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ADigitalHygrometerUsingaPolyimide

FilmRelativeHumidity Sensor

HideoShibata，MasahiroIto，MasahiroAsakursa，andKenzoⅥねtanabe，Fellow・IEEE

AbsL7YZCt－Adigitalhygrometerusingarelativehumiditysensor

isdeveloped・Thesensorconsistsofapolyimide丘Imspin・COated
onto an sisubstrate．Thesensormodelfbrsignalprocesslng，

whichdescribesthesensorcapactianceintermsofrelativehumid・

ityandtemperatureinclosedhrm，isderived丘rst・Theinteぬce

appropriatefbrthesensormodel，basedonarelaxationoscillator，
isdesignednext・Finally，aPrOtOtyPehygrometerbuiltusinga

one－Chipmicroprocessoranditsperbrmancearedescribedto
demonstratethevalidityofthesensormodelandinterhce・

H　　　　　　　　I．lNTRODUCTION
UMIDITYcontrol，besidesbeingusedinindustrialpro－

cessesfbrthemanufactureofproductssuchastextiles，

fbod，lumber，PaPer，andsemiconductors，hasrecentlybeen

introducedintoourdailylifb to makeliving andworking

environmentscomfortable．Tbwardthisapplication，low－COSt，

mass－PrOduciblehumiditysensorshavebeenextensivelyde－

veloped・Theyare Classi負edinto the conductive type us－

lngCeramics oraluminumoxidesandthecapacitivetype

uslng POlymerfilms・The conductance ofthe conductive－

typehumiditysensorincreasesexponentiallywithadsorptlOn

ofwatervaporintheairll］－［3］・Theirsensitivityishigh

enough，butisdegradedseriOuslybysurfacecontaminations

duetoexhaustanddust．TheirlargetemPeraturedependence

is anotherproblem・

Thecapacitive－tyPeSenSOrmakesuseoftheincreaseof

apparentdielectricpermittivityduetomoistureabsorptlOn・It

therefbretoleratespollution，andissuitedfbrenvironmentas－

sessment・HygroscopICpOlymerfilmssuchaslithium－fluoride

l41，Celluloseacetatel5］，andcelluloseacetatebutyratel6］

have been usedin the early stages of the development・

Comparedwiththesehydrophilic負lms，thehydrophobicfi1m

uslngPOlyimideisinftriorinsensitivitybutissuperiorin

long－termStability・Aswithallothersensors，thelong－term

stabilityratherthanthesensitivitylSemPhasizedintheirBeld

applications・Recentworkhas，therefbre，COnCentratedonthe

polyimide－basedhumiditysensors［7］－lll］・

Adigitalhygrometerdescribedinthispaperalsousesa

polyimidecapacitorasthesenslngelement・Itscapacitance

changesnonlinearlywithrelativehumidity（RH）andtemper－
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Fig・1・StruCtureOftherelativehumiditysensor・

