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Hydrogenincorporationin silicon layerspreparedby plasma-enhancechemical-vapodeposition
usingsilanedilution by hydrogenhasbeenstudiedby infrared spectroscopylR) andelasticrecaoil
detectionanalysis(ERDA). The largerangeof silanedilution investigatedcan be divided into an
amorphousanda microcrystallinezone.Thesetwo zonesareseparatedy a harrowtransitionzone
atadilution level of 7.5%; here,the structureof the materialcannotbe clearlyidentified. The films
in/near the amorphous/microcrystallingansition zone show a considerablyenhancedhydrogen
incorporation.Moreover,comparisorof IR andERDA andfilm stressmeasurementsuggestshat
theselayerscontaina substantiabmountof molecularhydrogenprobablytrappedin microvoids.In
this particularcasethe determinatiorof the total H contentby IR spectroscopyeadsto substantial
errors.At silaneconcentrationdelow 6%, the hydrogencontentdecreasesharplyandthe material
becomegrogressivelymicrocrystalline.The featuresobservedn the IR-absorptionmodescanbe
clearlyassignedo mono-and/ordihydridebondson (100 and(111) surfacesn silicon crystallites.
The measurementgresentedhere constitute a further indication for the validity of the
proportionalityconstantof Shankset al. [Phys.StatusSolidi B 110, 43 (1980], generallyusedto
estimatethe hydrogencontentin “conventional” amorphoussilicon films from IR spectroscopy;
additionally, they indicate that this proportionality constantis also valid for the microcrystalline

samples.

I. INTRODUCTION

The usual method for depositing hydrogenatedamor-
phous silicon (a-Si:H) is by plasma-enhanced¢hemical-
vapordeposition(PECVD) at low temperaturesnostly from
puresilane.Recently,the useof strongdilution of silaneby
hydrogenhasattractedspecialattentionfor the fabricationof
a-Si:H solarcells, becausesuchcells showa reducedlight-
induceddegradatiort:? Increasingthe dilution of the silane
by hydrogenevenfurtherleadsto a morphologicalransition
of the material into hydrogenatedmicrocrystalline silicon
(uc-Si:H). The latter material has also recently acquireda
considerablenterestas a photovoltaicallyactive material®
Whereasthe solar cells preparedin both regimeshave al-
readybeenstudiedin detail, it is surprisingthatmuchlessis
known aboutthe layersthemselvesndtheir structuralprop-
erties.

The structureof the materialis particularly affectedby
the hydrogenincorporatedand by its bondingconfiguration;
both thesefactors act macroscopicallyon the internal me-
chanicalstress Furthermorehydrogencertainlyplaysanad-
ditional crucial role by passivatingthe danglingbondsand,
thus,improving the electricaland optical properties.

Hence,the studiesmentionedabovemotivatedus to in-
vestigate the hydrogen incorporated in the amorphous/
microcrystallinesilicon films depositedby hydrogendilution
and to determinethe link betweenhydrogenincorporation
andinternalfilm stress.The materialdepositedn this study
coveredthe large range from totally amorphousphaseto
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completelymicrocrystallinephasepassingoverthe transition
region.

Quantitativeanalysisof H contentwas performedby in-
frared(IR), absorptiorspectroscopyndby elasticrecoil de-
tectionanalysis(ERDA). IR andERDA mustbe considered
astwo independenmethods.Generally,IR spectroscopys
usedto estimatethe hydrogencontentin the layers,if the
proportionality constantis known. This calibrationconstant
correlateghe strengthof the IR-absorptionbandsdueto the
Si-H vibrationswith the hydrogencontent.It hasbeenfound
for a-Si:H materiaf that the calibrationconstantof the inte-
grated strengthof the rocking-wagging-rolling vibrations
around640cm ! is independentf hydrogencontentand of
samplepreparationHowever, it is not evidentthat the pro-
portionality constanformerly found still remainsvalid when
the a-Si:H networkis replacedby the hydrogenatednicro-
crystallinesilicon materialasis the casein our study.

In contrastto IR spectroscopyERDA is an absolute
methodthat determineghe absolutetotal hydrogencontent.
Therefore,a comparisonof the hydrogen contentsdeter-
mined by IR spectroscopyand by ERDA will allow us to
verify if the proportionality constanthasto be modified in
the caseof hydrogenatednicrocrystallinesilicon layersand
of a-Si:H layerspreparedrom silanedilution by hydrogen.

