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ABSTRACT: Thegrainstructureof StringRibbonsilicon aswell asthedistribution of structuraldefectsaresignificantly
differentfrom thoseof standardcastmulticrystallinesilicon. In orderto achieve suficient cell efficienciesit is necessary
to enhancestartinglifetimesof minority chage carriersby implementingappropriateell fabricationprocessemcluding
for example P- and Al-gettering steps. A further methodfor lifetime improvementin multicrystallinesilicon is the
passvationof defectswith atomichydrogeroriginatingfrom aplasma.Thistechniqueaswell asthementionedjettering
stepsandsynegetic effectshave beeninvestigatedn this study In contrasto formerwork of othergroups however, we
have usedthe methodof microwvave detectedphotoconductanceecay In this way spatiallyresolhed lifetime mappings
have beenobtained,an aspectthat hasproven to be essentiafor investigatingString Ribbon silicon asbulk lifetimes
vary stronglyin this material. Moreover, regionsof comparableasgrown lifetimes have beenfound which reactvery
differently on variousprocessingsteps. Accordingto their inhomogeneouslistribution theseareasinfluenceintegral
measurementsFurthermorejt turnedout that the impactof the appliedprocessingstepsdependsalso partly on the
startinglifetime.
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INTRODUCTION facerecombinationvelocity. By applyinga surfacepassva-

StringRibbonsiliconis producedy EvergreenSolarinc.
andhasjust madethe stepfrom pilot line to industrial pro-
duction.Grown directly out of themeltit addressetheprob-
lem of wafercostsby avoiding costintensiie waferingsteps
and relatedmateriallosses. This gronth procedure how-
ever, causes grainstructureanda distribution of structural
defectswhich are significantly differentfrom thosein con-
ventionalcastmulticrystallinesilicon. In orderto achieve
sufiicient solar cell efficienciesit is thereforenecessaryo
enhancestartinglifetimes of minority chagecarriersby im-
plementingappropriatecell fabricationprocesses.Conse-
quently the impactof different processingstepson String
Ribbon silicon materialhasto be investigated. Measuring
the lifetime of minority chage carriersbeforeandafterthe
applicationof a processingstepis one possibility to do so.
Somework in this field hasalreadybeendonewith the help
of integral measurementd, 2]. But asstrongvariationsof
materialpropertiesvithin somesquarecentimetersf wafer
areahave beenfound earlier it is not obvious that different
regions are affected by the variousprocessingstepsin the
sameway andto the sameextent[3]. For that reasonwe
have studiedthe influenceof different processingstepson
bulk lifetime in String Ribbonsiliconin a spatiallyresoled
way.

2 EXPERIMENTAL APPROACH

2.1 Spatiallyresohedbulk lifetime measurement
Lifetime mappingsof String Ribbonsamplesoveringan
areaof 5- 5cn? wererealizedwith themethodof microwave
detectedphotoconductancdecay Measurementsereper
formedunderlow injection conditionsand with biaslight.
The laserusedfor chage carrier generationhad a wave-
length of 905nm. In this way an effective lifetime is ob-
tained that can be calculatedfrom bulk lifetime and sur

tion the latter onecanbe neglectedso thatthe systemmea-
suresthe bulk lifetimes tp,k. In this studythe wafers’ sur
faceswerepassiatedby aniodine-alcohokolution. Conse-
quently theimpactsand synepetic effectsof differentpro-
cessingstepscould be partly investigatecbn the samesam-
ple by measuringhecorrespondinghangesn bulk lifetime
with the helpof areproduciblesurfacepassiation.

For thedeterminatiorof 1y, from thedecayof photocon-
ductancat is necessaryo selectan adequatdime rangein
whichthedecayis evaluated .Dueto the strongvariationsof
materialquality within String Ribbonwafers,however, it is
usuallynotpossibleo chooseasingletimerangewell-suited
for thewhole sample.Therefore generallyeitherratherlow
or quitehighlifetime valuesrepresenteth p-PCD mappings
arenotreliable. This problemwasaddressedby measuring
eachwafer partly or as a whole several times with differ-
enttime ranges.Theresultingdatawasfinally combinedin
anadequataevay with the help of developedsoftwareproce-
dures. As a consequenceatherlow lifetime valuesaswell
asquitehigh onesarereliablein themappingsshavn in this
study

