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The measurement of the open-circuit voltagé,d as a function of the illumination intensity
(Suns-V,) is a useful tool for characterizing solar cells, giving a characteristic curve with virtually

no influence from series resistance. In particular, Sihs-measurements allow the extraction of

the diode properties without a complete contacting scheme, such as for test structures in research or
for quality control between processing steps during production. In this article, we show by means of
resistive network calculations, that the combination of contact shading and high sheet resistance can
cause severe deviations of the measured Sugs<eurve from that measured without contact
shading or with only negligible sheet resistance. These deviations bear the danger of an erroneous
assessment of the fundamental diode properties. For sheet resistances typical for thin layers of
doped hydrogenated amorphous Si even the shadow of the tip of a needle-shaped contacting probe
can be sufficient to cause a distorted Suvig—curve. Results of experiments performed on a
microcrystalline p—i—n Si thin-film solar cell with an amorphous layer are presented and
qualitatively explained within the framework of a resistive network model. A “rule of thumb” is
presented, which allows an estimate to be made of the impact of contact shading and sheet resistance
onV,. measurements for arbitrary solar cells and contact area size2008 American Institute of
Physics. [DOI: 10.1063/1.1595141

I. INTRODUCTION wherel, is the saturation currenRg the series resistance,
) o , Rqhn the shunt resistancenm the ideality factor, and/; the

Measuring the short-circuit current densitlsd and the  ormal voltage. In the Sunak, method only the open-

ppen—circuit voltage V{0 for a range of i!lgmination levels  ircuit voltage /.o is measured, that i§V,)=0. The il-

is a yvell-known procedure for characterizing the fundamenmmimmon density® is proportional to the light-generated

tal diode properties of solar cel[Ssc—Voc method(Ref. D] ¢, rrent density, and thus the Sungs curve is given as

with virtually no influence of(moderat¢ series resistance

values. For very high series resistance, howeverJikzeV Ve Voe

pairs can vary significantly from the current—voltade-Y) Dol =1 o( exy{ -y, ) - 1) TR 2

curve in the absence of series resistance. In such cases, moni- T sh

toring the light intensity with a separate devi@g., a cali-  The Suns¥,. curve[Eq. (2)] is, therefore, equivalent to the

brated reference solar cgllinstead of measuring thés.,  darkl-V curve, for the case where the series resistatde

yields the characteristic curve, a “Sungg” curve, without  zero. This curve only depends on the properties of the diode

influence from series resistante. via |, andm, as well as the parasitic shunt resistafgg.
In most cases thé—V curve under illumination(light A convenient way of obtaining Suns4. curves in
| -V curve can be expressed as a superposition ofdak  quasi-steady-state measurements is illustrated in Figvith
|-V curve with the light-generated curreit, a detailed analysis of the method given in Ref. 3. A flash
lamp with a slowly decaying light intensityrf,sc= 1 ms) is

- V—1(V)XRq
|(V)—|0(EX[<m—VT

V-I(V)xR
L VEIVXRs

_1) used for illuminating the sample. A digital oscilloscope
records the open-circuit voltage of the solar cell simulta-
neously with thel ;. of a calibrated reference cell, with the
L (1) latter signal being a measure of the light intensity.
Rsh A consequencéand benefit of the insensitivity towards
series resistance is that the Sulgzmethod does not re-

dAuthor to whom correspondence should be addressed; electroniflUir® an optimized contacting scheme. In many cases s?mply
mail:n.harder@unsw.edu.au pressing a metal probe onto the doped region is a sufficient
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FIG. 1. Suns¥,. measurement setup used for the experiments of this work.
The setup is discussed in detail in Refs. 2 and 3.
voltage

o . ) o ) FIG. 2. Cross-sectional schematic representation of the resistive network
contact. By utilizing a preamplifier with very high input im- model used for simulating the distortion of Suiés curves in the presence

pedance the fundamental diode properties can even be detef<ontact shading and high sheet resistance. The metal probe for measuring
mined in the presence of high contact resistdhteis makes the voltage shades the underlying region if illuminated from the side of the
he S v hod . f h . contact. The back surface of the solar cell is covered with a highly conduc-
the Suns oc metho very attractlv_e or C ara_cterlzmg t?St tive contact layefe.g., a metal back contact
structures in research or for quality control in production
before the application of metallisation.