ature．Thetemperaturedependenceissmallcomparedtothe

dielectricsensitivity，i・e・，thecapacitancechangeduetoRH，

butcannotbeneglectedfbraccuratemeasurementS・Therefbre，

the sensor modelwhich takes the temperature dependence

into accountisfirst established fbr slgnalprocesslng・The

capacitanCeChangeshouldbedetectedinadigitalfbmfbr

linearization．ThesimplestcircuittoperfbrmSuChafunction

isarelaxationoscillatdr・Ahighsensitivitycannotbeexpected

fromitsconventionalform，however，becausethecapacitance

changeofthesensorduetoRHissmallcomparedtoitsoffset

capacitancewhenRH＝0，Whichisreferredtohereafteras

thedrycapacitance・Tbencodeonlythecapacitancechange

intoadigitalfbrm，arelaxationoscillatorwhichcancelsthe

drycapacitanceisdeveloped・Finally，aPrOtOtyPehygrometer

basedonthesetechniqueswillbedescribedtodemonstrate

their validity．

ⅠⅠ．SENSORANDITSSIGNALPROCESSINGMoDEL

Fig・lshowsthestruCtureOftheRHsensor・Itsfabrication

processisasfbllows・First，Auisevaporatedontoonesurface

ofaO．0010・cm，n－Sisubstrate350pmthick，andissinteredat

6500CfbrlOmintomakethecontactohmic．Afterremovlng

ansiO21ayerontheothersurfacebychemicaletching，the

polyimideisspln－COatedontotheetchedsurfaceat3000r／min

fbr30S・Thepolyimidefilmisprebakedat2000Cfbrlh

andthencuredat3500Cfbrlh・Thehygroscopicfi1mthus

fabricatedistypicallyl・3FLmthick・Then，aCOmb－likeAu

electrodeissputteredontothefi1m・Theelectrodeissothin，

typically500Å，andporousthatitistransparenttomoisture・

Thecomb－likecon負gurationisadoptedfbrquickabsorptlOn

anddesorptlOnOfwatervapor・Athin・tyPically50pmthick，

polyimidefilmisagalnSPln－COatedalloverthehygroscopIC

filmtoprotectitfrommechanicaldamageinthesubsequent

bondingandpackagingprocess・Thiswaferisthenscribedinto
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Fig・2・CapacitrceC（X）oftheRHsensornormalizedbyitsdrycapacitance
Co anditsfunctlOnalntting（SOlidlines）．

TABLEI

CoMmRISONOFTHEFRACTIONALCAPACrTANCE

CHANGESOFRHSENSORSUsINGPoLyIMIDEFmMS

Stれ＄Or n id皿 q 伊伽 O　didon Cu t血 潮

A 【7Il 乙6Pm lJ打 卯％叫 RT3） 30m血＠90●q lh＠350●C

B 【8】 1・38Pm 1．27 1（拍％鷹H，30●C 知mh＠150●C，lh＠刀0●q 劫m h＠4日●

C【9】 1．511皿 1．26 如％M ，お●C lll＠200 ‘C，lb＠350●C

D 【10】 5．5Pm 1．31 卿川田が） 15m h＠90●q 15m血＠350●C

E勾 1．3トm 1．275 100 ％叫 ：ぴ●C 1】】＠200 ●q lh＠350■C

1）n…珊加血h血仏座血〇m　軋別M血T．

Chipsmeasunng4・5mmx5・5mm・EachchipISmOuntedin

aperfbratedmetalpackage・

The capacitance ofthe RH sensor measured at20kHz

isplottedinFig・2as afunctionofRHandtemperature．

nleabscissaisRHmeasureduslngaCOmmerCialdew－POint

・indicator with j＝0・lOC accuracy，and the ordinateis the

SenSOrCaPaCitanceC（X）normalizedbyitsdrycapacitanCe

J qwhenRH＝0・Coistypically300pF・ThetempQrature

；dependence ofCois so smal1，－7×10－3％OC，thatitis

neglectedinthefbllowlngdiscussions・ThbleIcomparesthe

・fractionalcapacitancechangewiththosereportedelsewhere．

…，Thiscomparisonshowsthatthefractionalcapacitancechanges

巨　Ofthepolyimide－basedRHsensorsarealmostindependent

E Oftheirfabricationprocessandfilmthickness・Theresponse
堅　timefbrthestepchangebetween50and90％RHisshorter

than15S・Thesefactsindicatethatthecapacitancechangeof

thesensorcanbeexplainedbytheincreaseintheapparent

dielectric constant Es Ofhygroscopicfilmdue tophysical

SOrPtion ofwater vapor・Absorbed watercan be regarded

reasonablyasbeingdistributedunifbrmlythroughoutthefilm

becausethefractionalcapacitancechangeisindependentof

thefi1mthickness・Therefbre，thesensorcapacitanceC（X）is

等＝吾上エp警＝≡　（1）
Whereepisthedielectricconstantofthepolyimide（ep＝2．7）

andLpisthethicknessofthehygroscopicfi1m．

Theapparentdielectricconstantesofthehygroscopicfi1m

isgivenbyLooyenga，sempiricalequationl8］，【12］：

亡β＝裾だ3－亡去／3）＋亡去／3）3 （2）
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Fig・3・Fractionalvolume70fwaterinapolyimide別m．