2.2 Designof experiment

Four different processingsequencesepresentedy the
four columnsshavn in Fig. 1 have beeninvestigated Com-
parablesurfacesof the differentwaferswereprovided by an
acid defectetchingstep,during which 20pm wereremoved
on eachside. In the following the waferswere chemically
cleanedandtheir surfaceswere passiatedwith an iodine-
alcoholsolutionbeforeeachpy-PCD measuremenindicated
in the differentcolumnsof the schematiadranving. The P-
emitter diffusion mentionedin Fig. 1 was performedin a
quartztubefurnaceandthe Aluminium requiredfor getter
ing was evaporated. Before the subsequenlifetime mea-
suremenboth, emitteraswell asbacksurfacefield (BSF),
wereetchedback.In thisway problemsduringmeasurement
possiblycausedy recombinatiorin theemitterregion or by
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aninsuficientor atleastnot comparableurfacepassvation
could be avoided. Hydrogenpassvation was realizedwith
the help of a microwave inducedremotehydrogenplasma
(MIRHP) asdescribedn [4]. llluminating the samplegfor
tenhoursunderonesunmadeit finally possibleto examine
thepassvations’stability.
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Figure 1: Structureof the experiment.After varioussucces-
sive processingstepsspatially resohed bulk lifetime mea-
surementhave beenperformed.
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3 RESULTS

Eachtime a p-PCD measuremenis indicatedin Fig. 1,
several measurementwereperformedandcombinedasde-
scribedin section2.1, sothatthe obtainedmappingsarere-
liable in regions of very high lifetime aswell asin those
of ratherlow bulk lifetime values. A comparisorof the re-
sults had shawvn that lifetime enhancementsary strongly
throughoutthe sample,asit canbe seenif mapping(a) of
Fig. 2 is comparedo (e) for example.As onemightassume
thatareasmprove the morethe higherthe startinglifetime
is, the first mappingof eachwafer hasbeensplit into three
“sub-mappings”accordingto the startinglifetimes. In the
following thelifetime changedn thesesub-mappingsaused
by the differentprocessingtepshave beenvisualisedn or-
derto examinethecorrectnessf thementionedassumption.
Theresultsof wafer 2 areshavn in Fig. 2 representatily.
Looking at this figureit shouldbe keptin mind thatthe uni-
form mid-grey regionsappearingn the split sub-mappings
do notrepresentataof pointsof measurementut regions
wherethe starting lifetimes have not beenwithin the life-
time rangespecifiedfor this columnof sub-mappingsThe
measuremendataoncelocatedthereis consequenthgiven
in anothercolumn. Dueto therestrictionof grey-scaledm-
ageshis aspecmight benotvisible too clearly.

3.1 Splitmappingsof wafer2

The lifetime mappingof wafer 2 performedbefore the
applicationof processingstepshasbeensplit up into three
sub-mappingssshavn in Fig. 2. Onewith lifetimes of up
to 2ps (al), onewith valuesbetween?2 and 7ps (a2) anda
final onecoveringlifetimesabove 7ps (a3). Thecorrespond-
ing columns(al)... (d1) etc.illustratethe influencesof pro-
cessingstepson the areasf eachlifetime range.Mappings
(ax) shaw the startinglifetimes whereaqbx), (cx) and(dx)
give the gain or lossesachieved by the differentprocessing

stepsrelatedto the lifetimes measuredeforethe individ-
ual step. Graph(cl), for example,shavs the differencebe-
tweenlifetimes after hydrogenpassvation and thoseafter
P-getteringfor thoseareaswhich had a startinglifetime of
up to 2ps. Mapping (e) finally illustratesthe final lifetime
valuesreachedafter completionof wafer 2’s processingse-
quenceshavn in Fig. 1.

Lookingatthealterationsausedy P-getteringandin this
caseat the histogram=f mappingg(b1) to (b3) it seemsas
if the assumptiorof a more efficient lifetime enhancement
of regionswith higherstartinglifetimes mentionedabove is
correct. The regions of startinglifetimes of up to 2ps in
(b1) areonly insufficiently enhancedby afew microseconds
or in the bestcaseabout10us. In the secondcolumn, or
histogramof mapping(b2) respectiely, improvementshave
beenstronger And thehighestifetime gainsof about120us
have beenfound in a region with a startinglifetime above
7us. But the assumptiorturnsout to be wrongif the map-
pingsareconsultedThereit canbeclearlyseerthatregions
of comparablestartinglifetime canreactvery differentlyon
processingteps.In the caseof P-getteringfor examplein
picture (b3), areaswith lifetime enhancementsf hundred
or moremicrosecondsirefoundaswell assuchwhich have
just improved by 30 to 50ps. Similar regions occurin all
mappingof row (bx).

Such effects are visible even more striking in sub-
mappingsafter hydrogenpassiation (cx). In eachof the
mappingsregions canbe found in which the lifetime alter
ationscausedy MIRHP passiation differ by up to 100us.
For illustrationreasonsireashave beenmarkedin eachcat-
egory which shav the samestartinglifetime but reactdiffer-
entlyontheappliedprocessingtepssothatthefinal lifetime
valuesin (e) arestronglydifferent.

With respecto solarcell fabrication,however, the differ-
ent reactionsof regionswith a startinglifetime above 7ps
seemto be lessimportantasin this casenearly all points
shaw afinallifetime of morethan30ps. In thecase®f lower
startinglifetime instead cell efficiency might be limited by
regionswhich arenot sufiiciently improved by getteringand
passiation techniques.This is the casefor the onemarked
by the right ellipse which hashardly improved during the
differentprocessingteps.

