Published in Journal of Vacuum Science & Technology A 13, issue 6, 2742-2746, 1995 1
which should be used for any reference to this work

Origins of atmospheric contamination in amorphous silicon prepared
very high frequency (70 MHz) glow discharge
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The authorshavestudiedthe effect of plasmapower reactoroutgassingates,and of silanepurity
on the oxygen,carbon,and nitrogencontentsof amorphoussilicon materialpreparedby the very
high frequency(70 MHz) glow dischage techniqueThessilanepurity could be optionallyenhanced
by the applicationof a getterbasedsilanegaspurifier. It wasfound that oxygenincorporationwas
enhancedat lower depositionrates, whereasthe nitrogen and carbonfilm contaminationwere
unafected.The depositionrate dependencef the incorporationis in excellentagreementvith a
proposednodel Apartfrom the effectsof plasmagpowerontheincorporationprobability, thereactor
outgassingrate and the purity of the silane gasitself were identified as the main contamination
sourcedor the atmosphericontaminantsn the depositedilms. At the low outgassingate,at least
aroundone-halfof the oxygendetectedn the a-Si:H materialoriginatesfrom the silanegas.Due
to the reducedoutgassingrate and an enhancedpurity of the silane gasused,the authorshave
depositeda-Si:H-materialwith the lowestconcentration®f atmosphericontaminantseportedto
date. Furthermorethe presentresultsexcludea contaminationof the a-Si:H-materialby a post-

oxidation after air exposure.

[. INTRODUCTION

The plasma-enhanced chemical vapor deposition
(PECVD) processis the most commondepositionmethod
usedto obtain device-qualityhydrogenatecamorphoussili-
con (a-Si:H) with a low level of atmosphericontamination.
In the past,atmospheriémpuritiesin a-Si:H films havebeen
the subjectof severalstudies.Most of theminvestigatedhe
effect of theseimpurities on the optoelectronigropertiesof
a-Si:H. It wasshownin the pastthat atmosphericcontami-
nants (especially nitrogen and oxygen in the amorphous
semiconductocan act as dopant$? and increasethe defect
densitywhenthey rise abovea certainconcentratiort. How-
ever in all thesestudiesatmosphericcontaminantsverein-
tentionallyaddedto the silanegasduring the depositionand
exceed the typical atmosphericcontamination levels of
device-quality a-Si:H glow dischage material (less than
5x10® cm® of oxygen, 1x10® ¢cm2 of carbon, and
2x10 cm2 of nitrogen. Due to the high oxygencontent
evenpresenin device-qualitya-Si:H, the existenceof a pos-
sible relationshipbetweenthe incorporatedoxygenimpuri-
ties and the light-induced degradation,determinedby the
saturateddefectdensity of the a-Si:H material,remainsyet
an openquestion? A reductionof the atmospheridilm con-
taminantsis, therefore, desirableand in turn requires a
knowledgeof the origin and quantity of the different con-
taminationsourcesPoorvacuumsystemsjmpure gaspipes,
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 H,®0 isotopic labeling of the adsorbedwater va-

por onthewalls of thereactionchamberKnightset al.® have
identifiedoutgassingasa sourcefor the oxygenimpuritiesin
thefilms. Massspectrometryshowsthat the residualimpuri-
ties due to the outgassingof the reactorchamberbasically
consistof watervaporand CO. Therefore,in the absencef
air leaks,the reactoroutgassingand the silanegasitself, as
well asthe contaminationby the gasline, contributeto the
film contaminationduring the deposition. However the
quantitativecontributionof all thesesourceson thefilm con-
tamination has never beenanalyzedin detail and remains
unclear

Figure 1 illustratesthe scenariomentionedaboveduring
the deposition.The reactor outgassingis representedy a
flow Qyigassing®@f contaminantsrom the reactorwalls in the
procesgas.Apart from this contaminatiorsource the silane
gas containscontaminantsof a relative concentrationC g
(where the contribution of the pipe is included. Since
(1-Cgq9 is approximatelyl, in the steady-stateonditionthe
total relativecontaminantoncentratiorC,; of the processn
the reactorcanbe simply expresse@sthe sumof eachrela-
tive contaminantoncentration:

Qoutgassing
Cioi=—=—— +Cgas 1

tot QSiH4 gas ( )
—

Cou'[gassing

where Qg gassingiS the flow of contaminantsQg;y, is the
silaneflow and C,, the relative contaminantconcentration
of silanegasin the pipe.

