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Hole drift mobility in mc -Si:H
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In microcrystallinehydrogenatedsilicon (mc-Si:H), the drift mobility dependenciesof holeson
electric field and temperaturehave been measuredby using a method of equilibrium charge
extractionby linearly increasingvoltage. At room temperaturethe estimatedvalue of the drift
mobility of holesis much lower than in crystallinesilicon andslightly higher than in amorphous
hydrogenatedsilicon (a-Si:H). In the case of stochastic transport of charge carriers with
energeticallydistributedlocalizedstates,thenumericalmodelof this methodgivesinsight into the
mobility dependenceon electricfield. Fromthenumericalmodelingandexperimentalmeasurement
results,it follows that the hole drift mobility dependenceon electric field is predeterminedby
electric field stimulatedreleasefrom localized states.
I. INTRODUCTION

mc-Si:H is a promisingphotovoltaicallyactivematerials
for solar cells.1 The energyconversionefficiency of solar
cells is predeterminedby propertiesof chargecarrier trans-
port in thematerial.However,in thecaseof mc-Si:H, dueto
the low mobility ~m! of chargecarriers,the interpretationof
‘‘classical’’ investigationmethods~for example,Hall effect!
areproblematic.2 The heterogeneousstructureandrelatively
high bulk conductivity~s! of mc-Si:H alsocreateadditional
problemsduring themeasuringof chargecarriermobility by
theconventionaltime-of-flight ~TOF! method.Thenecessary
conditionfor the applicationof TOF is that dielectric relax-
ationtime (ts5ee0 /s) hasto behigherthanthetransittime
of the photogeneratedcharge~t tr5d2/mU, hered is the in-
terelectrodedistanceandU is the voltage!. If this condition
is not fulfilled, i.e., if ts,t tr , thentheamountof equilibrium
chargecarrierswill significantlyredistributetheelectricfield
within the samplein a time interval shorter than t tr and,
moreover,thedrifting packetof chargewill disappearbefore
it achievesopposite electrode.These problems were dis-
cussedand experimentallydemonstratedby TOF measure-
mentsof the drift mobility of electronsin mc-Si:H.3 First,
dueto the high capacity~C! of thin mc-Si:H layersthe time
constantof the measurementcircuit ~RC, hereR is the load
resistorusedfor current measurement! is comparablewith
the electrontransit time t tr , anddueto the dependenceof C
on voltage(C;U21), thedependenceof RC;U21 is simi-
lar to thatof t tr;U21. This similitudemaycauseanerrone-
ous estimationof the m value. Second,measurementsof
chargecollection coefficientdependenceon delay time be-
tweenappliedpulseof voltageand exciting light pulse ~in
thetime rangefrom 50 nsto 1 ms! demonstratetheexistence
of a fast concentrationof the electricfield closeto the elec-
trodes; this can lead to an overestimationof the mobility
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value.Becausetheholemobility is smallerthanthatof elec-
trons,it is evenmoreproblematicto fulfil the ts.t tr condi-
tion. Moreover,during the measurementof the drift current
of holes, the backwardmovementof photogeneratedelec-
tronsalsocontributessignificantlyto thecurrentbecausethe
absorptiondepthof stronglyabsorbedlight (hn.1.9eV) is
bigger in mc-Si:H thanin a-Si:H, andcanbe, in a practical
case,comparableto the mc-Si:H samplethickness.

The drawbacksof TOF mentionedaboveare absentin
carrier extractionby the linearly increasingvoltagemethod
~CELIV!.4 The CELIV methodis basedon the analysisof
the transientcurrent,which is inducedby changinga width
of depletionlayer ~latter changingjust predeterminesredis-
tribution of the electric field!. This method allows us to
evaluatechargecarrier transportproperties,including equi-
librium concentrationof majority carriersandtheir mobility.
Resultson electronmobility of mc-Si:H measuredby CE-
LIV and numerical modeling assuming single localized
statescanbe found in Ref. 4.

In this work somefeaturesof hole mobility of mc-Si:H
havebeeninvestigatedby CELIV. A modelingof theresults,
assuminga stochastictransportcausedby energeticallydis-
tributed localized states,is also presentedand applied for
analysisof the experimentalresults.

II. EXPERIMENTAL DETAILS

As CELIV canonly assessthepropertiesof themajority
carriers,hole mobility hasbeenmeasuredon slightly doped
p-type mc-Si:H samples.The latter havebeenpreparedby
VHF glow dischargeat 130 MHz using a concentrationof
silanein hydrogenof 5% anda few ppm of diboranemixed
to the gasphase.Sampleswere depositedon ZnO covered
glassand fitted with a top Al electrode.For comparisona
slightly dopedp-type crystallinesilicon samplewith a SiN
blocking interlayerwasalsomeasured.
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In CELIV, a triangularvoltagepulseof reversepolarity,
linearly increasingat a rateA, is appliedto thesamplewith a
blockingelectrodeandthecorrespondingtransientcurrentis
measured.In thecaseof only freechargecarriersthecurrent
transientexpressionaccordingto Ref. 4 is
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An exampleof currenttransientview for ts5t tr is shownin
Fig. 1. The initial stepof current causedby the geometric
samplecapacityis given by
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The samplebulk conductivitymay be estimatedaccord-
ing to
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or from the initial increaserateof the current
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Thedrift mobility maybeestimatedfrom thetime tmax when
the total current reachesits maximumvalue j max. For low
conductivity material, when ts>t tr is fulfilled, D j 5 j max

