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The missing correlationbetweenfilm characteristicand a-Si:H-basedp-i-n solarcells is still a
controversialsubject. The authors presenta new parameteru’s’, evaluatedfrom steady-state
transportmeasurementsn a-Si:H layers,which canindeedrelatefilm quality andcell performance
asfar asthelatteris limited by the quality of theintrinsic (i) layer. Thereby,two specificfeatures
of theevaluatedu’7° productcanexplainits successfutole asa quality parametefor a-Si:H: First,
the computationof x°7° takesinto accountthe effectsof the prevailingdanglingbond occupation,
whichis very differentin uniform films ascomparedo the occupatiorprofile prevailingthroughthe

i layerof a p-i-n solarcell; secondthe evaluatedu®’ productcombinesinformationaboutband
mobility and defectdensity; furthermoreit avoidssomeof the well-known pitfalls of usualdeep
defectdensity measurementsuch as constantphotocurrentmethodand photothermaldeflection
spectroscopy.Experimental data on a series of layers and p-i-n solar cells illustrates the
determinatiorof x°7° in a given practicalcaseandits successfutorrelationwith cell efficiency.In
this context,an estimationfor theratio of chargedo neutralcapturecrosssectionss~/¢" of around

50 is found.

I. INTRODUCTION

The extensiveknowledgeabout the physicsof a-Si:H
materialgainedin recentyearsthroughresearchin the field
of materialcharacterizatiortnas,so far, not really succeeded
in improving a-Si:H-basedsolar cells. On the contrary, a
lack of correlationbetweenthe characteristicsneasurecn
a-Si:H films and the performancesof solar cells made of
thesematerialspersists:—

The aim of the presentarticle is to show that such a
correlationcanindeedbe found. Choosingfrom a multitude
of parametersand characterizationmethods, the authors
show that a particular mobility-lifetime product x°7° can
successfullybe usedas a parameterfor comparinga-Si:H
layersand solar cells. Physically, this new productof band
mobility (u°) X capturetime (7°) correspondso the value
thatthe 7 product(measuredn ana-Si:H layen would take
if all defectsin the materialwere neutral.

Thereby, several important aspectsaccount for our
choiceof this specificproduct u°7° as a correlationparam-
eterbetweenlayersandsolarcells. First, the productu®# is
independenbf danglingbond occupation As the prevailing
danglingbondoccupationn ana-Si:H film haslittle in com-
mon with the strongly inhomogeneouslistribution of dan-
gling bondchargethroughthe intrinsic layerof a p-i-n solar
cell (relatedto the internal electricfield), this is a necessary
condition. Secondthe product x°7° combinesinformation
about defect density and band mobility; this is a definite
advantageover the usualmeasurementsn the deepdefect
densityalone.Third the productu’7° is closelyrelatedto the
performance®f a-Si:H-basedsolarcells, asfar asthe latter
is controlledby the quality of theintrinsic layer.Last, but not
least, the evaluationof u°7° doesnot suffer from the known
drawbackof deepdefectdensitymeasurementsiamely,the
limitations in photothermaldeflection spectroscopyPDS*
and constantphotocurrentmethod(CPM) (the latter mainly

in the caseof intrinsic or p-type samples®~’

As normally both neutral and chargeddefectsexist in
a-Si:H material, the value of u°7 is generallymaskedand
cannotbe measureddirectly. Neverthelessand this repre-
sentsan importantpoint here,we showthat this correlation
parameteru’7 can be deducedby combining steady-state
photoconductivitf SSPQ andsteady-statphotocarriemgrat-
ing (SSPGQ measurementdn the frameworkof the mono-
molecular recombination model via dangling bonds, we
presentan “easy to use” procedurefor evaluatingthe value
of u%7° from experimentaldata. The validity aswell asthe
limits of the methodis alsodiscussedn Sec.ll F.

In Sec.lV of this article we presenthe resultsobtained
by applying our procedureto different seriesof undoped
a-Si:H layersof variablequality, the latterbeingmodifiedby
changingthe depositiontemperatureand by degradingthe
material. Thereby,we comparethe x°° productsevaluated
on thesefilms with the performancesf standardp-i-n solar
cells which incorporatethe “same” undopedmaterial (i.e.,
material obtainedusing the samedepositionparametersas
an active, intrinsic (i) layer. The correlationbetweenu’7°
productsevaluatedon films and the conversionefficiencies
of the correspondingsolarcells are discussed.

