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ImprovedEquivalentCircuit and Analytical Model
for AmorphousSilicon Solar Cells and Modules

J. Merten, J. M. Asensi,C. Voz, A. V. Shah,R. Platz,and J. Andreu

Abstract— An improved equivalent circuit for hydrogenated
amorphoussilicon (a-Si:H) solar cellsand modulesis presented |t
is basedon the classiccombination of a diode with an exponential
current—voltage characteristic, of a photocurrent source plus a
new term representingadditional recombination lossesin the i-
layer of the device. This model/equivalent circuit matches the
I(V) curves of a-Si:H cells over an illumination range of six
orders of magnitude. The model clearly separateseffectsrelated
to the technologyof the device(seriesand parallel resistanceand
effectsrelated to the physics of the pin-junction (recombination
losses)lt alsoallows an effective 7 product in the i-layer of the
deviceto be determined, characterizing its state of degradation.

Index Terms— Amorphous silicon solar cells and modules,
analytical model, I(V') characteristics, outdoor measuements,
recombination, . 7-product degradation.

. INTRODUCTION

HE useof equivalentircuitsis aconvenienandcommon

way to describethe electrical behavior of electronic
devices. Generally, an equivalentcircuit offers three main
advantagesit is easy to use within electrical circuits; it
allowsthedevice’'spropertiedo be describedn a standardized
and abbreviatedmannerusing a simple analytical model; it
providesinsightsinto the complexphysicalprocessethattake
place within the device.

The equivalentcircuit generallyusedfor photovoltaicsolar
cells is shownin Fig. 1 (ignoring the dashedsection): it
essentiallyconsistsof a current sourceshuntedby a diode.
Thesetwo elementscorrespondto generationand loss of
photocurrentin the device. The resistancesk, and R, can
be consideredo be “parasitic” circuit elementsjntroducedto
describethe behaviorof real solar cells with their technical
limitations. We shall comeback to theselater.

That one may simply superpose photocurrentsourcelyy,
on the characteristicsof the dark diode is, at first sight,
physicallysurprising—infact, the photo-inducedyeneratiorof
holesandelectronswithin the solarcell will changethe carrier
concentrationat every point, requiring, thus, a new solution
for the drift-diffusion differential equationsthroughoutthe
whole device. However, as postulatedin [1], and as shown
in [2], such a simple superpositionof a dark diode and a
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Fig. 1. Equivalentcircuit for photovoltaic solar cells and modules. The
current sink (dashedlines) takes into accountthe current lossesdue to
recombinationin the i-layer of the device.

photocurrentsourceis indeedvalid and can be theoretically
justified for crystalline solar cells, consistingof pn-diodes.
The theoreticaljustification[2] is basedon the linear form of
the drift-diffusion differential equationsfor minority carriers,
within the p- or n-type bulk regionsof the pn-diode.

It is, however,well known that amorphoussilicon solar
cells, which are pin-diodesand in which the main part of
the photovoltaic generationoccurs in the intrinsic i-layer,
behavedifferently. As a striking example,the /(') curves
for differentillumination levels usually all meetat a single
point Ic(V¢) in the first quadrant[3], a fact that can only
be reconciledwith the simpleequivalentcircuit of Fig. 1 if an
additionallossterm,which increasestronglywith the forward
voltage V, is introduced.Such a loss term hasto take into
accountthe recombinationlossesin the intrinsic layer of the
device.

Generally speaking, recombinationis relatively intense
within amorphoussilicon cells becauseof the presenceof
dangling bonds that act as recombinationcenters—thisis
especiallytrue for cells in the degradedstate.lt is therefore
intuitively “reasonable”to describeamorphoussilicon cells
by introducingan additionalrecombinatioriossterm I, into
the equivalentcircuit, a term which is symbolized by the
currentsink (dashedlines) in Fig. 1. Recombinationlosses
within the i-layer arein a first approximationproportionalto
the carrier concentrationsbservedtherein, and thus to the
photogeneratedurrent/,. This hasbeenshowntheoretically
in [4] andis usedin the formulationof the losscurrent /...