In this article, we use a simple resistive network model

to show that despite the ruggedness of the S¥agmethod  ,onq on the microscopic current mechanisms and makes

towards series resistance and crude contacting, the combin3ﬁ|y use of the exponential dependence of the current on the
tion of high sheet resi;tance with contch shading.can Signiﬁéxternal voltage, which is the case for both types of diodes.
cantly distort the diode characteristics obtained from |, Fig. 2, the contact to the emitter is sketched as a probe
Sl_ms—\/OC measurements. For sheet resistances_typical fo(rthis could also be an evaporated contact)padthe model,
thin layers of doped hydrogenated amorphous@5{H), 1o probe contacts the entire surface area that it is shading.
even the shadow of the tip of a needle shaped probe for4terq) flows of current in the emitter are impeded by the
contacting can be sufficient to cause a distorted SM3s—  gheet resistance of the emitter, sketched as resistors in Fig. 2.
curve. Results of experiments onpe-1—n thin-film solar e same applies to the backside of the solar cell. However,
cell consisting ofp-type and intrinsic(* i"-type) layers of  j; is assumed that the back contact of the solar cell is highly
hydrogenated microcrystalline silicon«¢-Si:H) and ann - -onqctive, ie., has only negligible sheet resistance. Corre-
layer of highly dopeda-Si:H are presented and qualitatively g,qndingly, in the equivalent circuit shown in Fig. 2 the
explained within the framework of the resistive network p,ccontact is represented as a connection without resistors
model. Further details ofc-Si:H p—i—n thin-film solar  payveen the individual diodes and current sources.
cells similar to thgse examined in this paper have been pub- |, the case where there is no shading, there is no lateral
lished elsewher?! variation in the voltage across the diode. In this case, the
voltage measured across tpe-n (or p—i—n) junction is
1l. RESISTIVE NETWORK simply the photogenerated voltage, which results form bal-
ancing the light-generated current and the recombination cur-
rent (including shunt current, if applicableThat is, in the
Figure 2 shows a schematic representation of the resisbsence of localized contact shadifog other lateral inho-
tive network modelsimilar to that of Ref. 7, for example mogeneities the only current flows occur perpendicularly to
used to describe the combined effect of high sheet resistandke junction.
and contact shading. The terminology indicated in Fig. 2 is  However, in the presence @bcalized contact shading
that, typically, used for conventiongd—n junction solar lateral flow of current has to occur. In the model, it is as-
cells, in which the “emitter” and the “back surface field”are sumed that the current flow in the lowly dopédr even
highly doped layers of opposite types and the “base” is the'intrinsic” ) absorber still occurs perpendicularly to the junc-
(lightly doped main absorber. Ip—i—n solar cells the main tion while the only lateral flow of current occurs in the
absorber is “intrinsic,” i.e., not intentionally doped. Despite highly conductive backcontact and the highly doped emitter.
of the fact that the electrical characteristicspafi—n junc-  For the open-circuit conditions considered in this article, this
tion diodes are drift-current dominated and thapefn junc-  assumption is in agreement with the results of two-
tion diodes diffusion-current dominated, the model is de-dimensional simulations of microcrystalline—i—n junc-
scribed and discussed for both types of diodesions of Fantoniet al® Conditions under which this assump-
simultaneously. This can be done as the model does not dden may break down are discussed later in this section.

