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Ambipolar diffusion
“midgap” hydrogenated microcrystalline silicon

M. Goerlitzer,® N. Beck, P. Torres, J. Meier, N. Wyrsch, and A. Shah
Institut de Microtechnique Universitede Neuchael, CH-2000Neuchdel, Switzerland

Hydrogenatedmicrocrystallinesilicon (uc-Si:H) depositedby VHF plasma-enhancedhemical
vapor deposition has recently been proven to be fully stable, with respectto light-induced
degradationwhenadequatelyusedin p-i-n solarcells. Stablesolarcells efficienciesof 7.7%have
been obtainedwith single-junctioncells, using “midgap” microcrystallinei-layers, having an
optical gap of around1 eV. In the presentpaper,the electronic transportpropertiesof such
microcrystallinelayersaredeterminedby the steady-stat@hotocarrielgratingmethod(SSPG and
steady-statgphotoconductivitymeasurementsn a coplanarconfiguration.The conditionsfor the
validity of the procedurefor determiningthe ambipolar diffusion length, L, from SSPG
measurement@spreviouslytheoreticallyderivedin the contextof amorphousilicon) arecarefully
re-examinedand found to hold in these nc-Si:H layers, taking certain additional precautions.
Otherwise,e.g., the prevalenceof the “lifetime” regime (as opposedto the “relaxation time”

regime becomeguestionablein sharpcontrastwith the caseof amorphousemiconductorsyhere
this conditionis almostnevera problem.For the bestlayersmeasuredofar, L ,,,iS abouttwice as
high and the photoconductivityoy,,, four times as high in wc-Si:H, when comparedto device
quality a-Si:H. Until now, the highestvaluesof L, found by the authorsfor wc-Si:H layersare

length and photoconductivity measurements on

around3x10~° cm.

INTRODUCTION

Hydrogenatednicrocrystallinesilicon (wc-Si:H) hasre-
cently beenvery successfullyincorporatedas a photovolta-
ically activei-layerin solarcells}? This succesgaisesthe
guestionof measuringooth electronicand optical properties
of this promisingnew material. The optical propertieshave
alreadypartially beenstudied" but to the bestof our knowl-
edge the electronic transportpropertiesunder illumination
haveso far not beensystematicallyinvestigated:® The aim
of this paperis to studythe electronictransportpropertiesn
“midgap” (Fermilevel nearmidgap microcrystallinesili-
conin coplanarconfiguration.For this purposewe usedthe
following two methods, steady-statephotocarrier grating
(SSPG®’ and steady-stat@hotoconductivit SSPG, which
arewell establishedor amorphoussilicon (a-Si:H).

In the SSPGtechnique,one measureghe small-signal
photocurrentperpendiculato optical fringes createdby the
interferenceof two laser beams.Thesefringes generatea
spatially nonuniformcarrier densityin the sample;thus,the
conductivity of the latter dependson the ratio betweenthe
grating spacing (A) and the ambipolar diffusion length
(Lamp: When the grating spacingis much longer than the
carrierdiffusion length,a well-definedconcentratiorgrating
of photocarrierdgs createdin the sample;on the otherhand,
whenthe gratingspacingis comparabléo or shorterthanthe
diffusion length, this concentratiorgratingis “blurred” and
an almostuniform carrier concentratioris formed. The co-
planar photocurrentis measuredpoth when the two light
beamsare coherent(J,,) and when they are non coherent
(Jperp: ONE measureshe changesin the photoconductivity
betweernthetwo configurationsfor differentgratingspacing.
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The variation of 8=Jp,/Jper, With A allows one to relate
analyticallythe experimentabatato the ambipolardiffusion
length’

SSPCgivesdirectly the photoconductivitywhich canbe
expresseds?
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(e the elementarycharge,,uﬂ’p the mobilities of free elec-
trons,free holesrespectivelyandn; ,p; thefree carriersden-
sities with the soleassumptiorof usingthe modelof trans-
port by free carriersabovethe mobility edge.On the other
hand,SSPGposesmore problemswhile trying to extractthe
diffusion lengthfrom g, as all the following conditionshave
to befulfilled: (1) the existenceof two distinct characteristic
lengths,identifiableasthe ambipolardiffusion length (L 4
andthe dielectricrelaxationlength (L ), (2) diffusion pre-
vails over drift, and (3) the dielectric relaxationlength is
short enoughto ensurethe quasineutralityin the transport
region.Theseconditionsareconditionson the materialitself;
an additional experimentalcondition (4) is necessarythe
grating spacinghasto be of the sameorderasthe diffusion
length. Assumingthe Einsteinequationspostulatinga given
density of localizedgap states(no explicit form is needed
and observingthat it generally exists a power-law depen-
dencyfor photoconductivityas a function of the generation
(phote*G?) the following equationis deduced"