The aims of this article are fourfold:

1) to show empirically that the equivalentcircuit in Fig.

1 describegyuite preciselythe experimentallymeasured
electricalbehaviorof illuminated solar cells andis able
to do so for illumination levelsvarying over six orders
of magnitude;
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Fig. 2. Comparing the experimental I(V')-data of the laboratory cell
shownin Fig. 3 with the resultsof the analytical model. The decreaseof
Rsc = (0V/0I)v = of thecellin thedegradedstateis attributedto enhanced
recombinationin the i-layer of the device.Note that the VIM-method does
not require calibratedillumination levels, thesemay therefor differ for the
measurementf the cell in the degradedand initial state.

2) to presentan experimentalmethodthat can be usedto

determinesystematicallythe elementsof this equiva-
lent circuit, including the new recombinationloss term

(dashedsymbolin Fig. 1);

to providealink betweertheequivalentircuit of Fig. 1,

especiallybetweenthe newly introducedrecombination
lossterm,andtheoreticaltreatment®of recombinatiorin

amorphoussilicon cells, suchas[4];

and to illustrate the use of the new, completeequiva-
lent circuit to investigatethe long-term behaviorof a

commercialmoduleduring outdoorexposition.

3)

4)

Il. EXPERIMENTAL PROCEDURE

The authorshaveusedthe standardcharacterizatiorproce-
durefor solarcells that consistsof measuringhe I(V') curve
atagivenilluminationlevelasit shownin Fig. 2. Theresulting
datamay be condensednto the six characteristigparameters
which are:

1) the shortcircuit current I;

2) the opencircuit voltage V,.;

3) thefill factor FF

4) the efficiency n;

5) the“opencircuit resistance’R.. = (9V/II)—o, which
may be relatedto the seriesresistancer;
and the “short circuit resistance”Rs. = (0V/31)y o,
which may be relatedto the parallelresistancelz,,.

The latter two parameterd?,. and R,. are key parameters
for the presenttreatment;they are reciprocal slopesof the
I(V) curve.

The basicideais to measurethe I(V') curve over a wide
rangeof illumination levels,ratherthanat a fixed illumination
level of say1000W/m?. Thereby additionalinformationabout
the device can be gained.We call this methodthe Variable
Illumination Measuremen{VIM) method.

The experimentalresults are plotted as a function of the
short circuit current,. or opencircuit voltage V,,. avoiding
the needof calibratedillumination levels. This hasbeendone

6)

with the data obtainedfrom a typical laboratory solar cell
[5] (single junction, glass/Sn@/pin-structurewith an i-layer
thicknessd; of 0.35um, 10.7% initial efficiency) which are
are indicatedby the symbolsin Fig. 3.

Thelight sourcemaybeeitheralaboratoryiampor, alternal-
tively, sunlightfor outdoormeasurementdn the laboratory,
variationof theillumination level oversix ordersof magnitude
is obtainedby varying the distancebetweenthe lamp and
the sampleand by using neutral (grey) filters. The outdoor
VIM-method makesuse of the naturalvariation of the solar
irradiancethe spectralvariationshavingonly aslightinfluence
on the resultsin the caseof single junction cells.

The singleexponentiamodelrepresentedby the equivalent
circuit in Fig. 1 ignoring the dashedsectionis known to
match well the (V) curves of crystalline solar cells [1],
[2]. This model predictsthat the short-circuitresistanceR.
should be equal to the parallel resistanceR,, of the device
over a large range of illumination levels [dot-dashedline
in Fig. 3(b)]. The experimentalR,.(I;.)-datashow that this
is not the casefor amorphoussilicon cells. This constitutes
a clear empirical motivation for the introduction of a new
currentlossterminto the equivalentircuit (representetty the
dashedsectionin Fig. 1): a term which explicitly takesinto
accountthe recombinationlossesin the i-layer of the device.
A simpleexpressiorfor this currentcanbe deducedassuming
the electricalfield |E| to be constantwithin the i-layer, and
to be strong enoughto maskthe effects of the diffusion of
the carriers[4]. This very crude assumptionis expectedto
be valid only for small or negativeexternalvoltagesV, for
cells with thin i-layers (small value of d;) andfor low defect
densitiestherein. In this case,a homogenougyenerationof
carriersleadsto linearily varying profilesfor the free electrons
ny andholesp; in thei-layer [4]. Therecombinatiorfunction
is takenfrom [6]