WhereTisthefractionalvolumeofwaterinthefi1mandew

isthedielectricconstantofwatergivenbyl13］

亡び＝78・54（1－4・6×10‾4（r－298）

＋8・8×10‾6（r－298）2）（3）

WhereTistemperatureinkelvin・ThefractionalvolumeT

CanbeobtainedfromthemeasuredcapacitanCeC（X）using

（1）and（2）・The resultsare Plottedin Fig．3．The plots

CanbeapproximatedbythefbllowlngfunctionofRHand
temperature：

7＝7m¢（r）∬岬）

∬＝％RH／100

¢（r）＝1－α0（r一端）

引r）＝血
1－α1（r一端）＋α2（r一基）2

1＋β1eXpfβ2（r一端））

（4）

Where

andTmisthemaximumfractionalvolumeat了も．Physically，

¢（T）representsthetemperaturedependenceoftheadsorption

COefncient，While＊（T）reflectsthetemperaturedependence

Ofew and the catalytic efftct・This physicalinterpretation

indicatesthataFickianmodelisapplicabletothediffusion

PrOCeSS・ThesolidlinesinFig・3showTCalculatedusing（4）

WiththefollowlngParameterValues：7m＝4．04×10‾2，7b＝

298K，α0＝2．43×10‾3，両＝0．836，α1＝2．22×10－4，

α2＝2・34×10●5，β1＝4．9×10‾3，andβ2＝－0．12．Each

line鋸stheexperimentallyobtaineddataqulteWell・nleValue

OfTmisalsoingoodagreementwiththewaterabsorption

COe侃cientofthepolyimide．Substituting（4）into（2），OneCan

ObtainthefractionalcapacitanCeOftheRHsensorasafunction

OfRHandtemperature・Theresultantexpressionis，however，

toocomplicatedtobeprocessedbyaninterfacecircuitoreven

by so氏ware．

Fig・2indicatesthatthefractionalcapacitanCeVerSuSRH

CharaCteristicsatTcanbeobtainedbyscalingthereftrence

CharaCteristicsatTb＝298K．Fromthisobservation，amuCh

Simplerexpressioncanbederivedasfo1lows：nLereftrence
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charaCteristics can be describedin termS Of the catalytic

function

C（∬，筑）
Co

∈0＋亡d∬

1＋（亡0－1）expト貢）
（8）

where入isthecatalyticfactorandedisthedielectricsensitivity

at了もglVen by

ed＝讐－kH（讐）1′3車上，
Equation（8）can be wellapproximated by the nonlinear
functionl＋xn，Wherenisanonlinearindexsmallerthan

l・Includingthetemperature．SCalingfactorx（T）intox，One
canderivetheslgnalprocesslngmOdelofthesensor：

C（∬，r）

Cb

wherex（T）isgivenby

X（r）＝

＝1＋∈d（蒜）m

1＋叫r一端）＋瑚r一端）2

1＋裡Xp（一里碧）

（10）

（11）

Itshouldbenotedthatx（T）includesthetemperaturedepen－

denceofthepermittivityandthecatalytice鮎ct・TYledielectric

sensitivityedandthenonlinearindexncanbeobtainedfrom

thesensorcapacitancesmeasuredattwopointsofRHatthe

reftrencetemperature，WhiletheothercoefBcients，01，02，

pl，andp2，fromthesensorcapacitanCeSmeaSuredatsome，

say50％，RHatdifftrenttemperaturesn（i＝1，2，3，4）・
Their values thus obtainedare：ed＝0・275，n＝0・884，

