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Origins of atmospheric contamination in amorphous silicon prepared
very high frequency (70 MHz) glow discharge
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Theauthorshavestudiedtheeffect of plasmapower, reactoroutgassingrates,andof silanepurity
on the oxygen,carbon,andnitrogencontentsof amorphoussilicon materialpreparedby the very
high frequency~70MHz! glow dischargetechnique.Thesilanepurity couldbeoptionallyenhanced
by theapplicationof a getter-basedsilanegaspurifier. It wasfound thatoxygenincorporationwas
enhancedat lower depositionrates,whereasthe nitrogen and carbonfilm contaminationwere
unaffected.The depositionratedependenceof the incorporationis in excellentagreementwith a
proposedmodel.Apart from theeffectsof plasmapoweron theincorporationprobability, thereactor
outgassingrate and the purity of the silanegas itself were identified as the main contamination
sourcesfor theatmosphericcontaminantsin thedepositedfilms.At the low outgassingrate,at least
aroundone-halfof the oxygendetectedin thea-Si:H materialoriginatesfrom the silanegas.Due
to the reducedoutgassingrate and an enhancedpurity of the silanegasused,the authorshave
depositeda-Si:H-materialwith the lowestconcentrationsof atmosphericcontaminantsreportedto
date.Furthermore,the presentresultsexcludea contaminationof the a-Si:H-materialby a post-
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oxidationafter air exposure.
I. INTRODUCTION

The plasma-enhanced chemical vapor deposition
~PECVD! processis the most commondepositionmethod
usedto obtain device-qualityhydrogenatedamorphoussili-
con ~a-Si:H! with a low level of atmosphericcontamination.
In thepast,atmosphericimpuritiesin a-Si:H films havebeen
the subjectof severalstudies.Most of theminvestigatedthe
effect of theseimpuritieson theoptoelectronicpropertiesof
a-Si:H. It wasshownin the pastthat atmosphericcontami-
nants ~especiallynitrogen and oxygen! in the amorphous
semiconductorcanact asdopants1,2 and increasethe defect
densitywhenthey riseabovea certainconcentration.3 How-
ever, in all thesestudiesatmosphericcontaminantswere in-
tentionallyaddedto thesilanegasduring thedepositionand
exceed the typical atmosphericcontamination levels of
device-quality a-Si:H glow discharge material ~less than
531018 cm23 of oxygen, 131018 cm23 of carbon, and
231017 cm23 of nitrogen!. Due to the high oxygencontent
evenpresentin device-qualitya-Si:H, theexistenceof apos-
sible relationshipbetweenthe incorporatedoxygen impuri-
ties and the light-induced degradation,determinedby the
saturateddefectdensityof the a-Si:H material,remainsyet
an openquestion.4 A reductionof the atmosphericfilm con-
taminants is, therefore, desirable and in turn requires a
knowledgeof the origin and quantity of the different con-
taminationsources.Poorvacuumsystems,impuregaspipes,
low-quality feed gas,and post-oxidationafter air exposure
have all been implicated by various groups, but, to our
knowledge,no systematicand quantitative study has yet
beenpublished.

Using H2
18O isotopic labelingof the adsorbedwater va-
poron thewallsof thereactionchamber, Knightset al.5 have
identifiedoutgassingasa sourcefor theoxygenimpuritiesin
thefilms. Massspectrometryshowsthat the residualimpuri-
ties due to the outgassingof the reactorchamberbasically
consistof watervaporandCO. Therefore,in theabsenceof
air leaks,the reactoroutgassingand the silanegasitself, as
well as the contaminationby the gasline, contributeto the
film contaminationduring the deposition. However, the
quantitativecontributionof all thesesourceson thefilm con-
taminationhas never beenanalyzedin detail and remains
unclear.

Figure1 illustratesthe scenariomentionedaboveduring
the deposition.The reactoroutgassingis representedby a
flow Qoutgassingof contaminantsfrom the reactorwalls in the
processgas.Apart from this contaminationsource,thesilane
gas containscontaminantsof a relative concentrationCgas
~where the contribution of the pipe is included!. Since
~12Cgas! is approximately1, in thesteady-stateconditionthe
total relativecontaminantconcentrationCtot of theprocessin
the reactorcanbesimply expressedasthesumof eachrela-
tive contaminantconcentration:

Ctot5
Qoutgassing

QSiH4

1Cgas, ~1!

Coutgassing

whereQoutgassingis the flow of contaminants,QSiH4 is the
silaneflow andCgas the relative contaminantconcentration
of silanegasin the pipe.

