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Abstract— An impr oved equivalent circuit for hydrogenated
amorphoussilicon (a-Si:H) solar cellsand modulesis presented.It
is basedon the classiccombination of a diode with an exponential
curr ent–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 resistance)and
effects related to the physics of the pin-junction (recombination
losses).It also allows an effective�� 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 measurements,
recombination, �� -product degradation.

I. INTRODUCTION

T HE useof equivalentcircuitsis aconvenientandcommon
way to describe the electrical behavior of electronic

devices.Generally, an equivalent circuit offers three main
advantages:it is easy to use within electrical circuits; it
allowsthedevice’spropertiesto bedescribedin astandardized
and abbreviatedmannerusing a simple analytical model; it
providesinsightsinto thecomplexphysicalprocessesthattake
place within the device.

The equivalentcircuit generallyusedfor photovoltaicsolar
cells is shown in Fig. 1 (ignoring the dashedsection): it
essentiallyconsistsof a current sourceshuntedby a diode.
These two elementscorrespondto generationand loss of
photocurrentin the device. The resistances and can
be consideredto be “parasitic” circuit elements,introducedto
describethe behaviorof real solar cells with their technical
limitations. We shall comeback to theselater.

That one may simply superposea photocurrentsource
on the characteristicsof the dark diode is, at first sight,
physicallysurprising—infact, thephoto-inducedgenerationof
holesandelectronswithin thesolarcell will changethecarrier
concentrationat every point, requiring, thus, a new solution
for the drift-dif fusion differential equationsthroughout the
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Fig. 1. Equivalent circuit for photovoltaic solar cells and modules.The
current sink (dashedlines) takes into account the current lossesdue to
recombinationin the i-layer of the device.

whole device.However,as postulatedin [1], and as shown
in [2], such a simple superpositionof a dark diode and a

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-dif fusion differential equationsfor minority carriers,
within the p- or n-typebulk 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 different illumination levels usually all meet at a single
point in the first quadrant[3], a fact that can only
bereconciledwith thesimpleequivalentcircuit of Fig. 1 if an
additionallossterm,which increasesstronglywith theforward
voltage , is introduced.Such a loss term has to take into
accountthe recombinationlossesin the intrinsic layer of the
device.

Generally speaking, recombination is relatively intense
within amorphoussilicon cells becauseof the presenceof
dangling bonds that act as recombinationcenters—thisis
especiallytrue for cells in the degradedstate.It is therefore
intuitively “reasonable”to describeamorphoussilicon cells
by introducinganadditionalrecombinationlossterm into
the equivalent circuit, a term which is symbolized by the
current sink (dashedlines) in Fig. 1. Recombinationlosses
within the i-layer are in a first approximationproportionalto
the carrier concentrationsobservedtherein, and thus to the
photogeneratedcurrent This hasbeenshowntheoretically
in [4] and is usedin the formulationof the losscurrent

The aims of this article are fourfold:

1) to show empirically that the equivalentcircuit in Fig.
1 describesquite preciselythe experimentallymeasured
electricalbehaviorof illuminatedsolarcells 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
shown in Fig. 3 with the resultsof the analytical model. The decreaseof
Rsc = (@V=@I)V=0 of thecell in 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
measurementof 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
(dashedsymbol in Fig. 1);

3) to providea link betweentheequivalentcircuit of Fig. 1,
especiallybetweenthe newly introducedrecombination
lossterm,andtheoreticaltreatmentsof recombinationin
amorphoussilicon cells, suchas [4];

4) and to illustrate the use of the new, completeequiva-
lent circuit to investigatethe long-term behaviorof a
commercialmoduleduring outdoorexposition.