Moreover, dueto the existenceof suchregionsof differ-
entbehaiour integrallifetime measurementseenmotto be
well suitedfor a preciseanalysisof String Ribbon silicon
materialasthoseareasareinhomogeneousldistributedac-
cordingto usualwafer sizes. The natureof regionsincor
poratedin an examinedsampleaswell astheir shareof the
whole wafer stronglyinfluencesthe resultsof the measure-
ments. Consequentlyspatiallyresohed measuremertech-
niguesshouldbe usedfor detailedlifetime investigationsn-
stead.

MIRHP passvation of wafer 2 hasturnedout to be quite
stableat leastin the caseof startinglifetimes of up to 7ps.
Thedifferencesn lifetime valuesbetweerthe mappingse-
fore and after illumination givenin (d1) and(d2) of Fig. 2
have to be relatedto the absolutevaluesgivenin (e) sothat
they arein the rangeof measuremenrdéccurag. In regions
of startinglifetimesabove 7ps, however, bulk lifetimestend
to decrease bit duringillumination, especiallyin areasof
very high lifetimes. But againthechange$ave to berelated
to theabsolutdifetimesgivenin (e). Doing so,adecreasef
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Figure 2: Bulk lifetime mappingsof wafer 2 asobtainedafter appropriatecombinationof variousmeasurementthat leadto
reliable high andlow lifetime values. Mappingshave beensplit accordingto their startinglifetimes. Graphs(a), (ax) and(e)
shav absolutdifetime values whereagbx), (cx) and(dx) illustrategainsor lossescausecby eachprocessingtepasrelatedto
thelifetime valuesmeasuredbeforethis individual step.
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Figure 3: Meanfinal lifetime valuesafter differentprocess-
ing steps(seeFig. 1) calculatedor regionsof differentstart-
ing lifetimes.

40ps in regionswith absolutebulk lifetimes of 250-30Qus
appeardesssevere. Firstly, becauséhe measuremeris not
more accuratehan 10%, and secondly becausea decrease
of this extent doesnot limit the efficiengy of conventional
solarcellsif startinglifetimesareashigh asin this case.

3.2 Comparingprocessingteps

In order to comparethe impact of different process-
ing stepsthe mappingsbelongingto the differently treated
wafersof Fig. 1 have beensplit into threegroupsof differ-
entstartinglifetimesasexplainedin the previoussectionfor
the caseof wafer 2. In the following meanlifetime values
for the various sub-mapping$ave beencalculatedwhich
areshavn in Fig. 3 togethemwith the meanstartinglifetime
of the different sub-mapping®f eachsample. The results

look similar to thoseknown from integral measurements.

But looking at the very large standarddeviation it becomes
clearthatan enormousamountof informationhasbeenlost
by the calculationof meanvaluesdespiteof thefactthatthe
measurementsave alreadybeensplit into groupsof differ-
ent starting lifetimes. Neverthelesssomeinformation can
be gainedfrom this graph. Sofor lifetimes belowv 2pus P-
getteringfollowedby Al-getteringanda subsequentliHRP
passvation stepseemgo be moreefficient thanP-gettering
or Al-gettering followed by hydrogenation.In the caseof
higherstartinglifetimes,instead deviationsaretoo largefor
aconclusion.Consequentlyfurtherinformationcanonly be
provided by the analysisof mappings. An entirely clearly
visible aspecthowever, is thatMIRHP passvationis much
lessefficientif no getteringstepprecedesiydrogenationin
thisconnectiorit doesnotmatterif P-or Al-getteringor both
is performed.

SUMMARY
It hasbeenshavn in this studythatin areaswith start-

ing lifetimesbelav 2ps P-getteringollowedby Al-gettering
anda microwvave inducedremotehydrogenplasmapassia-

tion is more efficient than P-getteringor Al-gettering fol-
lowedby aremoteplasmahydrogenatiorstep.Furthermore,
the appliedMIRHP passvation hasrevealedto have amuch
lessbeneficalinfluenceif no getteringstepprecedesydro-
genation,whereast doesnot matterif a P- or Al-gettering
or bothis performed.

Spatially resohed lifetime measurementhave shavn
strong variationsof minority chage carrier bulk lifetimes
within somesquarecentimeter®f waferareawhichbecome
evenmorestriking aftergetteringandpassvation. Addition-
ally, it hasbeenfound thatthereexist regions of compara-
ble startinglifetimeswithin String Ribbonsiliconwhich are
affectedto different extents by various solar cell process-
ing steps. Someimprove very strongly reachinglifetimes
of up to 300ps whereasothersare only insufiiciently en-
hanced.Moreover, theseareasof differentbehaiour seem
to beinhomogeneouslgistributedaccordingto usualwafer
sizes.As aconsequenciategral lifetime measuremerech-
niguesareinfluencedby their existance. Therefore spatially
resohed measurementechniquesare requiredfor detailed
analyse®f String Ribbonsilicon material.
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