In the absenceof air leaksthesetwo sourcesarerespon-
sible for the total concentrationof the contaminantsin the
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processgas.Evidently, only acertainfractionof thecontami-
nantspresentin the gas phasewill be incorporatedin the
film. Furthermore,by analyzingthe impurities in the films
one is only sensitiveto the total concentrationof the con-
taminantsin the gas phase,i.e., to the sum of Cgas and
Coutgassing. Due to this fact, a clear separationof the main
contaminationsourcesrequires independentand selective
variationsof Cgas andCoutgassing. This will be achievedhere
by changingselectively the outgassingrate of the reactor
walls andby an optionalpoint-of-usepurificationof the si-
lane gas before it entersthe reactor. However, even at a
constantimpurity concentrationin the gasphase,the incor-
porationprobability in thefilm canstill dependon thedepo-
sition conditions, especially on the degree of plasma
excitation/ionizationwhich, in turn, dependson plasma
power.

Therefore,thepurposeof this studyis to demonstratethe
influenceof discharge power, andhencedepositionrate,on
the incorporationprobability of contaminantsfrom the gas
phaseandto identify andquantifycontaminationsourcesfor
atmosphericimpurities in a-Si:H films. In the first part of
this study, we examinethe effect of the discharge poweron
film contaminationat the constantgasphasecontamination
level. Then, in the secondpart, quantitativeresultswill be
presentedto showhow far theoutgassingof the reactorand
thesilanecontaminationitself influencetheatmosphericim-
purity contentof a-Si:H films, aspreparedby the very high
frequency-glowdischarge ~VHF-GD! techniqueat 70 MHz
plasmaexcitation frequency. We contendthat our conclu-
sionsandinterpretationsshouldgenerallybe valid for 13.56
MHz PECVDdepositionsystemsandfor otherkindsof ma-
terials depositedby PECVD since,apart from the ‘‘uncon-
ventional’’ excitationfrequency, we haveuseda standardca-
pacitively coupled PECVD reactor and we do not make
restrictiveassumptionsin our interpretationof the data.

II. EXPERIMENT

All films weredepositedin a capacitivelycoupledparallel
platereactor~Fig. 1! usinga plasmaexcitationfrequencyof
70MHz insteadof thestandardindustrialfrequencyof 13.56
MHz. Using the VHF ~70 MHz! PECVD technique,an in-
creaseddepositionrate, as comparedto 13.56MHz, is ob-

FIG. 1. Schematicrepresentationof the depositionsystemused,including
the commercial‘‘Monotorr’’ metallic–alloy getter-basedsilanepurifier and
the sourcesthat contaminatethe processgas.
served.Details are publishedelsewhere.6 The depositions
wereperformedat a pressureof 0.23mbar, a silaneflow of
40 sccm,anda temperatureof 200°C, asusedby us for the
depositionof device-qualitymaterial.The silane ~ultrahigh
purity! wasobtainedfromMesserGriesheim~Duisburg,Ger-
many!. Atmosphericcontaminationin the silanegasbottle
was certified at less than 5 ppm. The hf-power input was
measuredby a directionalpowermeterin the50V line just
in front of the matchingnetwork.The oxygen,carbon,and
nitrogencontentsof thefilms depositedon c-Si-waferswere
analyzedby secondaryion massspectroscopy~SIMS!. To be
sensitiveto thesmallestchangesin theimpurity levels,sand-
wich structuresof a-Si:H layerswereprepared.This means
that in a singleSIMS run all thedifferentlayersof thesand-
wich structurewereanalyzedunderidenticalmeasuringcon-
ditions.

TheSIMS measurementswerecarriedout on a commer-
cial CAMECA IMS 4 f SIMS instrumentusing a caesium
primary ion beamand negativesecondaryion massspec-
trometry. Concentrationcalibration of the oxygen, carbon,
andnitrogenwasachievedby usingan ion implantedsilicon
material.Theoverallaccuracyof themeasurementandof the
calibration was of the order of 15%. Instrumentalback-
groundsfor theseimpurities were determinedby measure-
ment of the impurity count rates on a piece of ultrapure
‘‘float-zone’’ silicon. The instrumentalbackgroundsor the
detectionlimits, under the chosenexperimentalconditions,
wereapproximated531017 cm23 for oxygen,531016 cm23

for carbon,and131015 cm23 for nitrogen.
Theoutgassingof thereactorwasdeterminedby thepres-

surerise per time unit when the valve to the pumpingunit
was closed.The pressurewasmeasuredby a cold cathode
gaugewhich wasverified for reliability by a Bayard–Alpert
ionizationgauge.By cooling the reactorwalls to room tem-
perature,the reactoroutgassingrate could be reducedfrom
about 331025 mbarl s21 ~1.831023 sccm! to 331026

