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i more pubic, technologies.In responseto past
' _ naUonalsecurityconcerns,secrecy was actively
; Sandia Nabonal Laboratories,mn8500+ person, soughtfor many of these technologies.Now

i murdprogramresearch anddevelopment fadlty that U1eintemationalpoliticalsituationhasoperated for the U.S. Departmentof Energy, substantiallychangedfrom the "coldwar"era,
* has over 400 research, developmentlhd new, govemrnentsponsoredinitiatives#mlx_und

applications scientists and engineem working to commercializethis technology.At the U.S.
on sensortechnologies. Sandia's20 person nationallaboratoriesthese initiativerange from
Microsenson;Research and Development aggressivetechnologyIcensing programsto
Department has invented,developed and collaborativeresearch and development
§elded sensorsystems based on acoustic,fiber programsto commercializetechnology.One
optic, and siliconmicroelectronictechnologies, such program,the U.S. Department of

, These sensors have been used for diveme Energy's(DOE) Defense Program (DP)
mppicatJonsincludingthe monitoringof cleaning TechnologyTransfer Initiative ('1"1"1)actively
chemicalconcentrationsin industrialprocess seeks to commercialize"dual use"

i effluentstreams, detection of explosivegas technologies.The TTI programenables industry
concentrationsin aging industrialequipment, and nationallabs to jointly fundthe
real-time measurementsof fluid viscosityin commercializationof national labstechnologyto
equipment lubricants,and monitoringof the benefitof both industryand the DOE.
contaminantconcentrationlevels in ultrapure Numerousother programshave been initiated

" process gases. Representativesensor to encomage the commercializationof these
technologiesavailablefor technologytransfer technologieswith specificindustrialsectorsand

i will be describedincludingbulk acousUcwave small businesses.
! resonators, surface acousticwave devices, Iber
; OleiCmicromirrorsensors, and siicon This paper will summarize a tmited sample of
; microelectronicsensors, microsensorstechnologydeveloped at Sandia

t National Laboratoriesand currentlyinvolvedin
• INTRODUCTION technologytransfer programsor available for

There have been significantsensorresearch technologytransfer. Sandia is mnB500+ person,
and developmentsactJvilJesst the U.S. national muItiprogramresearch and developmentfacirdy

, laboratoriesduringthe past 40+ years, pdrnadly operatedfor the U.S. Department of Energy.
tta"mppicatJonsof great nationalinterest such Currently,Sandia has over 400 research,
as nationalsecurity.Due to the sensitivityand developmentand applicaUonsscientistsand
limited access of many of these developments, engineersworkingon some form of sensor
oomrnercializationof this technologyhas not technologies.
occurred at a pace commensuratewith other,

1 Thisworkwasperformedlt SandiaNationallaboratories,_upportedbythe U. S. Departmentof
EnergyundercontractNo.DE-AC04-76P00789.
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"" Sandia's 20+ person MicrosensorsResearch Sandia researchers have demonstrateda QCM
and DevelopmentDepartment has Invented, type sensor that monitorsthe degradationof jet
developed and fielded sensorsystemsbased fuel. Depending on a jet fuers starting
on acoustic, fiber optic,and silicon petroleumsource, refineryprocess details,
microelectronictechnologies.These sensors storage time-temperature profile, temperature
have been used for diverse applications duringflight, and other factors, the jet fuel can
includingthe monitoringof cleaningchemical oxidizeand form a precipitate. Under certain
concentrations in industrial process effluent conditionsthe precipitate can effect the
streams, detection of explosivegas performanceof a jet engine and in extreme
concentrations in aging industrialequipment, cases can clog the fuel injectors of a jet engine
real-time measurements of fluidviscosityin causing the engine to fail. Under the
equipmentlubricants,and monitoringof sponsorshipof a U.S. Air Force R&D program4,
contaminant concentrationlevels in ultrapure the QCM has been successfullydeveloped into
process gases. This paper will summarize an inexpensive,real time Jet Fuel Degradation
representativesensortechnologiesavailablefor Monitor. Figure 1 shows the results of this
technologytransferincludingbulk acoustic sensor monitoringjet fuelduring a laboratory
wave resonators,surface acoustic wave test in whichthe degradation of the fuelwas
devices, fiber optic micromirrorsensors,and accelerated. This sensor, operating at
siliconmicroelectronicsensors, approximately5 MHz, provides extensive real-

time informationabout the extent of fuel
degradationby monitoringshifts in the resonant

pULK ACOUSTIC WAVE RI_SONANCE frequencyof the quartz oscillator.Presently this
SENSORS sensor is used to assess the effect of fuel
Several sensors have been developed based additives on fuel stability.In the future, on-

