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Optical characterizatioomethodswere appliedto a seriesof microcrystallinesilicon thin films and
solarcells depositedby the very high frequencyglow dischargetechnique Bulk and surfacelight
scattering effects were analyzed.A detailed theory for evaluation of the optical absorption
coefficienta from transmittancereflectanceindabsorptancéwith thehelpof constanphotocurrent
method measurementis a broadspectralregionis presentedor the caseof surfaceandbulk light
scattering. The spectraldependenceof « is interpretedin terms of defect density, disorder,
crystalline/amorphoudfraction and material morphology. The enhancedlight absorption in
microcrystallinesilicon films andsolarcells is mainly dueto a longeroptical pathasthe resultof
an efficientdiffuse light scatteringat the texturedfilm surface.This light scatteringeffectis a key

characteristiof efficient thin-film-silicon solar cells.

I. INTRODUCTION

Hydrogenateanicrocrystallinesilicon (uc- Si:H) depos-
ited by very high frequency glow discharge (VHF-GD)
methodshasbeenintroducedasa newthin film photovoltaic
(PV) material andleadsto stablesingle-junctioncells with
over 8% efficiencyandover 25 mA/cn¥ short-circuitcurrent
density? The stable efficiency of the tandem micro-
crystalline-amorphoussilicon (“micromorph™) cells, pro-
ducedby VHF-plasmadeposition reachedl2%3 Similar re-
sults were reportedrecently by other groups?® High effi-
cienciesare possiblethanksto a good passivatiorof defects
by hydrogenin the n.c-Si:H plasmagrowth processaanddue
to an enhancedoptical absorptionleadingto efficient sun-
light absorptionin just 1-4 um thick films andsolarcells®’

The importantkey for the succesof the uc-Si:H asa
PV absorbenimaterialis its enhancedabsorptioncompared
to themonocrystallinesilicon. Therehasbeena discussiorin
the literature whetherthe observedabsorptionenhancement
shouldbe attributedto high internal surfacesof small crys-
tallites, internal stressamorphoudraction in the films or to
thelight scatteringeffects®®~° Recentlywe haveshownthat
the absorption enhancements mainly due to the light
scattering’'* and we havesuggestea procedureto identify
the influenceof scatteringandto extractthe “true” optical
absorptiorcoefficienta(E) as a functionof photonenergyE
from the experimentallyobservedspectra.

This procedureis important, especiallyfor understand-
ing the subgappart of the optical absorptionspectrarelated
to the defectstateswithin the energygap.A low defectden-
sity is anotherprerequisitefor an efficient microcrystalline
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solarcell. In pc-Si:H the subgapabsorptioris howevertypi-
cally very low andsowe needa methodwhich measureshe
absorptancelown to valuesof 10~ °. Both the photothermal
deflectionspectroscopyPDS andthe constantphotocurrent
method (CPM), well known from the field of amorphous
silicon, can be used. However, both methodsresult in an
“apparent” optical absorptioncoefficient a,,, affected by
scatteringeffects.

In this studywe will discussthe influenceof light scat-
tering on CPM absorptionspectra.CPM detectsthe light
absorbed(either directly or after one or more scattering
event$ inbetweentwo metal electrodesusedfor the photo-
currentmeasurementDimensionsof the gap influencethe
contributionof the scatteredight to the measureghotocur-
rentand,thus,to the a,,,. We will presentherea procedure
on how to extractfrom the measuredy,,, both the true op-
tical absorptioncoefficient o, E) and the contribution of
light scattering.

In the caseof a very weak volume scatteringwe have
presentedh theory for the evaluationof the true optical ab-
sorption coefficient o, E).1? In this study we presenta
detailedtheory for the evaluationof ay,{E) in scattering
uc-Si:H samplesn the subgapandabove-gapegionsfrom
spectrophotometrimeasurementsf transmittancd (\) and
reflectanceR(\) and from the absorptancé\(\) measured
by CPM. Both scatteringeffects,i.e., at the surfaceandin
the bulk of the film, areincludedin our analysis.We verify
our theory with the experimental results for different
pc-Si:H films. We show how the spectraldependencef
an E) canbeinterpretedin termsof defectdensity,disor-
der, crystalline/amorphoudraction and material morphol-
ogy. Finally, we will discussthe correlation of wc-Si:H



propertiesandlight trappingeffectswith a boostof the solar
cell performance.

Il. THEORY

A. Parameters used to describe light scattering in the
volume and at the surface of uc-Si:H

In the following let us considera light beamincidenting
perpendicularlyon a thin wc-Si:H film depositedon a thick
nonabsorbingubstratevith a correspondingefractiveindex
ng andsurroundedy anambientwith a realrefractiveindex
n,. The parameterof the film are denotedby the index f:
thus,thefilm thicknesss d; andits complexrefractiveindex
is N¢=n¢+iks. Theimaginarypartof the refractiveindexk
is relatedto the optical absorptioncoefficienta by

k= \ 1
=1, 1

For the dispersiornof the wc- Si:H refractiveindexn; we use
a modification of the Sellmeier formula suggestedby
Herzberge?®
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where n, and ng are material constantswhich haveto be
determined experimentally, the vacuum wavelength \ is
givenin micrometersandthe choiceof the constant0.028is
arbitrary and independenbf the material. The advantageof
Herzberger'sformula is the linear relation betweenthe re-
fractive index and its parametersyhich will be useful for
fitting the interferencdringesin the R(\) andT(A) spectra.

Light scatteringoccursboth at inhomogeneitiesn the
volume (mostly voids) and at the surfaceof the uc-Si:H
film. Both effectsleadto the attenuationof the speculare-
flectedandtransmittedbeamsandto an enhancementf the
absorption.The typical rms surfaceroughnesso, observed
by atomicforce microscopy(AFM), is 10-40 nm for 2 um
thin films.** Fouriertransformanalysisof the AFM datare-
vealeda small correlationdistance.The grainsin the layer,
typically prolongedin the directionof growth, havea diam-
eteron the orderof tensof nanometers? Hence we canuse
the scalarscatteringheoryfor randomroughsurfaceswith a
small correlationdistance®

The lossesfrom the speculadight beamby scatteringat
the rough interface betweenmedial and 2 are described
within the scalartheoryby the scatteringfactorss.'® Thus,in
comparisorwith a smoothinterface,the Fresnelcoefficient
r1, for the amplitudeof the beamreflectedfrom the rough
surfacebackto the medium1 is reducedby a factor

. 1(4mno|?

andthe Fresnelcoefficientt, for the amplitudeof the beam
transmittedthroughthe rough interfaceto medium?2 is re-
ducedby a factor

. % 1(277(n1—n2)0')2
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whereo is the rms surfaceroughnes®f the boundaryinter-
face,n; andn, arethe refractiveindicesof the correspond-
ing media,and\ is thelight wavelengthin vacuum(seealso
Appendix A). Formulas(3) and (4) assume:(i) o<<\, (i)
small correlationlength of the surfaceroughnessand (iii)
normalincidenceof thelight. In the caseof an obliqueinci-
dencethe surfaceroughnessr hasto be reducedby the fac-
tor sin(y), where vy is the anglebetweenthe surfaceandthe
directionof the incominglight beam.

