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Effects of sheet resistance and contact shading on the characterization
of solar cells by open-circuit voltage measurements
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The measurement of the open-circuit voltage (Voc) as a function of the illumination intensity
(Suns–Voc) is a useful tool for characterizing solar cells, giving a characteristic curve with virtually
no influence from series resistance. In particular, Suns–Voc 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 Suns–Voc curve 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 Suns–Voc curve. Results of experiments performed on a
microcrystalline p– i –n Si thin-film solar cell with an amorphousn 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
on Voc measurements for arbitrary solar cells and contact area sizes. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1595141#
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I. INTRODUCTION

Measuring the short-circuit current density (Jsc) and the
open-circuit voltage (Voc) for a range of illumination levels
is a well-known procedure for characterizing the fundam
tal diode properties of solar cells@Jsc–Voc method~Ref. 1!#
with virtually no influence of~moderate! series resistance
values. For very high series resistance, however, theJsc–Voc

pairs can vary significantly from the current–voltage (I –V)
curve in the absence of series resistance. In such cases, m
toring the light intensity with a separate device~e.g., a cali-
brated reference solar cell!, instead of measuring theJsc,
yields the characteristic curve, a ‘‘Suns–Voc’’ curve, without
influence from series resistance.1–3

In most cases theI –V curve under illumination~light
I –V curve! can be expressed as a superposition of the~dark!
I –V curve with the light-generated currentI L ,

I ~V!5I 0S expS V2I ~V!3Rs

mVT
D21D

1
V2I ~V!3Rs

Rsh
2I L , ~1!

a!Author to whom correspondence should be addressed; electr
mail:n.harder@unsw.edu.au
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where I 0 is the saturation current,Rs the series resistance
Rsh the shunt resistance,m the ideality factor, andVT the
thermal voltage. In the Suns–Voc method only the open-
circuit voltage (Voc) is measured, that isI (Voc)50. The il-
lumination densityF is proportional to the light-generate
current density, and thus the Suns–Voc curve is given as

F}I L5I 0S expS Voc

mVT
D21D1

Voc

Rsh
. ~2!

The Suns–Voc curve@Eq. ~2!# is, therefore, equivalent to th
dark I –V curve, for the case where the series resistanceRs is
zero. This curve only depends on the properties of the di
via I 0 andm, as well as the parasitic shunt resistanceRsh.

A convenient way of obtaining Suns–Voc curves in
quasi-steady-state measurements is illustrated in Fig. 1,2 with
a detailed analysis of the method given in Ref. 3. A fla
lamp with a slowly decaying light intensity (tpulse51 ms) is
used for illuminating the sample. A digital oscilloscop
records the open-circuit voltage of the solar cell simul
neously with theI sc of a calibrated reference cell, with th
latter signal being a measure of the light intensity.

A consequence~and benefit! of the insensitivity towards
series resistance is that the Suns–Voc method does not re
quire an optimized contacting scheme. In many cases sim
pressing a metal probe onto the doped region is a suffic
ic
3 © 2003 American Institute of Physics
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contact. By utilizing a preamplifier with very high input im
pedance the fundamental diode properties can even be d
mined in the presence of high contact resistance.4 This makes
the Suns–Voc method very attractive for characterizing te
structures in research or for quality control in producti
before the application of metallisation.

In this article, we use a simple resistive network mod
to show that despite the ruggedness of the Suns–Voc method
towards series resistance and crude contacting, the com
tion of high sheet resistance with contact shading can sig
cantly distort the diode characteristics obtained fro
Suns–Voc measurements. For sheet resistances typical
thin layers of doped hydrogenated amorphous Si (a-Si:H),
even the shadow of the tip of a needle shaped probe
contacting can be sufficient to cause a distorted Suns–Voc

curve. Results of experiments on ap– i –n thin-film solar
cell consisting ofp-type and intrinsic~‘‘ i’’-type! layers of
hydrogenated microcrystalline silicon (mc-Si:H) and ann
layer of highly dopeda-Si:H are presented and qualitative
explained within the framework of the resistive netwo
model. Further details ofmc-Si:H p– i –n thin-film solar
cells similar to those examined in this paper have been p
lished elsewhere.5,6