Il. EXPERIMENTAL DETAILS

The films were depositedin a capacitively coupled
parallel-platereactorusing a plasmaexcitationfrequencyof
70 MHz insteadof the standardndustrialfrequencyof 13.56
MHz. Using the very-high-frequency(VHF) (70 MHz)



PECVDtechnigueanincreasedepositionrateascompared
to 13.56 MHz is observedDetailsare publishedelsewheré.
The silaneconcentratiorwasvariedfrom 100%to 1.25%by

adaptingthe rationsof the silaneand hydrogenflows while

keepingthe total feed gas constantat 50 sccm; hence,the

indicatedsilanedilution levels are the silanegasconcentra-
tion of the freshfeed gasflowing into the reactor.Dueto a

different pumping speedof the processpump for hydrogen
and silane, the absolutesilane concentrationin the reactor
may slightly differ, but this doesnot affect the basisof our

conclusionsand interpretationsin the following, since all

layerswere depositedusing the samedepositionsystem.

The depositionswere performedat a pressureof 0.4
mbar,a HF-powerinput of 7 W, anda substrateéemperature
of 225°C, as usedby our group for the depositionof our
“standard” microcrystallinesilicon material,asincorporated
in our p-i-n solar cells® The HF power input is measured
with a directionalpower meterin the 50 ( line just before
the matching network. Under theseconditions, 1.5-2-um-
thick films were grown on Corning 7059 glass and on
double-side-polishedl00 Siwafers.Specialcarewastaken
to measureghefilm thicknessesvith a surfaceprofiler (Alpha
Step200 from TencorlInstrument$ closeto the areawhere
the characterizatioexperimentsvereperformedlt hasto be
notedthata precisethicknessmeasuremertbgethemwith the
useof thick samplesnhancehe accuracyof subsequerfilm
characterization.

The total stressin the films was determinedfrom the
curvatureof the Si wafer after deposition,measuredvith a
surfacestylus profiler. The total stresswhich is the sum of
intrinsic and extrinsic stresswas calculatedusing the equa-
tion and the constantsgiven in Ref. 6. However, sincethe
thermalexpansiorcoefficientsof thewaferandof thea-Si:H
films are almostequal[1.5—-4x10 %K for a-Si:H (Ref. 7)
and 2.6-3.8x10 9K for c-Si (Ref. 8)], the externalstress
createdby thermal mismatchcan be neglected.Thus, since
no additional external force was applied, the determined
stressessentiallyrepresentshe intrinsic stressof the depos-
ited films.

The IR-absorptionrmeasurementsetweerd000and 400
cm 1 wave numberswere performedwith a Perkin-Elmer
FouriertransformIR (FTIR) spectrometed 720 X on films
depositebn (100 Si wafers.FromthelR transmissiorspec-
tra referencedo a plain Si wafer, the absorptioncoefficient
was calculatedaccordingto the proceduredescribedin the
literature®!° Specialcarewas takento ensurethat the sub-
strateandthe referencewaferswere from anidentical batch
to matchthemperfectlyandavoid, thus,a contributionfrom
the substratec-Si phononmodeat 615 cm™ 1. The hydrogen
contentC,; was obtainedby numerical integration of the
Si—H rocking-waggingmodé *®at 640cm™*. The complete
proceduré&®1°canbe expressedy the following equations:

a(v) Ay a(v)
dv~—
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where a(v) is the absorptioncoefficient of the film at the
wave numberv, v, Standsfor the rocking-waggingbands
around640cm ™2, A, = 1.6x 10'® cm™2 is the proportionality
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FIG. 1. IR-absorptionspectraof layerspreparedat different silanedilution
levelsasindicatedin the figure; the spectraare shiftedvertically for clarity.

constant, and Ng;=5x10?? cm™2 is the atomic density of
puresilicon. It hasto be notedthatdependingon the amount
of hydrogenincorporatedthe “true” atomic densityof the
amorphoussilicon slightly augmentsaccordingto Beyer!
the atomic densityincreaseso valuesof 5.8x10?? cm  for
a-Si:H layers containing hydrogen of around 20 at.%.
Therefore,both the density variationsas well as the global
accuracyof the methodlimit herethe accuracyof our results
to about £15% of the hydrogencontent.