' on the well establishedquartz crystal boardsensorswill allow a pilotto adjust flight
microbalance(QCM) concept) Thicknessshear plans before catastrophicproblems occur.
modes are electrically excited in thinned
piezoelectric crystals usingalternatingvoltages This technologyhas been extended further to
applied to surface electrodes. Shifts in resonant monitor separately the viscosityand densityof
frequency are calibratedto indicate surface fluids.A dual QCM device in which one device
mass changes. A widespreadinitialapplication has a precisely defined corrugatedsurface film
of these deviceswas for monitoring the
thickness of vacuum depositedmetals.
Typicallyquartz is used as the piezoelectric
material due to the relatively maturequartz Je.oz_¢r.ezuo..=loo'c,sopwo=zm_ '

, technology, stable temperaturecharacteristics,
; and lowcosts; the AT-cut quartz cwstal is used =s

for bulk thickness shear mode resonators.More =o *recently, these devices have been extended to
, monitor a wide variety of physicaland chemical

parameters.
==

Researchers at Sandia and elsewhere have
utilizedthe tremendous sensitivityof the sensor
platform underlyingthe quartz crystal #o
microbalance metal thickness monitorto |

, develop an entirely new classof sensors. This
t sensor platformhas been shownto be able to

detect small changes in the mass of = surface
tile attached to the quartz crystal. In addition, o.- _,_ • • __1
changes in the elastic stiffnessof a film2and w mN _ ouo

IN,=)
even small changes in the fluid propertiesof a
kluid surroundingthe piezoelectric=ystaP can

be detected. FigureI MassaccumulationoctQuartzCrystalMicrobalance
Jet FuelDegradationMonitor
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has been demonstratedto measure viscosityof interdigttalelectrodes (fingers)on the surface of
fluidsrangingfrom 0.25 cP (centi-Poise)to over a plezoelectdccrystal (typicallyquartz). The,r

.: 10 cPs. As _hownin Figure 2, en assortment electrode fingerspacing is determinedby the
of fluidshave been measuredwith a high level substrate _urface acousticwave velocity;the
of agreementwith previouslypublishedvi=_ number of linger pairsdetermines the rf (radio

and densityvalues. Other QCM sensors are frequency) bandwidthof the device. A thinbeing developed to measure chemical chemicallyabsorbingfilm is deposited between

concentrationsin air and in fluidsbased on the transmit and receivefingers as shown in

mass changes in a chemically absorbentlitre Figure 3. Carefully selected crystallographic
attached to the surface of the QCM. orientationof the piezoelectric substrata (ST-cut

in quartz) will determine the type of acoustic
wave generated when sn oscillatingelectric

, 8Lm.l_n.o=mD.n.R_ _ w.=.=nW field is appliedbetween finger palm in the
IxLrs©Uon usinj DuoJ-QC3d Bommor

transmit fingerelectrode array. The resulting
- - surface acoustic wave has the important

|]°"ut,,t,=."'""li _ '\='"_'u"_ propertythat mostof the mechanicalenergy is
, ; confinedto within8 fraction of one acoustic

t a _. -.. ,, wavelength from the surface; 8 typical SAW
"¢ _'_ ' sensor might be operatedat 100 MHz with sne t,

, acoustic wavelengthof approximately 32U t
, ... =.lr ei

_,, " microns. This surface confinementof the
' i m ; acoustic energy makes the SAW sensor

I_ 4_I.II AI =,, ,,_ i, 1 oxtremelysensitiveto small changes in the

e., %c tm _,z mass or stiffnessof the chemically sensitive
..7 _ film; mass changes as small as 80
o., picograrnsJcm2 can be detected witha 100 MHz

e.= e.= , = s zo device operating with 1 Hz shortterm,stability.
Ir_,©e,dt_(el') SAW sensorshave been developedto detect

. vapors from volatileorganiccompounds°

a...-e.,t,=. =. ,__,=,=0= (VOCs), small inorganicmolecules, humidity,
s. ,,-n.x-,,. L ,--,.pt_ox organophosphonates,styrene, and a variety of
C, MoUM_oI J. n-O©t4zae]
D, ILhlJsol lr. DiehloromeUbJ_Bm
K. N-Proptnel L Tr_©hlorootbyione
F. n-Dut_nol M. Co2bon Tot_sehlor_le
G. n-Pentanol H, Dibrlmomethsse

