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As-depositedundopedmicrocrystalline silicon ~mc-Si:H! has in general a pronouncedn-type
behavior.Suchamaterialis thereforeoftennotappropriatefor usein devices,suchasp- i -n diodes,
asan active,absorbingi layer or aschannelmaterialfor thin-film transistors.In recentwork, on
p- i -n solar cells, this disturbing n-type characterhad been successfullycompensatedby the
‘‘microdoping’’ technique.In thepresentletter,it is shownthatthisn-typebehaviorismainly linked
to oxygenimpurities;therefore,onecanreplacethetechnologicallydelicatemicrodopingtechnique
by a purification method,that is much easierto handle.This results in a reductionof oxygen
impuritiesby two ordersof magnitude;it has,furthermorea pronouncedimpacton the electrical
propertiesof mc-Si:H films andon deviceperformance,aswell. Additionally, theseresultsprove
that theunwanteddonor-likestateswithin mc-Si:H aremainly dueto extrinsicimpuritiesandnot to
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structuralnativedefects.

Microcrystallinesilicon ~mc-Si:H! consistsof smallcrys-
tallites ~40–1000Å! which areembeddedin an amorphous
matrix. A commondepositiontechniquefor this material is
plasma-enhanced–chemicalvapor deposition~PECVD! us-
ing high dilution of silane in hydrogen; this combination
allows for deposition at rather low temperatures~150–
300°C!. Among the various forms of PECVD, the very
high-frequency–glow discharge~VHF-GD! methodhasbeen
shown to be particularly favorable for the growth of
mc-Si:H.1–4

A problemoften encounteredwith as-grownmc-Si:H is
its pronounced n-type character; this n-type character
maskedfor a long time theexcellentphotovoltaicproperties
of this material.Nevertheless,this disturbingn-type charac-
ter could, in recentwork,5,6 be compensatedby ‘‘microdop-
ing’’; thereby,‘‘midgap’’ mc-Si:H ~Fermi level at midgap!
wasobtainedandsuccessfullyimplementedin a fully micro-
crystallinephotovoltaicdevice.7–9 However, the microdop-
ing techniquewhich consistsof addingdiboranein theparts
permillion ~ppm! rangeinto thegasphaseduringdeposition,
is unfortunatelydifficult to handle;in fact, it hasbeenob-
servedthat the Fermi level position reactedtherebysensi-
tively to the depositionrate,to the outgassingof the reactor
andto feedgaspurity. Thus,this delicatecompensationtech-
nique is not of real interestfor potential industrial applica-
tions.To takefull advantageof mc-Si:H, it would behighly
desirableto replacethemicrodopingapproachby analterna-
tive technologicalapproachthat is easierto handle.

It was suggestedthat either the rather large contentof
oxygen impurities ~1019–1021 atoms/cm3! or native defects
within the layers could be responsiblefor the unwanted
n-typebehavior.10,11Note thatconceptually,by microdoping
onecancounterbalanceboth possibleeffectsandthat it was
thereforesofarnot clearwhich effect is actuallydominating.
In the following theauthorswill showthat oxygencontami-
nation is indeedmainly responsiblefor the n-type behavior
and that one can thereforeomit microdopingif the oxygen
content is sufficiently reduced in the deposited layers.
Thereby,to monitorwhetherthemc-Si:H films aretruly mid-
gap,theauthorswill considertheArrheniusplot of thedark
conductivityof theselayers;moreover,theyhavealsoincor-
poratedidenticallayersinto a fully mc-Si:H p- i -n diodeand
measured its photovoltaic performance. Additionally,
secondary-ion-massspectroscopy measurements~SIMS!
weredoneto assesstheabsoluteoxygencontentin thefilms.

All layers and cells in this study were depositedin a
single-chamberparallel-platereactorby the VHF-GD tech-
nique.The dopedcontactlayerswerethe sameasthoseop-
timized in previouswork.1,2 Gaspressurefor all layerswas
keptat 0.4mbar,resultingin homogeneousfilms. The i lay-
ersweredepositedat a dilution level of 2.5% silaneinto a
total gas flow of 100 sccmof hydrogenand silane, at an
effective substrate temperature of 220°C, at a high-
frequencypower of 6 W ~at the impedancematchingbox!
andan excitationfrequencyof 110MHz. Under thesecon-
ditionsfilm growthratewas1.55Å/s. Thefilms weredepos-
ited onAF45 glassfrom Schottandthecellson glasscoated
with texturedSnO2 ~Asahi type U!. Back contactsfor the
cells aremadeof highly texturedZnO andAg.12

The approachfollowed for the purifying techniqueap-
plied here,is to try to control all possibleoxygencontami-
nation sources:This implied both achievinga sufficiently
low reactoroutgassingrateof lessthan1.531026 mbarl /s
as well as using a SAES Getters Mono Torr™ room-
temperaturemetallic-alloygaspurifier ~the latter reducesthe
oxygen contaminationdown to the sub-ppb range in the
feedgas!. The combinationof thesetwo measuresleadsto a
successfulreductionof theoxygencontentin a-Si:H aswell



as in mc-Si:H layers.13,14 BecauseVHF-GD has the addi-
tional advantageof a relativelyhigh depositionrate~ascom-
paredwith standardGD at 13.56MHz excitationfrequency!
this is a further reasonfor lesscontaminantsto be built in.