Il. THE EVALUATION AND USE OF MOTO PRODUCTS
IN a-Si:H

w7 productsare commonlyusedfor the characterization
of transportpropertiesof a-Si:H layers. Theseur products
are band mobility X recombinationtime products (when
evaluatedrom steady-stateneasurementor bandmobility
X deep-trappingime productsfi.e., in the caseof time-of-
flight (TOF measurements however,in both casesthey
strongly dependon the prevailing danglingbond occupation
in the film.8~ As the chargestateof thesedeepdefectsis
not a material constantbut significantly varies with inten-



tional or unintentionaldoping or with illumination, the re-
sults obtained by these techniquesdescribe correctly the
propertiesof the measuredilm, but do not give correctin-
formationaboutthe behaviorof the samematerialin a p-i-n
solarcell, wherethe distributenof chargeddanglingbondsis
relatedto the internalelectricfield. Therefore,a w7 product
(we call it u°7°) thatis independenbf the chargestate of
deepdefectsis more adequateo describethe propertiesof
bothfilms andcells. In this sectionwe showhow u°7° canbe
evaluatedrom SSPCand SSPGmeasurement# shortde-
scription of this approach has already been presented
elsewheré!

For our analysiswe will considera-Si:H material at
roomtemperatureandundersteady-statdlumination, where
the preciseenergeticalposition and distribution of the dan-
gling bond stateshavevirtually no influenceand wherethe
thermalemissionsfrom deepdefectsas well asrecombina-
tion by band-tailstatescanbe neglectedin this domain,the
model of bimolecular recombination through dangling
bond$213is valid: Freecarriersonly recombinethroughthe
danglingbond states.In this case,the chargestateof dan-
gling bondswill, thus,exclusivelybe determinedoy the re-
combinationkinetics of electronsandholes.

Consequently,the recombinationtraffic of electrons
(monitoredby SSPQ andholes(monitoredby SSPG arenot
independenbf eachother, but they arerelatedvia the den-
sity andchargestateof their commonrecombinatiorcenters,
the dangling bond states.Experimentally,this fact can be
observedas an anticorrelatedbehaviorof electronand hole
transportproperties-®® For the evaluationof x°7°, we take
advantageof this fact. Under steady-stateonditions,where
the above-mentionedonditionsare valid, this link between
electronandhole w7 productscanbe expresse@nalytically.
This makesit possibleto work out the influenceof the dan-
gling bond occupationon the experimentallymeasuredur
products.From thereon, simple mathematicamanipulation
leadsto the evaluationof the dangling bond independent
w07 product.

A. Definition of the correlation parameter u’7°

The correlation parameterfor a-Si:H layers and solar
cells is definedas a band mobility (u°)x capturetime (%)
product.As alreadymentionedjt representshe valuewhich
the measuredr productwould takeif only neutraldangling
bondsexistedin the material(indicatedby the superscrip0
of the parameter®). Thereby,we assumehat u°7° is equal
for electronsandholes,

0.0 0.0
MnTn:Mpr:MOTO' (1)

This simplification can be justified on the basisof earlier
TOF measurementgerformedby us, on compensatedfully
intrinsic, i.e., “midgap”) a-Si:H samplesaswell ason de-
gradeda-Si:H samples:** In thesetwo caseswe haverea-
sonto assumehatalmostall danglingbondsin the material
are neutraland, consequentlythe experimentallymeasured
w7 productsapproachthe stated“dangling bond chargein-
dependent” u°7° product for both carriers, electrons,and
holes.The TOF measurementsist cited®* revealedexperi-

mentally that wpry and wj7y are almost equal:
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pard ur9~1.2. (The valuesusry/ w3 79=3-5 givenin our

earlier articles are wrong; they were incorrectly deduced
from the correctexperimentabata) Note thatin the particu-
lar situationwhere no chargeddanglingbondsexistin the
material,the w7 productsobtainedby TOF experimentsand
by SSPC/SSPGreequivalent't*

This experimentatesultis alsocomprehensivérom ba-
sic physicalconsiderationstn a given a-Si:H layer, the car-
rier with highervelocity (electron$ hasan enhancednobil-
ity, but alsoa proportionallyreducedcapturetime compared
to the carrier with lower free carrier velocity (holeg. This
leads thus, to the sameu’7° productfor holesandelectrons.

B. Photoconductivity (SSPC) and steady-state
photocarrier grating (SSPG)

As describedabove,the x°7° productis evaluatedrom
the results which can be obtainedfrom SSPCand SSPG
measurementdn thesemeasurementechniquesa steady-
statesituationbetweengeneratiorand recombinatiorof free
carriersis achievedby illuminating the sample.Details on
the experimentalmethods can be found elsewhere(e.qg.,
Refs.15 or 16). As is well known andwidely acceptedthe
measureghotoconductivityo,, (from SSPG andambipolar
diffusion length L ,,, (from SSPG can be connectedo ur
productsusingthe following (or equivalen} expressions:

0 0 0 0
Tpn=e( e+ pobs) = eG(uath+ upTh), 2
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where u)7h and up7h are band mobility X recombination
time productsfor electronsandholes,respectivelykT is the
thermalenergy,e is the elementarycharge,andC is a con-
stanthaving a value betweenl and2 (Ref. 17).