II. EXPERIMENTAL PROCEDURE

The authorshaveusedthe standardcharacterizationproce-
durefor solarcells that consistsof measuringthe curve
atagivenillumination levelasit shownin Fig. 2. Theresulting
datamay be condensedinto the six characteristicparameters
which are:

1) the short circuit current ;
2) the opencircuit voltage ;
3) the fill factor ;
4) the efficiency ;
5) the “opencircuit resistance” , which

may be relatedto the seriesresistance ;
6) and the “short circuit resistance” ,

which may be relatedto the parallel resistance

The latter two parameters and arekey parameters
for the presenttreatment;they are reciprocal slopesof the

curve.
The basic idea is to measurethe curve over a wide

rangeof illumination levels,ratherthanat a fixed illumination
levelof say1000W/m Thereby,additionalinformationabout
the device can be gained.We call this methodthe Variable
Illumination Measurement(VIM) method.

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

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

Thelight sourcemaybeeithera laboratorylampor, alternal-
tively, sunlight for outdoormeasurements.In the laboratory,
variationof theillumination leveloversix ordersof magnitude
is obtainedby varying the distancebetweenthe lamp and
the sampleand by using neutral (grey) filters. The outdoor
VIM-method makesuseof the natural variation of the solar
irradiance,thespectralvariationshavingonly aslight influence
on the resultsin the caseof single junction cells.

III. THE ANALYTICAL MODEL

Thesingleexponentialmodelrepresentedby theequivalent
circuit in Fig. 1 ignoring the dashedsection is known to
match well the curves of crystalline solar cells [1],
[2]. This model predictsthat the short-circuit resistance
should be equal to the parallel resistance of the device
over a large range of illumination levels [dot-dashedline
in Fig. 3(b)]. The experimental -datashow that this
is not the casefor amorphoussilicon cells. This constitutes
a clear empirical motivation for the introduction of a new
currentlossterminto theequivalentcircuit (representedby the
dashedsectionin Fig. 1): a term which explicitly takesinto
accountthe recombinationlossesin the i-layer of the device.
A simpleexpressionfor this currentcanbededucedassuming
the electricalfield to be constantwithin the i-layer, and
to be strong enoughto mask the effects of the diffusion of
the carriers [4]. This very crude assumptionis expectedto
be valid only for small or negativeexternalvoltages for
cells with thin i-layers (small valueof andfor low defect
densitiestherein. In this case,a homogenousgenerationof
carriersleadsto linearily varyingprofilesfor thefreeelectrons

andholes in the i-layer [4]. Therecombinationfunction
is taken from [6]

(1)

where and are the capture times of the electrons
and holesby the neutraldanglingbonds.Insertingthe linear
carrierprofiles mentionedabove,this recombinationfunction
becomes

(2)

where is thepositionin the i-layer measuredasthedistance
from the p-layer, and the bandmobilities of the free
carriers. Rememberthat this expressionhas been obtained
neglectingdiffusioncurrentsandis only valid for strongfields
in the i-layer, thin cellsandlow defectdensitiesin the i-layer.

The expressionfor the recombination in (2) may
beintegratedover thewhole i-layer (from to to
obtain the total currentloss due to recombinationwithin
the i-layer; we therebyobtain

(3)
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Fig. 3. Illumination level dependenceof the I(V ) parameters.Thesymbols
indicate the experimentaldata of a typical single junction laboratory cell,
the lines the predictionsof the model. Omitting the recombinationcurrent
(dot-dashedlines) affects only the predictions for Rsc and FF; but not
thosefor Voc andRoc: The markson the x-axis denoteIsc underone-sun
illumination, and the dotted line (@V=@Idark) as a function of Idark: The
oscillationsof Roc are a numericaleffect.

with

(4)

It should be noted that equalsthe generationcurrent
multiplied by the ratio of the cell thickness over the

effectivedriftlength (Schubweg)in the i-layer. The
electricalfield in the i-layer (assumedto be constant)is
set to the differencebetweenthe built-in voltage and the
voltageoverthejunction Theeffective -product

TABLE I
PARAMETER VALUES USED TO FIT THE MODEL TO THE EXPERIMENTAL DATA OF

A TYPICAL LABORATORY CELL IN THE DEGRADED (B) AND INITIAL (A) STATE

suitably combinesthe -productsof electronsand
holes1, as resultingfrom the integrationof (2).