Figure1 showson the left sidetheArrheniusplot of the
dark conductivity of threemc-Si:H layers,and on the right
side their correspondingvaluesof oxygencontent,asmea-
suredby SIMS. The layer depositedwithout thegaspurifier
showsquitea high room-temperatureconductivityin theup-
per1024 S/cmandtheslopeis ratherflat. This is an indica-
tion that the layer hasactuallya dopedcharacter,dueeither
to animpurity level or, asproposedby earlierwork, to native
defects.7,8 The oxygen content of this unpurified layer is
about2.231020 atoms/cm3.

A depositionunderthesameconditionsbut with thepu-
rifying techniquedescribedaboveleadsto a successfulre-
duction of the oxygen content down to 2.531018

atoms/cm3. Note that other impurities such as carbonand
nitrogenvary by only half an order of magnitude.Electri-
cally the effect is drasticascanbe seenin the samefigure:
By reducingtheoxygencontentby two ordersof magnitude
dark conductivitiesat room temperatureof low 1027 S/cm
areachieved.Theselow valuesaresimilar to thoseobtained
by thecompensationtechniqueby meansof ‘‘microdoping’’.
For comparisonwe haveaddedin thesameFig. 1 thecorre-
spondingconductivitymeasurementfor a compensatedmi-
crodopedlayer representedby the opensymbols.This layer
wasdepositedin anequivalentreactorunderthesamedepo-
sition conditions.For this compensatedmicrodopedlayeran

FIG. 1. On the left ~dots! Arrheniusplots of the dark conductivity ~mea-
sured in a coplanarconfiguration! for three mc-Si:H films depositedby
VHF-GD, without microdoping, but with different oxygen purification
methods.On the right ~squares! correspondingvaluesof oxygen content
~measuredby SIMS!. For purposesof comparison,datapertainingto a com-
pensated‘‘microdoped’’ layer ~opencircles! depositedin an equivalentre-
actorunderthesamedepositionconditions,butwithout a feedgaspurifier, is
added.
optical gapof 1.02eV hasbeenevaluated,15 which is close
to the gapof crystallinesilicon. Note that the activationen-
ergy of this compensatedmicrodopedlayer is abouthalf of
the optical gap.

To even further demonstratethe effect of the oxygen
impurity we deliberatelycontaminateda mc-Si:H layer dur-
ing thedepositionprocess.Througha needlevalvewe simu-
latedan air leak into the reactor.Justbeforecausingthe air
leak, the outgassingratewas1.131026 mbarl /s andwith
thecontrolledhole it roseup to 131025 mbarl /s.Onesees
again that the oxygen content ~3.331019 atoms/cm3) ob-
tained here correspondsto the dark conductivity measure-
ments.This further experimentsuggeststhat thegaspurifier
is of no or little help if the outgassingrateof the reactoris
not low enough.

Figure 2 showsthe spectralresponse~SR! of entirely
mc-Si:H solarcells with the i layerspreparedunderexactly
the sameconditionsas for the abovelayer study,both with
and without the feedgaspurifier. It is well known that the
quality of the i layer hasa strong influenceon the perfor-
manceandon theSRof amc-Si:H solarcell device.8 Again,
theeffect of reducingtheoxygencontentby meansof using
the gaspurifier is remarkableand leadsto a substantialin-
creasein SR.Reversebiasingwhile measuringSRshowsan
excellentsaturationof thedevicedepositedwith thepurifier.
In comparisonwith the compensationtechnique,now even
thicker devices~here up to 2.8 mm thickness! which still
allow to separateand collect the photogeneratedcarriers
could be successfullypreparedwith the purifier technique.
This fact may bedueboth to the reducedimpuritiesaswell
asto bettercontrol of thedepositionprocess.Full character-
ization underAM 1.5 conditionsshowsa cell efficiencyof
5.3%. Degradationexperimentson this mc-Si:H solar cell
supportour earlierfinding thatmc-Si:H canbeconsideredas
a photovoltaically stable material: Exposure to a high-
pressuresodiumlampatabouteightsunsintensity,for a time
periodof 264 h andat a temperatureof 50 °C did not show
any light-induceddegradationeffect of this cell, as repre-
sentedin Fig. 3.

FIG. 2. Comparisonof the spectralresponseof two entirelymc-Si:H cells.
Oneproducedwith andonewithouta feedgaspurifier.Thethicknessof both
cells is 2.8mm.
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Thus, the purifier techniqueresultsin a substantialen-
hanceddeviceperformanceandin evenhighersolarcell ef-
ficiencies than the earlier microdoping approach:9 mean-
while, a single-junctioncell efficiency of 7.7% has been
achieved.16 Themicrodopingapproachcould thereforeeven
more than successfullybe replacedby the purifying tech-
nique.

In conclusion,we haveshownthat reductionin oxygen
impurities acting as unwanteddonor state leads to a new
photovoltaicallyactive thin-film silicon material,i.e., intrin-
sic device-grademc-Si:H, with applicationsin solar cells,
and possiblyalso, in thin film transistors.The reductionof
oxygen contaminationcould only be achievedby simulta-
neously controlling the outgassingrate of the reactorand
purifying thefeedgas.Thereby,increasingthedepositionrate

FIG. 3. Spectralresponseof a 2.8-mm-thick fully mc-Si:H solar cell pro-
ducedwith the feedgaspurifier beforeand after light soaking~eight suns
equivalenthigh pressuresodiumlampduring 264h at 50 °C!.
~aswaspossiblewith the VHF-GD depositionmethodused
here! alsohelpedto lower the incorporationof impurities.
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