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０，Ｎ,orCimpuritywasseparatelyincorporatedintoq-Si:Hfilmsbyhot-wallglowdischa｢ge
decompositionTheelfecto「theimpurityincorporationwasinvcstigatedbyelectrical
andelectronspinresonancemeasuTements・BothOandNimpuritieswerefbundtoincrease
thedarkconductivitybydecreasingitsactivationenergyinq-Si:Hlilms、Furthermore，
ｉｔｗａｓｆｂｕｎｄｔｈａｔＯａｎｄＮｉｍｐｕ｢itiesdelaythephotoresponseCimpurity,however,hasno
appreciableefYbctonthemThesefindingssuggestthatOandNimpuritiesshiftthe
Fermilevelupwardandfbrmatrappingstatefbrphotoexcitedelectrons,supportingourQi十
ａｎｄ噸modeL

FortheapplicationofhydrogenatedamorphoussilicontiesofQ-Si:Hfilmspreparedwithpuresilaneanｄｗｉｔｈ
(Q-Si:Ｈ)，itisinevitabletorontrolthedarkconductivityHilanedilutedbyHe．Ａ]ｌｌｉｌｍｓｗｅｒｅｐｒｅｐａｒｅｄｂｙａｎｒｆ
ａｎｄｐｈotoresponse、Especially，ｔｈｅｄａｒｋｃｏｎｄｕｃｔｉｖｉｌｙｉｓｐｏｗｅｒｏｆ５０Ｗａndatasubstratetemperatureo「３００°Ｃ，
ｗｅｌｌｋｎｏｗｎｔｏｂｅｖｅｒｙｓｅｎｓｉｔｉｖｅｔｏｔｈepreparationcondi‐Priortothedeposition,thesilicatubereactorwasbakedat
tionForexample,thecontentsofunintentionallyincorpo‐atemperatureabove400。Ｃ・Thefilmthicknesswaskept
ratedimpurities,ｓｕｃｈａｓ０，Ｎ,ａｎｄＣ,appeartoalfectthearound3似、．
darkconductivity・Furthermore,wehavealreadyreporにdBecauseo「ａｓmallamountofimpurityinq-Si:Ｈｓｅｃ‐
thatalargenumberofchargeddanglingbondsexistinondaryionmassspectrometry（SIMS）measurementswere
Q-Si:HノTheoriginofthechargeddanglingbondisprob-perlbrmedfbrevaluatingtheircontent・Theimpuritycon-
ablyascribedtothechargedOorNimpurity-defectpairastentwasdeterminedthroughｔｈｅｍｏｌｅｆｉｒａｃｔｉｏｎｏｆｔｈｅｉｍ－
ｗｅproposed・lForestablishingthemodel，however,ｍｏｒｅｐｕｒｉｔｙｇａｓｂｙａｃｏｍｂｉｎａｔｉｏｎｏｆＳIMS，ｅlectronprobemi-
reliableanddirectevidenceisnecessary・Ｔｂus,itisimpo｢‐croanalysis（ＥＰＭＡ)，ａｎｄｉｎｆｉｒａｒｅｄ（ＩＲ）absorption
tanttoclarifytheelYbctoftheimpurityincorporationonmeasurements・Forcharacterizationofthefilms,optical
thepropertiesofq-Si:Ｈ、absorption,ｅ]ectronspinresonance（ＥＳＲ),andconductiv‐