2j(0)<j(0), and

tmax5dA 2

3mA
, ~6!

while for high conductivity material,when ts!t tr is valid,
D j @ j (0), and

FIG. 1. Schematicillustration of CELIV. U is the voltageapplied to the
sampleand j is the correspondingcurrenttransientfor ts5t tr .
tmax5S tsd2
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. ~7!

In the caseof a single deep trapping level when the
capturetime tC.t tr , the mobility m can then be estimated
from Eq. ~6! or ~7!. For lower voltage,whentC,t tr , them f
product is estimated@here f 5tC /(tC1tR) is the trapping
factor of chargecarriersandtR is re-trappingtime#. Further
detailson the numericalmodelingcanbe found in Ref. 4.

Experimentally, CELIV measurements of p-type
mc-Si:H were performed using a maximal voltage of U
525V. The durationof trianglevoltagepulseswerevaried
in a 100nsto 100mstime interval.Experimentallyit is most
convenientto make measurementsat a rate A when D j
> j (0). Thenthe valueof drift mobility wasestimatedfrom
Eq. ~6!, taking into account a correction factor K51
10.36D j / j (0)

m5
2d2

3Atmax
2 K

, ~8!

which is estimatedfrom thenumericalcalculationof Eqs.~1!
and ~2! andis valid for D j <10j (0).

III. EXPERIMENTAL RESULTS

The valuesof D j , j (0), tmax, and m or m f obtained
experimentallyby CELIV as a function of the voltage in-
creaserateA areshownin Fig. 2. For thedeterminationof A,
which separatesm andm f , i.e., at which tC5t tr , thevoltage
when the collectedchargeQ/Q0 of Hecht’s dependencies
saturates was measured ~Fig. 3! and (mtC)p>2
31028 cm2/V wasestimated.From this dependencefollows
(mtC)p@(mtC)n becausethe collected charge is much
higher when the positive electrodewas illuminated. More-
over, the lower saturationmagnitudeof chargecollection in

FIG. 2. D j , j (0), tmax, andm or m f dependencieson voltageincreaserate
A at room temperaturefor a 2 mm thick p-type mc-Si:H sample.The drift
mobility of holes measuredby CELIV in slightly dopedcrystalline Si is
shownfor comparison.
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thecasewhenthenegativeelectrodeis illuminatedindicates
that this is causednot by electrondrift but by a drift of holes
from the absorptiondepthbackto the illuminatedelectrode.
A voltagevaluewhereQ50 pointsto anelectricfield at the
illuminatedelectrode.

The estimatedvaluesof mc-Si:H hole mobility at tmax

,tC are slightly higher than onesof a-Si:H. From the ex-
perimentallymeasureddependenciesof tmax on A at different
temperatures~180–300 K! andat the electricfield value(F
533104 V/cm) wheret tr,tC , the hole mobility activation
energy0.2 eV wasestimated.The imperfectionof CELIV is
that the electric field is nonconstantduring chargecarrier
extraction.However,the main extractionoccursat the mo-
ment t5tmax whenthe strongestelectricfield is achieved.

For comparison,the mobility m of slightly dopedp-type
c-Si measuredby CELIV is also shown ~Fig. 2!. In this
samplea Hall mobility of holes of 290 cm2/V s was mea-
suredat room temperature.

IV. MODELING AND DISCUSSION

Themeasuredelectronextractionby CELIV andmodel-
ing in the caseof single localized statesdemonstratethe
existenceof two maximumsin the current transient,in a
region of voltagesat which tC>t tr .

4 However, for p-type
samples,the CELIV experimentdemonstratescontinuous
power law tmax;Ag dependence.

We think that thebarriermodel,which is generallyused
for the interpretationof electronicpropertiesin polycrystal-
line materials,is unsuitablefor mc-Si:H becausedensityof
freeandtrappedchargecarriersin localizedstatesis compa-
rablewith the densityof crystallites(1015– 1016cm23); and
the Debyescreeninglengthis longerthanthe dimensionsof
crystallites.The experimentalresultsshowing big mobility
activationenergy,similar to thatof a-Si:H mobility, led usto
presumea decisive influenceof localized states.Thus nu-
merical modeling was carried out assuminga stochastic
transportof holesin the caseof an exponentialdistribution
of localizedstatesN(E);exp(2(E/E0)). Modeling indicated
thatthedependenciesof D j andtmax arecloseto a powerlaw
dependence,D j ;Ab and tmax;Ag, and are qualitatively