mbarl s21 ~1.831024 sccm!. Furthermore,asshownsche-
matically in Fig. 1, a commercial room temperature
metallic–alloy gettersilanegaspurifier ~‘‘MonoTorr’’ from
SAESGetters! mountedin the gas line just in front of the
reactor~point-of-use! canbeusedin anoptionalmodevia a
bypassvalveto purify thesilanegas.This silanepurifierwith
ppt ~parts-per-trillion ! purification efficiency7 reducesthe
oxygencontamination~moisture,oxygen,andotheroxygen-
ated impurities! of the incoming silanegas in the sub-ppb
range8 by meansof surfacechemisorption.

The aboveexperimentalconditionswereusedto prepare
the following samples.The first sampleconsistsof a sand-
wich structure~seeFig. 2! of five layersdepositedsequen-
tially at decreasingplasmapowersbut identical outgassing
rate;thesecondandthird samplesweredepositedat different
outgassingrates~seeFig. 4!. Eachsamplein Figs. 4~a! and
4~b! consistsof two layers that were depositedwith and
without applyingthe silanepurifier.

Betweeneachdepositedlayer in the sandwichstructures
the reactorwaspumpedto a pressurebelow1026 mbar.
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III. RESULTS AND DISCUSSION

A. Variation of the discharge power

Figure 2 showsthe SIMS measurementof the sandwich
structurewherethe layerswerepreparedat four differenthf
powers.Apart from thedischargepower, all otherdeposition
conditionswerekeptconstant.Theoutgassingrate,measured
just beforethedeposition,wasaround2.731025 mbarl s21,
which correspondsto a flow of 1.631023 sccm.This flow of
contaminantsleadsto aprocessgascontaminationof 40ppm
at the chosensilaneflow. We assumedthat the outgassing
rateof the reactorremainsunchangedduringall depositions
sincetheoutgassingratemeasuredbeforeandafterthedepo-
sitionsarealmostidentical.Thereforeaslight coveringof the
reactorwalls by a-Si:H during the depositiondoesnot ap-
pearto influencethe reactoroutgassingrate.

Although the concentrationof contaminantsin the gas
phaseis constant,the oxygenimpurity level in the films is
considerably reduced with increasing hf-power levels,
whereasthecarbonandnitrogencontaminationlevelsremain
unaffected,or at leastdo not showpronouncedeffects. It is
possiblethat, at the lowest plasmapower ~5 W!, a slight
increasein the overall carbonlevel may occur;howeverthe
changesare too minor for an unequivocalstatementof fact.
Furthermore,adecreasinghf powerinducesslight reductions
of thetotal hydrogencontentin thea-Si:H layers~not shown
in Fig. 2! from about331021 to 231021 atoms/cm3 which is,
however, at suchhigh total levelssurelynot relatedto con-
taminantspresentin the processgas.

The behaviorof the oxygendemonstrateswithout doubt
that the depositionprocessitself considerablyinfluencesthe
incorporationof oxygen.It is surprisingthat theO-impurity
concentrationdoesnot follow the degreeof ionization, i.e.,
theexcitationof theplasma.Obviously, thedecreasein oxy-
gencontentin thefilms is linked to theincreasein deposition
rate.Therefore,wesuggestthefollowing simplemodelfor O
incorporation.Thecontaminantspresentin thegasphaseim-
pingewith a certainsurfacecollision rateon thegrowthzone

FIG. 2. SIMS profile of a sandwichstructurewherethe layersweredepos-
ited at plasmapowersof 5, 9, 13, and 17 W correspondingto deposition
ratesof 4.5, 9.1, 14.1,and16.4Å/s, respectively.
andwill be partially chemisorpedor getteredthere,with a
certainprobability p, and thenburiedby further deposition.
Thus,asobservedin Fig. 2~a!, a constantflux F of contami-
nantswill lead to a reducedincorporationin the growing
layer when the depositionrateof the a-Si:H material is in-
creased.Hence,theO concentrationof thefilms shouldobey
thefollowing relationshipbetweenthesurfacereactionprob-
ability p, the flux F of contaminants,and the deposition
rateR:

@O#}
p•F

R
. ~2!

In Fig. 3 theoxygenconcentrationstakenfrom Fig. 2 are
plotted versus their correspondingreciprocal deposition
rates.The observedexcellent linear correlation is in good
agreementwith our proposedmodel,aspresentedin relation
~2!. Theslope~p•F! of thestraightline representstheflux of
incorporatedcontaminantsperareaandpertimeunit andhas
a valueof p•F51.231011 cm22 s21.