A. Model
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FIG. 3. Calculated example of the spatial voltage distribution under “open-

circuit conditions” in the presence of contact shading and high sheet resis-

tivity. (a) Light-generated current density at 1 Syr=15 mA cm 2. Sheet L . o

resistance value&)/sq): (i) 6x1C°, (ii) 3x 107, and (i) 4.5x 1CF. (b): within the device(similar to that of Ref. 8seems, therefore,

Sheet resistance: 4&10° (1/sq 1-Sunj, values(mA cm™?): (i) 15, (i) 240,  necessary for very high illumination densities and very high
and(iii) 1875. Itis assumed that the contact shading is not complete, i.e., thgheet resistances. Nevertheless. and as is shown below. the
average light-generated current density in the volume under the contact is | trend b d in th ' . t d ib ,bl
assumed to be 5% of that in the surrounding area. ggngra rends observed in . e exper'lm.en are describable
within the framework of the simple resistive network model
used in this article.
) S ] ] A suitable nomenclature for the mathematical treatment
‘Therefore, the spatial potential distribution under illumi- of the model is indicated in Fig. 4. In Fig. 4 the central diode
nation is calculated by dividing the solar cell around theyiso has an associated current source, as it is reasonable to
needle into concentric rings, each being represented in thessyme that the central diode below the contact is not com-
n_umerlcal model by an individual diode and an assomate(f!ﬂete|y shaded. For example, the sample is normally illumi-
(I|ght-gene_rate)jcurrent source. For the central diode, how- nated with an extended light source, which is much bigger
ever, the light-generated current source has been omitted {an, the area of the contact. Internal scattering—for example,
Fig. 2 to indicate the shading effect. The concentric rings argom surface textures—further reduces the degree of shading
electrically connected by the sheet resistance of the emittefnqer the contact. In Fig. 4,5, are the(dark currents
and the magnitude of the current source is proportional tqnroygh the individual diodes in the model, which represent
both, the illumination intensity and the area of the ring. Intye ring-shaped sections of the diode as indicated in Fig. 2.
the model, each individual diode is forward biased by thethese currents are the product of the area of the concentric

current sources, i.e., the light-generated current. Predomhng A, and the dark current density of the diojde, which is
nantly, the current source associated with ithi# ring for-  3ssumed to be uniform. That idp i =AXjp=]pX 7T

ward biases th_e diode of thth ring. However, f_ori =0 (?.e., ><[(xi+Axi)2—xi2], with x, being the inner diameter and
the shaded diode under the confadhere is no light- Ay the width of theith ring. The light-generated current in
generated current. This diode is forward biased by smaljheith ring-shaped section of the diotie; is the product of
amounts of current from each of the surrounding concentrig,g aread, and the light-generated current dengity which
rings. As these currents travel laterally through the sheet rgg 5150 assumed to be uniform; ;=A;Xj,. The light-
sistance towards the shaded contact in the center, the Curregénerated curren{ o in the “central diode,” i.e., below the
flowing laterally increases and the voltage decreases, reac ontact, is zero for complete shading, or—for noncomplete
ing a minimum at the contact. The resulting lateral pOtemia%hading—equal to some percentageAgi<j, . (Note: in a
distribution is shown in Fig. @ for three different sheet mre-refined version of this model the light-generated cur-

resistances of the emittéconstant light-generated current rent of the center diode has to be subtracted from the light-
density and Fig. 3b) shows the lateral potential distribution generated current of the surrounding area.

for three different light-generated current densifiesnstant The resistance of thigh ring R represents théatera)

sheet resistivity resistance of the emitter for current passing from the outer to
The biggest deviation of the voltage at the contact fromyne inner perimeter of the ring

the voltage in thédistan) nonshaded regions occurs for high
sheet resistance and high light-generated current densities

_ ) AXj<X; )
(high illumination densitiesas can be seen in Figs(@ and R = fx'ﬂx' pdr - Xi+ AX; . _P Ax
3(b), respectively. In the extreme, the lateral voltage gradient x, ~ 2mrd  2md Xi 2md X
predicted by the model becomes large and can become a (©)