II. RESISTIVE NETWORK

A. Model

Figure 2 shows a schematic representation of the re
tive network model~similar to that of Ref. 7, for example!
used to describe the combined effect of high sheet resist
and contact shading. The terminology indicated in Fig. 2
that, typically, used for conventionalp–n junction solar
cells, in which the ‘‘emitter’’ and the ‘‘back surface field’’ ar
highly doped layers of opposite types and the ‘‘base’’ is
~lightly doped! main absorber. Inp– i –n solar cells the main
absorber is ‘‘intrinsic,’’ i.e., not intentionally doped. Despi
of the fact that the electrical characteristics ofp– i –n junc-
tion diodes are drift-current dominated and that ofp–n junc-
tion diodes diffusion-current dominated, the model is d
scribed and discussed for both types of diod
simultaneously. This can be done as the model does no

FIG. 1. Suns–Voc measurement setup used for the experiments of this w
The setup is discussed in detail in Refs. 2 and 3.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
ter-

l

na-
fi-

or

or

b-

is-

ce
s

e

-
s
e-

pend on the microscopic current mechanisms and ma
only use of the exponential dependence of the current on
external voltage, which is the case for both types of diod

In Fig. 2, the contact to the emitter is sketched as a pr
~this could also be an evaporated contact pad!. In the model,
the probe contacts the entire surface area that it is shad
Lateral flows of current in the emitter are impeded by t
sheet resistance of the emitter, sketched as resistors in F
The same applies to the backside of the solar cell. Howe
it is assumed that the back contact of the solar cell is hig
conductive, i.e., has only negligible sheet resistance. Co
spondingly, in the equivalent circuit shown in Fig. 2 th
backcontact is represented as a connection without resis
between the individual diodes and current sources.

In the case where there is no shading, there is no lat
variation in the voltage across the diode. In this case,
voltage measured across thep–n ~or p– i –n) junction is
simply the photogenerated voltage, which results form b
ancing the light-generated current and the recombination
rent ~including shunt current, if applicable!. That is, in the
absence of localized contact shading~or other lateral inho-
mogeneities!, the only current flows occur perpendicularly
the junction.

However, in the presence of~localized! contact shading
lateral flow of current has to occur. In the model, it is a
sumed that the current flow in the lowly doped~or even
‘‘intrinsic’’ ! absorber still occurs perpendicularly to the jun
tion while the only lateral flow of current occurs in th
highly conductive backcontact and the highly doped emit
For the open-circuit conditions considered in this article, t
assumption is in agreement with the results of tw
dimensional simulations of microcrystallinep– i –n junc-
tions of Fantoniet al.8 Conditions under which this assump
tion may break down are discussed later in this section.

.

FIG. 2. Cross-sectional schematic representation of the resistive net
model used for simulating the distortion of Suns–Voc curves in the presence
of contact shading and high sheet resistance. The metal probe for meas
the voltage shades the underlying region if illuminated from the side of
contact. The back surface of the solar cell is covered with a highly cond
tive contact layer~e.g., a metal back contact!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Therefore, the spatial potential distribution under illum
nation is calculated by dividing the solar cell around t
needle into concentric rings, each being represented in
numerical model by an individual diode and an associa
~light-generated! current source. For the central diode, ho
ever, the light-generated current source has been omitte
Fig. 2 to indicate the shading effect. The concentric rings
electrically connected by the sheet resistance of the em
and the magnitude of the current source is proportiona
both, the illumination intensity and the area of the ring.
the model, each individual diode is forward biased by
current sources, i.e., the light-generated current. Predo
nantly, the current source associated with thei -th ring for-
ward biases the diode of thei th ring. However, fori 50 ~i.e.,
the shaded diode under the contact!, there is no light-
generated current. This diode is forward biased by sm
amounts of current from each of the surrounding concen
rings. As these currents travel laterally through the sheet
sistance towards the shaded contact in the center, the cu
flowing laterally increases and the voltage decreases, re
ing a minimum at the contact. The resulting lateral poten
distribution is shown in Fig. 3~a! for three different shee
resistances of the emitter~constant light-generated curre
density! and Fig. 3~b! shows the lateral potential distributio
for three different light-generated current densities~constant
sheet resistivity!.