On the other hand, the attenuationof the specularight
beamby an isotropic volume scatteringmay be simply de-
scribed by the volume scatteringcoefficient ag..*® There-
fore, the attenuatiorof the speculatbeamin thefilm is given
by the coefficienta;

af= et A, 5

where ¢ is the true optical absorptioncoefficientin the
film.

The descriptionof the scatteringby s factorsandby a.
is the simplestdescriptionof the otherwisecomplex phe-
nomenonand expresseshe level of approximationsve use.

B. Specular reflectance and transmittance of
scattering samples and determination of the optical
constants

The descriptionof the speculareflectanceandtransmit-
tanceof a uc-Si:H layer on a thick glasssubstrateneedsto
take into accountboth wc-Si:H interfaces,multiple reflec-
tions within the layer as well as the influenceof the back
substrateambientinterface. The resulting formulasfor the
spectraof reflectancefrom the film side R¢(\) or from the
sideof the substratdtypically glass Ry(\) andthetransmit-
tanceT(A) as a function of the sampleparameters;, ax,
d¢, o, n,, ng arecomplicatedunctionsgivenin full detailin
Appendix A. As an example,the reflectanceand transmit-
tancecalculatedfor a 1 um thick wc-Si:H layer on a thick
glasssubstrateareshownin Fig. 1. Theresultsplottedby full
linescorrespondo the samplewith a smoothtop surfaceand
thoseplotted by the dashedines for a surfacewith the rms
roughnessr=30 nm. Onecanobservethatthe roughsurface
leadsto a decreas®f bothreflectanceandtransmittanceand
alsoto a partial smoothingof the interferencefringes.

Figure 1 showsthe T and R results of modeling for
known film parametersbut in the experimentwe needto
solve the inverse problem, i.e., the determinationof the
sample parametersn;, «;, d¢i and o from the measured
Ri(N\), Ry(A) and T(\). For that purposewe divide the
spectrainto threeregions:

(i) a region of strong (completg absorption(T;=T,
~0) wherethe surfaceroughnessndrefractiveindex
n¢(\) of thefilm canbe estimated;

(i)  aregionwith negligibleabsorption as~0) wherethe

film thicknessandrefractiveindexn(\) canbe esti-

mated;and

a region of mediumand high absorption(T;=Ty>0

wherethe ad; productis in therange0.05-5) where

the absorptioncoefficienta;(\) canbe determined.

(iii)
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FIG. 1. Calculatedspectraof reflectanceR;, R; andtransmittancel; of a
uc-Si:H layer on a glasssubstrateaccordingto the formulasgivenin Ap-

pendix A for a smooth surface(solid lines) and for a layer with a rms
roughnesof ¢=30 nm (dashedines). The subscripts andg indicatethat
we considerlight incidenceon the samplefrom the side of the film, respec-
tively from the glasssubstrateNote that T;=Tg. The refractiveindex of

the uc-Si:H layer was approximatedoy n¢= 3.3+ 0.2/(\2—0.028) and the
absorptioncoefficient by a;=15000* (E—1.1)*(cm™~1). The boxesmark
the spectralregionsfrom which the optical parameterf the sampleare
obtained:(1) refractiveindexof thefilm n; is obtainedfrom the valueof Ry

in theregionof strongabsorptionf2) rmsroughnessr is obtainedfrom the
differenceof the R; expectedor the smoothfilm andactually observedn

theregionof the strongfilm absorption{3) thefilm thicknessd; andrefrac-
tive indexdependenca;(\) arefoundfrom theregionof negligibleabsorp-
tion; (4) the absorptioncoefficientof the film a;(\) is obtainedfrom the
regionof mediumabsorption.

Thesespectralregionsaremarkedin Fig. 1 togethemwith the
parameterghat can be obtainedfrom them. Let us consider
theseregionsin moredetailasmethodicalsteps(1-3) for the
evaluation.

1. Determination of the surface roughness and real
part of the refractive index in the high
absorption region

The real part n; of the film refractive index and the
surfaceroughnessr canbe found from the measurementsf
the samplereflectanceR; and Ry in the region of complete

absorptionwhere the interferenceeffects are suppressed.

Thus,we may neglectthe multiple reflectionsin thefilm and

consideronly the first-ordertermsfor reflectedlight in Eq.

(A5) of AppendixA. The formula (A11) for the reflectance
of the sampleRg;, from the substrateside is simplified to

Nf_n32
N¢+ng

(6)

Rsia= Rs=
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Neglectingthe imaginarypartk; of thefilm refractiveindex
N;=n;+ik; (in this spectrarangek;<0.1<n;~3.8) we can
expresghe film refractiveindex n; as

ne= nsl——RSf’ (7)

where Rg; can be calculatedfrom the experimentallyob-
servedreflectanceR, using Eq. (A14)

Rg —Ras

Rs= Rgi= .
o sfa T§s+ Ras‘ (Rg_ Ras)

®

Here Ry is the reflectanceand T, the transmittanceof the
substrateambient interface which can be calculatedfrom
the known refractiveindexesof the substrateand the ambi-
ent.

While the reflectanceR; measuredrom the substrate
side is not influencedby the rough free film surface,the
reflectancemeasuredrom the side of the film R; will be
reducedby scattering.With the value of n; determinedby
Eq. (7) we cannow calculatethe surfaceroughnesgrom the
measuredR; atthe samewavelength:

A
4w,

N+ ng |2
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n{—n, ©
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An estimated'ms surfaceroughnessr by Eq. (9) simplifies
further calculations.

2. Determination of the sample thickness and
refractive index from the interference fringes in the
low absorption spectral region

Thethicknessof thefilm d; andthe spectraldependence
of n; (i.e., the parametersi, andng [Eq. (2)] of Herzberg-
er's formula) canbe calculatedirom the interferencefringes
in the reflectanceandtransmittancespectrausinga multipa-
rameterfitting proceduré’’ We needto fit three parameters
andin orderto avoid any divergenceproblemwe divide the
fitting procedurdnto two parts.

First we fit the spectraldependencef the refractivein-
dex.Theformulasfor reflectancer, or R; of thesample Eq.
(Al14), canbe rewritteninto the form

1
y(>\)=m=a(>\)+b(>\)-cosiso), (10

wherea(\) andb(\) are functionsof the index of refrac-
tion: n¢, ng, andn, ande=4mn;d;/\. A usefulexpression
can be obtainedby consideringthe envelopesaroundthe

maxima Ymna{\)=a\)+b(\) and minima y.,(\)=a(\)

—b(\) of they(\) spectrumTheseenvelopesreconsidered
to be continuousfunctions of . We obtain the functions
a(\) andb(\) by a splineinterpolationof the experimen-
tally observedy.x and ym,in- Once a(\) and b(\) are
known, we can calculate cos(p)=(y(\))—a(\))/b(\). Now

using Herzberger'sdispersionformula, i.e., Eq. (2), we can

expressod ¢) as
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whereE=1.2389A is the photonenergyin eV and p, and
pg are parameterselatedto n, and ng by the expressions
pa=nhad; and pg=ngd; (Whered; and \ are expressedn
micrometers Parameterp, and pg arefound by a nonlin-
earleast-squareftting of the spectraldependencef cog ¢)
obtainedfrom measuredl'/R usingEq. (11).