Additional information aboutthe n or p-type character
of a materialcanbe gainedby combiningboth L ,,, and oy,
througha parameteb, which reflectsthe positionof the two
quasi-FermievelsEg, andEg, with respecto the midgap.
Introducedin Ref. 16, the parameteb is definedas

_ Ny _ BnTh
MoPr  MpTp
The parameteb canbe deducedisingeitherthe abovedefi-
nition (4) (for extrinsicmateria) or the following expression
[deducedrom Egs.(2) and (3)]:
b L2.£°G
(b+1)> KkTouC~

b
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Under steady-statéllumination (with the mentionedcondi-
tions) the recombinatiortimesfor electronsandholesin the
expressiong?2) and (3) canbe written as
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FIG. 1. Calculatedmagnitudeof the correctionfactor z for experimental
w7 productsdeducedfrom photoconductivity(seebelow) with different
valuesof the parameteb; the correctionfactor z is usedin orderto obtain
the new “quality-related” %7 products.The box indicatesthe different
ratios of capturecrosssectionso, /o and oy /a?, usedfor this calculation.
In the horizontalaxis, sometypical experimentalvaluesof the parameteb

for undoped degradedandslightly dopeda-Si:H layersare indicated.

whereuvy, is thermalvelocity, Ny, is the deepdefectdensity,
on,0y 0,0, arethecapturecrosssectionsof thedangling
bonds,andf® f~,f* arethedanglingbondoccupatiorfunc-
tions. The latter can be expressedn the following simple

form 12,13

1

f0= - —, 8
(ps/n)(opl o)+ 1+(ne/pg)(agloy) ®
. (ne/pp)(aplay)
= 0 + 0 —\ ! (9)
(ps/ng)(oploy ) +1+(n/pg)(op/oy)
/ O
+ (pf nf)(o-p o-n) (10)

~(pe/np) (oY og)+ 1+ (ng/pp) (oY ay)

Note that, thanksto the steady-statédlumination, f°, f~, and

f™ exclusively dependon the free carrier density which is

monitoredby the oy, andL ,,, measurement§he influence
of the danglingbond occupationon w7 productscanthusbe

evaluated without involving any further experimental
method(otherthan SSPCand SSPG.

C. Evaluation of the product u°7’ from SSPC and
SSPG measurements

Combiningthe different elements(2)—(10) of Sec.Il B
one can deducea simple relationshipbetweenthe experi-
mentally determinedquantities(oy,,, b) andthe correlation
parametep’7° 1!

oo 0l 1
TTeGz ¢

O_(a'gl a'g
f

—+—+1+—b). (11)
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In Fig. 1 the magnitudeof the correctionfactor z (for given
ratios op/o, and o/o,) is plotted as a function of the
parameteb. Sometypical rangedor thevalueof the param-

eterb arealsoindicated.
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From the samefigure one can seethat only for truly
intrinsic material (Fermi energylevel nearmidgap, with b
close to unity, the correctionfactor z is approximatelyl.
This meansthat only for theseparticulara-Si:H materials
(i.e., degradedor “compensated” a-Si:H) the measured
valueof the photoconductivityo,, directly monitorsthe film
quality and can be usedto correlatelayer propertieswith
solarcells. In all other caseswherethe investigateda-Si:H
layer exhibits a certain extrinsic behavior (b substantially
different from 1), the measuredneasured/alue of the pho-
toconductivity does no longer monitor material properties
andthe correctionfactorz mustbe evaluatedvith the help of
the measurementf L .. The undoped but slightly n-type
a-Si:H materialproducedby standardglow discharge(GD)
depositiontechniquestypically fits (in the annealedstatg
into this secondcategoryand one canshowfor this material
that the x°7° productbecomesproportionalto L. Note,
however,that with nonstandardlepositiontechniquessuch
as hot-wire depositionor GD with hydrogendilution the
Fermilevel of theresultinglayersmayvary in a largerange;
therefore,specialcarehasto be taken.

D. Estimation of the ratio of the capture cross
sections

Up to now we have presenteda simple evaluation
method for the the correlation parameteru’s®; however,
thereis oneproblemwhich remainsto be solvedbefore u°7°
canbeeasilyusedin practice:Theratiosof the capturecross
sectionso; /) ando, /o which appeaiin our Eq. (11) are
not very well known. The valuesgiven in literature vary
betweert.8 (Ref.18) and=1002*?andarestill a subjectof
discussionAs it is this valuethat definesthe limits between
midgap materialand extrinsic a-Si:H, we addresghis sub-
sectionto the estimationof the ratio of capturecrosssec-
tions.