The biggest deviation of the voltage at the contact fr
the voltage in the~distant! nonshaded regions occurs for hig
sheet resistance and high light-generated current dens
~high illumination densities! as can be seen in Figs. 3~a! and
3~b!, respectively. In the extreme, the lateral voltage gradi
predicted by the model becomes large and can becom
significant fraction of the voltage across the junction.
might, therefore, be expected that in such a case the cu
flow within the bulk of the device does not occur only pe
pendicularly to the junction. In this case, the assumption
there is only one-dimensional current flow in the absor
region approximates reality less closely. For an accurate
scription, a two-dimensional simulation of the curren

FIG. 3. Calculated example of the spatial voltage distribution under ‘‘op
circuit conditions’’ in the presence of contact shading and high sheet re
tivity. ~a! Light-generated current density at 1 Sunj L515 mA cm22. Sheet
resistance values~V/sq!: ~i! 63106, ~ii ! 33107, and ~iii ! 4.53108. ~b!:
Sheet resistance: 4.53108 V/sq 1-Sunj L values~mA cm22!: ~i! 15, ~ii ! 240,
and~iii ! 1875. It is assumed that the contact shading is not complete, i.e
average light-generated current density in the volume under the conta
assumed to be 5% of that in the surrounding area.
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within the device~similar to that of Ref. 8! seems, therefore
necessary for very high illumination densities and very h
sheet resistances. Nevertheless, and as is shown below
general trends observed in the experiment are describ
within the framework of the simple resistive network mod
used in this article.

A suitable nomenclature for the mathematical treatm
of the model is indicated in Fig. 4. In Fig. 4 the central dio
also has an associated current source, as it is reasonab
assume that the central diode below the contact is not c
pletely shaded. For example, the sample is normally illum
nated with an extended light source, which is much big
than the area of the contact. Internal scattering—for exam
from surface textures—further reduces the degree of sha
under the contact. In Fig. 4,I D,i are the ~dark! currents
through the individual diodes in the model, which repres
the ring-shaped sections of the diode as indicated in Fig
These currents are the product of the area of the conce
ring Ai and the dark current density of the diodej D , which is
assumed to be uniform. That is,I D,i5Ai3 j D5 j D3p
3@(xi1Dxi)

22xi
2#, with xi being the inner diameter an

Dxi the width of thei th ring. The light-generated current i
the i th ring-shaped section of the diodeI L,i is the product of
the areaAi and the light-generated current densityj L , which
is also assumed to be uniform:I L,i5Ai3 j L . The light-
generated currentI L,0 in the ‘‘central diode,’’ i.e., below the
contact, is zero for complete shading, or—for noncompl
shading—equal to some percentage ofA03 j L . ~Note: in a
more-refined version of this model the light-generated c
rent of the center diode has to be subtracted from the lig
generated current of the surrounding area.!

The resistance of thei th ring Ri represents the~lateral!
resistance of the emitter for current passing from the oute
the inner perimeter of the ring

Ri5E
xi

xi1Dxi rdr

2prd
5

r

2pd
lnS xi1Dxi

xi
D '

Dxi!xi r

2pd

Dxi

xi
,

~3!

where r is the specific resistivity of the emitter andd the
thickness of the emitter. The voltageVi across the individual
diodes in the model have to fulfil Kirchhoff’s rule as given
Eqs. 4~a! and 4~b!, in which open-circuit conditions are as
sumed, i.e., no flow of external currents. The voltage m
sured by the voltmeter at the probe/contact isV0 .

-
is-

he
is

FIG. 4. Nomenclature used for the mathematical description of the resis
network. The voltage measured at the probe~or contact pads! is V0 .
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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I L,i2I D,i5I i2I i 115
Vi2Vi 21

Ri
2

Vi 112Vi

Ri 11
for i .0,

~4a!

I L,02I D,052I 15
V02V1

R1
. ~4b!