THE ANALYTICAL MODEL
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wherez is the positionin the i-layer measuredsthe distance
from the p-layer, 1., and 70 the band mobilities of the free
carriers. Rememberthat this expressionhas been obtained
neglectingdiffusion currentsandis only valid for strongfields
in thei-layer, thin cellsandlow defectdensitiesn thei-layer.

The expressiorfor the recombinationRpp(z) in (2) may
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obtainthe total currentloss I,.. dueto recombinationwithin
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Fig. 3. lllumination level dependencef the I(V') parametersThe symbols
indicate the experimentaldata of a typical single junction laboratory cell,
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Numerical simulation of amorphoussilicon solar cells using
the program describedin [8] with a standarddefect model
demonstratethat the recombinatiorcurrentwithin thei-layer
is the loss current showing the strongestvariation with the

the lines the predictionsof the model. Omitting the recombinationcurrent
(dot-dashedlines) affects only the predictionsfor R.. and FF, but not €XternalvoltageV’ [9]. Otherlosscurrents(for examplethose

thosefor Vo and ... The markson the z-axis denote/.. underone-sun dueto recombinatiorattheinterfacesetweertheintrinsicand
|Ilum|ne_1t|on, and the dottedline _(8&//81dmk) as a function of I4,,1. The thedopedlayers)werefound to haveaveryweakdependence
oscillationsof R,. area numericaleffect. . . .
on the externalvoltageleadingthusto a neglibleinfluenceon
| R [9].
with The built-in voltage in amorphoussilicon solar cells was
determinedby [10] to be V4,; = 0.9 V and we will usethis
@) value for the following calculations. Assumingthat V3,; does
not changeduring degradationmonitoring R, allows direct
measurementbf the degradationstate of the i-layer of the
It should be notedthat I... equalsthe generationcurrent device.
I, multiplied by the ratio of the cell thicknessd; over the INote that recentinvestigationson a-Si:H films lead to the empirical
effective driftlength (u7)e| E| (Schubweg)n thei-layer. The conclusionthat the y7-products are approximately equal irz] trge ca%e gf
electricalfield |E| in the i-layer (assumedo be constant)is ~Ccompensatedr stronglydegradedi-StH [7], i.€., (117 )eit & fin 7o & 1y Ty -
he differencebetweenthe built-in voltage V.. and the If, in fact p;, 7, = p, 7, holds,a more precisecalculationof recombination
setto the di ’ ’ g bi losseswithin the i-layer of the pin cell can be employedfor our model and
voltageoverthejunction(V —I'R,). Theeffective ur-product leadsto a final resultthatis identicalto that given abovein (3) and (4).
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The experimentaldata shownin Fig. 3 have beenfitted
with the modelusingthe parametershownin Tablel. In the
short circuit region, we note a perfectmatchingof the R,.-
datawith the model for both the degradedand as-deposited
cell for the whole range of illumination levels covering six
ordersof magnitude.

In the opencircuit region,the modellosesits validity asthe
underlying theoreticalassumptionsre no longer fulfilled. It
is, therefore,surprisinghow well the opencircuit voltage of
the undegradectell matchesthat of the model. Note thereby
that the slight underestimatiorof V.. by the model for the
degradedcell is causedby the weight of the recombination
currenttermin (5). Thevaluesof R, predictedby the model
in (5) do not dependon the recombinationcurrentterm but

mainly onthe diodeterm;theyremainslightly underestimated.