FortheinvestigationoftheimpurityelYbct，ｗｅｅｍ‐itymeasurementswerecarriedout・Measuringthephoto‐
ployedthehot-wallglowdischargedecompositionconductivity,lilmswereilluminatedbyawhiteliｇｈｔｏｆｔｈｅ
(ＨＷＧＤ）systemlbrreducingtheimpuritycontent・ＴｈｅＸｅｈｌｍｐｔｈｒｏｕｇｈａｎｌＲ－ｃｕｔｆｉｌｔｅｒ（６０，Ｗ/cmz)，corTe‐
systemwasfbundtobeeHbctivefbreliminatingtheimpu‐spondingtotheAMllightsource・FoTevaluatingthepho‐
ritycontent・ｚＣｏｍｐａｒｉｎｇｔｈｅｒｅｓｕｌｔｏｆｔｈｅＨＷＧＤ，thetoresponse，adecayofthephotocurTentfi｢omthesteady
conventionalglowdischargedecompositionandtheultra‐statewasmeaHuredatroomtemperaturewitbanHc-Nc
highvacuumsystemB,wehadlbundthatthedarkconduc‐IaserswitchedoITbyanacousto-opticaldevice・Detailsflor
tivityod，theactivationenergyEb，andthedensityofthemeasurementwasdescribedinthepreviouspaper・J
chargeddanglingbondsarecloselycorrelatedwithtbeNFirstofall，ｗｅwiUdescribetheresultofSIMSmea‐

and/orOimpuritycontent.ｚHowever，intheprevioussuremcnts､TheSIMSdepthprofilefbrafewsamplesofthe
work，０，Ｎ，ａｎｄＣ，contentswerenotcorutrolledsepa‐presentQ-Si:Hfilmsrevealedthatanintentionalandsepa-
rately，resultinginanambiguityontheefYｂｃｔｏｆｅａｃｈｉｍ‐rateincorporationofO，Ｎ，ｏｒCimpuritywasexcellently
purity，ｐｅｒＩｂｒｍｅｄａｓｗｅｅｘｐｅｃｔｅｄＦｏｌ･``【)ureMilms,ｔｈｅ０，Ｎ,and

Inthepresentstudy,q-Si:ＨｆｉｌｍｓｗｅｒｅｐｒｅｐａｒｅｄｂｙｔｈｅＣｉｍｐｕｒitycontentsarereduceddownto2×ｌＯＩ８ｃｍ－Ｊ，
ＨＷＧＤｓｙｓｔｅｍｗｉｔｈｖａｒｉｏｕｓＯ，Ｎ，orCcontents，Ｅａｃｈ８×１０１７ｃｍ－J，ａｎｄ８×１０１６ｃｍ－〕，respectively，asshown
impuritywasseparatelyincorporatedtoa-Si:Ｈｆｉｌｍｓｂｙｉｎｔｈｅｐｒｅｖｉｏｕｓｐａｐｅｒ・zForimpurity-incorporatedhlms，
exactlycontrollingthemolefi｢actionｏｆＮ２，ｏｚ,ｏｒＣＨ４ｇａｓｔｈｅｃｏｎｔｅｎｌｏ｢theintentionallyaddedimpurityiｓｆｂｕｎｄｔｏ
ｉｎｔｈｅｓｏｕｒｃｅｇas・ haveadesiredvalue,whilethecontentsofotherimpurities

TheHWGDsystemequippedwithaturbomolecularhavecorrespondingvalueslbr‘`Pu｢e,，films、
ｐｕｍｐａｎｄａｎｏｉｌｒｏｔａｒｙｐｕｍｐｗａｓｅｍｐｌｏyed、Thedeposi-Figurelshowstheimpuri1ycontentinthefilm
tionspaceissurroundｅｄｂｙａｓｉｌｉｃｏｎｔｕｂｅｒｅａｃｔｏｒａｎｄａｎＹ(lilm）againstthegas-phaseimpuritymoIehraction
IRradiationsourcewithagoldmirror・ｒｆｐｏｗｅｒｉｓｓｕｐ‐Ｙ(gas)．Here，Ｙ(gas）lsde6nedby
pliedviacapacitivelycoupledelectrodes・DetailedsetupY(gas）＝[Ｘｚ]/{[Ｘｚ]＋[SiH4DInadditiontotheresult
wasdescribedinthepreviouspaper.Z‘`Purewq-Si:ＨｌｉｌｍｏｆｔｈｅＳＩＭＳｍｅａｓｕｒｅｍｅｎｔｓ，ｔｈｏｓｅｏｆＥＰＭＡｍｅａｓｕｒｅｍｅｎｔｓ
ｗａｓｐｒｅｐａｒｅｄｂydecompositionofpuresilanegas、GasescombinedwithIRabsoTptionmeasurementswerealso
fbrtheincorporationofimpuritiesweredilutedwithHeusedtodeterminetheimpuritycontentiｎｔｈｅｆｉｌｍｓＡｓ
ｇａｓ，ＴｈｅｅｆｌﾋﾞｃｔｏｆＨｅｇａｓｏｎｔｈｅｐｒｏｐｅｒｔｉｅｓｏｆａ－Ｓi:Ｈｉｓｓｅｅｎｉｎｔｈｅｆｉｇｕｒｅ,ｂｏｔｈｔｈｅＯａｎｄＮｃｏｎｔｅｎｔｓａｒｅｆｂｕｎｄｔｏ
negligiblysmallbecausethereisnｏｃｈangeintheproper-beroughlyproportionaltothemolefTactionortheimpu‐
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ImpurityContenI（ｃｍ－３）
１０２