The boundary condition for solving this problem is given
Eq. ~5!, whereby Eq. 5~a! applies to a finite sample size an
Eq. 5~b! to a laterally infinitely extended sample:

(
i

I D,i5(
i

I L,i and uVi 112Vi u,uVi2Vi 21u, ~5a!

Vi2Vi 21 ——→
i→`

0. ~5b!

If the shaded contact region is small compared to the t
sample area the voltage gradient virtually vanishes at s
cient distance from the contacted region, e.g., at the edg
the sample. That is, the open-circuit voltage (Voc) as mea-
sured without influence from shading is present at the ed

B. Modelling results

Figure 5 shows calculated Suns–Voc curves for different
degrees of contact shading. The parameters used for t
calculations are given in Table I. Figure 5~a! corresponds to
‘‘complete shading,’’ i.e., no current generation under t
contact, and Fig. 5~b! to ‘‘incomplete shading,’’ in which

FIG. 5. Impact of contact shading in combination with high sheet resista
on Suns–Voc measurements. Shown are calculated curves using the pa
eters given in Table I.~b! In the shaded region an average light-genera
current density of 5% of that in the surrounding~nonshaded! area is as-
sumed.

TABLE I. Simulation parameter sets giving the Suns–Voc curves of Fig. 5.
In both cases is the diode ideality factor 1.6 and the light-generated cu
density at 1 Sun is 15 mA/cm2.

Parameter set I Parameter set II

~i! 1.23106

Rsheet(V/sq) 33107 ~ii ! 33107

~iii ! 7.53108

Radius
of shaded
area~mm!

~i! 10
~ii ! 50

~iii ! 250

50
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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case there is a small amount of current generated below
contact~5% of the light-generated current density of the s
rounding area!. For comparison, each figure contains t
Suns–Voc curve as it would be measured without shadi
and sheet resistance effects~curve labeled with ‘‘no shad-
ing’’ !. That is, the Suns–Voc of the solar cell contacted with
a transparent contact~for example, a transparent conductiv
oxide! or with an emitter of negligible sheet resistance. T
open-circuit voltage measured with a transparent contact
be referred to as ‘‘idealVoc.’’ The three bold curves in each
graph of Fig. 5 correspond to three different sizes of
shaded contact region while keeping the sheet resistance
stant. The simulation parameters are given in parameter
in Table I. Interestingly, exactly the same curves can also
generated by using parameter set II in Table I, that is
using three different sheet resistances and keeping the sh
area constant. With respect to the measured Suns–Voc curve
and its distortion by the combination of contact shading a
high sheet resistance, increasing the area of the shade
gion is equivalent in the resistive network model to incre
ing the sheet resistance. That is, withRsheetbeing the sheet
resistance (5r/d) andr 0 the radius of the shaded region, a
combinations ofRsheetand r 0 fulfilling r 0

23Rsheet5constant
cause exactly the same distortion of the measured Sun–Voc

curve in the resistive network model.
In Fig. 5~b! the three simulated curves have an upp

bound, indicated by a dashed line in the graph. This cu
corresponds to the voltage, which would develop in the
ode directly under the contact due to its own light-genera
current from the incomplete shading~that is, without any
contribution from any of the surrounding ring-shaped s
tions of the solar cell!. Note: for parameter set I, i.e., whe
attributing the differently shaped curves to differently siz
shaded areas, this upper bound would in an experiment
mally change as well with the area size of the shading c
tact, as the non-zero~average! light-generated current densit
in the volume underneath the contact stems only from
edge effect of the incomplete shading. In the calculatio
presented in Fig. 5~b!, however, for all three curves the ligh
generated current density below the contact is 5% of tha
the surrounding area, regardless of the area of the sha
contact.