Introducing this recombinationcurrent into the equivalent
circuit (dashedsymbol in Fig. 1) leads to the following
analyticalexpressionfor the curveof amorphoussilicon
solar cells and modules

(5)

The photogeneratedcurrent is reducedby the loss
currentsdueto recombinationin the i-layer, by thediodewith
its saturationcurrent and its quality factor denotes
here the elementarycharge, Boltzmanns’constantand
the absolutetemperatureof the device), and by the parallel
resistance

Notethatwe expectthis modelto bevalid for small forward
voltagesonly, wherethe crudeassumptionsmentionedabove
canbe consideredto be fulfilled. This is the casein the short
circuit region [4] and we find from (5) that the slope is
determinedby the recombinationterm of the model

(6)

Heretheeffect of and havebeenneglected,which is
correct for intermediateillumination levels (seeSectionIV).
The measurementof provides direct information about
the effective -productwithin the i-layer of the device.
Numerical simulationof amorphoussilicon solar cells using
the program describedin [8] with a standarddefect model
demonstratesthat the recombinationcurrentwithin the i-layer
is the loss current showing the strongestvariation with the
externalvoltage [9]. Otherlosscurrents(for examplethose
dueto recombinationat theinterfacesbetweentheintrinsicand
thedopedlayers)werefoundto havea very weakdependence
on the externalvoltageleadingthusto a neglibleinfluenceon

[9].
The built-in voltage in amorphoussilicon solar cells was

determinedby [10] to be V and we will use this
value for the following calculations.Assumingthat does
not changeduring degradation,monitoring allows direct
measurementof the degradationstate of the i-layer of the
device.

1Note that recent investigationson a-Si:H films lead to the empirical
conclusion that the �� -products are approximatelyequal in the case of
compensatedor stronglydegradeda-Si:H [7], i.e., (��)e� � �0

n
�0
n
� �0

p
�0
p
:

If, in fact �0
n
�0
n
= �0

p
�0
p

holds,a moreprecisecalculationof recombination
losseswithin the i-layer of the pin cell can be employedfor our model and
leadsto a final result that is identical to that given abovein (3) and(4).
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The experimentaldata shown in Fig. 3 have been fitted
with the modelusingthe parametersshownin TableI. In the
short circuit region, we note a perfectmatchingof the -
datawith the model for both the degradedand as-deposited
cell for the whole rangeof illumination levels covering six
ordersof magnitude.

In theopencircuit region,themodellosesits validity asthe
underlying theoreticalassumptionsare no longer fulfilled. It
is, therefore,surprisinghow well the opencircuit voltageof
the undegradedcell matchesthat of the model.Note thereby
that the slight underestimationof by the model for the
degradedcell is causedby the weight of the recombination
currentterm in (5). Thevaluesof predictedby the model
in (5) do not dependon the recombinationcurrent term but
mainly on thediodeterm;theyremainslightly underestimated.

The validity of the model can also be seen from well
matchingof the explicit curvesshownin Fig. 2.

IV. THE REGIMES OF ILLUMINA TION LEVELS

The model for amorphoussilicon solar cells and modules
presentedin (5) allows five regimesof illumination levels to
bedistinguished.Theseareshownschematicallyin Fig. 4 and
marked in Fig. 3:

Regime : At the lowest illumination levels, the
curveof thesolarcell is dominatedby its parallelresistance
leadingto a linear curveassketchedin Fig. 4. Both
and are equal to the parallel resistance This regime
is characterizedby the independenceof and from
the illumination: sucha behaviorcanbe observedon the left
sideof Fig. 3(a) and(b). In this illumination regime,the low
parallel resistance leadsto a reducedopencircuit voltage

[Fig. 3(c)] as well as to a fill factor of 0.25 (Fig.
3(d)). The lower the valueof the higher the illumination
level hasto be to assurethat the performanceof the deviceis
not affectedby The detectionof the parallelresistancein
this illumination regimemay be usedfor the quality control
of commercialamorphoussilicon solar modules.