B=1-[2¢/(1+4m°L% JA?)?], )

where ¢=1+?y,, with v, an optical grating quality factor.
Thus, a plot of 1/A? vs \2/(1—B) (so-called “Balberg
plot”) should give a straightline and any deviation from
sucha straightline raisesdoubtson the validity of the mea-
surementsHowever,the observatiorof a straightline is in-



sufficientto positively confirm that the measuredength is

the ambipolardiffusion length. As a check,one hasactually
to ensurethatthis lengthdoesnot vary stronglywith increas-
ing illumination intensity,like thedielectricrelaxationlength
would do” (L §ie€/0pner, With € the dielectric constantof

the materia).

Thusfar, the only modelrequiredis a powerlaw for the
photoconductivity.If, for uc-Si:H we observethis power
law, the SSPGtechniquewith its smallsignalapproach can
be consideredan appropriatemethodfor the evaluationof
the ambipolardiffusion length, assuminga measuredraria-
tion of B asgiven by Eq. (2) andthe aboveconditionsare
fulfilled.

In addition, we can evaluatefor pc-Si:H, also, the pa-
rameterb,'° a parametethat reflectsthe position of the two
quasi-Fermi-levelsvith respecto midgap!? Introducingthe
general recombinationtimes 7 for electronsand 7{? for
holes, which basically take into accountall recombination
processesia all availablerecombinationsenterswe have
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with C a constantetweenl and2,*? k the Boltzmanncon-
stant,and T the temperatureln the caseof an observed
powerlaw for the squareof the ambipolarlengthL2<G*, C
becomeLL=1+\+7.

b canbe expressedasa function of the photoconductiv-
ity andthe diffusion lengthwith Eqg. (3) and (4):

b L2 .£°G

(b+ 1)2 - I(T‘Tphotoc .
We haveto emphasizéherethat no particularmodel of re-
combinationhasbeenintroducedto evaluateEgs.(3)—(5), so

we canevaluatel ,yp, Ophoto, @NAD for wc-Si:H without any
furtherrestrictions exceptthosementionedat the beginning.

©)

EXPERIMENT

The films studiedin this paperwere depositedby the
VHF-GD depositiontechnique(70-130 MHz)*® undervari-
ous conditions.In orderto study nearly intrinsic microcrys-
talline layers(with the Fermilevel nearmidgap,sincedepos-
ited microcrystallinesilicon is usually an n-type materia),
some sampleswere preparedby adding small traces of
diborané* while the others were preparedwith our new
depositionmethodusinga gaspurifier 1> Oneserieswasalso
depositedusing various dilutions of silanein hydrogen,to
study the transitionbetweenuc-Si:H and a-Si:H. All films
were depositedon AF45 (Schot} glasssubstratest deposi-
tion set point temperatureof 250°C (calculatedeffective
temperature220°C) and with thicknessedbetweenl.5 and
3.1 um. The measurementwere donewith coplanaralumi-
num contacts(gap of 0.5 mm) usinga krypton laser(wave-
length 647 nm). All sampleswere annealedat 180°C, and
their light-induced degradationbehaviorat 647 nm for an
intensity of 200 mW/cn? (generatiorrate of around2x 10°*
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FIG. 1. Typical powerlaw behaviorfor the photoconductivityasa function
of generatiorrate for our microcrystallinesilicon samples.

cm 3s 1) was checkedfor at least30 min. No observable
degradationin the photoconductivityhas beenobservedin
themicrocrystallinesamplesexceptfor the sampleswith the
two higher dilution ratios (7.6% and 10% of SiH, in H,),
which haveamorphousbehaviorwith respectto optical ab-
sorptionanddegradedFor this reasonthe measurementfor
thesetwo sampleswere performedwith generatiorrate less
than10®° cm3s™%

GENERAL OBSERVATIONS

The first observationwe make aboutour microcrystal-
line sampleds their powerlaw dependencyf photoconduc-
tivity asa function of generatiorrate (Fig. 1).

The secondobservatioris their large,room-temperature
dark conductivity (o4,4) comparedto a-Si:H. That renders
the evaluationof SSPGmoredifficult by reducingthe varia-
tion of B with the changeof the gratingspacing(Fig. 2): the
measuremenbecomesless sensitiveand more difficult to
perform,butit still deliverscorrectresults’ Eq. (2) becomes:
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FIG. 2. Typical variation of B8 as a function of the grating spacingfor a

microcrystallinesilicon sample,and as a comparison,for an amorphous
silicon sample(generatiorof 3.9x10°° s~* cm™3). The dashedines arefits

to Eq. (6).