In contrastandin comparisonto thepronouncedvariation
of the oxygenfilm contamination,the nitrogenand carbon
levels appearto be independentof the depositionrate ~see
Fig. 2!. As a possibleexplanation,we suggestthat theyhave
a lesserprobability p than the oxygencontaminantsto be-
comechemisorpedor getteredat the film surfaceduring the
growth, and that they are thereforepreferentially incorpo-
ratedin anotherway ~e.g.,via gasphasereactionswith the
silane and subsequentdepositionof thesemolecules!. In-
deed,Tsai et al.3 found from their experimentsthat the in-
corporationefficiencyof oxygenis about1000timeshigher
than that for nitrogen; this finding indicatesa much higher
reactivity of oxygen.Nevertheless,the details still remain
unclear. Additional evidenceof thehigh reactivityof oxygen
contaminantswill be discussed.

During the 5 W layer depositionthe discharge wasacci-
dentally extinguished.After around1 min the plasmawas
reignitedand depositionwas continued.As a result of this
‘‘plasma stop,’’ a definite kink in the oxygen contentand

FIG. 3. Oxygenconcentrationof the films shownin Fig. 2 vs their corre-
spondingreciprocaldepositionrates.
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possiblya small kink in the carboncontentareobservedin
theSIMS spectrum.This indicatesthat, evenin the absence
of a plasma,the growth surfaceseemsto be capableof re-
actingwith theoxygencontaminantspresentin thegasphase
which arebasicallycomposedof watervapor from the out-
gassingandmaybeevenwith the carboncontaminants,but
muchlesseffectively.

Identicalobservationsto theoxygenincorporationbehav-
ior presentedherehavealreadybeenobserved9 for intention-
ally addeddopantsin thegasphasewhereincorporationwas
foundto bemoreefficient in a-Si:H films depositedat lower
depositionrates,i.e., at lower discharge power. Therefore,
our simplemodeldiscussedaboveseemsto bevalid alsofor
gasphasedopingandoffers a supplementaryexplanationto
a phenomenonthat is still not fully understood.9

B. Influence of the outgassing rate and the application
of the silane purifier

In theseexperiments,the depositionrate was kept con-
stant and the concentrationof the contaminantsin the gas
phasewasvariedby varying the outgassingandby applica-
tion of thegaspurifier, which reducesor evenremovesoxy-
gen contaminantsin the silane flowing in the reactor. The
outgassingratecouldbereducedby coolingthereactorwalls
to room temperature.Themannerin which the atmospheric
impurity concentrationsin the depositedfilms dependon
thesetwo sourcesis shownin Fig. 4. The two differentout-
gassingratesareindicatedin Figs.4~a! and4~b!. In Fig. 4~b!,
the differencecausedin the oxygen levels of the films by
applicationof the purifier is less pronouncedthan in Fig.
4~a!, wherethe outgassingratewaslower. Accordingto Eq.
~1!, it seemsthat for Fig. 4~b! the oxygen contamination
arising from an outgassingof 2.331025 mbarl s21 ~this
leadsto 35ppmof contaminantsin thesilanegasat a flow of
40 sccm! overlapsand even almost completelymasksthe
contaminationof the incoming gasand thus representsthe
maincontaminationsource.Unaffectedby theapplicationof

FIG. 4. SIMS profiles of two sandwichstructuresamples.The sandwich
layers were depositedwith and without applying the silane purifier at a
discharge powerof 9 W. The differencebetween~a! and ~b! is the outgas-
sing rateof the reactor.
the silane purifier, the carbonand nitrogen concentrations
remainat 531017 and131016 cm23, respectively.

By a reduction of the outgassingrate to 3.531026

mbarl s21 @this leadsto 5 ppmof contaminantsin thesilane
gasat a flow of 40 sccmin Fig. 4~a!#, all threeatmospheric
contaminantsin the film ~O, N, andC! decreaseat leastby
half anorderof magnitudeandarereduced~at leastpartly! to
valuesvery close to the SIMS detectionlimit. This large
reductionconfirmsthatoutgassingplaysan importantrole in
film contaminationanddoesindeedrepresentamajorsource
of contamination.

Furthermore,sincestrongchangesof the impurity levels
areobserved,we cannow discardthe hypothesisthat diffu-
sion of atmosphericimpurities in the film after air exposure
contributes significantly to film contamination.At this
smalleroutgassingrate,the applicationof the silanepurifier
reducesthe oxygenconcentrationfurther, as canbe seenin
Fig. 4~a!, from thepronouncedstepin theSIMSprofile.This
illustratesthe fact that now both the contributionof theout-
gassingrate and the purity of the silanegaspresentin the
pipe, to theoxygenimpurity level of thefilms, reacha com-
parable magnitude and, thus, now represent the major
sourcesof contamination.In addition,whenthepurifier was
used, the detectedoxygen contaminationin the films was
very closeto theSIMSdetectionlimit andit maybepossible
that the true concentrationis evenlower.