significant fraction of the voltage across the junction. It

might, therefore, be expected that in such a case the currenthere p is the specific resistivity of the emitter artithe
flow within the bulk of the device does not occur only per- thickness of the emitter. The voltayg across the individual
pendicularly to the junction. In this case, the assumption thatliodes in the model have to fulfil Kirchhoff’s rule as given in
there is only one-dimensional current flow in the absorbelEgs. 4a) and 4b), in which open-circuit conditions are as-
region approximates reality less closely. For an accurate desumed, i.e., no flow of external currents. The voltage mea-
scription, a two-dimensional simulation of the currentssured by the voltmeter at the probe/contacVis
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case there is a small amount of current generated below the
contact(5% of the light-generated current density of the sur-
rounding arepa For comparison, each figure contains the
Suns-V,; curve as it would be measured without shading
and sheet resistance effedturve labeled with “no shad-
ing”). That is, the Suns¥,. of the solar cell contacted with

a transparent conta¢tor example, a transparent conductive
oxide) or with an emitter of negligible sheet resistance. The
open-circuit voltage measured with a transparent contact will
be referred to as “ideaV,..” The three bold curves in each
graph of Fig. 5 correspond to three different sizes of the
shaded contact region while keeping the sheet resistance con-
stant. The simulation parameters are given in parameter set |

FIG. 5. Impact of contact shading in combination with high sheet resistancén Table I. Interestingly, exactly the same curves can also be
on Suns-Y,; measurements. Shown are calculated curves using the parangenerated by using parameter set Il in Table |, that is by

eters given in Table I(b) In the shaded region an average light-generated

current density of 5% of that in the surroundifigonshadedarea is as-
sumed.

Vi—Viei Vi oV

ILi—loi=li—lia=—F% R for i>0,
I 1
(48
Vo=V,
lLo—lpo=—11= R (4b)
1

The boundary condition for solving this problem is given in

using three different sheet resistances and keeping the shaded
area constant. With respect to the measured Sugseurve
and its distortion by the combination of contact shading and
high sheet resistance, increasing the area of the shaded re-
gion is equivalent in the resistive network model to increas-
ing the sheet resistance. That is, Wi, ce;being the sheet
resistance € p/d) andr the radius of the shaded region, all
combinations oRgeer@ndr g fulfilling 13X Rgnee= CONstant
cause exactly the same distortion of the measured Syn—
curve in the resistive network model.

In Fig. 5b) the three simulated curves have an upper

Eq. 5b) to a laterally infinitely extended sample:
Ei ID,iZEi Il and Vi —Vi[<[Vi=Vi_4|, (58

j—o0

V-V, ,—0. (5b)

corresponds to the voltage, which would develop in the di-
ode directly under the contact due to its own light-generated
current from the incomplete shadir(that is, without any
contribution from any of the surrounding ring-shaped sec-
tions of the solar cell Note: for parameter set |, i.e., when
attributing the differently shaped curves to differently sized
shaded areas, this upper bound would in an experiment nor-

If the shaded contact region is small compared to the totaially change as well with the area size of the shading con-
sample area the voltage gradient virtually vanishes at suffitact, as the non-zer@veragglight-generated current density
cient distance from the contacted region, e.g., at the edge @f the volume underneath the contact stems only from an

the sample. That is, the open-circuit voltagé,{ as mea-

edge effect of the incomplete shading. In the calculations

sured without influence from shading is present at the edgepresented in Fig. ®), however, for all three curves the light-

B. Modelling results

Figure 5 shows calculated Sungs. curves for different

degrees of contact shading. The parameters used for thege
. . . . u

calculations are given in Table I. Figuré€ab corresponds to

no current generation under the

“complete shading,” i.e.,
contact, and Fig. ®) to “incomplete shading,” in which

TABLE I. Simulation parameter sets giving the Sukgzcurves of Fig. 5.

generated current density below the contact is 5% of that in
the surrounding area, regardless of the area of the shading
contact.