The ERDA method consistsin measuringthe energy
spectrumof protons(i.e., the hydrogenatomsg which have
beenelasticallyhit by incidentalphaparticlesproducedby a
Van de Graaff acceleratorand which recoil in a forward
direction. The proton energyspectrumis a function of the
hydrogenconcentratiorprofile of the sampleto be investi-
gatedandof the alpha-beanintensitywhichis obtainedfrom
the Si signal measuredsimultaneoushby Rutherfordback-
scatteringspectroscopy(RBS).*? The experimentalcondi-
tions of the measurementaere:the incidentangleof the «
particleswas 76.5°; the anglesof detectionwere 20° for
ERDA and 150°for RBS. Undertheseconditionsthe maxi-
mum detectiondepthunderthe film surfacefor hydrogenis
approximately0.8 um andthe overallaccuracyof the hydro-
gencontentis herearound+10%.

lll. RESULTS AND DISCUSSION

Figure 1 showsthe absorptionobtainedfrom the IR-
transmissiormeasurementsf samplespreparedat different
silane dilution levels. The dilution levels indicatedin the
figure representthe silane gas concentrationsof the fresh
feed gasflowing into the reactor.The thin vertical lines in
the graphindicatethe peakpositionsof the differentabsorp-



tion modes for pure hydrogenated amorphous silicon
materiaf*® at 640, 840, 880, 2000,and 2090cm™ %, The IR
modesof the samplesdepositedfrom pure silane down to
silane concentration®of 7.5% retain the typical fingerprint
pattern, pertainingto a bonding structureof hydrogenated
amorphoussilicon. However, for concentrationdess than
7.5% the typical amorphousmodesgraduallydisappeamnd
parallel to this new, much narrower peaks arise mainly
around626, 900, and 2101 cm ! (seeFig. 1). Generally,at
theselow silane concentrationsas commonly usedfor the
preparatiorof uc-Si:H material,it canbe observedhatthere
is a narrowingof the absorptionbands,andthat at the same
time the vibration frequenciesof the rocking-wagging
modes are shifted to lower frequenciesand those of the
stretchingmodesto higher frequenciesThe latter observa-
tionsareaclearindicationfor changesn the hydrogenbond-
ing natureandin the bondingenvironment.By comparison
with the resultspresentedn Refs.14-17, all thesevibration
modes(i.e. the rocking-wagging, bending,and particularly
the different stretchingmodesaround 2100 cm™?) can be
clearly assignedo mono- and/ordihydride bondson (100
and(112) surfacesn silicon crystallites.

Therefore we concludethatin this dilution range,apart
from a certainamountof amorphoughasestill presentfor-
mation of microcrystallitesoccursandthe hydrogenis pref-
erentially bonded at the surfacesof the microcrystalline
grains.Indeed,independenbf theselR-absorptionmeasure-
ments, other characterizatiortechniguessuch as x-ray dif-
fraction and optical-absorptiormeasurementi the visible
rangealso confirm that at dilution levels below a feed gas
silane concentratiorof 7.5% the films obtainedstartto be-
comemicrocrystalline*® The continuouslyoccurringmodifi-
cationsof the IR spectrawithin the microcrystallinedilution
rangesuggestthat the materialdepositedhere consistsof a
crystallineandof anamorphougphasejn a variablecompo-
sition; this compositiondependson the exactvalue of the
dilution. Hence, by looking at the H bonding by IR-
absorptionspectroscopywe are able to detecteven small
gradual structuraland compositionaldifferencesfor layers
depositedat different silaneconcentrationsn the microcrys-
talline regime.

Figure 2 showsthe total hydrogencontentof the layers
determinedby IR spectroscopyand ERDA as a function of
silanedilution during the deposition.With respecto the re-
sults discussedabove, we fundamentallydivided the total
dilution rangeinto a first zoneabovea silane concentration
of 9% and up to pure silane;in this zone the deposited
sampleshave a completely amorphousstructure;secondly
we distinguisha zone below a silane concentrationof 6%
where clearly microcrystallinematerial has beendeposited.
Thesetwo zonesare separatedy a narrow transitionzone
which is highlightedin gray in the figure. In this transition
zonethe structureof the materialis not clearly identifiable.
In our casewe considerthe structureas clearly identified if
independently IR spectroscopyx-ray-diffraction measure-
ments,and optical-absorptiormeasurementall lead to the
identical conclusion.