Usingthe obtainedp, andpg we cancalculatecoq ) at
each\ in the formulasfor the reflectanceand transmittance
of the film [Egs. (A10)—(A11)]. A nonlinearleast-squares
fitting routineusedto fit the transmittancer reflectancalata
in the transparentegionthenrequiresonly the free param-
eterd;, which is easyto obtain.

3. Imaginary part of the index of refraction from the
region of medium absorption

When the spectraldependencef n;(\) and the thick-
nessof the film d; are known we canfind the spectrumof
a;(E). In the spectralregion wherethe film absorptionco-
efficientis high enoughandthe interferencesn the film are
absentthe absorptioncoefficient can be calculateddirectly
from the transmittanceusing Eq. (A12) reducedto the form

TafosTsaexF( - afdf)
1- Rszsa

whereT, Ts, TsaCanbecalculatedusingthe knownvalues
for o, df, n,, ng and n; (n; is extrapolatedfrom the
Herzberger'sformula using n, and ng determinedin the
transparentegion.

Theapproactbasednly onthetransmittancdails in the
region of week absorptancebecausethe influence of the
interferenceeffectson the transmittancespectradrownsthe
influenceof the absorption.The inspectionof Egs. (A10)-
(A12) showsthat the function (1—Ry)/T is almostfree of
interferencefringes® and s, thus, suitableto solve a(E).
This approachmakesit possibleto calculatevaluesof a; in
the spectralregion,where «;d;=0.05.

[ —
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C. Measurement of the absorptance in samples with
the bulk or the surface scattering by CPM

CPM usesthe photocurrentproportionalto the amount
of light absorbedn the film. For nonscatteringsampleson
nonabsorbingsubstrateghe photocurrentis simply propor-
tional to the absorptancelefinedas

A=1-R-T, (13)

where R and T are the reflectanceand the transmittance.
More careis requiredfor the analysisof scatteringsamples.
Here, a large part of the light scatteredn the silicon film
(with relatively high refractiveindex) will remaintrappedin
thefilm by total internalreflectionsand,thus,scatteringwill
actuallyleadto a muchmoreefficientphotogenerationf the
carriersmainly in the low absorptionrange. Finally, it is
importantto realizethat dueto the shortdiffusion lengthsof

electrodes

thin film >l
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FIG. 2. Electrodeconfigurationfor the measurementf the photocurrenin
the constantphotocurrenimethod(CPM).

the carriersonly the light absorbedbetweenthe electrodes
will contributeto the photocurrentThe geometryof the co-
planarelectrodesvith width W anddistanceD usedfor CPM
measurements shownin Fig. 2.

The detailsof the CPM methodand evaluationare de-
scribedelsewheré?® The mostsimple standardnterpretation
of the measuredCPM spectrd’ usesthe Beer'slaw expres-
sion for the absorptancef the film

A=(1-R)[1—exg —ad)]. (14)

For small valuesof « this leadsto A=(1—R)«d. Further-
more, changesn the reflectanceR as a function of photon
energyE canbe neglectedwhencomparedwith changesn
a over severalordersof magnitude.A similar assumption
hasbeenmadein PDS?! Keepingthe photocurrentonstant
by changingthe intensity of the illumination leadsto a
simple evaluationof the «(E) spectrum,which is propor-
tional to the inverseof the photonflux. In the following we
shall denotethe result of this procedureasthe apparentab-
sorption coefficient a,,,. More preciseexpressiongor the
absorptancewhich would include the effect of the multiple
reflections,canbe used(seeAppendixA) but the arguments
of Sec.ll C1 remainvalid.

1. Model of multiple bulk scattering

If we usethe simpleapproachBeer’slaw) for bulk scat-
teringin the films, the attenuatiorof the speculatbeamwill
be given by Eq. (14) with absorption coefficient «;
= ayet asc [EQ. (5)]. Hence,neglectingthe spectraldepen-
denceof reflection,the partof light directly absorbedvill be

(87
Agr~—2[1—exp(— a;dy)]

ag

(15

andthe part of light scatteredn the volume of the film will
be

A= [ 1— expl— ardly) ]. (16
af

Correspondinglythe photocurrentwill be composedf two
components

17

wherel g, is proportionalto Ay, andrepresentshe photocur-
rent excited by photonsabsorbedfrom the specularbeam,
i.e., without any scattering

Foh=lairtsc,
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whereNpoonsis the incidentphotonflux.

The componentl ¢ representghe contribution of pho-
tonsabsorbedfter oneor morescatteringevents.This com-
ponentis importantmainly at the spectralregion with low
optical absorptioncoefficientay,.. It will be proportionalto
the numberof photonsscatteredrom the speculabeamAg,.
definedby Eg. (16), howeverwe needalsoto considerthe
probability that the scatteredohotonwill be absorbedn the
spacebetweenthe electrodesand thuswill contributeto the
observedphotocurrent.

First, let us define a very important parameterfor the
light trapping scheme the critical angle 6 for total reflec-
tions. 6 definesthe escapeconeand can be calculatedfrom
thetotal internalreflectionconditionsin(6)=n/n;, wheren is
theindexof the outermedium.For therefractiveindexof 3.5
(for uc-Si:H films in the nearIR region this gives #=16.6°
for the film—air interface and #=25.4° for the film—glass
interface If the photonfrom the speculabeamis scatteredn
the direction outsideof the escapeconeit will be confined
within the film by total internal reflectionsand will remain
trappeduntil it is either absorbedor scatteredagain.If the
photonis scatteredwithin the escapeconeit will probably
escapdrom the film after a few internal reflections.A nu-
merical simulationshowsthat the contributionof suchpho-
tons to the photocurrentis negligible. Assuming isotropic
scatteringwe canwrite the probability P, thatthe photonis
scatteredutsidethe escapeconeas

P,=cosé. (29

Whenthe scatteredphotonis trappedby the waveguid-
ing it mustfinally be absorbecr scatteredagain.The prob-
ability thatthis photonwill be scattereds determinedoy the
value of the meanfree path betweentwo scatteringevents.
The meanfree path is given as a reciprocal value of the
scatteringcoefficient ag (typical valuesin microcrystalline
silicon for ag are <50x E*cm™!, whereE is the photon
energy in eV’). The probability that the waveguided
photon is absorbed within its mean free path is
1—exp(—ayue/asg - If the photonis not absorbediuringthe
meanfree path 1/a. it is scatteredagainandthe samekind
of considerationgrevalid. The photocurrenexcitedby scat-
tered photonscan then be calculatedby the sum of these
contributions,leadingto a geometricalseries(seeAppendix
B for detaily.

However, the absorbedphoton will contribute to the
photocurrentwith probability Py, only if it is absorbed
within the areabetweenelectrodeqseeFig. 2). Finally the
contribution of the scatteredlight to the photocurrentob-
servedby CPM will be proportionalto the product(with the
sameconstantasthe | g, component

l'sc~ NphotonAscPtrPWDa (20)

which leadsto the expressior(for detailsseeAppendixC)

Qsc
lse~ Nphotonsa_f exp( — a;d¢) - cose
Nbulk
'y, u
Ccosé- exr{ - rue) -1
1— EX[( B atrue) Asc

Qsc Atrye ’

cosf- exp( - ) -1

Qsc

(21

where Ny, is the numberof the scatteringeventsbetween
the electrodesFor the determinationof this parametemwe
usethe solution of the classicalprobability task—arandom
walk:

Npuk=[asc: X(W,D)]z, (22

where X(W,D) is the function of electrode dimensions
which givesa value approximatelyequalto the distancebe-

tweenthe electrodeswhen the ratio of the length of elec-

trodesandthe interelectrodespacingis closeto the value of

6.6—for detailsseeAppendix C.