As can be seen from Fig. 5, the distortion of the
ns-V,. curves due to contact shading is severe for the
chosen set of parameters. The sheet resistances given in
Table | appear extremely high from the perspective of crys-
talline Si solar cells. However, they resemble rather low
sheet resistance values for amorphous Si emitters as used for
example ina-Si:H thin-film solar cells. Furthermore, the

In both cases is the diode ideality factor 1.6 and the light-generated currerdhgded areas are not large and are well within the range of

density at 1 Sun is 15 mA/cin

Parameter set | Parameter set I

(i) 1.2x 10°
Rsheef 2/s0) 3x 107 (i) 3x 10
(iii) 7.5x 10°
Radius (i) 10 50
of shaded (ii) 50
area(um) (iii) 250

typical needle-shaped probes for voltage measurements.
Nevertheless, it can clearly be seen from Fig. 5 that signifi-
cant deviations from the nonshadédea) V,. can occur for
contact shading in combination with high sheet resistances as
found in thina-Si:H emitters. The deviation does not simply
cause a parallel shift of the Sun¥s. curve (“pseudo |-V
curve”), but instead distorts the shape of the curve. The latter
bears the danger of an erroneous assessment of the funda-
mental diode properties.
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The ideality factorf{see Eqgs(1) and(2)] used in these
calculations for each individual diode in the resistive net- | NP WUNPRN WU N R
work does not correspond to the simple analytical descrip- 02 03 04 05 06 07
tion or the often-used “two-diode model.” The value of 1.6 v V]
was used as it corresponds to the experimentally obtained oc

curve discussed in the next section. FIG. 7. Suns¥. characteristics of thgc-Si:H p—i—n thin-film solar cell

as measured in the three configurations shown in Fig. 6. Synilbals and

I1l. EXPERIMENTS AND COMPARISON TO MODEL O correspond to the configurations shown in Figéa)66(b), and &c),
respectively.
Suns-V,. measurements were performed on a hydroge-

nated microcrystalline silicongc-Si:H) thin-film p—i—n

solar cell made on Corning 1737 glass by plasma-enhancetie a-Si:H layer directly, as shown in Figs(l§ and Gc),
chemical vapor deposition at a substrate temperature afauses a high contact resistance. An upper boune 15

200 °C. Apart from the hydrogen dilution of the silane gasM{) was determined for this contact resistance by measuring
during deposition of the layer (higher than that for achiev- the resistance between two probes contacting ah®i:H

ing the highestuc-Si:H solar cell energy conversion effi- layer. Therefore, we used a high-impedaneel('? Q) volt-
ciency) the deposition conditions were similar to that of the age follower as a preamplifier for accurately measuring the
solar cells of Refs. 5 and 6. The-i—n junction consists of voltage in the presence of this high contact resistance.
three layers>~20 nmp-type uc-Si:H, 1 um “intrinsic” (not Figure 7 shows the Sun&/4.. curves obtained from mea-
intentionally doped wc-Si:H and~20 nmn-type hydroge- surements using the three setups shown in Fig. 6. As can be
nated amorphous Sia¢Si:H). For the uc-Si:H layers a  seen from the comparison of the curves corresponding to the
plasma excitation frequency of 94.7 MHz was used andsetupda) and(b) in Fig. 7, the use of the preamplifier allows
13.56 MHz for thea-Si:H layer. The Suns¥,. characteriza- the measurement of the open-circuit voltage even in the pres-
tion was done using three different ways of contacting andence of the high contact resistance between the amorphous
illuminating the sampl€Fig. 6). Setup(a) in Fig. 6 is the n-type silicon layer and the metal probe. The remaining
normal contacting scheme, which is optimized with respecsmall difference between the two curves is most likely only
to the energy-conversion efficiency @fc silicon p—i—n due to a less effective light trapping in cade (no backre-
thin-film solar cells. The transparent conductive oxi@€0O)  flecton. However, the curve obtained using set(®, in

in combination with the silver pad provides a good ohmicwhich the contacting probe shades the solar cell locally, has
contact and an efficient back reflector. In this way of contacta distinctively different shape compared to curves and

ing and under illumination with an intensity of 1 Sun the (b). The spectrum of the flashlight has its main intensity in
solar cell has an open-circuit voltage of 512 mV and anthe range of long wavelengths with more than 50% of the
energy conversion efficiency of 6.6%. In sefi contact is  usable photonshir>1.124 eV) having wavelengths longer
made by directly pressing a contacting probe ontotleyer  than 800 nm and almost 80% longer than 600 nm, leading to
and the illumination occurs from the same side as in setup very uniform absorption ip.c-Si:H thin-film solar cells’