For the determinatiorof the total bondedhydrogencon-
tent by IR spectroscopythe rocking-wagging vibration
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FIG. 2. Hydrogencontentof the films determinedby IR spectroscopynd
by ERDA asa functionof thesilaneconcentrationthe gray highlightedarea
representshe amorphous/microcrystallinéransition zone. The lines are
merelyfor guiding the eye.

mode around640 cm ! was used,sincein the caseof the
a-Si:H structurethe oscillator strengthis independenof the
preparationconditionsand of the H content for this mode.
However,two basicdifficulties canarisewhich may strongly
alter the proportionalityconstantbetweenthe H contentand
the integratedabsorptionrwhen structuralchangesoccur:

(1) Thebondsin solidswhich seethe local electromagnetic
field maybe considerablynfluencedby the differentmi-
croscopicstructure;and

(2) the oscillator strengthof a given mode of the Si—H
bondcanbe strongly affectedby the changedmolecular
environment.

The total hydrogencontenthas beenadditionally mea-
suredby ERDA, the latter being a direct methodto deter-
minethetotal amountof bondedandnonbondedydrogenin
the films. The H contentas a function of the dilution ratio
determinedby both methods(Fig. 2) shows an identical
overall tendencyand no significantsystematicdifferencein
thetrendsis apparentNote thata generaloverall shift in the
absolutehydrogencontentsof the two independentnethods
arises,due to inaccuraciesn the calibration constants.On
the other hand, it is reasonablethat ERDA determinesa
higher H contentthan the IR measurementshecauselR
spectroscopydetectsonly the bonded hydrogen, whereas
ERDA is sensitiveto all the hydrogen.Hence,ERDA addi-
tionally detectsthe molecularhydrogentrappedin internal
microvoids or microcavitiespresentin the material. It has
beenshown,e.g.,by calorimetricalexperimentghat the mo-
lecular hydrogenin a-Si:H layers can attain substantial
amounts:1®

Furthermore,both methodsconfirm that the hydrogen
incorporationin the a-Si:H materialpreparedat dilution ra-
tios close to or within the transition zone is considerably
enhancedas comparedo films preparedrom pure silane.

A furtherincreasingdilution beyondthe transitionzone
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FIG. 3. Hydrogencontentdeterminedby ERDA plotted againstthe hydro-

gencontentobtainedby IR spectroscopythe squaresare sampleprepared
in the uc-Si:H regimehavinga clearmicrocrystallinecharactewhereashe

gray highlightedcircle representshe films depositedn or very nearto the

amorphous/microcrystallinetransition zone. Furthermore, conventional
a-Si:H samplegblack pointg depositedn our laboratoryfrom pure silane
at different temperature$100, 300, and 400°C) and/orusing the hot-wire

techniqueare added,for the purposesof comparison.The straightline is

fitted by hand.

leadsto uc-Si:H growth togetherwith a strongreductionof
the hydrogen content even well under the contents of
samplespreparedin the amorphousregime. The values
found here for the wc-Si:H are in agreementwith former
ERDA and hydrogeneffusionmeasurement®.

In orderto establishf thereexistsa proportionalitycon-
stantbetweertheintegratedstrengthof therocking-wagging
vibration modeandthe H contentin the whole investigated
dilution rangewe haveplotted,in Fig. 3, the hydrogencon-
tentdeterminedoy ERDA againstthe H contentobtainedby
IR spectroscopyor the samesamples Additionally for the
purposeof comparison,we have plotted the data of three
conventionala-Si:H films depositedrom pure silaneby the
VHF PECVD andby the hot-wire techniqueat differentsub-
strate temperaturesThe H contentsof theseconventional
a-Si:H samplesspanover a largerangesimilar to that of the
H contentof the layerspreparedby hydrogendilution.

Omitting the samplesn/nearthe narrowtransitionzone
(note:thetransitionzonerepresentsnly a very small part of
thewholedilution rangeinvestigated, all othersamplere-
pared by dilution lie, quite independentlyof the dilution
level andof the structuralpropertiespn a singlestraightline
which coincidesvery well with the line found for the con-
ventionala-Si:H layers.Sincethe slopeof the straightline is
closeto 1, our measurementseconfirmthe proportionality
constangivenby Shankset al.# for conventionab-Si:H and
moreoverextendthe validity of this proportionalityconstant,
additionally,to uc-Si:H layers.

The only valuesoff the straightline in Fig. 3 aredueto
thefilms depositedn/nearthe narrowtransitionzone(repre-
sentedby a gray highlightedcircle in thefigure); it is caused
from a extraordinary increasedH content measuredby
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FIG. 4. Compressivdilm stressas a function of the silane concentration.
Theline is merelyfor guiding the eye.

ERDA as comparedto IR measurementand indicatesa

higher incorporationof nonbondechydrogenin the matrix.