In the absenceof air leaksthesetwo sourcesare respon-
sible for the total concentrationof the contaminantdn the
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Fic. 1. Schematicrepresentatiorof the depositionsystemused,including
the commercial‘Monotorr” metallic-alloy getterbasedsilane purifier and
the sourceghat contaminatehe processjas.

procesgas.Evidently only a certainfraction of the contami-
nantspresentin the gas phasewill be incorporatedin the
film. Furthermore by analyzingthe impurities in the films
oneis only sensitiveto the total concentrationof the con-
taminantsin the gas phase,i.e., to the sum of Cg,s and
Coutgassing DUE to this fact, a clear separationof the main
contaminationsourcesrequires independentand selective
variationsof Cg,sand Cogassing This will be achievedhere
by changingselectively the outgassingrate of the reactor
walls and by an optional point-of-usepurification of the si-
lane gas before it entersthe reactor However even at a
constantimpurity concentratiorin the gasphase the incor
porationprobability in the film canstill dependon the depo-
sition conditions, especially on the degree of plasma
excitation/ionizationwhich, in turn, dependson plasma
power

Therefore the purposeof this studyis to demonstratéhe
influenceof dischage power and hencedepositionrate,on
the incorporationprobability of contaminantdrom the gas
phaseandto identify andquantify contaminatiorsourcesor
atmospheridmpurities in a-Si:H films. In the first part of
this study we examinethe effect of the dischage poweron
film contaminationat the constantgas phasecontamination
level. Then, in the secondpart, quantitativeresultswill be
presentedo showhow far the outgassingf the reactorand
the silanecontaminatioritself influencethe atmospheriém-
purity contentof a-Si:H films, as preparedoy the very high
frequency-glowdischage (VHF-GD) techniqueat 70 MHz
plasmaexcitation frequency We contendthat our conclu-
sionsandinterpretationshouldgenerallybe valid for 13.56
MHz PECVD depositionsystemsandfor otherkinds of ma-
terials depositedby PECVD since, apartfrom the ‘‘uncon-
ventional’ excitationfrequencywe haveuseda standarcca-
pacitively coupled PECVD reactor and we do not make
restrictiveassumptionsn our interpretationof the data.

[I. EXPERIMENT

All films weredepositedn a capacitivelycoupledparallel
platereactor(Fig. 1) usinga plasmaexcitationfrequencyof
70 MHz insteadof the standardndustrialfrequencyof 13.56
MHz. Using the VHF (70 MHz) PECVD technique,an in-
creaseddepositionrate, as comparedto 13.56 MHz, is ob-

2

served. Details are published elsewheré. The depositions
were performedat a pressureof 0.23 mbat a silaneflow of
40 sccm,anda temperaturef 200°C, asusedby us for the
depositionof device-qualitymaterial. The silane (ultrahigh
purity) wasobtainedrom MesserGriesheim(Duisbuig, Ger
many). Atmosphericcontaminationin the silane gas bottle
was certified at lessthan 5 ppm. The hf-power input was
measuredy a directionalpowermeterin the 50 ) line just
in front of the matchingnetwork. The oxygen,carbon,and
nitrogencontentsof the films depositedn c-Si-waferswere
analyzedby secondaryon massspectroscopySIMS). To be
sensitiveto the smallestchangesn theimpurity levels,sand-
wich structuresof a-Si:H layerswere preparedThis means
thatin a single SIMS run all the differentlayersof the sand-
wich structurewereanalyzedunderidenticalmeasuringcon-
ditions.

The SIMS measurementwere carriedout on a commer
cial CAMECA IMS 4f SIMS instrumentusing a caesium
primary ion beamand negativesecondaryion massspec-
trometry Concentrationcalibration of the oxygen, carbon,
andnitrogenwasachievedby usinganion implantedsilicon
material.The overallaccuracyof the measuremerdandof the
calibration was of the order of 15%. Instrumentalback-
groundsfor theseimpurities were determinedby measure-
ment of the impurity count rateson a piece of ultrapure
“float-zone’ silicon. The instrumentalbackgroundsor the
detectionlimits, underthe chosenexperimentalconditions,
were approximatedsx 10t cm™3 for oxygen,5x10'® cm™2
for carbon,and 1x10'° cm™2 for nitrogen.