β1＝1．67×10－3，β2＝6・65×10－5，β1＝10－2，弧d

p2＝10．Th＝298Kisassumed・Fig・4showsthetemperature

scalingfactorx（T）calculatedby（11）usingthesevalues・

Dotsindicatex（T）valuesobtainedfromthemeasuredsensor

capacitances・TTlefractionalcapacitancescalculatedby（10）

areShowninFig・2bysolidlines・Eachlinefitsthemeasured

valuesquitewell，eXCePtatthehightemperatureandhighRH

region・ThiscomparisonconfirmS，therefbre，that（10）givesan

exactmodelofthepolyimide－basedRHsensorfbritsslgnal

processlng・TheadvantageofthismodelisthatitsparameterS

canbeunlquelydeterminedbysix－POintmeasurementsinthe

specifiedRHandtemperaturerange・Theinterfacebasedon

this modelwillbe describednext．

ⅠⅠⅠ．INTERmCE

AnoscillationperiOdofaconventionalrelaxation osciト

latorconsistlng Ofanintegratorfollowedby acomparatOr

isproportionaltotheintegrationtimeconstant㌔＝CR

l14］．Tnerefore，uSingthe capacitorunder measurement as

theintegrationcapacitoristheeasiestwayofdetectlngits

capacitanCeinadigitalfbrml15］，【16］・Inthepresentcase，

however，thephysicalquantitytobedetectedisRH，Whichis

relatedtoacapacitanCemeaSurementby（10）：

％RH＝X（r）
C（可－Co
Cb

1／m

×100．　（12）
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Fig．4・Experimentallyobtainedvalues（dots）ofthetemperature SCaling
factorx（T）andtheirfunctional触ing（SOlidline）・

This relation requlreS theintegration time constant to be

proportionaltothecapacitancedifference・Thisrequlrement

canbeexpressedinatransferfunctionfbrmOfanintegrator

as fbllows：

鴨（β）　　　　1
ガ（β）＝器＝－
山＼∂ノ‾亮‾（β）　β月（C匝）一仇）●

Amanging（13）intothestate－Variablefbrm

均（β）＝－
βRC（可

（13）

（Ⅵ（β）－βRq鴨（β）），（14）

onefindsthattherequiredtransftrfunctioncanberealizedby

anintegratorandadifferentiator・

Tneinterface based on the above synthesisis shownin

Fig．5（a）．Op－amPA2isaddedtotherelaxationoscillator

consistlng Of op－amP Al and comparatOr A3tO Perfbrm

the derivative operationinvoIvedin（14）・The RH sensor

isdenotedbyC（X）．Fig．5（b）showsthevoltagewavefbrm

vAatthenoninvertinginputterminal㊤ofcomparatOrA3，
assumingthebiasvoltagelもias＝0・RefemingtoFig・5（b），

onecanderivethefbllowlngeXpreSSionfbrtheoscillation

T＝Tl・乃＝専＋いき）車中芸可（15）
Where

（16）

（17）

andlちandtLaretheoutputvoltagelevelsofA3WhenvA≧O

andvA＜0，reSpeCtively．Inderiving（15），theidealop－amPS

andcomparatOrareaSSumed・Whenop－amPSAlandA2have
offsetvoltageslも81andl左82，reSPeCtively，andthecomparatOr

hasresponsedelayTd，theperiodismodiAed，tOfirstorder，tO

T′＝T＋△丁　　　　　　　　（18）

△丁＝句（2＋（＋「1ト2 ClR1月2／月3・（19）
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Fig・5・（a）Circuitdiagramand（b）voltagewaveformsoftheinterface．

Theerrorterm△TdoesnotincludelもS2becauseitsfirst＿

OrdereffectsonTlandT2CanCeleachother．Thisalsoholds

truefbrtheoff岳etvoltageofA3・Itshouldalsobenotedthat

△TisindependentofC（X）anda馳ctsonlytheoff岳etinT．

Substituting（15）into（18），OnenOticesthatifR2isaqusted
SuCh that

芸cl（1・ 2＋（＋「1 驚）一芸 ＝q　（20）

hold，thentheinterfhceprovidestheperiodexactlypropor－

tionaltothecapacitancechange△C（X）＝C（X）－G，Of

theRHsensor・Theproportionalconstant，i．e．，theconversion

SenSitivity・CanbeaqjustedbymeansofRIWithoutaffbctlng
theoff岳etaqjustmentif7blSSmall．

IV．PROTOTYPEHYGROMETER

AdigitalhygrometeruslngaPOlyimide－filmRHsensorwas

builtbasedonthesensormodelandinterfacedescribedinthe

PreVioussections・MeasurementsfromlOto90％RHwith

土1％accuracyarespecifiedoverthetemperaturerangefrom
lO to400C．

ItsblockdiagramandpictureareShowninFig・6・Itconsists

Oftheprobeandsignalprocesslngunitconnectedbyfbur

Wires，tWOfbrthepowersupplyandtheothertwofbrslgnal

transmission・Theprobeincorporates，besidestheRHsensor

anditsinterface，athemistoranditsinterfacefbrtemperature
detection・The thermistorinterface takes the same circuit

