, increase or decrease, depending upon whether the sweting
which can also slow the sensor response by acting as an ader chemical absorption dominates. 610
ditional diffusion path for the analyte. We have not yet deter- =~ Two capacitors on the same chip with different gaps wete
mined a satisfactory method to remove the residual polymer. coated with PIB and tested against octane and tolueneeva-
pors. The results, shown Rig. 7, show a larger responseis
3.4. Response mechanism from the 0.75um gap device versus the 2ubn gap device. 614
The noise level during the experiment w&$.15mV for 615
As Eq. (3)illustrates, the output of a chemicapacitor re- both devices. This suggests that the sensing gap can besmsa-
flects the permittivity of its selectively absorbing dielectric. nipulated if needed to achieve greater signal-to-noise levels.
The sensor responds to chemicals when the dielectric ab-The response of PIB to stepped concentrations of octane@ad
sorbs an analyte, causing its permittivity to change. Hierle- toluene shows a change in direction associated with the per-
mann et al[22] have previously hypothesized that a com- mittivity of the each analyte compared to the polymer. Fen
plex combination of response phenomena occurs and thatoctane swelling dominates the sensor response, and the aver-
the degree of change depends on four factors: (1) dielectricall capacitance decreases, while with toluene, which haga
chemical structure modification from reversible weak inter- slightly higher permittivity than octane, the capacitance ises
actions (hydrogen, dipole, van der Waals) with the analyte; creases. This effect has been observed in several polyrsers
(2) the amount of swelling that the dielectric undergoes upon With a variety of permittivity values, resulting in a relativezs
absorbing the analyte (swelling reduces the density of dipole sensitivity pattern that shifts direction depending upon tém
moments within the polymer, and therefore the permittivity polarity of the polymer and analyte and on the polymegs
of the polymer); (3) the permittivity of the analyte being ab- ability to swell. In this example, PIB has a solubility paszs

sorbed; and (4) the amount of analyte that absorbs into therameter39] (§ = 15-165 MPa!/?) and a dielectric constantze
dielectric. (¢ = 2.1-24) that are between the values for octadie=( &30
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Fig. 7. Response of two PIB-filled chemicacpacitors on the same sensor
chip to octane and toluene vapors in dry nitrogen atQ@ower graph).
The capacitor that produced larger responses (both positive and negative
voltage shifts from baseline) has a 0% gap, while the other has g2n
gap. Concentrations are given as a percent of the saturated vapor pressure
of the VOCs at 15C (upper graph). Both capacitors were measured with
the same electronic settings.
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14.1-155MPa/?, ¢ = 1.95) and toluene3(= 18.3 MP&"/?,
e = 2.4). From these solubility parameter values, both oc- Fig- 8. Sensor response as a function of polymer and analyte permittivity.

tane and toluene would be expected to cause a Iarge aI,',]Ounl.['_ach data point was generated from between three and six identically
L . prepared sensors, each of which was exposed to three—five doses o
of swelling in the PIB coatingl,4,5] d h of which d to three-five d ;

; . A analyte. The data points represent averaged values and the error bars reflect
To further illustrate the response characteristicsS Of the standard deviation of these values. The concentration of all analytes

polymer-filled chemicapacitors, sensor response is plottedwas 20% of the saturation vapor pressure at5All measurements

as a function of polymer permittivity and analyte permittiv- Wwere taken at 0% humidity and 2.

ity in Fig. 8 It is apparent that, in general, high-permittivity

analytes produce larger responses than low-permittivity

analytes, and low-permittivity analytes such as octane canand PDMS should absorb octane, benzene, and toluane

produce negative responses. The negative sensor responsesore readily than they absorb THF. However, in PIB amsh

(decreases in relative permittivity) arise when the permittiv- PDMS-filled chemicapacitors, octane, benzene and toluese

ity of the absorbed analyte is insufficient to compensate for actually produce much smaller responses than THF. Thissis

the swelling that the polymer undergoes upon absorbing the presumably because the dielectric constant of THF is abesut

analyte. In general, low-permittivity analytes are difficult three times higher than that of octane, benzene, or toluemse.