Regime : Increasing the illumination level, we reach
regimeB wherethe parallelresistance only dominatesthe
shortcircuit partof the curveasshownin Fig. 4. Thefill
factor is still reducedby but the opencircuit voltage

is no moreaffected[Fig. 3(c) and(d)]. The inverseslope
is still equalto the parallelresistance whereas is

determinedby the physicsof the junction.
Regime : In this regime,neithertheseriesnor theparallel

resistance affects the curve of the device (Fig.
4). Both the slopes and are determinedby the
physicsof the pin junction, and may be used to asses
the recombinationin the i-layer (6). In this regime, the fill
factor exhibits the best values; a fact which makes
the regime C recommendablefor the practical operationof
amorphoussilicon solar cells or modules.This is the only
regime where the fill factor is a correctly indicatesthe
stateof degradationof the device.

Regime : Increasing the illumination level, we reach
regimeD wherethe seriesresistance of the devicebegins
to affect theopencircuit regionof the curveasindicated

Fig. 4. The regimesof illumination levels.The five regimesof illumination
levelsfor amorphoussilicon solarcellsandmodulesresultingfrom themodel
underlying equation (5). Roc reflects the physics of the pin junction in
the regimesB and C. In the regimesC and D, Rsc is determinedby the
recombinationin the i-layer (6).

schematicallyin Fig. 4. Thereby,the opencircuit voltage
is unaffected;however,the opencicuit resistance is now
determinedby theseriesresistance This leadsto a reduced
fill factor The short circuit region, and especially
are not affected by This regime is not reachedby the
laboratory cell shown in Fig. 3 becauseof its low series
resistance,but it is reachedby commercialmodulesunderone
sun illumination. It is characterizedby the flattening of the
dependenceof with the illumination level. This is shown
in Fig. 5 for a commercialmodule, where the illumination
level is presentedby the opencircuit voltage.

Regime : At the highest illumination levels we reach
regime E, where the curve predictedby the model is
completlydominatedby the seriesresistance leadingto a
linear curve with a fill factor of 0.25 (Fig. 4). In
this regime the inverseslopes and are equal to the
seriesresistance of the device.

V. EVALUATION OF THE PARAMETERS

The evaluationof the elementsof the equivalentcircuit
shownin Fig. 1 anddescribedby the analyticalexpressionof
(5) is basedon the variableillumination measurement(VIM)
of the curve indicatedin SectionII, and a subsequent
presentationof their parametersasshownin Fig. 3.

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

(7)

Here,we havealsoneglectedthe effect of the recombination
lossesin the i-layer. Fitting this equationto the logarithmic
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region of the measured -behavior [Fig. 3(a)] yields
the diodesaturationcurrent and the quality factor

The high illumination limit of is, according to the
model, equal to the series resistance which may be taken
as the asymptotic saturation value of (regimesD andE).
The series resistance is physically determined by the sheet
resistance of the electrodes, especially that of the transparent
electrode.

The low illumination limit of is, according to the model,
equal to the parallel resistance which may be taken as the
asymptotic saturation value of (regimesB andA). may
also be determined by the saturation of the slope
for low dark currents (see dotted line in Fig. 3(b), note
that low dark currents—here less than mA cm —are
determined by and not by the pin-junction). The parallel
resistance is a measure of the technological quality of the
device: low values of indicate high leakage currents due
to pin-holes.

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

This evaluation procedure, when applied to the typical
laboratory cell described in Section II, yields the parameters
shown in Table I. Using these parameters with the model in
equation (5) to calculate and yields the lines
shown in Fig. 3; note their excellent fit with the experimental
data. This signifies that the new equivalent circuit in Fig.
1 and the analytical model in equation (5) describe quite
satisfactorily the full behavior of the solar cell tested, over
the whole range of six orders of illumination levels.

VI. A PPLICATION: SPLITTING THE DEGRADATION EFFECTS

One key feature of the VIM-method is the measurement
of the slopes and We can now use these slopes to
determine the reasons for the degradation of a commercial
amorphous silicon module during outdoor exposition.

