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Hydrogenatedmicrocrystallinesilicon ~mc-Si:H! depositedby VHF plasma-enhancedchemical
vapor deposition has recently been proven to be fully stable, with respect to light-induced
degradation,whenadequatelyusedin p- i -n solarcells.Stablesolarcellsefficienciesof 7.7%have
beenobtainedwith single-junctioncells, using ‘‘midgap’’ microcrystalline i -layers, having an
optical gap of around 1 eV. In the presentpaper, the electronic transportpropertiesof such
microcrystallinelayersaredetermined,by thesteady-statephotocarriergratingmethod~SSPG! and
steady-statephotoconductivitymeasurements,in a coplanarconfiguration.The conditionsfor the
validity of the procedurefor determining the ambipolar diffusion length, Lamb, from SSPG
measurements~aspreviouslytheoreticallyderivedin thecontextof amorphoussilicon! arecarefully
re-examinedand found to hold in thesemc-Si:H layers, taking certain additional precautions.
Otherwise,e.g., the prevalenceof the ‘‘lifetime’’ regime ~as opposedto the ‘‘relaxation time’’
regime! becomesquestionable,in sharpcontrastwith thecaseof amorphoussemiconductors,where
this conditionis almostnevera problem.For thebestlayersmeasuredsofar, Lamb is abouttwice as
high and the photoconductivitysphoto four times as high in mc-Si:H, when comparedto device
quality a-Si:H. Until now, the highestvaluesof Lamb foundby theauthorsfor mc-Si:H layersare
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around3310 cm.
INTRODUCTION

Hydrogenatedmicrocrystallinesilicon ~mc-Si:H! hasre-
cently beenvery successfullyincorporatedasa photovolta-
ically active i -layer in solar cells.1,2 This successraisesthe
questionof measuringboth electronicandoptical properties
of this promisingnewmaterial.The optical propertieshave
alreadypartiallybeenstudied,1,3 but to thebestof our knowl-
edge the electronic transportpropertiesunder illumination
haveso far not beensystematicallyinvestigated.4,5 The aim
of this paperis to studytheelectronictransportpropertiesin
‘‘midgap’’ ~Fermi level nearmidgap! microcrystallinesili-
con in coplanarconfiguration.For this purposewe usedthe
following two methods, steady-statephotocarrier grating
~SSPG!6,7 andsteady-statephotoconductivity~SSPC!, which
arewell establishedfor amorphoussilicon ~a-Si:H!.

In the SSPGtechnique,one measuresthe small-signal
photocurrentperpendicularto optical fringescreatedby the
interferenceof two laser beams.Thesefringes generatea
spatiallynonuniformcarrierdensityin the sample;thus,the
conductivity of the latter dependson the ratio betweenthe
grating spacing ~L! and the ambipolar diffusion length
~Lamb!: when the grating spacingis much longer than the
carrierdiffusion length,a well-definedconcentrationgrating
of photocarriersis createdin the sample;on the otherhand,
whenthegratingspacingis comparableto or shorterthanthe
diffusion length,this concentrationgratingis ‘‘blurred’’ and
an almostuniform carrier concentrationis formed.The co-
planar photocurrentis measured,both when the two light
beamsare coherent~Jpar! and when they are non coherent
~Jperp!: one measuresthe changesin the photoconductivity
betweenthetwo configurations,for differentgratingspacing.
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The variation of b5Jpar/Jperp with L allows one to relate
analyticallytheexperimentaldatato theambipolardiffusion
length.7

SSPCgivesdirectly thephotoconductivity,which canbe
expressedas:8

sphoto5emn
0nf1emp

0pf , ~1!

~e the elementarycharge,mn,p
0 the mobilities of free elec-

trons,freeholesrespectivelyandnf ,pf thefreecarriersden-
sities! with the soleassumptionof usingthemodelof trans-
port by free carriersabovethe mobility edge.On the other
hand,SSPGposesmoreproblemswhile trying to extractthe
diffusion lengthfrom b, as all the following conditionshave
to be fulfilled: ~1! theexistenceof two distinct characteristic
lengths,identifiableastheambipolardiffusion length~Lamb!
andthe dielectric relaxationlength ~Ldiel!, ~2! diffusion pre-
vails over drift, and ~3! the dielectric relaxation length is
short enoughto ensurethe quasineutralityin the transport
region.Theseconditionsareconditionson thematerialitself;
an additional experimentalcondition ~4! is necessary:the
gratingspacinghasto be of the sameorderas the diffusion
length.AssumingtheEinsteinequations,postulatinga given
densityof localizedgap states~no explicit form is needed!
and observingthat it generallyexists a power-law depen-
dencyfor photoconductivityasa function of the generation
~sphoto}G

g! the following equationis deduced:7

b512@2f/~114p2Lamb
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where f5g2g0, with g0 an optical grating quality factor.
Thus, a plot of 1/L2 vs A2/(12b) ~so-called ‘‘Balberg
plot’’ ! should give a straight line and any deviation from
sucha straightline raisesdoubtson the validity of themea-
surements.However,the observationof a straightline is in-



perform,but it still deliverscorrectresults. Eq. ~2! becomes:

FIG. 1. Typical powerlaw behaviorfor thephotoconductivityasa function
of generationratefor our microcrystallinesilicon samples.
sufficient to positively confirm that the measuredlength is
theambipolardiffusion length.As a check,onehasactually
to ensurethatthis lengthdoesnot vary stronglywith increas-
ing illumination intensity,like thedielectricrelaxationlength
would do9 ~Ldiel

2 }}/sphoto, with } the dielectric constantof
thematerial!.

Thusfar, theonly modelrequiredis a powerlaw for the
photoconductivity.If, for mc-Si:H we observethis power
law, theSSPGtechnique~with its smallsignalapproach! can
be consideredan appropriatemethodfor the evaluationof
the ambipolardiffusion length,assuminga measuredvaria-
tion of b asgiven by Eq. ~2! and the aboveconditionsare
fulfilled.

In addition,we canevaluatefor mc-Si:H, also, the pa-
rameterb,10 a parameterthat reflectsthepositionof the two
quasi-Fermi-levelswith respectto midgap.11 Introducingthe
general recombinationtimes tn

R for electronsand tp
R for

holes,which basically take into accountall recombination
processesvia all availablerecombinationscenters,we have
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with C a constantbetween1 and2,12 k theBoltzmanncon-
stant, and T the temperature.In the caseof an observed
powerlaw for thesquareof theambipolarlengthL2}Gl, C
becomesC511l1g.

b canbeexpressedasa functionof thephotoconductiv-
ity andthe diffusion lengthwith Eq. ~3! and ~4!:

b

~b11!2
5

Lamb
2 e2G

kTsphotoC
. ~5!

We haveto emphasizeherethat no particularmodel of re-
combinationhasbeenintroducedto evaluateEqs.~3!–~5!, so
we canevaluateLamb, sphoto, andb for mc-Si:H without any
further restrictions,exceptthosementionedat thebeginning.

EXPERIMENT

The films studied in this paperwere depositedby the
VHF-GD depositiontechnique~70–130MHz!13 undervari-
ousconditions.In order to studynearly intrinsic microcrys-
talline layers~with theFermilevel nearmidgap,sincedepos-
ited microcrystallinesilicon is usually an n-type material!,
some sampleswere preparedby adding small traces of
diborane14 while the others were preparedwith our new
depositionmethodusinga gaspurifier.15 Oneserieswasalso
depositedusing variousdilutions of silane in hydrogen,to
study the transitionbetweenmc-Si:H anda-Si:H. All films
weredepositedon AF45 ~Schott! glasssubstratesat deposi-
tion set point temperatureof 250°C ~calculatedeffective
temperature:220°C! andwith thicknessesbetween1.5 and
3.1mm. Themeasurementsweredonewith coplanaralumi-
numcontacts~gapof 0.5 mm! usinga krypton laser~wave-
length 647 nm!. All sampleswere annealedat 180°C, and
their light-induceddegradationbehaviorat 647 nm for an
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intensityof 200mW/cm ~generationrateof around2310
2

cm23 s21! was checkedfor at least30 min. No observable
degradationin the photoconductivityhasbeenobservedin
themicrocrystallinesamples,exceptfor thesampleswith the
two higher dilution ratios ~7.6% and 10% of SiH4 in H2!,
which haveamorphousbehaviorwith respectto optical ab-
sorptionanddegraded.For this reasonthemeasurementsfor
thesetwo sampleswereperformedwith generationrate less
than1020 cm23 s21.

GENERAL OBSERVATIONS

The first observationwe makeaboutour microcrystal-
line samplesis their powerlaw dependencyof photoconduc-
tivity asa function of generationrate ~Fig. 1!.

Thesecondobservationis their large,room-temperature
dark conductivity ~sdark! comparedto a-Si:H. That renders
theevaluationof SSPGmoredifficult by reducingthevaria-
tion of b with thechangeof thegratingspacing~Fig. 2!: the
measurementbecomesless sensitiveand more difficult to
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FIG. 2. Typical variation of b as a function of the grating spacingfor a
microcrystallinesilicon sample,and as a comparison,for an amorphous
silicon sample~generationof 3.931020 s21 cm23!. Thedashedlinesarefits
to Eq. ~6!.



our samplesare clearly midgap. The values for Lamb and
b512@2fgd /~114p2Lamb
2 /L2!2#, ~6!

with the reducingfactor

gd5sphoto/~sphoto1sdark!. ~7!