We performedtwo different experimentson 2.2-3.8-
um-thick a-Si:H layers:We measuredhe variation of u°7°
with light soakingand with low level doping (“microdop-
ing”). Assumingthe u°7° productto be proportionalto 1/N,
(i.e. thebandmobility is not substantiallichangedy doping
or degradatioft), onecandeducefrom theseexperimentsan
approximateratio of the capturecrosssections.The samples
usedfor thesemeasurementsereproducedoy thevery high
frequencyglow discharge(VHF-GD) depositiontechnique
(70 MHz)?2 on glasssubstratgCorning 7059 and provided
with two coplanar aluminium contacts of 0.5 mm gap
spacing.

1. Microdoping

It is awell-documentedact that evenslight dopingdra-
matically changeghe transportpropertiesof a-Si:H layers?®
i.e.,asteepincreaseof photoconductivityis observedOnthe
otherhand,the correspondinghangen the deepdefectden-
sity is muchlower andhasexperimentallybe foundto follow
al \/[dopan]/[SiH4] law?® and, accordingto the abovear-
gumentationalso the u°7° productevaluatedon a seriesof
a-Si:H samplesshould reproducethis 1/1/[dopani/[SiH,]
dependencyor a correctlychoserratio of capturecrosssec-
tions (seeFig. 2).
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FIG. 2. Variationin thedirectexperimentaproductsun 7, w375, andof the

deducedquality-relatedu®7 productas a function of low-level PH; and
B,Hg doping.A ratio of capturecrosssectionso: /o2 and(r;/(rg of 50 was
chosenfor the plot. The 1/\/[BZH6]/[SiH4] law is indicatedby the dotted
lines.

For p-type samplesa ]./\/[dopan]/[SiH4] behaviorcan
only be obtainedif theratio o, /¢? is adjustedto around50
(with a toleranceof abouta factor of 2). On the otherhand,
for n-type samples,even a very slight doping pushesthe
Fermilevel far awayfrom midgapwhich resultsin almostall
danglingbondsbeing doubly occupied(D 7). Consequently
the ratio of capturecrosssectionso, /U'g is not a critical
parameterjn this case,and no information aboutit canbe
deducedrom suchn-type samples.

2. Light soaking

For the light soakingexperiment,an undopedbut ini-
tially slightly n-type a-Si:H layer was stepwisedegraded
with a Krypton laser (\=647 nm) at a power density of
about100 mW/cn?. After eachstepSSPC,SSPG,andCPM
weremeasuredFig. 3). Thevery initial partof degradation,
which wasaccompaniedy a decreasef dark conductivity,
was omitted as it was shown that CPM may not measure
correctlythe absorptiorspectran this case>® While degrad-
ing further, the dark conductivity remainedconstantandthe
absorptionat 1.2 eV wasthenusedasa monitor for the deep
defectdensity. Then, the mutual changeof w7 productsde-
ducedfrom SSPCand SSPGmeasurementwas fitted with
differentvaluesfor theratio of capturecrosssectionso, / ag
and, thereafter the resulting u°s°, which is expectedto de-
creaseproportionallyto the increaseof acpy (1.2 €V), was
evaluated.The bestfit with a u°7° proportionalto 1/acpy,
(1.2 eV) (seeFig. 3) was obtainedfor crg/ag~50 (with a
toleranceof abouta factor of 2).

As previouswork had shownthat CPM doesnot cor-
rectly measurethe absorptionspectrafor slightly p-type
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FIG. 3. Variationof thedirectexperimentaproductsuprh, up7h, andin the

correspondingjuality-relatedu’s° productsevaluatedherefrom for an un-
doped,2.4-um-thick a-Si:H film, asa function of theincreasingdeepdefect
density, during the processof light soaking,the latter being monitoredby
measuringCPM absorptionat 1.2 eV. The bestfit wasobtainedby usinga
ratio of capturecrosssectionso, / og=50; the pointsmarkedby X indicate
the correspondingu®s° product(for o, /e5=50) which is now almostpro-
portionalto 1/acpy (1.2 eV).

samples, no similar experimentswere carriedout for such
samples(in orderto find o /¢?9).

As a conclusionof this section,the two experimentsf
microdopingand light soakingallowed us to makea rough
estimationof the ratios of capturecrosssectionsof about
o, lo9~0o1a9~50. This valuewill be usedin Sec.IV of
this article.