［x２１

[X｣･[SiH`１

１０ｏ

FIO3ActivationenergyEblbrthedarkconductivityo`ﾉasamncliono「
ＯＣＮ，andCcontenlS．

ＰＩＯ、LCaIibrationlineIbrtheimpurilycontentintheIilmderivedITom
variouHmeansagainstthegas-phaseimpuriIymoleliPactioninsourcegas．

Figure2showsthedarkconductivitｙｏｄａｓａｆｉｍｃｔｉｏｎ

ｏ「０，Ｎ，ａｎｄCcontentsThreesolidsymbols（square，
tTiangle,ａｎｄcircle）combinedbythehorizontalbarrep‐
resentD”withrespectiveimpuritycontentｓｆｂｒ．`pure､，α‐
Ｓｉ:Ｈｌｉｌｍ、ThehorizontalerrorbaronthesoIidsquare
representstheexperimenta］errorlbrthemeasurementof
theCcontent.｡〃increaseswithanincreaseintheOandN

contｅｎｔｓｕｐｔｏｌ×１０１１ｃｍ￣｣,whileitdoesnotappreciably
changewiththeCcontent．”，however，appearstode‐
creasewithanincreaseintheNcontentabovel×１０２１
ｃｍ－３．

InordertoclarilytheoriginoftheincreaseinDa,the

activationenergyEbof”wasderivedfiPomthetempera‐
turedependenceofD‘．Figure3showstheactivationen‐

ergyEbasahmctionoftheimpuritycontentfbrrespective
impurities,AveTticalerrorbaronthesolidtriangleinthe
6gurerepresentstheexperimentalerrorofE.､Twohori‐

zontalbarshavethesamemeaningsaｓｔｈｏｓｅｉｎＦｉｇ２､Itis
revealedthatEbdecreasesfTomarouｎｄＯ９ｔｏａｒｏｕｎｄＯ５

ｗｉｔｈａｎｉｎｃｒｅａｓｅｉｎtheimpuritycontent,correspondingto
thechangeinod・ThislindingsuggeststhattheFermileve］

EFshiftstowardtheconductionbandwithincreasingthe
OandNcontems,anditdoesnotappreciablychangewith
theadditionofC､Theamountoftheshiftislargerfbrthe
NincorporationthanfbrOinCorporation・Sincethereisno

appreciablechangeinEhduetotheimpurityincorpora‐
tion,weignoredthee舵ctofEkonEbForNincorporated
films,EnappearstoincreasewiththeNcontentabove

l×１oz１ｃｍ－３．Itispossiblethatthefactresultsfromthe
changeintheincorporationschemeofNorawideningof

thcmobilitygapwiththeconstantopticalgapEk・
SimilarbehaviorsofobandEbduetotheNincorpo‐

rationhavealreadybeenreportedbypreviouspapers､７．８
Here,itshouldbenotedthateveniftheimpurityisonlyO，
atomolゴincreaseswiththeOcontent・HishikawaeZaL

havealreadyreportedthatouofzJ-Si:Ｈｌｉｌｍｓｐｒｅｐａｒｅｄｂｙ
ｔｈｅＵＨＶｃｈａｍｂｅｒincreaseswithincreasingtheamountof
airleakage9Sofnr，however，thereisnoreportonan
increaseinolfandEFcausedbytheOincorporationalone