The outgassingf the reactorwasdeterminecby the pres-
surerise per time unit when the valve to the pumping unit
was closed.The pressurewas measurediy a cold cathode
gaugewhich was verified for reliability by a Bayard-Alpert
ionizationgauge By cooling the reactorwalls to room tem-
perature the reactoroutgassingate could be reducedfrom
about 3X10™° mbar/ s ! (1.8x10°2 sccm to 3x10°°
mbar/ s ! (1.8x10™* sccm). Furthermore as shownsche-
matically in Fig. 1, a commercial room temperature
metallic-alloy gettersilane gaspurifier (‘*“MonoTorr” from
SAES Getters mountedin the gasline just in front of the
reactor(point-of-use canbe usedin an optionalmodevia a
bypassvalveto purify the silanegas.This silanepurifier with
ppt (parts-pettrillion) purification efficiency reducesthe
oxygencontamination(moisture,oxygen,andotheroxygen-
atedimpurities of the incoming silane gasin the sub-ppb
rangé by meansof surfacechemisorption.

The aboveexperimentalconditionswere usedto prepare
the following samplesThe first sampleconsistsof a sand-
wich structure(seeFig. 2) of five layersdepositedsequen-
tially at decreasingplasmapowersbut identical outgassing
rate;the secondandthird samplesveredepositedat different
outgassingates(seeFig. 4). Eachsamplein Figs. 4(a) and
4(b) consistsof two layers that were depositedwith and
without applyingthe silane purifier.

Betweeneachdepositedayer in the sandwichstructures
the reactorwas pumpedto a pressurebelow 10~ ® mbar
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Fic. 2. SIMS profile of a sandwichstructurewherethe layerswere depos-
ited at plasmapowersof 5, 9, 13, and 17 W correspondingo deposition
ratesof 4.5,9.1,14.1,and 16.4 A/s, respectively

[ll. RESULTS AND DISCUSSION
A. Variation of the discharge power

Figure 2 showsthe SIMS measurementf the sandwich
structurewherethe layerswere preparedat four differenthf
powers Apart from the dischage powet all otherdeposition
conditionswerekeptconstantThe outgassingate,measured
just beforethe depositionwasaround2.7x10 ° mbar/ s 1,
which correspondso a flow of 1.6x10 2 sccm.This flow of
contaminant$eadsto a procesgyascontaminatiorof 40 ppm
at the chosensilane flow. We assumedhat the outgassing
rate of the reactorremainsunchangediuring all depositions
sincethe outgassingatemeasuredeforeandafterthe depo-
sitionsarealmostidentical. Thereforea slight coveringof the
reactorwalls by a-Si:H during the depositiondoesnot ap-
pearto influencethe reactoroutgassingate.

Although the concentrationof contaminantsin the gas
phaseis constantthe oxygenimpurity level in the films is
considerably reduced with increasing hf-power levels,
whereaghe carbonandnitrogencontaminatiorievelsremain
unafected,or at leastdo not show pronounceceffects. It is
possiblethat, at the lowest plasmapower (5 W), a slight
increasen the overall carbonlevel may occur; howeverthe
changesaretoo minor for an unequivocalstatemenbf fact.
Furthermorea decreasindnf powerinducesslight reductions
of thetotal hydrogencontentin thea-Si:H layers(not shown
in Fig. 2) from about3x 107! to 2x10?* atoms/cm whichiis,
however at suchhigh total levels surely not relatedto con-
taminantspresentin the procesgas.

The behaviorof the oxygendemonstratesvithout doubt
that the depositionprocesstself considerablyinfluencesthe
incorporationof oxygen.lIt is surprisingthat the O-impurity
concentratiordoesnot follow the degreeof ionization,i.e.,
the excitationof the plasma.Obviously the decreasén oxy-
gencontentin thefilms is linked to theincreasen deposition
rate.Thereforewe suggesthefollowing simplemodelfor O
incorporation.The contaminantpresenin the gasphasem-
pingewith a certainsurfacecollision rateon the growthzone
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Fic. 3. Oxygenconcentratiorof the films shownin Fig. 2 vs their corre-
spondingreciprocaldepositionrates.

and will be partially chemisorpecor getteredthere,with a
certainprobability p, andthen buried by further deposition.
Thus,asobservedn Fig. 2(a), a constantlux F of contami-
nantswill lead to a reducedincorporationin the growing
layer when the depositionrate of the a-Si:H materialis in-
creasedHence the O concentratiorof the films shouldobey
the following relationshipbetweerthe surfacereactionprob-
ability p, the flux F of contaminantsand the deposition
rateR:

F
(o] - @

In Fig. 3 the oxygenconcentrationsakenfrom Fig. 2 are
plotted versus their correspondingreciprocal deposition
rates. The observedexcellentlinear correlationis in good
agreementvith our proposednodel,aspresentedn relation
(2). Theslope(p- F) of the straightline representsheflux of
incorporateccontaminantperareaandpertime unit andhas
avalueof p-F=1.2x10"cm 2s™ L.