E. About the practical use of u’7

As shownin Sec.ll C, the correlation parameteru’7s°
can easily be evaluatedfor all typesof a-Si:H layersfrom
SSPCand SSPGmeasurementsyith the help of expression
(11). However,the argumentsof Sec.ll D leadto a direct

T T T T
108 L : annealed 8 degradedJ ]
a” L * . T 1
o o .
= 10° ¢ g
o - " =66 =G /=50 %
EN . =6'/6°=676°=50 ®
1 o
° o) o2
© o =
o g E
1
10 fo o U g ¢ J
L. Mt L L o
150 200 250 300 350
T [°C]

set

FIG. 4. Variationin the value of the parameteb with light-induceddegra-
dationfor the two temperatureseries(circle andsquaresof undopedayers:
While in the annealedstatealmostall materialsareshownto havea slightly
extrinsiccharactetthey all becometruly intrinsic (midgap with light soak-
ing. Thelimit betweerextrinsicandtruly intrinsic is given (accordingto our
abovedefinition, seeTable 1) by the ratio of capturecrosssectionso™/a°,
which was estimatedo be 50.



TABLE |. Evaluationrecipesfor determiningthe product u°7 in n-type,
p-type, and truly intrinsic a-Si:H. Note that underthe assumptionsntro-
ducedhere, evaluationof u°7 is particularly simple oncethe characterof
the layeris known. Thereby the ratios of capturecrosssectionso/o; and
o-g/cr,j, as comparedo the parameteb, play the role of a testcriterion to
differentiatebetweenintrinsic a-Si:H and materialwith a certainextrinsic
character.
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recipefor the practicaluse: When optimizing undoped but
slightly n-type, a-Si:H for solar-cell applications,we must
focus (in the annealedstatg on an improvementof Ly
ratherthanof oy,,. Suchacorrelationbetweenl ., andsolar
cell initial (undegraded performancehas indeed already
beenobservedby Li etal.?* On the other side, in the de-
gradedstatewhen b becomescloseto 1, the photoconduc-
tivity becomeghe correctparametetto describethe quality
of a-Si:H layersand,thus,shouldbe usedto correlatelayer

propertieswith stabilized(degradeglsolarcell performances.

Neverthelesspneshouldalwaystakethe precautiorto check
that the material has really become*truly intrinsic” with
light soaking.The different situationswherethe expression
(12 canbe simplified areassembledn Tablel.

The new correlationparamete°”’ may alsobe usedto
obtain information aboutthe relative stability of an a-Si:H
materialduring light soaking.Thereby, %7 mustbe evalu-
ated,both in the annealedas well asin the degradedstate.
Assuming the band mobility to be unchangedby light
soaking? the ratio betweenthe x°#° productsin the initial
anddegradedstatesbecomesan indicatorfor the increaseof
the deepdefectdensity,

(1°7)inital _ (Ndb)gegraded
(MOTO)degraded (Ngb)initial
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F. Validity of the method and its limitations

Oneof the main pointsin favor of the evaluationproce-
dureof u%7, as presentedn Sec.ll C, is its simplicity and
transparencyhowever,as severalapproximationsvere nec-
essarnyto obtainthefinal result(11), let usbriefly discusshe
validity of the methodandits limitations.

The basic assumptionof the presentednethodfor the
evaluationof the x°7° productis the danglingbond recom-
bination model. Thus, the validity of our procedureis in
principle determinedy the rangeof experimentatonditions
for which the danglingbondrecombinatiormodelis a valid
approximation.As the validity of the latter has beendis-
cussedvy differentauthors(e.g.,Refs. 12, 13, 25), it is rot
repeatechere.We just would like to stressthe experimental
importanceof usingapproximatelyhomogeneoushabsorbed
light (in our caseA=647 nm) aswell asof a carefulchoice
of the illumination intensity for the measurementf SSPC
and SSPGon layers.
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Furthermoreasthe generallyobservechonlineardepen-
dency of the photoconductivityon the generationrate (for
undoped but slightly n-type a-Si:H) cannotentirely be ex-
plained by the dangling bond recombinationmodel, the
evaluatedu’s® in some casesalso exhibits a slight depen-
dencyon theillumination intensity (power-lawexponentbe-
tween0 and —0.3). For the measurementeportedhereafter
we alwayschosea small generatiorrate which still allowed
a correct measuremenbdf the ambipolar diffusion length.
This conditionwas mainly given by aratio of onetd Tgark Of
at least20.

The ratios of capturecrosssectionsdeterminedin Sec.
Il D are rough estimationsand we consideredthem to be
constantfor all samplesstudiedhere.They fix the limit be-
tweenintrinsic and extrinsic material and thus play an im-
portant role. A more detailed considerationof this point,
however,would be desireabldn future work.