COnfigurationasthatshowninFig・5（a），butC（X）isreplaced

byafixedcapacitorandthethermistorisconnectedinplaceof

Rl・Forlinearization，tWOreSistors，OneCOnneCtedinparallel

andtheotherinserieswiththethermistor，areuSed．

An8b，One－Chipmicrocomputerisusedfbrdetectionof

theoscillationperiOdsandsubsequentsignalprocesslng・It

aCCOmmodatestwoROMtables：OnerefbrredtoastheRH

table，andtheotherasthetemperaturescaling（TS）table．The

RHtablestoresNl／nintheaddressN，WhiletheTStablethe

Fig・6・（a）Blockdiagramof（b）prototypehygrometer．

567

Fig・7・Measuredoscillationperiodoftheinterfaceoscillatorandthetable
look－uP prOCedure．

SCalingfactorx（T）calculatedusing（11）．Theiraddressesare

generatedbydetectlngtheoscillationperiOdsoftheinterface

OSCillatorsuslnga500kHzclocksignal・TheperiodTglVen

by（15）becomestooshorttobemeasuredaccuratelyinthe

lowRHregionwhenR2isaqjustedtomeet（20）．Tbav。id
this difficulty，Tb＝165ps offbetisintroducedinto the

RHinterface by offsetting R2・Thislowers the oscillation

frequencyandisalsodesirablefbrthestableoperationofthe

OP－amP－basedrelaxationoscillator・ThemeasuredperiodTis

PlottedinFig・7asafunctionofRHwithtemperatureasa

Parameter・ForbetterresolutioninthelowRHreglOn，the

microcomputercountstheclockpulseover30periodsofT

tOgeneratetheaddressN・TheaddressNindicatedinFig・7

excludestheoffset7b，andthuscorrespondstoC（X）－Ch．The

COntentintheaddressNisNl／n，Whichcorrespondsto％RH

atthereferencetemperatureT＝298K，aSgivenby（12）．

ScalingitbythescalingfactorobtainedfromtheTStable

accessedbyasimilarPrOCedure，themicrocomputerdisplays

％RHontheLCD・Theaboveprocedureisalsoillustrated
in Fig．7．
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Fig・8・ErrorsbetweenRHmeasuredbytheprototypehygrometerandthat
byacommercialdewindicator・

Tbevaluateitsperfbrmance，theprototypehygrometerwas

appliedtoRHmeasurementsinatemperature－andhumidity－

controlledchamber．ThereadingsontheLCDwerecompared

tothosemeasuredbyacommercialdewindicator・Theresults

areplottedinFig・8・Errorsbetweenthemarewithinj＝1％・

ThedewindicatormeasuresdewpolntSWithO・lOCaccuracy，

whichcorrespondstoO・5％accuracyinRH・TYlerefbre，the

resultsshowninFig・8indicatethattheprototypehygrom－

eterhas土1％accuracyoverthespecifiedrangeofRHand

temperature・

AsignalprocesslngmOdelofanRHsensoruslngaPOly－

imidefilmwasderivedbasedonthephysicaladsorptlOnand

absorpt10nOfwatervapor・Webelievethistobethefirst
modelwhichexpressesthenonlineantyandthetemperature

dependenceinaclosedfbrm・Aninterfaceappropriateforthis

modelwasthendeveloped・Aprototypehygrometerbuiltbased

onthesetechniqueshasmetthestrlngentrequlrementOf土1％

accuracyinRHmeasurementoveral0－90％RHandlOAOOC

range・Thisprovesthevalidityofthesensormodelandthe

interface．Thecomponentrequlrementfbritsimplementation

isminimal；itwasbuiltinpracticeuslngOnly sixoff－the－

shelfIC－Chipsincludingthe5Vpowersupply・Thedigital

hygrometerdevelopedinthisworkthushastheadvantageof

highperfbrmance／cost・Thissalientfeaturemakesitapplicable

notonlytohumiditycontroloflivingenvironments，butalsoto

industrialprocesses・Tbwardsuchapplications，itsperfbrmanCe

evaluationinawidertemperaturerangeisnowunderway・
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