On one side, the analytical model in (5) results in being
equal to theseries resistance of the device in the high
illumination limit (regime D). At one-sun illumination, this
limit is not reached by the small-area laboratory cell whose
data are shown in Fig. 3(a), but it is reached by commercial,
large-area modules with their higher series resistanceThis
is shown in Fig. 5, where the clear saturation of allows
the series resistance of the module to be determined. The-
data shown here were obtained by scanning the curve in
ten-minutes intervals during outdoor exposition. By filtering
these -data for high illumination conditions, they directly
present the series resistance Fig. 6(a) shows the continuous
increase of which has to be related to degradation effects
outsidethe pin-junction, for example degradation of the SnO-
layer or corrosion of the contacts. It should be mentioned
here that several other commercial amorphous silicon modules
examined did not show such a degradation of

Fig. 5. Roc(Voc)-data of a commercial module obtained by scanning the
I(V ) curve in ten-minute intervalls from day 184 to 202 of outdoor exposition.
These data are temperature-corrected using measured temperature coefficients
of Roc and Voc

(a)

(b)

Fig. 6. Roc and (��)e� -data of a commercial module. They are filtered
for clear irradiance conditions around solar noon and then daily averaged.
(��)e� has been calulated fromRsc assumingdi = 0:3� m and a
constantVbi = 0:9 V. These data are temperature-corrected using measured
temperature coefficients ofRoc andRsc:

On the other side, the inherent light-induced degradation
of the i-layer material (Staebler–Wronski effect [12]) of the
module is determined by the effective -product calcu-
lated from with (6). Fig. 6(b) shows the data for the same
module assumnig a constant built-in voltage during outdoor
exposure. The apparent tendency to saturate may be caused by
a slight seasonal effect, as the data shown have been monitored
until the beginning of Summer 1995.

The slope is equal to the parallel resistance in the
low illumination limit according to the model in (5); it is
detected by the flattening of the -data which is shown
for the laboratory cell in Fig. 3(b). The parallel resistance

is slightly reduced in the degraded cell. We attribute this
decrease to the formation of pin-holes during degradation;
such pin-holes may have been created by the mechanical stress
provoked by the contact finger during the degradation period.
Mechanical stress is known to reduce the parallel resistance
of amorphous silicon solar cells, a behavior which frequently
occurs when the cells are mechanically cut [13].

At higher illumination levels mA cm in Fig.
3(b)], the reduction of the parallel resistance does not
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affect the performanceof the degradedcell. Now the slope
is determined by the reduced effective -product

due to the light-induced defect creation in the
i-layer.

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

VII. CONCLUSIONS

An improvedequivalentcircuit for amorphoussilicon solar
cells and moduleshasbeenpresented.The relatedanalytical
model for thesedevicesis simple and was shown to match
the current–voltage curvesof a typical laboratoryamor-
phous silicon cell for a wide range of illumination levels
varying over six ordersof magnitude.The model is a single
exponentialmodel with a new term taking into accountthe
recombinationin the i-layer of the device.Combinedwith the
experimentalmethod of Variable Illumination Measurement
(VIM) of the 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

of the curve at the short circuit point, at
intermediateillumination levels, directly proportional to the
effective -product in the i-layer and thus servesas
a quantifying tool for the stateof degradationof the cell or
module.

Basedon the measurementsof a commercialmodule,we
havedemonstratedhow the measurementof the seriesresis-
tance andof theeffective -product in the i-layer
leads to a discriminationbetweentwo different degradation
effects occuring in a commercialamorphoussilicon module:
in this casethe Staebler–Wronski degradationeffect hasbeen
shownto flattenafter200daysof outdoorexposition,whereas
the seriesresistance has beenshown to be linked to an
additional deteriorationeffect not showing any tendencyto
saturate.

For a typical laboratory cell, it could be clearly demon-
stratedthat its light-induceddegradationcannotbeexclusivley
attributedto an enhancedrecombinationin the i-layer of the
device.
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