B=1—-[2¢yyg/(1+47°L2 JA?)?], (6)
with the reducingfactor

Yd= 0'photo/( Ophotot T dark) - (7)

This low sensitivity implies that for somesamplesa rather
high generatiorratehasto be used,in orderto limit the error
in the measurements.

Unfortunately,the measurementsf B(A) for wc-Si:H
samplesshow somedeviationfrom the predictedbehavior,
i.e.,from astraightline in the Balbergplot, andthis for small
grating spacings(shorterthan 2 um) and for low illumina-
tion intensities(no typical value canbe given, asthey differ
from sampleto sample. So, somefurther observationsand
discussionsare neededto correctly evaluatethe diffusion
length.

Somepossibilitiesthat could basically be cited as rea-
sonsfor this deviation can easily be ruled out by simple
measurement3.he hypothesighatthe drift is overridingdif-
fusion transportcan be excludedbecausg3 doesnot change
with a variation of the applied voltage used for the
measuremen No heatingof the samplefrom the illumina-
tion with the laserlight can be invoked, since cooling the
samplewith air doesnot changethe measurements:inally,
optical scatteringcan also be ruled out: it hasalreadybeen
observedin a-Si:H,> and measuremenof 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 passagdroughthe sample.

If surfacerecombinationis present,a nonuniformgen-
erationcanalsoleadto a somewhatifferentbehaviorfor the
small gratings.The variationof 3 in this casebecomes?

B=1-[2¢/(1+4mL3 JA%?Ig4(A), ®)

with gg(A) the correctionfactor dueto the surfacerecombi-
nation velocity. Becauseg, dependson A, andis equalor
bigger than unity, the Balberg plot is no longer a straight
line, but varieslessat large A thanat small A. This agrees
with our observationgFig. 3); but, asthe optical absorption
of our samplesis typically around1x10* cm™?, a uniform
generationcan be assumedor our thicknessesand this hy-
pothesiscan againbe ruled out. In addition, the ambipolar
diffusion length can be deducedevenif surfacerecombina-
tion is prevalentby carrying out the SSPGmeasuremerfor
gratingswherestraightlines are available.
Anotherpossibility is thatthe conditionof anambipolar
lengthbiggerthanthe dielectriclengthis not fulfilled. It has
beendemonstratedhat the presenceof non-negligiblespace
chargein thelayerundertestleadsto a concavecurvefor the
“Balberg plot.”1" Increasingthe illumination intensity de-
creased ., andthe samplemovestowardsa regimegov-
ernedby ambipolardiffusion. We observethat, with increas-
ing intensity,the curvein the Balbergplot tendsto becomea
straightline (seeagainFig. 3). Furthermore] 2, (evaluated
in the regionswhere straightlines are available doesnot
vary stronglywith light intensity(seeFig. 4). Thedominance
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FIG. 3. Typical variation of the curve in the Balbergplot for the SSPG
evaluation,wherethe slopeis smallerfor large valuesof A thanfor small
valuesof A (opencircles. This situation can be expectedwhen surface
recombinationis prevalentor when the SSPGconditionsare not fulfilled

(concavecurve. Increasingheillumination intensityleadsto a straightline

in the Balbergplot (closedcircles.

of dielectric effectswould have given a strongvariation of

the measuredength,asL 4 iS approximatelyinverselypro-

portional to the photoconductivity.As a consequencewe

caninterpretthe measuredengthasthe ambipolardiffusion

length. Note that the power law dependencyof L2, as a
function of the generatiorseenon Fig. 4 allows the evalua-
tion of the midgapcharacterf the sampleswith the param-
eterb.

RESULTS AND DISCUSSION

As alreadystated,the photoconductivity aswell asthe
ambipolarlengthof wc-Si:H, showspowerlaw dependency
asa function of the generatiorrate.

The valuesobtainedfor the photoconductivityand the
ambipolardiffusion lengthasa functionof the Fermilevel of
the sample monitoredby the parameteb, areshownin Fig.
5. The materialis consideredmidgapif b~50® so mostof
our samplesare clearly midgap. The valuesfor L, and
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FIG. 4. Variation of the squareof the ambipolardiffusion lengthL ., asa
function of increasinggenerationfor hydrogenatednicrocrystallinesilicon
uc-Si:H.
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FIG. 5. Ambipolar diffusion length. ,,, and photoconductivityrynq, as a
function ofb for a generation around 1:8.0°* cm 3 s™2. The values for the
amorphous sample@®@btained at high hydrogen dilutio@re extrapolated

from low generations with the power laws we found.