If the standardCPM evaluationprocedurewill be ap-
plied to the measuredspectrumwe will obtainan apparent
optical absorptioncoefficient a,,, for which the following
equationis valid:

1—exp(— gy di)

1
T [1—exp(—as-di)] | ayyet asc COSH
f

Pirue

1- exp( - )
Qsc

Pirue

Ccosé- ex;{ - —>
s

Atrye
Ccosf- eXF{ — ) -1
Qsc

This equationshowshow the CPM measuredx,,, depends
on the electrodegeometryi.e., the interelectrodespacingD
andthe electrodelength W (seeFig. 2), and on the param-
etersayue, ascandn; (ns influencesthe value of the critical
anglefor the total reflection).

The combinationof Egs. (23) and(5) enableshe mod-
eling of the apparentoptical absorptioncoefficient a4y, of
the film with the known parametersy e, as., 6, WandD.
Note that althoughthe film thicknessappearsalso in Eg.
(23), this parametedoesnot influencethe result of model-
ing. The inverseproblem,i.e., the evaluationof the spectral
dependencef the absorptioncoefficient a4, andthe scat-
tering coefficient ag. cannotbe solvedanalytically and nu-
merical methodshaveto be used.First we roughly estimate
the scatteringcoefficient . from a comparisonof several
CPM measurementgfor different interelectrodespacing
with the modeloutputdataof the samecoplanargeometries.
In agreementvith Ref. 22 we supposethe spectraldepen-
denceof the scatteringcoefficient.For the value of the scat-

Nbulk

-1

(23




tering coefficient a (at photonenergyE=1 eV) up to 50
cm ! we supposehe Rayleightype of scatteringj.e., a de-
pendence~E*. The estimatedscatteringcoefficient(andits
spectraldependencgetogetherwith the smoothedCPM data
entertheiterative procedureof evaluationof the true absorp-
tion coefficient.

2. Model of surface scattering

Most of the high quality microcrystallinesilicon films do
not exhibit a mirrorlike free surface.Theselayers with a
“milky” appearanchaveatypical rmssurfaceroughnessf
15-35 nm, which leadsto the surfacescatteringWe present
herethetheoryfor surfacescatteringderivedby the helpof s
factorsfor the caseof light enteringfrom the film side.For
thesecalculationswe introducenew factorsS;, S, and S,
which decreasghe intensity of the specularlytransmittedor
reflectedwave. Thesefactorsare definedas™

_ 2
st=s§f=s?a=exr{—(2”(”;—”"")o) , (29
) 4o ?
Sio=S;=ex —( X ) : (25
2
Sr:exr{_(4wnf¢;co&p) | 26

where S, correspondgo the perpendiculainternal reflec-
tion and S, to the oblique incidencewith the angleof inci-

dencee (with respectto the surfacenorma). Sincewe cal-

culateanaverageamountof the scatteredight for all angles,
we usethe following empiricalformula (taking into account
a changeof the critical angleof total reflectionwith a change
of the index of refraction:

5 el{ (4wnfacos(7r/nf)
=exg —

2

x (27)

For CPM modelingin the caseof rough samples,we
startagainwith Eq. (17) for the photocurrenpassinghrough
the sample(consistingof | 4, andl ¢). | 4 (photocurrenafter
photonabsorptiorwithout any scatteringeventin thin film of
thicknessdy) is given by

lgir=~ Nphotons‘ S [1—expl— ayye di) ] (28)

The componentl . representghe contribution of pho-
tonsabsorbedafter oneor more scatteringevents.This com-
ponentis importantnot only in the low absorptionrange(as
in the caseof bulk scattering but alsoat the spectralregion
with medium(andhigh) optical absorptioncoefficienta .
It is proportionalto the numberof photonsscatteredrom the
specularbeamby the rough interface and absorbedin the
regionof electricfield.

The number of photons scatteredduring the passage
throughthe rough ambientfilm interfaceis proportionalto
(1-S)). Neverthelessyve also considerhere the contribu-
tion of photonsscatteredby more complicatedways after
speculatransmissiorthroughthe first interface the penetra-
tion through the film, then the reflection at the second
(smooth film—-substrateinterface, followed again by the

6

penetratiorthroughthe film, andfinally the diffusive reflec-
tion at the first interface.The total amountof the scattered
light is thenin relationto the probability P,

Po=(1-S)+ S Res exp( — 2auds) Ria( 1~ Sro).-
(29

The parametersis and Ry, are the reflectioncoefficientsat
the interfacefilm—substrateand film—air, respectively.The
secondpart of the right hand side of Eq. (29) is usually
smallerbut not negligiblein comparisonwith the first one,
becausg1—S,;;) canbe anorderof magnitudehigherthan
(1-S).

Waveguidingpropertiesof the material are determined
again by the critical angle @ for the total reflection which
definesthe escapecone. The probability Peg. that a photon
will be scatteredvithin the escapesoneis givenfor theideal
Lambertian(cosine distributionas

ng\?
nf) '

For surfacescatteringthe smallestdistancebetweentwo
scatteringeventsis given by twofold thicknessof the film
(for the photonsscatteredn the speculardirection. On the
otherhand,the longestdistanceis infinite for the light scat-
teredparallel to the film plane.The total Lambertianangle
distribution (¢ from 0 to #/2) is givenby cod ¢)sin(¢) prod-
uct with a maximumat the angle o= n/4. The multiplication
factor Y for the averageincreaseof the optical path of the
scatteredlight, comparedto the samplethickness,can be
calculatedfrom the angulardistributionas

12 i
s sinede

Pesc_

(30

V=2 I sing cosede S
wherethe factor 2 meanstwofold path becauseof the total
internal reflection at the film—substratesmooth interface.
[The parameterY variesfor wc-Si:H with the index of re-
fraction (wavelength from about4.2to 4.6.] Hence for very
roughsamplesthe Y - d; productdenotessomethingike the
meanfree path. For microcrystallinesilicon films with rms
surfaceroughnesgypically varying from 15 to 35 nm, the
probability of a photonbeing absorbedduring this distance
(Y-df) is equalto [1—exp(—Yayuuds) ] andthe probability
of being scatteredat this rough interfaceis given by (1
—S,). If thephotonis neitherabsorbedor scatteredr if the
photonis not absorbedbut is scatteredoutsidethe escape
cone,thenthesamekind of considerationfiaveto be applied
again. The calculationof the photocurrentl ;. leadsto the
solution of a geometricalseriesandis given by

pYsui—1
|~ PoA1+ PoP1A,- W (32
where
A1=(1—Pesd - [1—exp(— Yayds)]
+ Pese [1—exp(— 1.0y 1, (33

where A; representghe relative amountof scatteredight
absorbedbetweenthe first and the secondscatteringevent



andthefactor 1.05is the averagencreaseof the optical path
of the scatteredight within the escapecone(for the nc-Si:H
film/glassinterfacs.