In contrastandin comparisorto the pronouncedvariation
of the oxygenfilm contaminationthe nitrogenand carbon
levels appearto be independenbf the depositionrate (see
Fig. 2). As a possibleexplanationwe suggesthatthey have
a lesserprobability p than the oxygen contaminantgo be-
comechemisorpecr getteredat the film surfaceduring the
growth, and that they are therefore preferentially incorpo-
ratedin anotherway (e.g.,via gasphasereactionswith the
silane and subsequentepositionof thesemolecules. In-
deed,Tsai etal.® found from their experimentsthat the in-
corporationefficiency of oxygenis about1000times higher
thanthat for nitrogen; this finding indicatesa much higher
reactivity of oxygen. Neverthelessthe details still remain
unclear Additional evidenceof the high reactivity of oxygen
contaminantwill be discussed.

During the 5 W layer depositionthe dischage was acci-
dentally extinguished After around1 min the plasmawas
reignited and depositionwas continued.As a result of this
“plasmastop,’ a definite kink in the oxygen contentand
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Fic. 4. SIMS profiles of two sandwichstructuresamples.The sandwich
layers were depositedwith and without applying the silane purifier at a
dischage power of 9 W. The differencebetween(a) and (b) is the outgas-
sing rate of the reactor

possiblya small kink in the carboncontentare observedn
the SIMS spectrum This indicatesthat, evenin the absence
of a plasma,the growth surfaceseemsto be capableof re-
actingwith the oxygencontaminantgresenin the gasphase
which are basicallycomposecdbf water vapor from the out-
gassingand maybeevenwith the carboncontaminantsbut
muchlesseffectively.

Identicalobservationgo the oxygenincorporationbehav-
ior presentedherehavealreadybeenobserved for intention-
ally addeddopantsin the gasphasewhereincorporationwas
foundto be moreefficientin a-Si:H films depositecht lower
depositionrates,i.e., at lower dischage power Therefore,
our simplemodeldiscussedboveseemdo be valid alsofor
gasphasedoping and offers a supplementargxplanationto
a phenomenorthatis still not fully understood.

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

In theseexperimentsthe depositionrate was kept con-
stantand the concentrationof the contaminantsn the gas
phasewas varied by varying the outgassingand by applica-
tion of the gaspurifier, which reducesor evenremovesoxy-
gen contaminantdn the silane flowing in the reactor The
outgassingatecouldbereducedoy coolingthereactorwalls
to room temperatureThe mannerin which the atmospheric
impurity concentrationsn the depositedfiims dependon
thesetwo sourceds shownin Fig. 4. The two differentout-
gassingatesareindicatedin Figs.4(a) and4(b). In Fig. 4(b),
the differencecausedin the oxygenlevels of the films by
applicationof the purifier is less pronouncedthan in Fig.
4(a), wherethe outgassingate waslower. Accordingto Eq.
(1), it seemsthat for Fig. 4(b) the oxygen contamination
arising from an outgassingof 2.3x10™° mbar/ s! (this
leadsto 35 ppm of contaminantsn the silanegasat a flow of
40 sccm) overlapsand even almost completely masksthe
contaminationof the incoming gas and thus representghe
main contaminatiorsource Unaffectedby the applicationof
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the silane purifier, the carbonand nitrogen concentrations
remainat 5x 10" and 1x10'® cm™3, respectively

By a reduction of the outgassingrate to 3.5x10°
mbar/ s ! [this leadsto 5 ppmof contaminantsn thesilane
gasat a flow of 40 sccmin Fig. 4(a)], all threeatmospheric
contaminantsn the film (O, N, and C) decreasat leastby
half anorderof magnitudeandarereducedatleastpartly) to
valuesvery close to the SIMS detectionlimit. This large
reductionconfirmsthat outgassingplaysanimportantrole in
film contaminatioranddoesindeedrepresena major source
of contamination.

Furthermore since strongchangesof the impurity levels
are observedwe cannow discardthe hypothesighat diffu-
sion of atmospheridmpuritiesin the film after air exposure
contributes significantly to film contamination. At this
smalleroutgassingate,the applicationof the silanepurifier
reducesthe oxygenconcentratiorfurther, as can be seenin
Fig. 4(a), from the pronouncedtepin the SIMS profile. This
illustratesthe fact that now both the contributionof the out-
gassingrate and the purity of the silane gas presentin the
pipe, to the oxygenimpurity level of the films, reacha com-
parable magnitude and, thus, now representthe major
sourceof contaminationIn addition,whenthe purifier was
used, the detectedoxygen contaminationin the films was
very closeto the SIMS detectionlimit andit maybe possible
that the true concentratioris evenlower.