This low sensitivity implies that for somesamples,a rather
highgenerationratehasto beused,in orderto limit theerror
in themeasurements.

Unfortunately,the measurementsof b~L! for mc-Si:H
samplesshow somedeviation from the predictedbehavior,
i.e., from astraightline in theBalbergplot, andthis for small
grating spacings~shorterthan2 mm! and for low illumina-
tion intensities~no typical valuecanbegiven,astheydiffer
from sampleto sample!. So, somefurther observationsand
discussionsare neededto correctly evaluatethe diffusion
length.

Somepossibilitiesthat could basicallybe cited as rea-
sons for this deviation can easily be ruled out by simple
measurements.Thehypothesisthatthedrift is overridingdif-
fusion transportcanbeexcludedbecauseb doesnot change
with a variation of the applied voltage used for the
measurement.12 No heatingof thesamplefrom the illumina-
tion with the laser light can be invoked, sincecooling the
samplewith air doesnot changethemeasurements.Finally,
optical scatteringcanalsobe ruled out: it hasalreadybeen
observedin a-Si:H,3 andmeasurementof the scatteredre-
flection vs the specularreflectionindicatesthe existenceof
optical scatteringin our samples~for a wavelengthof 647
nm!. However,the speculationthat the small grating spac-
ings are ‘‘blurred’’ due to optical scatteringhas not been
verified ~no optical cancellationof the fringes is observed
after their passagetroughthe sample!.

If surfacerecombinationis present,a nonuniformgen-
erationcanalsoleadto asomewhatdifferentbehaviorfor the
small gratings.The variationof b in this casebecomes:16

b512@2f/~114p2Lamb
2 /L2!2#gs

2~L!, ~8!

with gs
2~L! the correctionfactor dueto the surfacerecombi-

nation velocity. Becausegs dependson L, and is equalor
bigger than unity, the Balberg plot is no longer a straight
line, but varieslessat largeL thanat smallL. This agrees
with our observations~Fig. 3!; but, astheoptical absorption
of our samplesis typically around13104 cm21, a uniform
generationcanbe assumedfor our thicknessesand this hy-
pothesiscan againbe ruled out. In addition, the ambipolar
diffusion lengthcanbe deducedevenif surfacerecombina-
tion is prevalentby carryingout theSSPGmeasurementfor
gratingswherestraightlines areavailable.

Anotherpossibility is that theconditionof anambipolar
lengthbiggerthanthedielectriclengthis not fulfilled. It has
beendemonstratedthat thepresenceof non-negligiblespace
chargein thelayerundertestleadsto aconcavecurvefor the
‘‘Balberg plot.’’ 17 Increasingthe illumination intensity de-
creasesLdiel , and the samplemovestowardsa regimegov-
ernedby ambipolardiffusion.Weobservethat,with increas-
ing intensity,thecurvein theBalbergplot tendsto becomea
straightline ~seeagainFig. 3!. Furthermore,Lamb

2 ~evaluated
in the regionswhere straight lines are available! doesnot

varystronglywith light intensity~seeFig. 4!. Thedominance
FIG. 3. Typical variation of the curve in the Balbergplot for the SSPG
evaluation,wherethe slopeis smallerfor largevaluesof L than for small
valuesof L ~open circles!. This situation can be expectedwhen surface
recombinationis prevalentor when the SSPGconditionsare not fulfilled
~concavecurve!. Increasingthe illumination intensityleadsto a straightline
in theBalbergplot ~closedcircles!.

3

of dielectric effectswould havegiven a strongvariation of
themeasuredlength,asLdiel is approximatelyinverselypro-
portional to the photoconductivity.As a consequence,we
caninterpretthemeasuredlengthastheambipolardiffusion
length. Note that the power law dependencyof Lamb

2 as a
function of the generationseenon Fig. 4 allows the evalua-
tion of themidgapcharacterof the sampleswith theparam-
eterb.

RESULTS AND DISCUSSION

As alreadystated,the photoconductivity,aswell as the
ambipolarlengthof mc-Si:H, showspower law dependency
asa function of the generationrate.

The valuesobtainedfor the photoconductivityand the
ambipolardiffusion lengthasa functionof theFermilevel of
thesample,monitoredby theparameterb, areshownin Fig.
5. Thematerialis consideredmidgapif b'50,18 somostof
FIG. 4. Variation of the squareof the ambipolardiffusion lengthLamb asa
function of increasinggenerationfor hydrogenatedmicrocrystallinesilicon

mc-Si:H.



a guide to the eye.
FIG. 5. Ambipolar diffusion lengthLamb and photoconductivitysphoto as a
function ofb for a generation around 1.531021 cm23 s21. The values for the
amorphous samples~obtained at high hydrogen dilution!are extrapolated
from low generations with the power laws we found.
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sphoto are comparable or higher formc-Si:H than fora-Si:H,
for a generation rate around 1.531021 cm23 s21.