P1=(1—Pesd - €XP( — Yy ds) (34

is the relative reductionof the light intensity betweenthe
first andthe secondscatteringevent

Ar=[(1=Pesd - (1=S)+S]-[1—exp(— Yay,ds)]
+ Pesc‘ [1_ eX[X - 1-05a'truedf)]

[1+ Res- exp( — 105y ddf) ] (35

is therelativeamountof the scatteredight absorbedetween
the next two scatteringevents(secondand third, third and
fourth, ...) and

P2=[(1-Pesd - (1-S) +§]-exp(— Yayddr)]  (36)

is again the relative light intensity reduction betweenthe
nexttwo scatteringevents.

The total numberof scatteringeventsinside the region
of the electricfield Ng,; in the caseof surfacescatteringcan
be calculatedby weighting the probability (1—S;) of pho-
tonsto be scatteredat a distanceY d; and probability S; of
photonsto be specularlyreflected

X(W,D))\? X(W,D)
s~ | ~yg (1-S)+ ~d S, (37
where X(W,D) is the interelectrodespacingfunction (see
AppendixC).

For the modelingwe takeinto accountthat a part of the
light escapingto the (nonabsorbing glass substrate(with
index of refractionng~1.5 and substratethicknessd,) can

returnto the areaof the electricfield betweerthe electrodes.

This considerationleadsto the modification of the relative
amountof the photonswithin the escapeconeand, thus,the
probability P.s., which will vary not only with the index of
refractionof thefilm andsubstratgn; andng), but alsowith
the substratethicknessdg and the interelectrodefunction
X(W,D). Pegcis given by

_ Nset 2
Pese™ I"I_f )
whereng (varying from n, to ng) representshe effective

index of refractionof the substratewhich canbe calculated
(for the cosinedistribution of the scatteredight) as

) . X(W,D)\1]?
Nge= | 1+N5— 4 Ng-Sin arcta od.
S

Now, we can write for the apparentoptical absorption
coefficientasmeasuredy CPM

1—exp(— X app di) =S 1—exp— ayye di) ]

p’z\lsurf_ 1
Al+ PlAZW . (40)

(39

0.5
(39

+Py

Similarly asin the caseof the multiple bulk scattering,
this equationcanbe usedfor modelingof the apparenbpti-
cal absorptioncoefficient a,,, with the help of the known
parametersy, {E), o, d, dg, n(E), W andD. The evalua-

tion of ay,(E) from the CPM measuremers donenumeri-
cally on the basisof the known rms surfaceroughnesso,
determinedoptically.

lll. EXPERIMENT

Microcrystalline silicon layers and solar cells were de-
positedby the VHF-GD methodusinghigh dilution of silane
in hydrogen,with and without a purifier>*23 Layers were
depositetbn AF45 glass,underconditionssimilar to the cor-
respondingcells. The typical film thicknesswas around 2
pm. With respecto the depositionconditionsthe layersre-
sult in eithera smooth,mirrorlike or a rough, hazy appear-
ance.Somerough (textured layerswere afterwardschemo-
mechanicallypolishedto a mirrorlike surfaceto excludethe
influenceof the roughsurfaceon the measurementf optical
properties.This is a delicate procedure,frequently ending
with the layer peelingoff from the substrate.

The typical rms surfaceroughnes®f (220) texturedmi-
crocrystallineSi layersis below 40 nm for about2 um thick
films, as directly observedby the AFM. The grainsin the
layer, prolongedin the directionof growth, havean effective
diameterof 10-30 nm, asseenby transmissiorelectronmi-
croscopy(TEM).1

A computer-controlledsingle-beamspectrometerwas
usedfor the transmittance/reflectanameasurements the
0.6-3 eV spectralregion. The diameterof the light beam
was limited to 1 mm in order to suppresghe influence of
possiblevariationsof the layer thicknesson the modulation
depth of the interferencefringes. The detector(or the inte-
grated spherewith a detectoy is placed far behind the
samplehencejustthe speculareflectancendtransmittance
aremeasured.

The CPM setupdescribecelsewher& wasusedto mea-
sure the absorptancef the films both in the standardand
absoluteCPM mode. On top of the layers coplanarAl or
Cr/Ag electrodeswere evaporatedwith the interelectrode
spacingD varying from 30 xm to 3 mm andelectrodewidth
W between2 and 8 mm (Fig. 2). The contribution of the
scatteredight to the CPM signal is changedby this geo-
metrical setupof the electrodes.

IV. RESULTS

The spectraldependencef the speculartransmittance
andreflectanceof atypical layer beforeandafter the polish-
ing is shownin Fig. 3. Justa part of the reflectancedatais
displayedhere.In the caseof texturedsurfacesthe modula-
tion depthof the interferencefringesis reduceddueto light
scattering.The “scalar scatteringtheory,” which considers
just the phasemodulationof the incidentand outgoinglight
by the heightvariationsalong the surface hasbeenusedto
interpretthe dataandto evaluatethe root meansquare(rms)
surfgge roughnesso by the proceduredescribedin Sec.
IMA.

Calculatedvaluesof the optical absorptioncoefficienta
for the samplefrom Fig. 3 areshownin Fig. 4 andcompared
with the absorptioncoefficientof crystalline silicon?® Per-
fect agreemenbf the «,,(E) evaluatedfrom the T and R
measurementsn the polished(o=0) andon the “as grown”
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FIG. 3. Transmittancendreflectancespectraof a uc-Si:H sample,depos-
ited with 5% dilution of silanein the total gasflow at a VHF deposition
power of 19 W. Dashedlines show the resultsbefore polishing (textured
surfacewith rmsroughnessr=24 nm) andfull linesaftera chemomechani-
cal polishing.The different spacingof the interferenceringesindicateshow
the polishing decreasedhe thicknessof the sample Both spectraveremea-
suredwith light incidentfrom the sideof thefilm. Only a partof the reflec-
tancespectrais shown.

texturedlayers (=24 nm) canbe seen.Note, on the other
hand,that usingthe standardheoryfor the evaluationof the
T/R data(it meanseglectingthe effectof the surfacerough-
ness resultsin a false, “apparent” optical absorptioncoef-
ficient for texturedlayers.