The validity of the model can also be seenfrom well
matchingof the explicit /(V') curvesshownin Fig. 2.

IV. THE REGIMES OF ILLUMINATION LEVELS

The model for amorphoussilicon solar cells and modules
presentedn (5) allows five regimesof illumination levelsto
be distinguishedTheseare shownschematicallyin Fig. 4 and
markedin Fig. 3:

RegimeA: At the lowest illumination levels, the I(V)
curveof thesolarcell is dominatedoy its parallelresistance?,,
leadingto alinear I(V') curveassketchedn Fig. 4. Both R,
and R, are equalto the parallel resistancelz,. This regime
is characterizedoy the independencef R,. and R,. from
the illumination: sucha behaviorcan be observedon the left
side of Fig. 3(a) and(b). In this illumination regime,the low
parallelresistanceR, leadsto a reducedopencircuit voltage
Voe [Fig. 3(c)] aswell asto a fill factor F'F' of 0.25 (Fig.
3(d)). The lower the value of £, the higherthe illumination
level hasto be to assurethat the performanceof the deviceis
not affectedby R,,. The detectionof the parallelresistancen
this illumination regime may be usedfor the quality control
of commercialamorphoussilicon solar modules.

RegimeB: Increasingthe illumination level, we reach
regimeB wherethe parallelresistancel?,, only dominateshe
shortcircuit partof the I(V') curveasshownin Fig. 4. Thefill
factor F'I is still reducedby R, but the opencircuit voltage
V. i1s no more affected[Fig. 3(c) and(d)]. Theinverseslope
R, is still equalto the parallelresistancel,, whereask,,. is
determinedby the physicsof the junction.

RegimeC: In thisregime,neitherthe seriesnorthe parallel
resistanceR,, affects the I(V) curve of the device (Fig.
4). Both the slopes R,. and R,. are determinedby the
physicsof the pin junction, and R, may be usedto asses
the recombinationin the i-layer (6). In this regime, the fill
factor F'F' exhibits the best values; a fact which makes
the regime C recommendabldor the practical operationof
amorphoussilicon solar cells or modules.This is the only
regime where the fill factor F'I" is a correctly indicatesthe
stateof degradationof the device.

RegimeD: Increasing the illumination level, we reach
regimeD wherethe seriesresistanceR; of the devicebegins
to affect the opencircuit regionof the I(V') curveasindicated
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Fig. 4. Theregimesof illumination levels. The five regimesof illumination
levelsfor amorphoussilicon solarcellsandmodulesresultingfrom the model
underlying equation (5). R.. reflectsthe physics of the pin junction in
the regimesB and C. In the regimesC and D, R.. is determinedby the
recombinationin the i-layer (6).

schematicallyin Fig. 4. Thereby,the opencircuit voltage V.

is unafected; however,the opencicuit resistancef?,. is now
determinedy the seriesresistance?, . Thisleadsto areduced
fill factor F'F. The short circuit region, and especially R,

are not affected by R;. This regimeis not reachedby the
laboratory cell shown in Fig. 3 becauseof its low series
resistancebutit is reachedy commerciaimodulesunderone
sunillumination. It is characterizedby the flattening of the
dependencef R.. with theillumination level. This is shown
in Fig. 5 for a commercialmodule, where the illumination

level is presentedy the opencircuit voltage.

RegimeE: At the highestillumination levels we reach
regime E, wherethe I(V) curve predictedby the model is
completly dominatedby the seriesresistanceR, leadingto a
linear I(V') curvewith afill factor FF' of 0.25 (Fig. 4). In
this regimethe inverseslopesR,. and R,. are equalto the
seriesresistanceR?, of the device.

V. EVALUATION OF THE PARAMETERS

The evaluationof the elementsof the equivalentcircuit
shownin Fig. 1 anddescribedby the analyticalexpressiorof
(5) is basedon the variableillumination measurementViM)
of the I(V') curveindicatedin Sectionll, and a subsequent
presentatiorof their parametersas shownin Fig. 3.

