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Abstract

In this work, a new type of shortwater vapor treatmentof the interfacebetweenthe p- andi-layer is presented. Thisiovel
treatmentis performedunder vacuumbelow 1 mbar for 5 min and considerablyreducesthe i-layer boron contaminationin
amorphoussilicon (a-Si:H) p-i-n solarcells prepaedin single-chambereactors. Asignificantadvantages thatthe substratevith
the p-layer canremainloadedin the reactorduring this oxidationtreatment. Théhigh effectivenesf this treatmentin reducing
the boron cross-contaminations directly supportedby secondaryion massspectoscopy measuements,by tracing the boron
concentratiordepthprofile aciossthe p—i interfaceand by quantumefficiency measuementsof the depositedcells. By applying
this water vapor treatment,0.34.m-thick a-Si:H p-i-n solarcells of 1 cm? with high initial conversionefficienciesof 10.1%are
depositedin a commecial large-aea (35X 45 cn?) single-chambePECVD KAI ™ reactorand can clearly competewith cells
depositedn multi-chambersystems. Lighsoakingof thesecells for 1200h at 50 °C leadsto stabilizedefficienciesof 8.2%.The
relativetypical efficiency degradatiorof 20% of such0.34.m-thick single-junctioncells demonstratethat this treatmentoesnot

affect the stability in a negativemanner
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1. Introduction

Amorphoussilicon (a-Si:H) solar cell manufactuers
use either single-chambeor multi-chamberreactorsto
produce commecial modules. Plasmaepositionof a-
Si:H p-i-n solar cells in a single-chambereactorleads
to considerablesimplifications and reduced costs as
compaed to multi-chamberprocesses. Howevein a
single-chambemrocess, the subsequentdeposition of
the i-layer on the p-layer can causeboron recycling
from the reactorwalls. As a result, boron can contami-
nate the initial i-layer at the critical p—i interfaceand
thereby weakenthe strengthof the electricalfield in the
i-layer closeto the p—i interface. Thisprovokesa less
efficient carrier separatiorjust in this zoneandleadsto
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a reducedcollection efficiency in the solar cell and
thereby to a deteriorationof the cell performance.

At present,most a-Si:H p-i-n solar cell modulesare
deposited using the multi-chamber reactors whetein
boron cross-contaminatiorby recycling is avoided by
simply depositingthe p-layerandthei-layer in different
chambers. Howeverthe higher investmentin multi-
chambersystemsbecomesa drawback particularly in
the field of solar cells where costsare a major issue.
Thus, the ideal solution would be to combine a low-
costsingle-chambereactorwith a processschemeable
to suppess the boron cross-contamination. Bvious
studieshave focusedon the use of different treatments
like NF; gasflush [1], hydrogen plasmas[2] or CO,
plasmas[3,4] with encouragingesults,but leave open
the questionon the light-induced degradationof these
solar cells, use expensivegases,have long treatment
durationor are incompatiblewith large-aea deposition
in industrial reactors.



Therefore, we developedin a large-aea industrial
PECVD KAI ™-S reactorof Unaxis, a novel interface
treatmentbetweenthe p- andi-layer deposition,which
is fast and bears the potential to obtain high cell
performancesdue to low boron cross-contamination
and especially does not aggravatethe light-induced
degradation.

2. Experimental

The radio-frequency(RF) glow dischage deposition
systemusedin this work is an adaptedversion of the
industrial KAl ™-S reactor commecialized by Unaxis
displays. Itis a parallel-platecapacitivelycoupledreac-
tor of dimensionsA7 cm widthx57 cm lengthwith 2.4
cm distancebetweenRF electodeandgroundelectiode.
The plasmaexcitationfrequencyusedwas 40.68 MHz.
For p-type doping, trimethylboon, B(CH,) 5, insteadof
diborane, B,Hs, was used as the boron souce gas
becauseit has superior thermal stability in the hot
reactorandis reportedto causelesscontamination[5].

The processgasesare introducedthrough a shower
headincorporatedvithin the RF-poweed electode. The
depositiontemperatug of the a-Si:H layers and cells
was 200 °C keeping the pressue a 0.3 mbar and
applyingan RF powerlevel of 60 W. The total feedgas
flow was 150 sccmfor the intrinsic layer deposition. ©
diminish powder formation the silane was diluted by
hydrogento a silaneconcentratiorof 70% during the i-
layer deposition. Undethesei-layer preparationcondi-
tions, depositionratesof 3.3 A s~ havebeenobtained.