As can be seen from Fig. 5, the distortion of th
Suns–Voc curves due to contact shading is severe for
chosen set of parameters. The sheet resistances give
Table I appear extremely high from the perspective of cr
talline Si solar cells. However, they resemble rather l
sheet resistance values for amorphous Si emitters as use
example ina-Si:H thin-film solar cells. Furthermore, th
shaded areas are not large and are well within the rang
typical needle-shaped probes for voltage measureme
Nevertheless, it can clearly be seen from Fig. 5 that sign
cant deviations from the nonshaded~ideal! Voc can occur for
contact shading in combination with high sheet resistance
found in thina-Si:H emitters. The deviation does not simp
cause a parallel shift of the Suns–Voc curve ~‘‘pseudo I –V
curve’’!, but instead distorts the shape of the curve. The la
bears the danger of an erroneous assessment of the fu
mental diode properties.
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The ideality factor@see Eqs.~1! and ~2!# used in these
calculations for each individual diode in the resistive n
work does not correspond to the simple analytical desc
tion or the often-used ‘‘two-diode model.’’ The value of 1
was used as it corresponds to the experimentally obta
curve discussed in the next section.

III. EXPERIMENTS AND COMPARISON TO MODEL

Suns–Voc measurements were performed on a hydro
nated microcrystalline silicon (mc-Si:H) thin-film p– i –n
solar cell made on Corning 1737 glass by plasma-enhan
chemical vapor deposition at a substrate temperature
200 °C. Apart from the hydrogen dilution of the silane g
during deposition of thei layer ~higher than that for achiev
ing the highestmc-Si:H solar cell energy conversion effi
ciency! the deposition conditions were similar to that of t
solar cells of Refs. 5 and 6. Thep– i –n junction consists of
three layers:;20 nmp-typemc-Si:H, 1mm ‘‘intrinsic’’ ~not
intentionally doped! mc-Si:H and;20 nmn-type hydroge-
nated amorphous Si (a-Si:H). For the mc-Si:H layers a
plasma excitation frequency of 94.7 MHz was used a
13.56 MHz for thea-Si:H layer. The Suns–Voc characteriza-
tion was done using three different ways of contacting a
illuminating the sample~Fig. 6!. Setup~a! in Fig. 6 is the
normal contacting scheme, which is optimized with resp
to the energy-conversion efficiency ofmc silicon p– i –n
thin-film solar cells. The transparent conductive oxide~TCO!
in combination with the silver pad provides a good ohm
contact and an efficient back reflector. In this way of conta
ing and under illumination with an intensity of 1 Sun th
solar cell has an open-circuit voltage of 512 mV and
energy conversion efficiency of 6.6%. In setup~b! contact is
made by directly pressing a contacting probe onto then layer
and the illumination occurs from the same side as in se
~a!. In setup~c! the same contacting scheme is used as
setup~b!, however, the illumination occurs from the oppos
side. That is, in setup~c! the metal probe for contacting th
n-type layer ~emitter! locally shades the diode. Contactin

FIG. 6. Three different modes of illumination used in the measurement
the Suns–Voc data displayed in Fig. 7.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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the a-Si:H layer directly, as shown in Figs. 6~b! and 6~c!,
causes a high contact resistance. An upper bound of;15
MV was determined for this contact resistance by measu
the resistance between two probes contacting thea-Si:H
layer. Therefore, we used a high-impedance (;1012 V) volt-
age follower as a preamplifier for accurately measuring
voltage in the presence of this high contact resistance.

Figure 7 shows the Suns–Voc curves obtained from mea
surements using the three setups shown in Fig. 6. As ca
seen from the comparison of the curves corresponding to
setups~a! and~b! in Fig. 7, the use of the preamplifier allow
the measurement of the open-circuit voltage even in the p
ence of the high contact resistance between the amorp
n-type silicon layer and the metal probe. The remaini
small difference between the two curves is most likely on
due to a less effective light trapping in case~b! ~no backre-
flector!. However, the curve obtained using setup~c!, in
which the contacting probe shades the solar cell locally,
a distinctively different shape compared to curves~a! and
~b!. The spectrum of the flashlight has its main intensity
the range of long wavelengths with more than 50% of
usable photons (hn.1.124 eV) having wavelengths longe
than 800 nm and almost 80% longer than 600 nm, leadin
a very uniform absorption inmc-Si:H thin-film solar cells.9