(a). In setup(c) the same contacting scheme is used as ifFurthermore, it has been shown in previous Wadtiat the
setup(b), however, the illumination occurs from the opposite | -V curves and spectral response pfside illuminated
side. That is, in setufc) the metal probe for contacting the wc-Si:H p—i—n solar cells is almost identical te-side illu-
n-type layer (emittep locally shades the diode. Contacting minated n—i—p cells. The substantial difference between
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curve (c) and curvesa and (b) can, therefore, not be as-

cribed to a different(vertical) generation profile. Laterally, @Qilm’_sﬁc—t—"%f—z-

however, there is a difference in illumination between cases 100 Jo < 10_4A cm_2 —

(b) and (c) due to the shadow of th@eedle-shapedorobe J,=10"'Acm”™ - — -

used for contacting the solar cell in cag. ]
An ideality factor of 1.6 closely approximates the diode ._E_. 7 ideality factor =1 |1

characteristics of curvéb) (see the lower solid line in Fig.)7 o 10 — ] <10°A cm? 4

. 0 P

and was, therefore, used to describe the voltage dependenc:: / —— e J = 10°A om? |

of the dark current density characteristics of the diodes in the 7, g 4

resistive network calculations described below. A discussion 7 /

of such diode characteristics on the basis of detailed device 107/ 3

simulation has been published elsewh&t®The solar cell, i

when contacted as in Fig(®, has a 1-Sun short-circuit cur- 107 10" 10° 10' 100 10°

rent density of~20 mA/cn?. The parallel shift of curveb) J X Area_ X R, [V/sq.]

in Fig. 7 [solar cell contacted as in Fig.(l§], therefore,
corresponds to a light-generated current density~df5 - -

. . . . . . FIG. 8. DeviationAV,. of the measured open-circuit voltage from the
mA/cn at 1 Sun illumination intensity. The upper solid line “ideal V,,” plotted as a function of the product of the light-generated
in Fig. 7 is calculated using the resistive network model andturrent densityd, , the emitter sheet resistanBg.e, and the size of the
approximates the experimentally obtained cukeg quite (disk-shape}i_contact areaA V. depends only very weakly on the saturation
well. As the optics of the setup for measuring cuieg in current densityl, for small values o,

Fig. 7[solar cell contacted as in Fig(d] reasonably closely
resemble those of the setup in Figbg this simulation used
the same 1-Sun light-generated current der@isymA/cnf).
The needle-shaped contacting probe was measured with a In order to provide the experimenter with a “rule of
micrometer, g|V|ng a radius of the t|p in the range 5—[.ﬂlﬁ thumb” for eStimating whether contact Shading is I|ke|y to
Fitting the resistive network modéupper solid line in Fig. impact opgn—circuit voltage measurements on a particular so-
7) to the experimental data obtained with setap therefore, " Cell, Fig. 8 shows the maximum deviation of the mea-
yields a sheet resistance of (2-710%° Q/sq for the 20- sured voltage from the ided,.. The deviation AV,) is

nm-thick n-type a-Si:H layer. This sheet resistance value is plotted for d'ﬁere’.“ values ofly and two dlqde ideality
somewhat higher, but still similar to the data reported forfactors as a function of the product of the light-generated
' currentJ, , the size of the(disk-shapeg contact area, and

typlcal 20-nm-thickn-type a—S|:H11Iayers inp—i—n Si th'm— the sheet resistanc®q.e; For small values ofJ,
film solar cells ¢5x10° Q/sq) M For achieving the fit to (<1075 Acm2, i.e., “normal” J, values for reasonably ef-

high-illumination-intensity range of the experimental datagicient silicon solar cellsthe impact of the saturation current
with the resistive network model, a nonzero average “ght'density onAV,. is negligible. Only very largd, values alter
generated current density below the shading cor(@t of  the AV, appreciably, as is illustrated by the two dashed
that in the surrounding regigmas been assumed. curves. For obtaining an upper limit for the deviation from