In this single-chamberreactor 0.3-um-thick p-i-n
a-Si:H solar cells were depositedon glasgTCO sub-
strates(Type Asahi U, basedon SnO,:F). In a second
phaseto obtain the full potentialfor high-efficiencya-
Si:H solar cells an optimized hydrogen-dilutedbuffer
layer was insertedbetweenthe p- andi-layer. It hasto
be noted that this buffer alone has already an usually
beneficialeffecton the boron cross-contaminatiom the
i-layer. Sputteed ITO andaluminumare usedasa back
contact.

Betweenthe p- andi-layer (respectivelybuffer layer)
depositionthe following interfacetreatmentsvere inves-
tigated: gasflushing, long vacuumpumping and water
vapor flush performedundervacuum. Thewatervapor
is generateddirectly from deionizedwater filled in a
separatedbottle andconnectedo the reactorvia avalve.
By openingthe valve, water startsboiling in the bottle
dueto the low pressue andthe watervaporflushesinto
the reactor Due to the pumping of the reactor the
pressue is kept below 1 mbar In somecaseshe water
was replacedby alcohol.

The effectivenes®f the treatmentavere evaluatecdy
secondaryion mass spectoscopy (SIMS) tracing the
boron concentrationdepth profile acrossthe p—i inter
face,depositedn this caseon c-Siwafers. Furtherma,
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Fig. 1. SIMS profile of boron concentratiorof a sandwichstructue
depositedbn c-Si waferusingtwo differenttreatmentdetweerthe p-
andi-layer deposition.

the boron contaminationin the i-layer closeto the p-
layer is indirectly detected by performing voltage-
dependengjuantumefficiency measuementsaswell as
monitoring the global cell performance especiallythe
cell fill factor The I-V characteristicsare measued
underAM 1.5 illumination usinga WacomWXS 140S-
10 sun simulator The cells were light-soakedfor over
1200h underthe light of a high-pressue sulfur lamp at
50 °C. The spectrumof this microwave poweed sulfur
lamp is closeto the AM 1.5 spectrumand is adjusted
to 100 mwWcm~2,

3. Results and discussion
3.1. Preliminary experiments without buffer layer

Fig. 1 showsthe SIMS analysisof the boron content
presentin a sandwich structue. This structue was
fabricatedby alternatingthe p-layer to i-layer deposi-
tions. Betweerthe p- andi-layer a silane-hydrogengas
flushing for 30 min or a long pumpingperiod of 12 h
to high vacuum at 200 °C substratetemperatwe is
performed. Itcan be clearly seenthat by using gas
flushing, the p-layer boron concentrationof appioxi-
mately 10?* cm™2 falls sharply directly afterthe p-layer
by two orders of magnitudedown to 10'® cm~2 and
thentails strongly into the subsequentlayer deposition
of appoximately5000A. The p-i-n cells prepaedunder
theseconditionsshowa quite low fill factor below 60%
anda globally weakbut strongly bias-voltage-dependent
quantumefficiency (QE) in the blue light region (e.g.
at the wavelengthof 400 nm the QE is 20% at 0 V and
55% at —3 V reversebias voltage. This indicatesthe
presenceof a strong boron cross-contaminatiofrom the



p-layer into the i-layer and, therefore, a p/i interface
thatis not well defined,i.e. not abruptenough.

In contrast, after a long pumping period to high
vacuum at 200 °C, the boron tailing into the i-layer
depositionis considerablyreducedand the baselevel
boron contaminationof 10" cm~2 in the i-layer is
reached. Byreplacing the gas flushing by this 12-h
vacuumpumpingbetweenthe p- andi-layer deposition,
a considerableimprovementof the cell performances
could be obtainedfor identicalp-i-n cells. Thefill factor
increasedo over 70% and QE valuesin the blue light
region show a bias-voltagedependencehat is reduced
and is now comparableto cells depositedin multi-
chamber systems. Thefore, in agreementwith the
SIMS measuementswe concludethatthe absencef a
high boron cross-contaminationn the i-layer after the
p-layer deposition leads to a better electrical field
distribution within the i-layer and, hence,an enhanced
currentcollectionin the cell. Thetwo treatmentsuggest
that the boron is not simply presentin a gaseousstate
that can be flushedout easily by gaspurging but might
be physisorbedn the internalreactorsurfaceschamber
walls, pumpducts,etc. anddesorbsrery slowly. A more
or lesscompletedesorptionoccursafter the long pump-
ing time of 12 h. Furtherexperimentsconfirm that a
reductionof the pumpingtime graduallyleadsto reduced
cell performances.especially with respectto the fill
factor.