An estimateof the contributionof gascontaminationto
film impurity can be obtainedby the differencein the two
oxygenconcentrationsmeasuredwith andwithout applying
thesilanepurifier @seeFig. 4~a!#. Consequently, in our depo-
sition process,andundertheabovementionedconditions,at
least 3.031017 oxygen atomsper cm3 in the a-Si:H films
arise from silane gas contaminationalreadypresentin the
pipes.We suspectthat,evenaftera goodpurging andpump-
ing of the gaspipe, a substantialportion of the atmospheric
contaminantsin thesilanegasenteringthe reactororiginally
comesfrom the gaspipe. However, strongevidencecannot
be presentedyet andit requiresfurther investigations.

Therefore,even at a negligible outgassingrate ~in the
ideal caseit equalszero!, at leastthe above-mentionedcon-
tribution to oxygencontaminationwill alwaysbe presentif
no purifier is usedandcausesa lower limit of contamination
in the films. If, furthermore,we also take into accountthe
influenceof the depositionrate, it is evident that this level
will moveupwardat lower depositionrates.

Conversely, an oxygen film contaminationof at most
531017 cm23, as shownin Fig. 4~a!, originatessolely from
the present reactor outgassingof 3.531026 mbarl s21

since,in this case,the gaspurifier wasapplied.
In summary, the resultsfound aboveclearly demonstrate

that theoutgassingrateandthesilanegascontaminationare
directly correlatedto film contaminationlevelsobtainedand
that they representthemain sourcesof contaminationin the
PECVDprocess.Usingour fast depositionrate,theapplica-
tion of the silanepurifier, anda reducedoutgassingrate,we
were able to depositthe puresta-Si:H material reportedto
date. This a-Si:H material contains the following atmo-
spheric impurity concentrations:@O#: 531017 cm23, @C#:
1.531017 cm23, and @N#: lessthan131016 cm23. Note that
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the trueconcentrationsof theseelementsmaybeevenlower
since the detectedlevels are close to the SIMS detection
limit.

IV. CONCLUSIONS

In conclusion,we haveidentifiedthat the outgassingrate
and the gascontaminationpresentin the pipe are the main
sourcesfor the atmosphericcontaminantsfound in a-Si:H
films.At a high outgassingrate,theoutgassingof thereactor
is almostentirely responsiblefor the atmosphericimpurities
in the films andmasksthecontributionof silanecontamina-
tion alreadypresentin thepipes.Whentheoutgassingrateis
reduced,thecontaminantsintroducedby thesilanegasitself
becomemoreandmoredominant.Due to the applicationof
a metallic–alloy getter-basedsilanepurifier that efficiently
removesthe oxygencontaminantspresentin the silanegas,
we could determinethat at the lower outgassingrate of
3.531026 mbarl s21 at least40% of the oxygencontami-
nants incorporatedin the a-Si:H material were originally
from the silanegas.Under thesedepositionconditionsthe
silanegas contaminationcgas is responsiblefor an oxygen
film contaminationof at least3.031017 cm23.

Since the film contaminationof the a-Si:H materialde-
posited here dependsstrongly on the above-mentioned
sourcesof contamination,a significant indiffusion of atmo-
spheric contaminantsafter air exposuredoes not appear;
thereforethis mechanismcanbe rejectedasa film contami-
nationsourceof practicalimportance.

Independentof the contaminantconcentrationin the gas
phase,an increaseddepositionrate also clearly reducesthe
incorporation of the oxygen in the films. Our proposed
model of contaminantincorporationin the growing films is
in excellentagreementwith this observedbehavior. There-
fore, theVHF process,dueto its enhanceddepositionrate,6

is morecompatiblewith thedepositionof purematerialthan
PECVD depositionat the standardindustrial frequencyof
13.56MHz.

After consideringall the abovefindingsandby usingthe
silanepurifier, we areable to depositthe puresta-Si:H ma-
terial reported up to now with @O#<531017 cm23,
@C#51.531017 cm23, and @N#<131016 cm23.

Sincewe do not makeany restrictiveassumptionsin our
discussion,we hold that our conclusionsand interpretations
shouldstill be valid in most other PECVD depositionsys-
temsusedfor a-Si:H andevenfor theplasma-assisteddepo-
sition of otherkinds of materials.
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