An estimateof the contributionof gascontaminationto
film impurity can be obtainedby the differencein the two
oxygenconcentrationsneasuredvith and without applying
the silanepurifier [seeFig. 4(a)]. Consequentlyin our depo-
sition processandunderthe abovementionedconditions,at
least 3.0x10' oxygen atomsper cm® in the a-Si:H films
arise from silane gas contaminationalready presentin the
pipes.We suspecthat, evenaftera goodpurging andpump-
ing of the gaspipe, a substantiaportion of the atmospheric
contaminantsn the silanegasenteringthe reactororiginally
comesfrom the gaspipe. However strongevidencecannot
be presented/et andit requiresfurther investigations.

Therefore,even at a negligible outgassingrate (in the
ideal caseit equalszero, at leastthe above-mentionedon-
tribution to oxygencontaminationwill alwaysbe presentif
no purifieris usedandcauses lower limit of contamination
in the films. If, furthermore,we also take into accountthe
influenceof the depositionrate, it is evidentthat this level
will move upwardat lower depositionrates.

Conversely an oxygen film contaminationof at most
5x10 cm3, as shownin Fig. 4(a), originatessolely from
the present reactor outgassingof 3.5x10 ® mbar/ st
since,in this case the gaspurifier wasapplied.

In summary the resultsfound aboveclearly demonstrate
thatthe outgassingate andthe silanegascontaminatiorare
directly correlatedto film contaminatiorievelsobtainedand
thatthey representhe main sourcesof contaminatiorin the
PECVD processUsing our fast depositionrate, the applica-
tion of the silanepurifier, and a reducedoutgassingate, we
were able to depositthe puresta-Si:H materialreportedto
date. This a-Si:H material contains the following atmo-
spheric impurity concentrations{OJ: 5x10'" cm™3, [C]:
1.5x10"" cm ™3, and[N]: lessthan 1x10' cm 3. Note that



the true concentration®f theseelementanay be evenlower
since the detectedlevels are close to the SIMS detection
limit.

[V. CONCLUSIONS

In conclusion,we haveidentifiedthat the outgassingate
and the gas contaminationpresentin the pipe are the main
sourcesfor the atmosphericcontaminantsfound in a-Si:H
films. At a high outgassingate, the outgassingf thereactor
is almostentirely responsibldor the atmospheridmpurities
in the films and masksthe contributionof silanecontamina-
tion alreadypresenin the pipes.Whenthe outgassingateis
reducedthe contaminantsntroducedby the silanegasitself
becomemore and more dominant.Due to the applicationof
a metallic-alloy getterbasedsilane purifier that efficiently
removesthe oxygencontaminantgresentin the silanegas,
we could determinethat at the lower outgassingrate of
3.5x10 ©® mbar/ s™! at least40% of the oxygencontami-
nants incorporatedin the a-Si:H material were originally
from the silane gas. Under thesedepositionconditionsthe
silane gas contaminationcy, is responsiblefor an oxygen
film contaminatiorof at least3.0x 10 cm™>,

Sincethe film contaminationof the a-Si:H materialde-
posited here dependsstrongly on the above-mentioned
sourcesof contaminationa significantindiffusion of atmo-
spheric contaminantsafter air exposuredoes not appeatr;
thereforethis mechanisntanbe rejectedasa film contami-
nation sourceof practicalimportance.

Independenbf the contaminanticoncentratiorin 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 excellentagreementith this observedbehavior There-

5

fore, the VHF processgdueto its enhancediepositionrate®
is morecompatiblewith the depositionof pure materialthan
PECVD depositionat the standardindustrial frequency of
13.56 MHz.

After consideringall the abovefindingsandby usingthe

silanepurifier, we are ableto depositthe puresta-Si:H ma-

terial reported up to now with [O]<5%x10Y cm 3

[C]=1.5x10 cm 3, and[N]<1x 10" cm™3.

Sincewe do not makeany restrictiveassumptionsn our
discussionwe hold that our conclusionsand interpretations
shouldstill be valid in most other PECVD depositionsys-
temsusedfor a-Si:H andevenfor the plasma-assistedepo-
sition of otherkinds of materials.
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