&va. I_rmrm dmwdt_, li.MK;wtBemdt_,t|_

) Figm 2. Viscosity and density for various
i kluids measured with Sandia's new tensor, saw, w,_m,

t SURFACE ACOUSTIC WAVE SENSORS
F Another class of acoustic wave sensorsutilizes
t

surface acoustic waves (SAWs) propagating
t

I through a chemically sensitive film. As the lilmchanges mass and/or elastic properties from a
chemical sorption process or other chemical-

i |lm interaction,the frequency end irnp_ude of Tmn_M_

oscillationof the surface acoustic wsve
changes. These changes can be monitoredand Figm 3. Schematic representationofcalibrated for each surface film and each
chemical species anticipateo-'_-__j. surface acoustic wave chemical tensor.

Gas and vapor SAW chemical sensomare other compounds. For one 8ppication,we
- fabricated by photolithographicallydefining developed a SAW sensorusing mthin film of
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t chemicallyabsorbingpolyisobutylene.A device coated with a differentfilm. Althoughno
l prototypePortableAcousticWave Sensor single filmwill have absoluteselectivity,

(PAWS) subsystemusingthis transducer analysisof the array output using pattern
demonstrated400 ppb ( part per billion) recognitiontechniqueswill enable these
sensitivityto trichloroethylene(TCE). The systems to resolve reasonable numbersof
applicationrequiredthe continuousreal-time differentspecies. A system to resolve 10 - 20
monitoring of TCE and d-limoneneemitted into differentchemicals with an array of six different
a fume hood exhaustduct at a printeddrcuit SAW transducers is being developed.The

i board cleaning station. As shownin Figure 4, essentialelement for these arrays is that each
the SAW-based real-time monitortracked the chemical filmhave as differenta response as
emissionsof volatileorganiccompounds from possiblefor as many as possibleof the 20

f this industrial processand enabled s significant target chemical vapors.
reduction in emissions.By implementing a
solvent substitutionfrom TCE to d-limonene In additionto arrays of SAW transducers each
and providingthe cleaning stationoperator coated withdifferentfilms, a single SAW device
directfeedback on the solvent vapor emissions can indicate botha frequency change and sn
duringthe cleaning process,VOC emissions oscillationamplitudechange. Generally, the

i were reduced by over a factor of 40. Part of the mass Increase in a polymer film due toreductionwas directly attributableto the chemical absorptioncauses sn oscillation
, operator adjustingthe air-solvent mixturegoing frequency decrease and changes in the

4-- fnm _Nt

able . ' "
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for TCE and d-lmonene during spray cleaning.

Figure 5. Schematic block diagram representationof
i into the nozzle and the nozzle aim. PAWS chemicalsensorsystem.

, Sensor specificityis determined by the
i chemical characteristics of the transducerfilm. viscoelastic properties oirthe film such as
i Most films respond to several chemical vapors decreased film stiffnesscause an amplitude

of interest. For soma applications,the sensor decrease_°. Figure 5 shows a blockdiagram
system will only need to function in schematic of a portable _._:_ousticwave sensor
environmentswith a few knownchemicals (PAWS) system being developedto
present but monitoring is required to measure demonstrate the dual output - frequency shift

: chemical vapor concentrations as in the fume and oscillationampitude - approachfor real-
hood example. However, in other applications lime monitoring of VOCs with SAW devices.
10, 20 or more differentchemical species may SlUCON MICROE| FCTRONIC CHEMICAL
be present. For these situations,arrays of SAW
transducersare being developed - each SAW



• Microelectronicchemical sensors utilizing conceptsuse hydrogen fuel or generate
ailiconfield effect transistor(FET) devtoe hydrogengas under certainconditions.Modem
technologyhave been developedto detect fuel cells use hydrogen and have the potential
hydrogenand othergases. This hydrogen to leak hydrogen gas. Certain industrialend
detector'1 ii a type of catalyticgate FET also militarywaste sites have generated hydrogen
referredto as a ChemFET, for chemically gas. The potential applications for hydrogen
sensitive field effect transistor.A thin film of sensors are numerousand this detector is
catalyticallyactive metal such as mpalladium currentlybeingconsidered for many of these
obey'z's b deposited on the gate region of lm . uses.