Onthe otherside,the ratherfar-reachingassumption(1)
was mainly introducedby us in orderto gain physicalin-
sight. The equalizationof ul7 and w375 is basically not
necessarypmitting it would simply resultin an additional
constantin the final result(11).

lll. THE ROLE OF u°7° PRODUCTS IN a-Si:H SOLAR
CELLS

It is conceptionallyguite obviousthatin the ideal casea
monotonousrelation betweenu®7 productsand the corre-
spondingsolar cell performance®xists,i.e., that a material
with goodbandmobility andlow defectdensitywill leadto
a solar cell which well collectsthe photogeneratedarriers.
Ontheotherhand,to find a quantitativerelationshipbetween
the evaluatedu®7" product and the collection or the effi-
ciency of a solar cell is lessstraightforwardbecauseof the
rathercomplexstructureand operationof a p-i-n device.Iln
the expressionsisedto describethe operationof a solarcell,
the bandmobility and capturetime generallydo not appear
asa productbut individually, which makessimpleargumen-
tation difficult. However,in a simplified situation (constant
electric field, majority of defectsare neutra) a direct rela-
tionshipbetweerthe u°7 productandthe collection y in the
solarcell canbe establishecanalytically*®

Also, a correlationbetweenlayer properties(monitored
by 17 and solar-cell efficienciescan obviously only be
expectedwhen the latter is governedby the quality of the
intrinsic layer. A multitude of other factors (i.e., interface
problems, changedabsorptionpropertiesdue to modified
bandgapyarying thicknessesdifferent reflectionproperties,
etc) canstronglyinfluencethe overall efficiencyandin such
a casethe quality of theintrinsic layerwill looseits relative
importance However,in thesesituations,a measuremenof
the u%7 productof the i layer can help to distinguishbe-
tween problemsrelatedto the quality of the intrinsic layer
and other structuralproblems.

IV. CORRELATION BETWEEN u’7#° OF a-Si:H
LAYERS AND SOLAR CELL PERFORMANCES

Our danglingbondchargeindependenu.’s° productwas
mainly introducedwith the aim to createa practicaltool for



a-Si:H material optimizationin view of solar cell applica-
tions. Thus, we comparein this section, experimentally,
layer properties and the performancesof corresponding
p-i-n solarcellsincorporatingthe samematerialsasintrinsic

layers. Thereby,the productsu’7’ are employedto describe
the quality of intrinsic a-Si:H layers.

A. Experiment

Two seriesof pairs,eachof themconsistingof ana-Si:H
layer and a thin p-i-n solar cell, were producedby the
VHF-GD depositiontechnique?? thereby the depositionset-
point temperaturewas varied from 120 to 320°C. In this
context, first an approximately 2.5-um-thick, undoped
a-Si:H film wasdepositedon a glasssubstrateand provided
with two coplanar,ohmic aluminumcontacts Subsequently,
using the samedepositionparametersthis a-Si:H material
was incorporatedas an i layer (thickness~ 0.6 um) in a
standardb-i-n solarcell on glasscoatedby transparenton-
ductive oxyde (TCO) (Asahitype U). Both cells and layers
werethenannealedor 2 h & 180 °C.

The layers were characterizedby transport measure-
ments(SSPCand SSPG, by PDSandby the CPM. For the
transportmeasurementéSSPCand SSPQG, a Krypton laser
(A=647 nm) was used.Furthermore the dark conductivity
and the optical band gap (from Tauc’s plot) were deter-
mined. For the cells, the conversionefficiency 7, the open-
circuit voltage V., the short-circuitcurrentdensityi., and
thefill factor (FF) were evaluatedusing a two-sourcesolar
simulator(WacomWXS-140S-10.

The layerswerelight soakedduring 4 weeksby a 6 sn
high-pressuresodium lamp [spectralmaximum at 590 nm
with full width at half-maximum(FWHM) of around40 nm]
at 46°C. The cells were degradedduring 3 weekshy an
AML.5 light sourceof 100 mW/cn? (array of Philips PL-L
24W/95/4Plampg at 47 °C.

B. The annealed state

The resultsobtainedin the annealedstate,for both se-
ries, arerecapitulatedn Tablesll (layers andlll (cells).

In the annealedstates,we plotted, as a first feature,the
value of the parameterb as a function of the deposition
temperaturgFig. 4). Thereby,assumingaratio of o ¢°=50,
all depositedayers(with the exceptionof the sampledepos-
ited at 150°C) fit into the categoryof extrinsicmaterialand,
consequentlythe measuredransportpropertiesneedto be
correctedbeforethe layer propertiescanbe comparedo the
solar cells. Furthermore the n-type characterof the layers
slightly increasewith increasingdepositiontemperature.