The simulated curveupper solid line in Fig. Yis a  the idealV,., AV,.is plotted under the assumption of “com-
reasonable approximation to the experimental data and qualplete shading” of the volume below the contact as discussed
tatively explains both(a) the deviation of the measured volt- in the previous sections. If light scattering produces a non-
age from the ideaV/,. and(b) the tendency of the measured zero light-generated current in this volume, or if the diffusion
Suns-V,. curve at higher intensities to become parallel tolength of minority charge carriers in the absorber is large
the ideal Suns¥, curve(as measured with transparent front compared to the lateral dimension of the shaded volume be-
contact or low sheet resistance low the contact, the actual deviation from the id&&). is

The sheet resistance range obtained from fitting the exsMaller, as was shown for example in Figbp
perimental data with the theoretical model is relatively close  NOt€: The relation plotted in Fig. 8 has been calculated

to conductivity values that are typical for 20-nm-thickype for d|sk-sha.ped|.'e., cwcularl symmet'r)/conta}ct areas, as In
Ny . L . . the calculations in the previous sections. Figure 8, therefore,
a-Si:H layers in thin-filmp—i—n Si solar cells. It, therefore,

. . ] does not describe the impact of the shading of other contact
seems that the simple resistive network model is adequate for P g

lainina the deviation of th ircuit vol (geometries(e.g., a comb-like grid structure®n V,. mea-
explaining the deviation of the open-circuit voltage measure urements. However, as a circular disk has the lowest

in the presence of contact shading and high sheet resistangg meter.to-area ratio of all geometries, using the area size
from the idealV,.. The remaining differences between the ot other contact geometries in Fig. 8 still provides an upper

experimental and the calculated curves can possibly be rgsound to the corresponding deviatidrV, from the ideal
duced by a more refined model, potentially allowing for two-v/__.

dimensional current flows in the bulk of the device or are- |t can be estimated from Fig. 8 thabnventionalsolar
fined description of shading and light-generated currentells made from crystalline Si wafers are only marginally
density in the vicinity of the metal probe. impacted by the effect described in this article: Assuming an

IV. “RULE OF THUMB”
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emitter sheet resistance of 2@D'sq, and a light-generated distortion of the shape of the curve. The latter bears the
current density of 33 mA citf, a deviationAV,, larger than  danger of an erroneous assessment of the fundamental diode
(or equal t9 5 mV can only be expected for voltage probes properties.
with diameters larger than 1 mm. A rule of thumb has been presented, allowing an esti-
When directly contacting aa-Si emitter of a Si wafer- mate to be made of the impact of contact shading and sheet
based heterojunction solar cell such as the heterojunctioresistance oV,. measurements for arbitrary solar cells and
with intrinsic thin layer(HIT) structure of Sanyd? Fig. 8  contact area sizes. From this rule of thumb can be concluded
predicts high values oAV, even for small contact areas. thatV,. measurements on conventional Si-wafer-based solar
However, it has to be noted that Fig. 8 assumes “completeells are not significantly impacted by contact shading from
shading,” and thus zero light-generated current density bevoltage probes with a diameter smaller than 1 mm. However,
low the contact probe. For needle-shaped contacting probder combinations of small carrier diffusion lengths and high
the minority carrier diffusion length in high-lifetime wafers sheet resistances, such aa#$i:H andwc-Si:H thin-film Si
(>1 mm) is long compared to the dimension of the contactedsolar cells without TCO coating, the effect described in this
region, leading to substantial lateral carrier diffusion fromarticle significantly impacts open-circuit voltage measure-
the illuminated region into the shaded region. Thus, in casenents even when using very thin needle-shaped voltage
of high-lifetime wafers the effective light-generated currentprobes.
density below the contact cannot be assumed to be close to
zero for very small contact areas and the valua®f,. pre- ACKNOWLEDGMENTS
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