, FET. In the case of the hydrogen ChemFET
detector, hydrogen moleculesfrom the ambient
are taken into the palladium alloy. The catalytic FIBER OPTlC MICROMIRROR SENSORS
action of the metal ionizesthe hydrogen Fiber optics sensors have been developedto
moleculesand the Ions become trapped lt the monitora range of differentchemicals using the
metal dielectricinterface. The accumulationof micromirrortechnology'4. Micromirror
hydrogen ion charges et the gate metallization technologyuses a thin, chemically se:,w,itive film
above the FET channelcauses a shift in FET to sense gases and vapors in the environment.

! channel conductivity.This conductivitychange The tilmis attached to one end of en optical_i

' can be calibratedend preciselyassociatedwith fiberby variouschemical and metal deposition
• concentration of hydrogengas in the ambient, techniques.The other end of the opticalfiber is

connected to an opticalfibersplitterwith one
A wide range, robust hydrogensensor has port of the splittergoingto en opticalsource
been developed by supplementing the FET (typicallya Ight emittingdiode) and the other
structurewith additionalsilicon-based port of the splitter goingto an opticaldetector
microelectronicdevices. A metal filmresistor (typicallya photodiode).The rrdcromirrorsensor
sensitiveto higher concentrationsof hydrogen usesstandard telecommunicationsgrade optical
has been added to providereversiblesensitivity
to hydrogenat concentrationsof 0.1% and

100%. The specificpalladium-nickelalloy 0.22 - • _ • • .... ',, • - _ t_- _-'- ! ....
selected for the FET gate and the resistor

prevents phase transitionsfrom irreversibly 0.215 ._.__r_ r_ _ _ r .
damaging the metal filmat 100% hydrogen >. ,0.2 li
exposures. In additionon-chiptemperature _-- _ /

monitoringand high powerthermal heating > 0.21 :.. 0.5_ __tC 2_ i/ "

devices were added to the chip to provide u t0.205
temperature compensation.Prototypesof these
wide range, robustdevicesare currently being o:
tested in laboratoryend field experiments. 0.2
Results from these tests indicate that these 4.8X 9.

95 0 • . . ., .... , .... , .... , ....structures have highly reversiblecharacteristics 0.1 50 100 150 200 2=_0

when exposed to hydrogengas partial Time(man)
pressuresrangingfrom 104 Torr (10 ppb) to
760 Torr (100% hydrogen). Figure $. Reversible changes ;n fiber opticmicromirror

i reflectivityas I function of hydrogen gas
i Detection of hydrogen can be importantin concentration.

many applicationsranging from diagnosticsof
f pendingequipment failuresto warningsof fiber components with minimalrequirements

potentiallyexplosive environments.Since the placedon the LEDs, detector=, liber opticcable
lower explosive imit of hydrogen gas in ambient and splitters.For sensor operation, rightis
air is approximately 4%, certain operations transmittedfrom the LED throughthe spNtter
which may generate hydrogen shouldbe and the entire length of the optical fiber to the
monitored. For example, lead acid storage partially reflectingthin film on the chemically
cells (car batteries) emit hydrogengas when sensing end of the fiber. 8ome of the incident_

overcharged. Many advancedtransportation light is reflected off the partially reflectingfilm
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and travels back through the entire length of the (catalytic gate ChemFET).
optical fiber throughthe spECterand to the
detector./_ the chemical to be sensed altern
the thin chemicallysensitiveRim'soptical REFERENCE8
propertiesthe change in reflectivityII rne_red
ld the photodiode.Most films reducetheir I.G.Z. Sauerbrey,=Verwendungvon
reflectancewhen exposed to the chemicalof Schwingquarzenzur Wagung dunnerSch_chten
Interest.Some 51mschange their optical und zur Mikrowagung"Zeltschdftfur Phy_ik,
thickness and exhibitinterferometerlike . vol. 155, pp. 206-222, (1959).
characteristics.These films have been foundto
expand or swell when exposed to certain 2. 8. J. Martin and G. C. Frye, "PolymerFilm
solvent vapors. Calibration of the film'schanges CharacterizationusingQuartz Resonators,"
tn optical reflectivitywith exposureto chemicals 1991 Ultrasonics Symposium Proceedings
of interest have resulted in several useful (IEEE, New York, 1991) 393-398.
Benso_.
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end of an opticalfiber •icr•mirror sensor. Other (1991).
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