A. Study of textured and smooth layers by constant
photocurrent method (CPM)

CPM detectsthe light absorbedeither directly or after
oneor morescatteringevents inbetweerthe electrodesised
for the photocurrentmeasurementThe gap (spacing be-
tweenthe electrodesnfluencesthe contributionof the scat-
tered light to the measuredphotocurrentand thus, to the

—a— as grown apparent
—o— as grown true
10*F polished 4
— “e-si
£
A
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10° __Aeﬁ% 4
1.2 1.6 2.0
photon energy (eV)

FIG. 4. The apparentabsorptioncoefficient a,, (calculatedwith the as-
sumptiono=0, i.e., by a procedurewhich doesnot take into accountany
surfaceroughnesks and true absorptioncoefficient o of the film evaluated
from the reflectanceandtransmittancedatain Fig. 3. The error barscorre-
spondto the estimatedprecisionof the « evaluationbasedon the relative
error of transmittancemeasurement~1%). The absorptioncoefficient of

monocrystallinesilicon is shownfor comparison.
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FIG. 5. Apparentoptical absorptioncoefficientsof sampleA measuredy

CPM with different interelectrodespacing(gap and calculatedfrom T/R

measurementga) in the as-grownstate (texturedsample and (b) after a
chemomechanicgolishing. The evaluatedspectraldependencef the true
absorptioncoefficienta(E) is shownas the main resultby full diamonds;
a(E) of crystallinesilicon is shownfor comparisonThe value of the rms
surfaceroughnes®f o=21 nm of the as-grownsamplewasevaluatedrom

the T/R data.

deducedCPM apparentoptical absorptioncoefficient a,p,
(proportionalto the inverseof photonflux necessaryo keep
the photocurrentconstant. CPM resultsfor different inter-
electrodespacingtogetherwith true a(E) determinedfrom
T/R measurementandcomputedrom CPM dataareshown
in Figs.5 and6 for the sampleswith preferential(220 tex-
ture. To evaluateour datawe have usedthe theoreticalap-
proachdescribedin Sec.ll. Figure 5(a) showsthe typical
sampleA with an as-grown(textured surfaceandin Fig.
5(b) the samesamplewith a polished (mirrorlike) surface.
We can seethat the effect of light scatteringon the CPM
spectradisappearedvith the polishing procedureand CPM
measuresn this casedirectly the true a(E).

Figure 6 showsa different classof samples(sampleB)
againwith the as-grown(textured [Fig. 6(a)] and polished
[Fig. 6(b)] surface For the sampleB thereis a strongdiffer-
encein CPM spectrameasuredvith differentinterelectrode
spacingalso for the polishedsurface.This samplewas pre-
paredat a high depositionrate (over 1 nm/9 andhasa lower
massdensity,presumablydueto voids.

The increasein the depositionrate and the decreasen
the defectdensity (subgapabsorption is an importantissue
for microcrystallinesilicon solar cells. Resultspresentedn
Fig. 7 showthatit is possibleto depositmaterialwith a very
low subgapabsorptionat a depositionrate of around5 A/s
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FIG. 6. Apparentoptical absorptioncoefficientsof sampleB measuredoy

CPM with different interelectrodespacing(gap and calculatedfrom T/R

measurementga) in the as-grownstate (texturedsample and (b) after a
chemomechanicgdolishingand H, plasmatreatment.The evaluatedspec-
tral dependencef thetrue absorptiorcoefficienta(E) is shownasthemain
resultby solid or emptydiamonds;a(E) of crystallinesilicon is shownfor

comparison.The rms surfaceroughnessr=26 nm of the as-grownsample
was evaluatedrom the T/R data.

(for depositionconditionsseeRef. 26). Thesesampled pre-
paredat very high frequency(VHF) power 11 and 13 W]
representhelowestsubgapabsorptiordatafor microcrystal-
line silicon presentedn the literatureso far.

V. DISCUSSION
A. Surface and bulk scattering

The resultsin Figs. 5(a) and5(b) for the typical sample
A (preparedat a mediumgrowth rate of 6 A/s) demonstrate
the dominant surface scatteringto be presentin such
samplesAfter a standarcchemomechanicalolishingof the
rough samplesurfacethe scatteringdisappearsand the true
optical absorptioncoefficient ay, is directly measuredoy
CPM. On the contrary,sampleB (preparedat a higherdepo-
sition rate of over 10 A/s) also exhibits a bulk scattering
contribution’*2which cannotbe removedby polishing,asit
is seenin Fig. 6(b). The evaluatedulk scatteringcoefficient
is as=28 E* whereE is the photon energy (eV). This
would point to a hypothesisthat small voids are presentin
microcrystalline silicon preparedat high depositionrates,
similarly to the caseof amorphoussilicon??’ This is fur-
thermoresupportedby a lower massdensityof suchfilms.

It canbe usefulto unify the theoriesof bulk andsurface
scatteringasdescribedn Secsll C1 andll C2, in termsof

True a(F) evaluated
from CPM measurements
for films deposited at:
a)—o—30W
b)--o---25 W

c) - 19W

d) 16 W

e) o= 13 W

f) =t 11 W

g) —%—9W

08 10 12 14 16 1.8 20 22
photon energy (eV)
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FIG. 7. Comparisonof the true optical absorptioncoefficient a,, for a
seriesof pc-Si:H films preparedat different dischargepowersandat dilu-
tion of silanein hydrogenof 5%.

the scatteringcoefficienta..?® The caseof light scatteringat
a rough interface,given by the scatteringfactors S canbe
expressewn the basisof the rms surfaceroughnessr by the
scatteringcoefficientag,

1 (2m(ni—ny)o\?
dy )\

whereall termshavetheir usualmeaning.Now we canuse
for the calculationof surfacescatteringhetheoryof multiple
bulk scatteringdescribedn Sec.Il C1.

Surfacescatteringis of a vital importancefor thin film
silicon solar cells. Becauseof indirect optical transitionsin
crystallinesilicon, optical absorptionin thin silicon films is
ratherlow andhasto beincreasedn orderto absorbmostof
the solar spectrumin film a few micrometersthick. There-
fore, complicated light trapping schemes have been
suggested®

An alternativeis anideal “Lambertian” light scattering
dueto a randomroughsurface®® As a specialcase we dis-
cuss here a random rough surface with rms roughness
smallerthanthe wavelengthof the light (nanotexturedilm).
This is exactlythe casewhich hasalreadybeenrealizedin a
real thin film wc-Si:H cell (2 um) dueto the naturalgrown
surfacetexture®>*3! The reasorfor this optical enhancement
is presentedn atheoryhere,wherebythe s factorsaregiven
in Egs. (3) and (4). In Fig. 8, the squareof the scattering
factorss is plotted becausehe reflectedor transmittedlight
intensity is proportionalto the squareof amplitude.In the
caseof internal reflectionin silicon at the rough silicon/air
interface, the rms surfaceroughnessof ¢=40-50 nm re-
movesthe speculampart of the reflectionbecausgs;,)? ap-
proacheszero and one observesjust the diffuse reflection
(for the wavelengthof 900 nm). This is not the casefor the
transmissiorthrougha surfaceof the sameroughnessasit
canbe seenfrom Fig. 8. The analysisof this figure (dashed
curve for s2,) also explainsthe appearancef the nanotex-

: (41)

Asc=
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FIG. 8. Reductionof theintensitiesof light specullaryreflectedor transmit-
ted at the silicon film—air interface due to light scatteringat the rough
surface,as a function of the rms surfaceroughnessr, for wavelengthsof
900nm (full lines) and550 nm (dashedines). Thereductionis proportional
to the squareof the scatteringfactorsdefinedby Egs.(3) and(4). Theindex
(t) standgfor transmittedtheindex (ext) for externallyreflectedand (int) for
internally reflectedlight in Si films.

tured silicon films for the nakedeye. A root meansquare
roughnesssmallerthan 10 nm is difficult to detectby the
eyes,a typical roughnes20-30 nm can be easily detected
andfilms with a rms roughnes®f 200 nm haveno specular
reflectancgfor random,noncorrelatedoughnesg

All this has a crucial importancefor thin film silicon
solarcells. Figure9 showsthe Monte Carlo modelresultsof
the externalquantumefficiencyof a thin texturedmicrocrys-
talline silicon p-i-n solarcell. Details of this modelingwill
be publishedelsewheré? The cell consistsof a glasssuper-
strate,a front transparentonductingoxide (TCO) layer, 2
um thin p-i-n wc-Si:H, TCO backcontactanda metalback
reflector (Ag). All optical material constantsand all thick-
nessesenter in the model, togetherwith the roughnessof
eachinterface.Iln Fig. 9 we assumehat all interfacescopy
theroughnes®f thefront TCO andthatthe rmsroughnessr
varies from 0 to 100 nm. One can observea pronounced
enhancementf the responsén the infraredregiondueto a
diffusive light scatteringat roughinterfaces.