ThephotoconductivityDpalsoimcreaseswithanin-
creaseiｎｔｈｅＯａｎｄＮｃｏｎｔents,whileitdoesnotchange
appreciablywiththeCincorporationTheincreaｓｅｉｓ

ritygas，TheincorporationprobabilityA，ｄｅｌｉｎｅｄｂｙ

Ｙ(film）＝Ａ×Ｙ(gas),isdeterminedtobeaboutO3IbrO

impurity,andaboutOlfbrNimpurity,assumingthatthe

Sicontentis4×102ｚｃｍ－Ｊｉｎａ－Ｓｉ:Ｈ・Thisimpliesthatthe
Oimpurityiseasilyincorporatedintoq-Si:Ｈｆｉｌｍｓ，ｃｏｍ‐

paredwiththeNimpurity・TheseAvaluesaresmaller

thanthosｅｌｂｒＡｓａｎｄＰｕｓｉｎｇＡｓＨＪａｎｄＰＨ］gases，
respectively､４Ｍostoftheimpuritycontentfbrthepresent
lilmsweredeterminedbyY(gas）throughthecalibration
lineinFig、LThelinearrelationbetweenY(film）ａｎｄ

Ｙ(gas）hasbeenreportedfbrP-dopingina-Si:ＨｂｙＳｔｕｔｚ‐
ｍａｎｎｅｌｑ/､ｓＢａｓｅｄｏｎｔｈｅｉｒｍｏｄｅｌ，thelinearrelationis
attributedtｏｔｈｅＰＶＤ（physicalvapordeposition）condi‐
tion

OpticalabsorptionandESRmeasurementswereper‐

fbrmcdfbrdeterminationoftheopticalgapEkandthe
neutraldanglingbonddensitWVs,respectively､Withinthe
presentcontentrangeofimpurities，ｂｅｌｏｗａｂｏｕｔｌＯ２Ｉ
ｃｍ－ＪｌｂｒａｌＩｉｍpurities，ｔｈｅｒｅｉｓｎｏａｐｐｒeciablechange
bothinEkand/VswiththeimpurityincorporationThc
averageEhisaboutL66eVandthcdcviationfTomthe
averagevalueｉｓｗｉｔｈｉｎ±０．０１ｅＶ．Ⅳsisroughlyl×ｌ０Ｉ６
ｃｍ－Ｊ，includingthebulkandsurfacede化cts､６
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tionduetodefbctsusingtheconstantphotocurrentmethod
(ＣＰＭ）alsosuggesttheincreaseinthedensityofcharged
danglingbonds・

Finally，thephotocurrentdecayfi｢omthesteadystate
aftertheswitching-ofTofthesteadyiUuminationwasinves‐
ｔｉｇａｔｅｄＷｅｄｅｆｉｎｅａｄｅｃａｙｔｉｍｅ７Ｏａｓａｔｉｍｅｗｈｅｎｔｈｅ
ｐｈotoconductMtyDp(/）decaystol/２，Ｗherｅｔｈｅｓｔｅａｄｙ
ｓｔａｔｅｏｐｉｓｆｉｘｅｄｔｏｂｅｌ×１０－６ｓ/cmbychangingthe
illuminationintensity]Figure4showsthedecaytime7Oas
afimctionoftheimpuritycontent・ItisrevealedthattheN

incorporationdramaticallyincreases7bby4orders，and
theOincorporationby2orders・Suchadegradationinthe
photoresponseshouldbesuppressedfbrtheapplicationto
q-Si:Hopticalsensordeviceswhichneedarapidresponse
Thedegradationofthephotoresponseshowsafbrmation
ofanewtrapstatebelowtheconductionbandbytheNor
Oincorporation．
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