The parametersof the diode term are determinedfrom
the V(I )-behavior of the device. For the intermediate
illumination regime C where the effects of the seriesand
parallel resistance(R,, R,,) can be neglected the analytical
model (5) yields the following expression:

‘/oc = _TLIZT In <ISC>-

To (7)

Here,we havealso neglectedthe effect of the recombination
lossesin the i-layer. Fitting this equationto the logarithmic



region of the measuredV,(I;.)-behavior[Fig. 3(a)] yields 300 11—
the diode saturationcurrent/, andthe quality factor n. 250 F E

The high illumination limit of R, is, according to the e oo ]
model, equal to the series resistariég which may be taken g 200 AL E
as the asymptotic saturation value @&f. (regimesD andE). c 150 - 3*; ., E
The series resistandg; is physically determined by the sheet MS 100 » . "f’%} . ~
resistance of the electrodes, especially that of the transparent 50 £ M 5
electrode. N

The low illumination limit of R, is, according to the model, 0.70 0.75 0.80
equal to the parallel resistandg,, which may be taken as the V.. [V]

asymptotic saturation value &, (regimesB andA). 1, may Fig. 5. Roc(Voc)-data of a commercial module obtained by scanning the

also be determined by the saturation of the SIGPE/0lqark)  1(V) curve in ten-minute intervalls from day 184 to 202 of outdoor exposition.
for low dark currentsly,;; (see dotted line in Fig. 3(b), note These data are temperature-corrected using measured temperature coefficients

that low dark currents—here less than10—* mA/cm?—are ©f foc andVoc

determined byR, and not by the pin-junction). The parallel

resistancelz,, is a measure of the technological quality of the 50 prrr e
device: low values off?, indicate high leakage currents due ;
to pin-holes.

The product(yir).q, is the key parameter which character¢,)
izes the new recombination term in the model; are determined
from the power-law regime of the experimenfal. (/.. )-data o
[regime C, see Fig. 3(b)] using (6). The built-in voltadg,; :
can be assumed to be approximately 0.9V (for a more precise
but rather cumbersome experimental determinatiolipfsee
[11] or [10]).

This evaluation procedure, when applied to the typicé)
laboratory cell described in Section I, yields the parameters
shown in Table I. Using these parameters with the model in
equation (5) to calculat¥,., F'F, Rs. andR.., yields the lines
shown in Fig. 3; note their excellent fit with the experimental
data. This signifies that the new equivalent circuit in Fig. Exposition Time [days]

1 and the analytical model in equation (5) describe quite _ ,
satisfactorily the full behavior of the solar cell tested, ovdp9 o floc and (n7)c-data of a commercial module. They are filtered

. . o or clear irradiance conditions around solar noon and then daily averaged.
the whole range of six orders of illumination levels. (u7)r has been calulated fronR.. assumingd; = 0.3x m and a

constantl},; = 0.9 V. These data are temperature-corrected using measured
temperature coefficients d®. and Rs..
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VI. APPLICATION: SPLITTING THE DEGRADATION EFFECTS

One key feature of the VIM-method is the measurementOn the other side, the inherent light-induced degradation
of the slopesk,. and R,.. We can now use these slopes tof the i-layer material (Staebler—Wronski effect [12]) of the
determine the reasons for the degradation of a commerciabdule is determined by the effectiver).g-product calcu-
amorphous silicon module during outdoor exposition. lated from R;. with (6). Fig. 6(b) shows the data for the same