1.0 — : , , ,
- *“Mz&&gﬁ rms roughness o
O 081 Ao0tta “0§A\A —a—  0nm
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FIG. 9. Calculatedspectraldependencef the quantumefficiency for a 2
um thick microcrystallinesolarcell asa function of theinterfaceroughness.
The cell consist of the structure: thick glass substrate/ZnQ@ pm)/
p* (10 nm)/ uc-Si:H(2 wm)/n* (20 nm)/ZnO(1um)/Ag back reflector. The
numbersin bracketsindicatethe thicknesse®f the correspondindayers.
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B. Material parameters obtained from the true a(E):
Differences between microcrystalline and single
crystalline silicon

The spectraldependencef the optical absorptioncoef-
ficient a(E) of microcrystallineSi gives us the information
onthematerialstructure whereaghe subgappartreflectsthe
defectstatesin the material.In orderto comparea standard
crystalline silicon material with a typical “device-quality”
microcrystalline silicon with hydrogen content about 5%
(from IR spectra and 10% amorphoudraction (from Raman
scattering we divide the spectralregioninto threeparts:

(@) theregionbetweenl.2and1.4 eV describingthe para-
bolic behaviorcloseto the bandedgesfrom which the
indirect bandgap of silicon may be determined:

(b) theintrinsic absorptionregionabovel.5 eV; and

(c) the region below 1.1 eV describing the defect-
connectedabsorption.

The detailedstudyof region(a) on alargesetof samples
pointsto the conclusionthat o, (E) reachesimilarvaluesas
in the caseof crystallinesilicon (seeFigs. 4-7), hence,the
indirectgap of typical device-qualitymicrocrystallineSi has
avalue of approximatelyl.1 eV at roomtemperatureSmall
variancebetweendifferent samplescan be relatedto the in-
ternal strain in the layers, as also observedfor the caseof
monocrystallineSi 23

The true optical absorptioncoefficienta,(E), measured
eitheron nonscatteringsamplesor determinedwith the help
of procedureglescribedn this paperfor texturedlayers,is
always higher than the absorptioncoefficientof crystalline
silicon in the above-gapregion (b). This enhancedoptical
absorptionbrings an important advantagefor PV applica-
tions. The higher a(E) coefficientcanbe understoody the
effective media approximatio”® taking the combinationof
threedifferentmaterialcomponent$nto accountthe crystal-
line silicon grains,the surfaceregionof grainsandthe amor-
phoussilicon tissue.lt is temptingto quantitativelycorrelate
eachcomponentwith the correspondingoart (peak in Ra-
man spectasituatedalternativelyat 520,500 and 480 cm™ 1.

In a single crystallinesilicon, the absorptioncoefficient
around 1.1 eV is relatedto phonon assistedtransitions>
This mechanisrris maskedin microcrystallinesilicon by an
exponentialdecay (Urbachtail) with a typical slope of 50
meV. The appearancef an exponentialdecayin wc-Si:H
may be interpretedas a result of the loss of translational
symmetryat the grain boundaries.

The defect-connectedbsorption[«(E) below 1 eV] is
attributed to silicon dangling bonds mainly at the grain
boundariesandin the amorphousissue®3* This absorption
partgenerallyincreasesvith hydrogenevolutionat high an-
nealing temperature and decreases with posthydro-
genatior?3**° At photonenergyof 0.8 eV device-grademi-
crocrystallinesilicon showsa typical valueof thetrue optical
absorptioncoefficientbelow 0.1 cm™1.” One can evenob-
serveay,e Valuesat the photonenergyof 0.8 eV aslow as
0.01cm™ ! (seeFig. 7). A low defect-relatedibsorptioris an
indication of the high quality of this material. One can ob-
servethat at higherapplied VHF power, the quality of ma-



terial decreasesincreasedsubgapabsorption reducedsolar
cell efficiency).?®

Finally, we wantto commentthat the evaluationof the
optical absorptioncoefficientof nanotexturednicrocrystal-
line silicon films in somepreviouspaper§®**3¢shouldbe
reconsideredvith the help of theory presentechere.

VI. CONCLUSIONS

We have experimentallydemonstratedhat the absorp-
tion enhancemernin the infraredregion of nanotextureadni-
crocrystallinesilicon thin films andsolarcells comesmainly
from the surfacescattering Scatteringn the bulk of material
cansignificantly contribute(to the CPM resultg in the sub-
gap spectralregion. A detailedtheory for the evaluationof

the true optical absorptioncoefficienta from transmittance,

reflectanceand absorptancé CPM) measurementhasbeen
presentedBoth the scatteringat the surfaceandin the bulk
of the film havebeentakeninto accountin our theory. The
spectraldependencef the absorptioncoefficienta(E) has
beeninterpretedn termsof defectdensity,disorder,crystal-
line and amorphoudractionsand materialmorphology.
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APPENDIX A: SCALAR SCATTERING THEORY OF
THE REFLECTANCE AND TRANSMITTANCE

OF THE LAYER WITH A ROUGH INTERFACE ON A
THICK SUBSTRATE

Supposinga light waveis incident perpendiculariyto a
smoothinterfacebetweenthe mediai andj and with com-
plex refractiveindexesN; and N;. Thenthe reflectionand
transmissiorcan be describedby the Fresnelcoefficients

N;—N;

0_

rij_Ni_l_Nj' (A1)
o 2N

N (A2)

wherethe superscripD corresponds$o roughnessr value of
zero.

If theinterfacebetweermediai and] is roughthenscat-
teringwill leadto alossof light from the specularlyreflected
and transmittedbeams.The scalarscatteringtheory>2 de-
scribestheselossesby reducingthe Fresnelcoefficientsby
the socalledscatteringactors.Thus,the coefficientsfor am-
plitudes of reflectedand transmittedlightwave at a rough
interfaceare given by

o Ni—=N; 1[4mnioy;\?
rii:riis‘i_NiJrNj exg — 5 X , (A3)
2N; 1/2m(n,—ny)oi\?
0gt =71 oyg — =280 W
t; =tjjsj; N+ N, exp{ 2( N ) . (A4)
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where g is the rms roughnesof the interfaceand\ is the
light wavelengthn vacuum Thescatterlngactorss ands
are equalto unity for smoothsurface(o=0).