3.2. Cells with buffer layer between p- and i-layer

Therfore, in the next phase, a cell deposition
sequencéhas beendevelopedwherin a carefully opti-
mized thin buffer layer hasbeeninsertedto lessen,on
the one hand,the boron contaminationin the i-layer by
trapping most of the boron contaminationin this thin
interlayer[6] and,on the otherhand,to matchthe band
gap difference betweenp-silicon carbide layer and i-
layer. Applying this optimizedbuffer layer and using a
readaptedorocessfor the dopedlayer preparation,cell
performancesas shownin Fig. 2, could be obtained
after the reductionof the vacuumpumpingtime to 30
min.

Reasonabhhigh fill factorsof, respectively67.7 and
69.6% are obtained. In cell b, only the i-layer is
depositedat 27.12 MHz to investigatethe influence of
the plasmaexcitationfrequencyandhencetheincreased
ion-bombadmentenegy [7] on the boron cross-contam-
ination. Since even slightly higher fill factors are
obtainedat 27.12 MHz than that at 40.68 MHz, boron
liberation by active sputteringout of the p/bufferlayer,
which couldin turn leadto a subsequertboron contam-
ination of the gasphaseduring the initial i-layer depo-
sition, seemsot to be occurring.

A reduction of the pumping time below 30 min
quickly leadsto lower cell performancego levels that
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Fig. 2.Initial -V curvesof buffer optimizedp-b-i-na-Si:Hcellsusing
30-min pumping before the i-layer deposition. Incell b, the i-layer
hasbeenexceptionallydepositedat 27.12MHz.

are no longeracceptable. Thefore, insteadof removing
the boron out of the reactorand pumpductsby not very
effectivegasflushing or time-consumingzacuumpump-
ing, the authorsdevelopeda novel treatmentthat trans-
formsthe physisorbedoron on all internalsurfacesnto
a stablechemicalcompoundunableto desorb. Insp&d
by the succes®f oxidizing CO, plasmatreatmentg3,4]
appliedfor, respectively boron removal and oxidation,
our treatmentfollows a similar appioach using also
oxidizing agentslike water or alcohol vapors. These
vaporsare directly evaporatedn thereactorat areduced
pressue of below 1 mbar However in contrastto the
CO, plasmatreatmentour new vapor oxidation process
step bearsthe advantagethat a plasmais not required
and acts, therefore, on all internal surfaces(also those
not exposedo the plasma and, moreover the substrate
with the p-layercanremainloadedduring the treatment.
Surprisingly an oxidation by directly using oxygengas
doesnot work.

Fig. 3 showsthe I-V characteristicof cells obtained
by the water vapor oxidation treatmentsn comparison
to the 30-min pumping time alone. Compad to the
vacuum pumping processthe application of the water
vapor oxidation treatment increases the efficiency
remarkably by almost 1.5% resulting in an absolute
initial conversion efficiency of 10.13%, wheras in
parallel the processtime is considerablyreducedby 20
min. It hasto be addedthat the net depositionof the
p-, b-, i- and n-layer requites an accumulatedime of
17 min resulting, finally, in a total processtime of
appoximately 30 min for the completecell fabrication
using our oxidation treatment. Ascan be seenin the
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Fig. 3. Effect of watervaporflush on the I-V characteristicef buffer
optimizedp-bufferi-n a-Si:H cells using5-min watervaportreatment
followed by 5-min pumpingand 30-min pumpingalonebefore the i-
layer deposition.

insertedtable in Fig. 3 the increasedcell performance
is mainly dueto the higherfill factor and higher short
circuit current.

In Fig. 4the quantumefficienciesof the cellsprepaed
with both treatmentsare shown. Indeedascompaedto
the pumpingalonethe QE in the blueregionis enhanced

and, moreover now shows only a small bias-voltage
dependencavhen the oxidation treatment(Fig. 49 is
applied. Theweakvoltagedependencef the QE in the
blue light regionrepresentsa good carrier collectionin
the i-layer closeto the p-layer and, therfore, suggests
a low boron contamination.