Furthermore, it has been shown in previous work6 that the
I –V curves and spectral response ofp-side illuminated
mc-Si:H p– i –n solar cells is almost identical ton-side illu-
minated n– i –p cells. The substantial difference betwee

of

FIG. 7. Suns–Voc characteristics of themc-Si:H p– i –n thin-film solar cell
as measured in the three configurations shown in Fig. 6. Symbolsj, s, and
s correspond to the configurations shown in Figs. 6~a!, 6~b!, and 6~c!,
respectively.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



-
,
se

de

e
th
io
vi

-

e
n

ith

is
fo

ta
h

ua
t-
d
to
nt

e
s

,
e
re
an
e
r

o
re
en

f
to
so-
a-

ted

-
t

ed
m
-
sed
on-
on
ge
be-

ted

ore,
tact

est
size
er

lly
an

e
d

n

2478 J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 Harder et al.
curve ~c! and curves~a! and ~b! can, therefore, not be as
cribed to a different~vertical! generation profile. Laterally
however, there is a difference in illumination between ca
~b! and ~c! due to the shadow of the~needle-shaped! probe
used for contacting the solar cell in case~c!.

An ideality factor of 1.6 closely approximates the dio
characteristics of curve~b! ~see the lower solid line in Fig. 7!
and was, therefore, used to describe the voltage depend
of the dark current density characteristics of the diodes in
resistive network calculations described below. A discuss
of such diode characteristics on the basis of detailed de
simulation has been published elsewhere.9,10 The solar cell,
when contacted as in Fig. 6~a!, has a 1-Sun short-circuit cur
rent density of;20 mA/cm2. The parallel shift of curve~b!
in Fig. 7 @solar cell contacted as in Fig. 6~b!#, therefore,
corresponds to a light-generated current density of;15
mA/cm2 at 1 Sun illumination intensity. The upper solid lin
in Fig. 7 is calculated using the resistive network model a
approximates the experimentally obtained curve~c! quite
well. As the optics of the setup for measuring curve~c! in
Fig. 7 @solar cell contacted as in Fig. 6~c!# reasonably closely
resemble those of the setup in Fig. 6~b!, this simulation used
the same 1-Sun light-generated current density~15 mA/cm2!.
The needle-shaped contacting probe was measured w
micrometer, giving a radius of the tip in the range 5–10mm.
Fitting the resistive network model~upper solid line in Fig.
7! to the experimental data obtained with setup~c!, therefore,
yields a sheet resistance of (2 – 7)31010 V/sq for the 20-
nm-thick n-type a-Si:H layer. This sheet resistance value
somewhat higher, but still similar to the data reported
typical 20-nm-thickn-type a-Si:H layers inp– i –n Si thin-
film solar cells (;53109 V/sq).11 For achieving the fit to
high-illumination-intensity range of the experimental da
with the resistive network model, a nonzero average lig
generated current density below the shading contact~5% of
that in the surrounding region! has been assumed.

The simulated curve~upper solid line in Fig. 7! is a
reasonable approximation to the experimental data and q
tatively explains both,~a! the deviation of the measured vol
age from the idealVoc and~b! the tendency of the measure
Suns–Voc curve at higher intensities to become parallel
the ideal Suns–Voc curve~as measured with transparent fro
contact or low sheet resistance!.

The sheet resistance range obtained from fitting the
perimental data with the theoretical model is relatively clo
to conductivity values that are typical for 20-nm-thickn-type
a-Si:H layers in thin-filmp– i –n Si solar cells. It, therefore
seems that the simple resistive network model is adequat
explaining the deviation of the open-circuit voltage measu
in the presence of contact shading and high sheet resist
from the idealVoc. The remaining differences between th
experimental and the calculated curves can possibly be
duced by a more refined model, potentially allowing for tw
dimensional current flows in the bulk of the device or a
fined description of shading and light-generated curr
density in the vicinity of the metal probe.
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IV. ‘‘RULE OF THUMB’’

In order to provide the experimenter with a ‘‘rule o
thumb’’ for estimating whether contact shading is likely
impact open-circuit voltage measurements on a particular
lar cell, Fig. 8 shows the maximum deviation of the me
sured voltage from the idealVoc. The deviation (DVoc) is
plotted for different values ofJ0 and two diode ideality
factors as a function of the product of the light-genera
current JL , the size of the~disk-shaped! contact area, and
the sheet resistanceRsheet. For small values of J0