Thereflectionandtransmissiorcoefficientsof a thin film
on a semi-infinite nonabsorbingsubstratecan be calculated
by the sum of the amplitudesof multiple beamsoriginating
from the split incidentbeam

08, a-is
ro3=t1€ rypze “ty

+t6 050 0, e 0 e 0ty L
tistol sz~ %
216 (AS)

:r ——5—
125 1—r,rpe

_ —is —is —2is
tiog=1p1€ logt € ' rogr e ' otys

+t,e 105 r3 e Mot

titose "
TTrarge P "o
The subscript123 indicatesthat the light is incident from
medium 1 on a thin film with index N, on the substrate
(medium3) andthe phasefactor § canbe written as

. 27TdN2
= N .

(A7)

The phasefactor is the sum of two terms 6= ¢/2+iad/2,
where ¢=4mn,d/\ describesthe interferences(n, is the
index of refraction and a=4k,/\ is the extinction coef-
ficient.

We needto convertthe amplitudequantitiesinto inten-
sities observedn the experiment.The intensitiesof the re-
flectedandtransmittedbeamsat an interfacebetweenmedia
1 and2 (with or without any interfaciallayers aregiven by

Rio=r1a15, (A8)

(A9)

Using the formulas above and substitutingthe param-
etersfor uc-Si:H (ns,«,d,o) andtheindicesof (nonabsorb-
ing) substrateng andambientn, onecancalculatethereflec-
tance and transmittanceof the film on a semi-infinite
substrateThusoneobtainsfor incidenceeitherfrom the side
of ambient(afs) or substratgsfa)

Rart Ris€ 2%+ 2 RyRise™ *? cog ¢)

afs— ) (AlO)
1+ R,Rise 2%+ 2R yRise *d cog o)

Ryt Rpe 29+ 2 RyRi e * cog o) ALL)

)RR, e 249+ 2R R e “cog o)’
ToTse
Tats™ Tsta™ “ond —ad .
1+ RafRfS e +2 \ RafRfs e COS QD)
(A12)

We still needto include the influenceof the substrate
backinterfacein our results.If the substratds thick enough



(thicker than the coherencelength of the monochromatic
light used thenthe interferenceeffectsin the substratewill
be suppressedndone hasto take the sumof the intensities
of the multiple split beams.Thus, in caseof incident light
from the film sideonegets:

Rf = Rafs+ TastsaTsfa+ TastsaRsfaRsaTsfa+ s
TafsTsfaRsa

=R e Al3
afs 1 _ RsfaRsa ( )
In the caseof incidentlight from the glassside
Rg = Ras+ TaBsfaTsa"_ TasRsfaRsﬁsfaTsa—i_ e
TasTsﬁsfa
=R, — 28 (A14)
® 1 RsfaRsa
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The transmittancedoesnot dependon the direction of the
light beamandis the samefor light incidentfrom eitherthe
film or glassside of the sample

TafsTsa

_ SIS+Ia Rsﬁsfa salt v = T o -
I I = I af a 1 I zS al tsa

APPENDIX B: EFFECT OF MULTIPLE BULK
SCATTERING ON THE PHOTOCURRENT
MEASUREMENT IN A COPLANAR ELECTRODE
CONFIGURATION

The photocurrentl ¢, arisesfrom the photonsabsorbed
after one or more scatteringevents.In the caseof bulk scat-
tering in the thin film, one canwrite

IscmNphotons[ 1- exp( T Qe df)]COS 0[ 1- exp( - atrue/asc)] +Nphotons[ 1- exp( T Qe df)]

X cos* 6 exp( - atrue/asc)[ 1- exp( - atrue/asc)] +Nphotons[ 1- exp( - asvdf)]

X cos } 0 eXP( -2 atrue/asc)[ 1- eXP( - atrue/asc)] +Nphotons[ 1- eXP( AT df)]

X cos * 0 exp( — 3 e te.)[ 1 — eXp( — e/ @) ]+ -

where Nphotons Fepresentghe numberof photonsimpinging
perpendicularlyon the samplesurface,and 6 is the critical
anglefor total reflection.In this caseonecanassumehatthe
scatteringmeanfree path (optical length betweentwo scat-
teringevents is 1/ag.. Thereforeeachrow of Eq. (B1) rep-
resentsa contributionto the photocurrentfter the next scat-
tering event. Theterm “cos " representshe optical losses
of the light within two escapecones(given by therefraction
indexesof Si and surroundingmediurm). Here we consider
(insteadof two angles#, and 6, for interfacesair—film and
substratefilm) either the higher angle enabling the
waveguiding of the scatteredlight (for the interelectrode
spacingbelow 1 mm) or the effectiveanglecorrespondingo
the effective index of refraction.The value of this effective
refractiveindexis given not only by the surroundingmedia
but also by the geometryof the gap (areaW-D) because
somepart of the light escapingrrom thin film to glasssub-
stratecanreturnbackto the areaof electricfield

cosf=cosf, +cosf,— cosbs, (B2)

where 65 is calculatedon the basisof index of refractionof
thefilm n;, of the substrateng, of the substrateéhicknessdg
and of the interelectroddunction X(W,D)

(B3)

arctan%) } .

. nS .
fz=arcsin—-sin
N¢

Equation(B1) canbe simply rewrittenas

(B1)

ls~ Nphoton£ 1—exp(— asc df)]cost

o
1+ cosé ex;{ - tr”e)

Asc

X[1—exp(— aguel asd -

(04 o
+cog 0ex;<—2 true)+co§ 0exp(—3 "“e)+...}.

Qsc Qsc
(B4)

The termsof Eqg. (B4) in the bracketsform a geometrical
series thereforeone canwrite

ls~ Nphoton£ 1—exp(— asc df)]cost

N u
cose~exp{ - atrue) i lk— 1
red - e
cosf- ex;{ - ) -1
Usc
(B5)

whereN,i is the numberof the scatteringeventsinsidethe
region of an electric field betweenthe electrodes(area
W-D).

APPENDIX C: CALCULATION OF THE
INTERELECTRODE SPACING FUNCTION X(W,D)

The interelectrodespacingfunction X(W,D) represents
the averagedistancetravelledby the photonsafter they are
scatteredin a waveguideddirection of propagationbefore
they leave the active areaof the electric field betweenthe
electrodesSincethe film thicknesss muchsmallerthanthe
dimensionof electrodegsW andD), the determinatiorof the
X(W,D) may be solvedasa two dimensionalproblem.



TABLE I. Resultsof the interelectrodespacingfunction X(W,D) for the
typically usedinterelectrodedistanceD andelectrodewidth W (seeFig. 2).

8 8 2.2 2.2 2.2
0.08 0.03
0.115 0.052

W (mm)
D (mm) 2 0.5 0.2
X(W,D) (mm) 1.695 0.635 0.231

For photonsoriginating in a point (w,d) betweenthe
electrodeshe averagedistancebeforeloss x(W,D,w,d) is
calculatedas the averageof the distanceto the edgeof the
interelectrodeareaover the possibledirectionsof the light,
i.e., for ¢e<0,27). The spacingfunction X(W,D) is then
theaverageof thex(W,D,w,d) overthewhole areabetween
the electrodesij.e., for w rangingfrom 0 to W andd from 0
toD

DxWDWd)
X(W,D)= f f —————dwdd

Unfortunately this integralcannotbe solvedanalyticallyand
thereforeone hasto usea numericalmethodfor the calcula-
tion. Examplesof the X(W,D) resultsof typically usedgaps
W.-D arelistedin Table1l.
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