The %7 productsdeducedfor the two seriesof layers
(solid and opencircles in Fig. 5) are almost constantfor
temperaturesabove 220°C but decreasesteeplyfor lower
temperaturesA similar changewith temperaturés alsoseen
in the CPM absorptionmeasurementscalibratedby PDS
measurementsa techniquewvhich wasusedby usto monitor
the deep defect density. Neverthelessthe deteriorationof
transportquality (asseenby the evaluationof x°7°) is much
strongerthanthe increasdn deepdefectdensity(asseenby
CPM).
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TABLE Il. Temperatureseries:Propertieof 2.5-um-thick a-Si:H layersin
the annealedcstateandin the degradedstate(latter in brackets.

Teef (°C) b w7 (cn@iv) acpy (1.2€V)
120 64 (8) 5.7x10°8 (2.4x107°) 0.9 (24
140 80 (8) 8.9x1078 (3.1x1079) 1.0 (16)
150 46 (15) 4.2x1078 (6.1x10° %) 1.4 (6)
160 376 (11) 1.2x1077 (7.7x1079) 0.3 (12
170 136 (20) 1.9x1077 (1.6X10°9) 0.9 (6.5
180 320 (9) 1.7x1077 (8.3x1079) 0.4 (10)
200 303 (13 2.6x1077 (1.8x10°9) 0.2 (12
220 175 (26) 3.5x1077 (3.6X10°9) 0.4 (4
270 355 (19) 3.5x1077 (4.8x10°%) 0.4 (3.5
320 283 (29 3.6x1077 (4.8x10°9) 0.4 (4)

T indicatesthe set-pointtemperature Actual substratetemperatureis
about20°C (T¢=150°C) to 60 °C (T4=320°C) lower thanthe set-point
temperature.

The solar cells incorporatingthesematerialsasi layers
show a similar strongdecreasef performancedor deposi-
tion temperaturebelow 220°C (Fig. 5). On the otherhand,
the cell efficienciesalso deterioratefor higher deposition
temperaturesNeverthelessat thesehigh temperatureinter-
diffusion problemsmay becomeimportantand even domi-
nantin limiting cell performanceln accordancewith this
hypothesis,the short-circuit current density j., which re-
mains high even at high depositiontemperaturesgdoesnot
indicateany major deteriorationof the intrinsic layer.

C. The light soaked state

The propertiesmeasuredn layersand cells after light
soakingarelisted in bracketsin Tablesll andlll.

In thedegradedstatethe valuesof the parameteb for all
films are stronglyreducedand, accordingto our abovedefi-
nition (with the limit betweenextrinsic and intrinsic films
given by a cross-sectiomatio of o~/6°=50), all a-Si:H lay-
ershavebecome'truly” intrinsic (i.e., midgap (seeFig. 4).
CPM measurementperformedafter degradationseeTable
II) show, hereagain,a less-pronouncethcreaseat low tem-
peraturesomparedo the deteriorationof x°7° products.

D. Correlation between layer properties and cell
performances

The correlationbetweenthe layer properties(monitored
by our correlationparametep®7’) andthe solarcell conver-

TABLE lll. Temperatureseries:Solarcell performancen theannealedtate
andin the degradedstate(latter in brackets.

Teet OF i layer 7 (%) FF isc (mA/cm?) Vg (V)
120 6.9 (1.1) 0.60(0.30 13.5 (4.9 0.850(0.786
140 72 (23 065(0.39 13481  0.825(0.799
150 7.1 (3.2 0.55(0.39) 16.2 (11.2 0.788(0.787)
160 89 (3.1 0.66(0.39 156(10.2 0.859(0.819
170 9.6 (4.9 0.65(0.49 16.5 (12.9 0.852(0.828
180 9.1 (37 0.69(0.4) 15.4(11.0 0.855(0.830
200 9.7 (5.4 0.71(0.48 16.0 (13.5 0.851(0.826
220 10.3 (6.5 0.67(0.52 18.0 (15.1) 0.848(0.835
270 9.5 (6.7 0.65(0.59 18.0 (15.2 0.827(0.82)
320 8.3 (6.5 0.60(0.52 17.6 (15.9 0.781(0.785
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FIG. 5. Correlationbetweenthe u°7° productsevaluatedon a seriesof
2.5-um-thick, undopedlayers, on one side, and efficienciesof solar cells
incorporatingthe “same” materialasani layerontheotherside;resultsare
givenfor boththe annealedandthe degradedstate. The two cell efficiencies
for high-temperatureleposition(as markedby arrows are presumablyre-
duceddueto interdiffusion problems.

sionefficienciesareplottedin Fig. 6. Additionally to thedata
obtainedin the annealedstate,we also plotted the results
after degradationeventhoughthe layersandcells werelight
soakedby differentlight sourcesFigure 6 mustthusbe in-
terpretedas composedby two parts: the correlationin the
annealedstate (solid symbolg and in the degradedstate
(opensymbols.