On one side, the analytical model in (5) resultddn. being module assumnig a constant built-in voltage during outdoor
equal to theseries resistanceR, of the device in the high exposure. The apparent tendency to saturate may be caused by
illumination limit (regime D). At one-sun illumination, this a slight seasonal effect, as the data shown have been monitored
limit is not reached by the small-area laboratory cell whosentil the beginning of Summer 1995.
data are shown in Fig. 3(a), but it is reached by commercial, The slopeR.. is equal to the parallel resistandg, in the
large-area modules with their higher series resistdficerhis low illumination limit according to the model in (5); it is
is shown in Fig. 5, where the clear saturationff. allows detected by the flattening of th,.(I,.)-data which is shown
the series resistance of the module to be determinedKLhe for the laboratory cell in Fig. 3(b). The parallel resistance
data shown here were obtained by scanningl(¢) curve in R, is slightly reduced in the degraded cell. We attribute this
ten-minutes intervals during outdoor exposition. By filteringecrease to the formation of pin-holes during degradation;
theseR,.-data for high illumination conditions, they directlysuch pin-holes may have been created by the mechanical stress
present the series resistangg Fig. 6(a) shows the continuousprovoked by the contact finger during the degradation period.
increase off;, which has to be related to degradation effectslechanical stress is known to reduce the parallel resist&pce
outsidethe pin-junction, for example degradation of the $nO of amorphous silicon solar cells, a behavior which frequently
layer or corrosion of the contacts. It should be mentionamtcurs when the cells are mechanically cut [13].
here that several other commercial amorphous silicon modulest higher illumination levels[Z,. > 0.1 mA/cm? in Fig.
examined did not show such a degradationfQf 3(b)], the reduction of the parallel resistance does not



affect the performanceof the degradedcell. Now the slope
R, is determined by the reduced effective p7-product
(uT)eg due to the light-induced defect creation in the
i-layer.

Within the framework of the model given by (5), the en-
hancedrecombinatiorin the i-layer howeverdoesnot explain
the loss of opencircuit voltage of the degradedcell shown
in Fig. 3(d). This degradationeffect is taken into account
with an increaseof the diode blocking current I, by nearly
two ordersof magnitude(see Table ). This increaseof the
diodetermin the modelrepresentgnhancedecombinatiorin
the regionsof the p/i and n/i interfaceand other degradation
effects linked to the semiconductobarriers.This showsthat
the VIM-data permit to distinguishbulk i-layer degradation
from other degradatioreffects inside the pin-structureof the
device.

(1]
(2]
(3]

(4]
(5]
(6]
(7]
(8]

VII. [0

An improvedequivalentcircuit for amorphoussilicon solar

CONCLUSIONS

cells and moduleshasbeenpresentedThe relatedanalytical [10]
model for thesedevicesis simple and was shownto match
the current—voltage/ (V') curvesof a typical laboratoryamor- 1]
phous silicon cell for a wide range of illumination levels
varying over six ordersof magnitude.The modelis a single
exponentialmodel with a new term taking into accountthe [12]
recombinatiorin the i-layer of the device.Combinedwith the
experimentalmethod of Variable lllumination Measurement [13]

(VIM) of the I(V) curve (an experimentalmethod which
can also be used outdoors under sunlight), this model al-
lows for a precisedeterminationof the seriesand parallel
resistancesand for a clear discrimination between differ-
ent degradationeffects. So is the reciprocal slope R, =
(8V/aI)v=¢ of the I(V') curve at the shortcircuit point, at
intermediateillumination levels, directly proportionalto the
effective ur-product(u7)eg in the i-layer and thus servesas
a quantifying tool for the stateof degradationof the cell or
module.

Basedon the measurementsf a commercialmodule, we
have demonstratechow the measuremenof the seriesresis-
tance R, andof the effective pur-product(pr)eg in thei-layer
leadsto a discriminationbetweentwo different degradation
effects occuringin a commercialamorphoussilicon module:
in this casethe Staebler—\kbnski degradatioreffect hasbeen
shownto flattenafter 200 daysof outdoorexpositionwhereas
the seriesresistanceR, hasbeenshownto be linked to an
additional deteriorationeffect not showing any tendencyto
saturate.

For a typical laboratory cell, it could be clearly demon-
stratedthatits light-induceddegradatiorcannotbe exclusivley
attributedto an enhancedecombinationin the i-layer of the
device.
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