FIG. 6. Decrease of the paramebeas a function of the increase in the dark
conductivity activation energy fqrc-Si:H samples. The dashed line is only
a guide to the eye.

deposited, at 110 MHz plasma excitation frequency, thereby
studying the transition from microcrystalline to amorphous
material. The dilutions were of 1.25%, 2.5%, 5%, and 7.6%
C5f silane in hydrogen. The optical absorption spectrum
shows the 7.6% sample to be amorphous and the 1.25%
- 7 sample to be microcrystalline. Between these values the lay-
similar to those for undoped, amorphous silidsee Table o5 can he considered a mixture of amorphous and microc-

. Th_(.a powerllaw exponenthdj IS grlway_s negative II? OUr " ystalline phase. It is clear from Figs(af and 7(b)that in
pc-Si:H samples. In amorp lous sr|1|con Itl IS generally POSlis series, increasing crystalline volume fraction gives
tive, but some negative values have also been measurggl " o1 oo 087 0t0 AN Ly, FOT DMLy AN 0

(note that only one sample hasyavith a value of 0.5; the o yajyes for microcrystalline samples are similar or en-

others have values higher than 0.6). hanced(up to a factor 4 for the photoconductivity and up to

The parameteb correlates well with the measured dark 5046 5 in ambipolar diffusion lengjtwhen compared to the
conductivity activation energyFig. 6). We have thereby amorphous sample of the series.

evaluated the activation energy by fitting the activated dark
conductivity according to the well-known equation:

Tphoto @€ COMparable or higher farc-Si:H than fora-Si:H,
for a generation rate around 1.5>@m3s™%.

The power law exponents observed for the photocondu
tivity, the square of the ambipolar diffusion length, amés
a function of the generation rate for midgagc-Si:H are

CONCLUSIONS
E
O dark= 00 ex;{ - k—a_lft> 9 Microcrystalline silicon is a promising new material for
thin-film solar cells and other thin-film electronic devices, so
near the room temperature, witly andE_ as fitting param-  its electronic properties are indeed of great interest. We show

eter. that, even if less easy to measure, both the photoconductivity
The observations made for owrc-Si:H are quite sur- and the ambipolar diffusion length in coplanar geometry can
prising: even if in our samples the amorphous volume fracbe determined. the values found in que-Si:H samples are
tion is generally very smalf the materials studied here of the same order or higher thanaaSi:H. In particular, for
show similar behavior as undoped amorphous silicon, but tha dilution series of silane into hydrogen, we show that the
values obtain folrype andL ,m, are enhanced. microcrystalline sample prepared with the highest dilution
To check the importance of the amorphous volume frachas enhanced photoconductiviyp to a factor 4and ambi-
tion, a series with various hydrogen dilutions has also beepolar diffusion length(factor 2) compared to the amorphous

TABLE |. Exponentsof the power laws observedfor the photoconductivity(opn.*G”), the squareof the
ambipolarlength(L2,,»<G"), andfor the parameteb (b= G?) as a function of the generatiorrate,for undoped
amorphoussilicon andfor midgapmicrocrystallinesilicon. The valuesfor amorphousamplesarethosefound
for our “state of the art” samplegRef. 12).

2

Exponentof o0 Exponentof Ly, Exponentof b

powerlaw y powerlaw N\ powerlaw 6
Amorphoussilicon samples 0.75-0.90 -0.50~-0.10 —0.40~0.40
Microcrystallinesilicon samples 0.50-0.85 —0.36-0.15 —0.55--0.10
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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.Opencirclesarethe valuesfor the diluted amorphousamplemeasured
only for low generatiorratesin orderto avoid degradationThe dashedines
representhe power laws for this sample.

sampleof the sameseriesat high generatiorrates.Moreover,
anincreasdn the valuesof both parameterss clearly corre-
latedwith the increaseof dilution. It is clearthat, dueto the
structuralanisotropyof theseu.c-Si:H layers(growthis gen-
erally columnaf), measurementin “sandwich” configura-
tion shouldbe performed As afirst step,time-of-flight mea-
surementshave beencarried out?° but to perform steady-

5

state measurementsome other difficulties, such as ohmic
contactsin the sandwichconfiguration(for SSPGor SSPQ
or theinfluenceof the Schottkybarrierin the surfacephoto-
voltage method(SPV),?1?2 haveto be resolvedfirst. Mean-
while, reliable coplanarmeasurementstill remain of great
interest.
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