In particulartheincreasedlifferencebetweenR andERDA

in this region might suggesta higher amountof molecular
hydrogenenclosedn microvoids.In accordancavith this, a

substantiallyincreasecamountof molecularhydrogenin the

microvoidsshouldmicroscopicallyincreasethe gaspressure
in the microvoids for comparablestructures,and, by this,

increasethe macroscopicallyobservablestress.Indeed, as

shownin Fig. 4, a substantiallyincreaseccompressivestress
hasbeenfound for layersin or nearto the transitionzone.

Dueto the high compressivestresstheselayershavea very

strongtendencyto peeloff from the substrate.

For the processof molecular hydrogen incorporation
into the film we proposethe following model: Causeddy the
plasmaa certainamountof atomichydrogenwill be present
at the film growth zone.Partially, this atomic hydrogenwill
penetrateinto the subsurfacegrowth zone by diffusion and
reconstructthere the Si—-Si networkstructureeitherby etch-
ing weak Si—Si bonds, or by saturatingpresentdangling
bonds,or, also, by reactingwith clusteredhydroger?! The
molecularhydrogenthusformed,is now lessableto diffuse
thanthe atomichydrogen;thereforeit is not volatile enough
to reachthe gasphaseagainbeforebeing buried by further
depositionand hencebeing definitely trappedin the bulk
material.

Assumingthatmorehydrogenpresenin the plasmaalso
increasesthe concentrationof molecular hydrogenat the
growing surface,the simple image describedabovelets us
basically understandhe experimentallyfound observations
thatboththebondedaswell asthe molecularhydrogenin the
still amorphousmaterialincreaseby strongdilution. On the
otherhand,we haveto concedehat this modelis very sim-
plified andsurelydoesnot fully describethe actual,complex
mechanisiof hydrogenincorporationand growth kinetics.



IV. SUMMARY AND CONCLUSIONS

Silicon layershave beendepositedusing silanedilution
by hydrogenoverthe large dilution rangefrom 100%silane
down to 1.25%. According to the structureof the material
obtained,this large dilution rangecan be divided into two
major zonesseparatedy a narrow transition zone. A first
major zone correspondd4o amorphousmaterial and covers
the rangefrom pure silanedown to silane concentration®f
about9%. In this zonethe layers depositedindeedhave a
fully amorphousstructure.At silane concentrationsbelow
6% the hydrogencontentof the films decreasesharply as
confirmedby ERDA and IR spectroscopyand the material
becomesmicrocrystalline as also recognizablein the IR
spectralt canbe notedthat IR-absorptionspectroscopyle-
tectsevensmall, gradualdifferencesn theselayers.The ob-
servedmodificationsandfeaturedn thelR-absorptiormodes
canbe clearly assignedo mono-and/ordihydride bondson
(100 and(111) surfacedn silicon crystallites.

At silane concentrationdetween6% and 9%, we ob-
serveda narrow transition zone; here, the structureof the
layers depositedcannotbe clearly identified. The films in/
nearthe transitionzone show a considerablyenhancecy-
drogenincorporationas comparedto a-Si:H preparedfrom
pure silane.Moreover, IR spectroscopyand ERDA suggest
thatin this transitionzonea muchhigheramountof molecu-
lar hydrogen(probably trappedin microvoidg is incorpo-
ratedin the layers.In the samedilution regionthe intrinsic
compressivdilm stressreachests maximum;this is consis-
tent with our observationof a higheramountof molecular,
nonbondedhydrogenbeing trappedin the material. How-
ever,the exactmechanisnof hydrogenincorporationwithin
this transitionzone,andthe detailedconsequencesf all this
on film properties,is still poorly understoodand requires
further investigation.

Finally, our measurementfdicate that the commonly
usedproportionalityconstantbetweenthe integratedabsorp-
tion strengthof the rocking-waggingvibration modeandthe
hydrogencontentas given in Ref. 4 remainsvalid for the
fully amorphoudayersdepositecat moderatedilution andis
additionally applicableto the microcrystallinelayersdepos-
ited at high dilution. Therefore the usualevaluationmethod
which is well establishedfor conventionala-Si:H can be
extendedo estimatethe hydrogencontentin wc-Si:H mate-
rial.

However,in the specificlayersas depositedn/nearthe
narrow transition zone, IR spectroscopystrongly underesti-

matesthe total hydrogencontentdue to the high amountof
molecular,nonbondedhydrogenpresenthere. Hence, high
compressivdilm stressconsideredo be a potentialsign for
increasedevelsof molecularhydrogenremindsusto uselR
spectroscopyith carefor determinatiorof total H content.
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