The correlationobtainedbetweenthe x°7° productsof
the layers and the efficienciesof the correspondingsolar
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FIG. 6. Correlationbetweenu’# productsevaluatedbn two series(squares
and circles of layersand the correspondingsolar cell efficienciesin the
annealedand in the degradedstate (samedataasin Fig. 5, but different
graphicalrepresentation Note that cells and layers were degradedliffer-
ently and thus the graphmust be consideredo be composedf two inde-
pendeniparts:annealedstate(solid symbol$ anddegradedstate(opensym-
bols).

7

cellsis very good, especiallyfor the degradedsamples As
for materialsof poor quality (i.e., low-temperaturematerial
in the degradedstate the cell performancesre mainly gov-
ernedby strongrecombinatioriossesin theintrinsic layer,a
good correlationfor thosesampless obtainedhere.On the
other hand, for high-quality material with x°7° typically
higher than 1x10™7 cn?/V, the influence of other loss
mechanismse.g., interdiffusionat high depositiontempera-
ture9 gainsimportanceandthe cell performancesre lower
than what could be expectedfrom the quality of the incor-
porateda-Si:H material (as measuredy u°7).

Bothin theannealedaswell asin the degradedstate the
w07 productsshowa strongdecreasavith lower deposition
temperaturesvhich canbe seenonly in aweakenedorm by
CPM deepdefect density measurementsiNe attribute this
discrepancyto a lower band mobility in these low-
temperaturefilms. In fact, the reducedvaluesfor electron
band mobilities in low-temperaturea-Si:H have beenre-
cently confirmed,for one seriesof samplesdiscussecdere,
using transientmeasurementechnique<® One may be lead
to infer from theargumentsiusedin Sec.ll A (to justify theo-
retically the equality of the two u°7° productsfor holesand
electrong, thatin layersof different structuraldisorder u°7°
shouldonly dependon the deepdefectdensity(andthe cap-
ture cross sectiony and not on the variation in band
mobilities2” however,our experimentabatado not confirm
suchconclusion.

V. CONCLUSIONS

In this article we havepresentecand discussedn detail
a new methodto deducefrom experimentakteady-statq.r
measurementgby the steady-statephotoconductivity and
steady-statghotocarriergrating techniques more relevant
informationaboutthe quality of a-Si:H layers.To thisend,a
new parametercalled x°7° hasbeenintroduced.This u°7°
productmonitorsthe quality of the materialin termsof band
mobility and deepdefectdensity,it doesnot dependasthe
experimentalur productsdo, on the actual dangling bond
occupation(chargestate prevailingin the measuredample.

The evaluationof x°7° productson a seriesof undoped
and slightly dopeda-Si:H films allowed us to estimatethe
value of the ratio of danglingbond capturecrosssections
o~ 16°~50.

As the evaluatedu’s° product, containinginformation
about the band mobility and the defectdensity, is closely
relatedto the internal collection, and, thus, in principle, to
the efficiency of a-Si:H p-i-n solar cells, we proposethat
oneshouldin future use u°7° productsasa tool for material
optimizationin view of improvingthe quality of theintrinsic
layer within p-i-n solar cells. Thereby—aspresentedin
Table I—the evaluationof u°7° from experimentabatabe-
comesparticularlysimplein mostcasesin all a-Si:H layers
with an extrinsic charactermaterial quality is monitoredby
the ambipolar diffusion length L,,, whereasin midgap
a-Si:H layersit is the photoconductivitywhich monitorscor-
rectly the materialquality.

We haveobtaineda good correlationbetweenthe u°7°
products measuredon a-Si:H films (and evaluatedin the
mannerdescribedherg, on one side, and the performances



of solarcellsincorporatingthe samematerialasan active(i)

layer, on the other side. However,one hasto keepin mind
the complexity of a solar cell device(which includesdoped
layers,contactsjnterfaces; thus,our new u°7° productmay
only beusedto optimizesolarcell performancegsfar asthe
intrinsic layeris concerned.

A problemfor further investigationis the possiblean-
isotropy of a-Si:H layers.In fact, the evaluationof the u°7°
productis basedon measurementdonein a coplanarcon-
figuration, whereasthe p-i-n solar cell operatesn a sand-
wich structure. For VHF glow discharge deposition of
a-Si:H from pure silane (the depositiontechniqueusedfor
the presentrticle), varioustestshavedemonstratethatsuch
an anisotropyis negligible, either by time of flight?® or by
small-anglex-ray scattering(SAXS)?° measurementsdow-
ever,in layersandcells producedby rf or microwaveglow
dischargeunder hydrogendilution of silane,a pronounced
anisotropyis generallyobservedoy SAXS measurement$
which could possiblylead to an anisotropyof the transport
properties.This, indeed,constitutesa problemwhich should
be addressedh the future.
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