The boron concentrationdepth profiles detectedby
SIMS after no treatmentand applying the water vapor
oxidationare representedn Fig. 5. A drop of the boron
concentrationin the initial i-layer by more than half an
order of magnitudeas compaed to the untreatedinter
faceis observed. Thigprovesdirectly the effectiveness
of the oxidation treatmenton the boron cross-contami-
nation. W& supposethat boric acid B(OH); and/or
boron oxide anchoed to silicon (S—B-0) is formed,
which eitherbecomeunableto desorbor is transformed
into an electricallyinactive dopant.

Sincethe oxidationtreatmenby watervaporincreases
the oxygencontentin our amorphous-layersto concen-
trationsof appoximately 5—8x 10'° cm~3, unfavorable
effectson the cell stability cannotbe excluded. Thes-
fore, light-soakingexperimentof the cells presentedn
Fig. 3 were performed(Fig. 6).

The efficiency of the cell prepaed by the watervapor
treatmentdegradedrom initially 10.1%to a stabilized
efficiency of 8.2% after prolonged light soaking for
1200h. Thisstabilizedefficiencystill lies appioximately
1% abovethe performancef the degradectell prepaed
without the oxidationtreatment. Relativeell efficiency
degradationof appoximately 20% is found in both
casesand do not exceedtypical valuesof other single-
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Fig. 4. Impact of water vapor flush on the bias-voltage-dependerfuantumefficienciesof the cells from Fig. 3. (a) Using the water vapor

treatmentand (b) pumpingbefore the i-layer deposition.
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Fig. 5. Boron concentrationdepth profile measued by SIMS of a
sandwich structue using water vapor oxidation treatmentsand no
treatment.

junction cells having i-layer thicknessof 3000 A and
depositedn multi-chambermreactors[8].

4. Summary and conclusions
A newtype of shorttreatmenbf theinterfacebetween
the p- and i-layer has been introduced. Thisspecial

oxidation treatment,consisting of an exposue of the
reactorwalls, pumpductsandcell p-layeritself by water
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Fig. 6. I-V characteristicof cells of Fig. 3 in degradedstateafter
1200-hlight-soakingat 50 °C underAM 1.5 illumination. For com-
parisonthe initial performanceof the cell prepaed by water vapor
oxidationis addedandrepresentedas a dottedline.

vapor under vacuum at a pressue below 1 mbar
considerablyreduceghe i-layer boron cross-contamina-
tion. A significant advantages that the substratecan
remainloadedin the reactorat the depositiontempera-
ture during this 5-min treatmentplus 5-min pumping
time. Thehigh effectivenes®f this treatmenin reducing
the boron cross-contaminatiohasbeenprovenby spec-
tral responsemeasuementsof the depositedcells and
directly by SIMS measuements,by tracing the boron
concentratiordepthprofile acrossthe p—i interface. By
applying this treatment0.34.m-thick a-Si:H p-i-n solar
cells with high initial conversionefficienciesof 10.1%
havebeendepositedn a commecial large-apa(35x 45
cm?) single-chambePECVD KAI™ reactor A consid-
erablegain in cell performancesmainly, in fill factor,
QE and final efficiency are achieved,as compaed to
identically depositectells usingthe time-consumingO0-
min pumping procedue after the p-layer Using this
short 10-min oxidation treatmentthe total fabrication
time for a completep-i-n cell havingani-layer thickness
of 3000 A could be reducedto half an hour Besides
the performanceand time gain we additionally found
thatthe oxidationtreatmenimprovesthe processobust-
nesswith respectto boron cross-contamination. This
meansthat even less optimized p-layers and buffer
layersleadto low cross-contaminatedells and, finally,
allow the preparationof high performancecells. Light-
soaking experimentsof such cells do not show any
aggravateddegradatiordue to this treatmentand stabi-
lized cell efficienciesin the light-soakedstateof 8.2%
for 3000-%-thickp-i-n cells are obtained.

Theachievedighinitial anddegradedingle-junction
a-Si:H cell efficienciesof, respectively10.1 and 8.2%
demonstratein combinationwith the new water vapor
oxidation treatment,the high potential of the single-
chamberprocesscompaed to multi-chamberprocesses
leadingto considerablesimplifications, processrobust-
ness and reducedcosts. It should be noted that the
aboveindicatedcell efficienciesare obtainedby using
an ITO/AI cell back contact.

We believe that the highly reactive O—H group of
waterand alcohol selectivelyforms with physisorbedr
chemisorbedboron productslike boron oxide or boric
acid on surfaces. Thesstable products either do not
easily desorbin the gasphaseduring the subsequenit
layer depositionor are electricallyinactivefor doping.
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