FIG. 3. Hecht’s curvesof a p-type mc-Si:H layer illuminated throughthe
ITO ~j! or Al ~s! electrode;hv52.6eV. Positive voltageappliedon illu-
minatedelectrode.
analogousto experimentalresults~compareFig. 4 and Fig.
2!. For a morequantitativecomparisonwith theexperimental
results,the voltageincreaserate A was selectedin order to
get D j > j (0). By changingE0 , and, thus by changingthe
dispersioncoefficient of stochastictransporta5kT/E0 , it
wasobtainedthat (b1g),0 and(b2g)>1. Note that the
shapeof j (t) transientin this caseshouldbesublinearwhen
t,tmax ~Fig. 5!. However,experimentally,the shapeof j (t)
wassuperlinearand(b2g).1. Sucha discrepancymay be
causedeither by a mobility m;exp(aF) or by retrapping
from trapping states with a characteristictime tR;exp
(2bF) dependenton electricfield. In both cases,the current
transientis then superlinear~Fig. 5! and (b2g) increases
togetherwith a or b ~seeFig. 6!. However,whenthe mobil-
ity dependson electric field, (b1g) is independentof a
~Fig. 6!, while for tR(F),

FIG. 4. Numericalmodelingof D j , j (0), and tmax transientsin the caseof
an exponentialdistribution of localized stateswhen E0 /kT51.5 and A
5100. Fine solid lines showthe casewhentR;exp(20.1F), dashedlines
correspondto thecasewhenm;exp(0.1F), andthick linesdemonstratethe
casewhenboth tR andm are independentof electricfield.

FIG. 5. Extractioncurrenttransientsfor A5100 ~A51 correspondsto the
caset tr5ts!. Current density is normalizedto j (0) at A51 and time is
normalizedto ts . The fine solid line correspondsto the casewhen tR

;exp(20.05F), the dashed line correspondsto the case when m
;exp(0.05F), andthethick line demonstratesthecasewhenbothtR andm
areindependentof electricfield F.
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(b1g) increasesand even becomespositive. Thesecases
demonstratethat different shapesof currenttransientcanbe
obtainedfor t.tmax ~seeFig. 5!. With an increaseof b the
maximumof currenttransientevendisappears,especiallyat
a high voltage increaserate. This is due to the fact that,
duringextractionof chargecarriersfrom localizedstates,the
electric field concentratesclose to the contact and, at the
sametime, stimulateschargecarrier generationin this re-
gion, which inducesa further increasein electric field. Ex-
perimentally,the coefficientsa and b may be changedby
changingtemperature.Both increasewhen temperaturede-
creases.Thusthe latter effect might be usedfor comparison
of modelingto experimentandalsoto examinethenatureof
chargecarrier transportdependenceon electric field. Here,
one has to note that (b2g) is insensitive to a mobility
dependenceon electric field: when a changesfrom 0 to `,
(b2g) changesfrom 1 to 2.

So far, investigationsof holesof mc-Si:H havedemon-
stratedthat (b2g).1 and (b1g).0; and both increase
whentemperaturedecreases.This pointsto that tR(F) plays
a decisiverole in the hole transportdependenceon electric
field.

FIG. 6. Numerical modeling of (b1g) and (b2g) as the functions of
E0 /kT, a, and b for E0 /kT51.5. Here the density of localized statesis
N(E);exp(2E/E0), andm;exp(aF) andtR;exp(2bF).
For electronsof mc-Si:H theshallowanddeeptrapsare
relatively well-separatedenergeticallyanda modelwith one
localizedstateis approximatelyvalid.3,4 As follows from ex-
perimentalresultsof Ref. 3 ~seeFig. 4! for high A when t tr

,tC(b2g)>1 and(b1g)>0. Thereforein roomtempera-
ture the influence of electric field to transportparameters
is insignificant. However, for low A when t tr.tC then
(b2g).1. The latter points to a decisiverole of f depen-
denceon electricfield.

V. CONCLUSIONS

The numericalmodelingof chargecarrier transportby
CELIV, assumingan energeticallydistribution of localized
states,allowed us to proposepossiblereasonsfor the drift
mobility dependenceon electricfield. If it is causedby sto-
chastic transport then (b2g)51 ~here D j ;Ab and tmax

;Ag!, while if it is predeterminedby a mobility dependence
on electricfield then(b1g) is independentof temperature,
and if it is causedby an electric field stimulatedreleaseof
chargecarriersfrom localizedstatesthen (b1g) increases
when temperature decreases.So far, measurementsin
mc-Si:H indicate that the electricalfield stimulatedrelease
of carriersseemsthe more likely reasonfor the observed
dependenceof the mobility on electrical field. Experimen-
tally measuredtemperatureandelectricfield dependenciesof
hole mobility in mc-Si:H are closeto the onesobservedin
a-Si:H. Theseobservationssuggestthatholetransportcanbe
controlledby intercrystallitematerial.
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