The power law exponents observed for the photocondu
tivity, the square of the ambipolar diffusion length, andb as
a function of the generation rate for midgapmc-Si:H are
similar to those for undoped, amorphous silicon~see Table
I!. The power law exponent ofb is always negative in our
mc-Si:H samples. In amorphous silicon it is generally pos
tive, but some negative values have also been measu
~note that only one sample has ag with a value of 0.5; the
others have values higher than 0.6!.

The parameterb correlates well with the measured dar
conductivity activation energy~Fig. 6!. We have thereby
evaluated the activation energy by fitting the activated da
conductivity according to the well-known equation:

sdark5s0 expS 2
Eact

kT D , ~9!

near the room temperature, withs0 andEact as fitting param-
eter.

The observations made for ourmc-Si:H are quite sur-
prising: even if in our samples the amorphous volume fra
tion is generally very small,19 the materials studied here
show similar behavior as undoped amorphous silicon, but
values obtain forsphoto andLamb are enhanced.

To check the importance of the amorphous volume fra

tion, a series w
FIG. 6. Decrease of the parameterb as a function of the increase in the dark
conductivity activation energy formc-Si:H samples. The dashed line is only
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deposited, at 110 MHz plasma excitation frequency, there
studying the transition from microcrystalline to amorphou
material. The dilutions were of 1.25%, 2.5%, 5%, and 7.6
of silane in hydrogen. The optical absorption spectru
shows the 7.6% sample to be amorphous and the 1.2
sample to be microcrystalline. Between these values the l
ers can be considered a mixture of amorphous and micr
rystalline phase. It is clear from Figs. 7~a! and 7~b!that in
this series, increasing crystalline volume fraction give
higher values forsphoto andLamb. For bothLamb andsphoto,
the values for microcrystalline samples are similar or e
hanced~up to a factor 4 for the photoconductivity and up t
factor 2 in ambipolar diffusion length! when compared to the
amorphous sample of the series.

CONCLUSIONS

Microcrystalline silicon is a promising new material fo
thin-film solar cells and other thin-film electronic devices, s
its electronic properties are indeed of great interest. We sh
that, even if less easy to measure, both the photoconductiv
and the ambipolar diffusion length in coplanar geometry c
be determined. the values found in ourmc-Si:H samples are
of the same order or higher than ina-Si:H. In particular, for
a dilution series of silane into hydrogen, we show that th
microcrystalline sample prepared with the highest dilutio
has enhanced photoconductivity~up to a factor 4! and ambi-
o the amorphous
ith various hydrogen dilutions has also beenpolar diffusion length~factor 2!compared t

TABLE I. Exponentsof the power laws observedfor the photoconductivity~sphoto}G
g!, the squareof the

ambipolarlength~Lamb
2 }Gl!, andfor theparameterb (b}Gu) as a functionof thegenerationrate,for undoped

amorphoussilicon andfor midgapmicrocrystallinesilicon. Thevaluesfor amorphoussamplesarethosefound
for our ‘‘state of the art’’ samples~Ref. 12!.

Exponentof sphoto

power law g
Exponentof Lamb

2

power law l
Exponentof b
power law u

Amorphoussilicon samples 0.75↔0.90 20.50↔20.10 20.40↔0.40

Microcrystallinesilicon samples 0.50↔0.85 20.36↔0.15 20.55↔20.10



FIG. 7. Effect of increasingthe dilution from 7.6% to 1.25%of silanein
total gasflow on the: ~a! ambipolardiffusion length as a function of the
generationrate and ~b! photoconductivityas a function of the generation
rate.Opencirclesarethevaluesfor thedilutedamorphoussamplemeasured
only for low generationratesin orderto avoiddegradation.Thedashedlines
representthe power laws for this sample.
sampleof thesameseriesat highgenerationrates.Moreover,
an increasein thevaluesof bothparametersis clearlycorre-
latedwith the increaseof dilution. It is clearthat,dueto the
structuralanisotropyof thesemc-Si:H layers~growth is gen-
erally columnar2!, measurementsin ‘‘sandwich’’ configura-
tion shouldbeperformed.As a first step,time-of-flight mea-

surementshave beencarried out,20 but to perform steady-
statemeasurementssomeother difficulties, such as ohmic
contactsin the sandwichconfiguration~for SSPGor SSPC!
or the influenceof theSchottkybarrierin thesurfacephoto-
voltagemethod~SPV!,21,22 haveto be resolvedfirst. Mean-
while, reliable coplanarmeasurementsstill remainof great
interest.
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