to sense because they only produce small responses when Fig. 9shows the data frorRig. 8for the PIB-filled capaci- ese

they are absorbed. tor with comparable data from the literature for a PIB coatext
For example, previously reported swelling and mass-uptakehemiresistof47]. Both data sets have been normalized éss

experimentq3,4,38,40,46]indicate that the polymers PIB  show them on the same scale. The differences in the data
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PIB and PDMS are low-polarity polymers and do not absaads
such high-polarity analytes well, i.e. their solubility paranase
eters do not matcft,4,5]. 690
In contrast, the high-polarity polymer OV275 absorlas:
high-polarity analytes well, producing large signals in res2
sponse to methanol and water. Although SXFA also has
a high polarity, its acidic hydrogen-bonding charadi®r 694
results in low absorption of water and methanol. Neithes
OV275 nor SXFA absorbs enough octane vapor to produasea
negative response from swelling. PEVA, PCUT, PECH, a&d
0OV225 exhibit larger negative responses to benzene thaspto
octane, presumably due to greater swelling in the preseswe

Normalized Response

.08 |- ©— PIB capacitor _ of benzene. 700
- - ¥ - - PIB chemiresistor While this study is by no means a comprehensive study-af
12 b o the wide variety of polymers available for testing, the resutta
T 4 6 810 30 50 70 show that a simple array of such coatings could satisfy the
Relative Permittivity of Analyte needs for a wide range of VOC detection applications. 704
Fig. 9. Response data froffig. 8 for a PIB-filled chemicapacitor and
a PIB/carbon composite chemiresistor fr¢47]. The chemiresistor data .
4. Conclusion 705

are responses to exposures of each analyte at 10Pg,pat 23°C. Both
data sets are normalized for comparison. Responses to the same and
similar VOCs are plotted vs. the dielectric constants of the VOCs a€25 We have shown that micromachined, parallel-plate cas

(identified by letters on the graph): (&o-octane (1.94); (by-octane pacitors can be filled with polymers and used to detect

(1.95); (c) cyclohexane (2.02); (d) benzene (2.27); (e) xylene (2.37); (f) ; ; :
toluene (2.4); (g) trichloroethylene (3.42); (h) ethyl acetate (6.11); (i) VOCs, chemical Rrfag? agent simulants, and exploswe

tetrahydrofuran (7.58); (j) acetone (20.7); (k) ethanol (25); (I) methanol taggants. Chemicapacitors ar? uniquely selective amomg
(33.62); (m) water (78.3). polymer-based VOC sensors in that they offer selectivity

due to the characteristic electrical properties of the analytein

addition to the selective sorption due to the polymer/analyte
for the two devices, implies that response depends on differ-interactions. This unique sensitivity of chemicapacitors 1
ent mechanisms. It is generally accepted that the responsenalyte permittivity can potentially lead to sensor systems
of polymer-composite chemiresistors is primarily caused by with improved selectivity. In particular, varying responseas
swelling [4,5] which produces the largest responses for an- characteristics can be ensured by contrasting the differaat
alytes whose solubility parameters most closely match the detection modalities of a polymer-filled chemicapaciterr
polymers. The chemicapacitor exhibits a large decrease inwith that of a mass-sensitive transducer, such as a micue-
capacitance when exposed to octane, a very small decreaseantilever, coated with the same polym@2]. Because 719
to benzene, and an increase in capacitance due to toluen®oth transducers can be fabricated on the same chip and
and higher dielectric constant analytes (showrFig. 8). coated in a single process, such a combination would7be
From relatively large response of the chemiresistor to xy- cost-effective and compact. 722
lene and toluene, one would expect PIB to swell greatly. If
swelling was the primary contributor to the chemicapacitor’s
response, one would expect a similar response profile (i.e.Acknowledgements 723
a large response to toluene). However, the chemicapacitor
shows only relatively small responses for analytes within =~ The authors would like to thank R.J. Warmackz4
this range of dielectric constants. We speculate that result-C. Britton, D. McCorkle, and M. Dotson for their tech#2s
ing capacitance shift is due to a combination of swelling and nical assistance and discussions and William Ahn for his
the added permittivity due to the absorbed analyte. assistance with mechanical design. The majority of this

In fact, the response characteristics of the low-permittivity work was funded internally by Graviton, and also by SBlf2s

polymers PIB and PDMS are dominated by polarity effects. contract #N41756-02-M-2038 topic #N01-145. 729
Analytes with relative permittivity values under 3 produce

small or negative signals because their permittivity is low

and the absorbed amount is insufficient to counteract the References
large amount of swelling. On the other hand, we observe

that analytes_: with dielectric constants between 3 and 21 pro- [1] C.M. Hansen, Hansen Solubility Parameters, A User's HandboaRk1
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because their permittivity is high. Finally, analytes with di-  [2] A.F.M. Barton, CRC Handbook of Solubility Parameters and Othes3
electric constants above 22 produce small signals because Cohesion Parameters, second ed., CRC Press, Boca Raton, FL, 7283.
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