(,1025 A cm22, i.e., ‘‘normal’’ J0 values for reasonably ef
ficient silicon solar cells! the impact of the saturation curren
density onDVoc is negligible. Only very largeJ0 values alter
the DVoc appreciably, as is illustrated by the two dash
curves. For obtaining an upper limit for the deviation fro
the idealVoc, DVoc is plotted under the assumption of ‘‘com
plete shading’’ of the volume below the contact as discus
in the previous sections. If light scattering produces a n
zero light-generated current in this volume, or if the diffusi
length of minority charge carriers in the absorber is lar
compared to the lateral dimension of the shaded volume
low the contact, the actual deviation from the idealVoc is
smaller, as was shown for example in Fig. 5~b!.

Note: The relation plotted in Fig. 8 has been calcula
for disk-shaped~i.e., circular symmetry! contact areas, as in
the calculations in the previous sections. Figure 8, theref
does not describe the impact of the shading of other con
geometries~e.g., a comb-like grid structures! on Voc mea-
surements. However, as a circular disk has the low
perimeter-to-area ratio of all geometries, using the area
of other contact geometries in Fig. 8 still provides an upp
bound to the corresponding deviationDVoc from the ideal
Voc.

It can be estimated from Fig. 8 thatconventionalsolar
cells made from crystalline Si wafers are only margina
impacted by the effect described in this article: Assuming

FIG. 8. DeviationDVoc of the measured open-circuit voltage from th
‘‘ideal Voc ,’’ plotted as a function of the product of the light-generate
current densityJL , the emitter sheet resistanceRsheet, and the size of the
~disk-shaped! contact area.DVoc depends only very weakly on the saturatio
current densityJ0 for small values ofJ0 .
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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emitter sheet resistance of 200V/sq, and a light-generate
current density of 33 mA cm22, a deviationDVoc larger than
~or equal to! 5 mV can only be expected for voltage prob
with diameters larger than 1 mm.

When directly contacting ana-Si emitter of a Si wafer-
based heterojunction solar cell such as the heterojunc
with intrinsic thin layer~HIT! structure of Sanyo,12 Fig. 8
predicts high values ofDVoc even for small contact areas
However, it has to be noted that Fig. 8 assumes ‘‘comp
shading,’’ and thus zero light-generated current density
low the contact probe. For needle-shaped contacting pro
the minority carrier diffusion length in high-lifetime wafer
~.1 mm! is long compared to the dimension of the contac
region, leading to substantial lateral carrier diffusion fro
the illuminated region into the shaded region. Thus, in c
of high-lifetime wafers the effective light-generated curre
density below the contact cannot be assumed to be clos
zero for very small contact areas and the value ofDVoc pre-
dicted by Fig. 8 is, therefore, higher than what should
expected from the experiment.

However, for combinations of small carrier diffusio
lengths and high sheet resistances, such as ina-Si:H and
mc-Si:H thin-film silicon solar cells, the experiments an
calculations of the preceding section show that the ef
quantified in Fig. 8 significantly impacts open-circuit volta
measurements.

V. CONCLUSIONS

The measurement of the open-circuit voltage as a fu
tion of the illumination intensity (Suns–Voc measurement! is
a useful tool for characterizing solar cells, in most ca
giving a characteristic curve~pseudo-I –V curve! virtually
free of series resistance effects. Here, we have shown
means of resistive network calculations that the combina
of contact shading and very high sheet resistance can sig
cantly distort the apparent diode characteristics obtai
from Suns–Voc measurements. For sheet resistances typ
for thin layers made of doped amorphous Si even the sh
of the tip of a needle-shaped contacting probe can be s
cient to cause a distorted Suns–Voc curve. Suns–Voc experi-
ments were performed on a microcrystalline silicon thin-fi
solar cell. These show, in the presence of contact shading
large sheet resistance, significant deviations from the fun
mental diode characteristics. The resistive network mo
qualitatively explains these deviations. The deviations
only cause a shift of the Suns–Voc curve, but also result in a
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distortion of the shape of the curve. The latter bears
danger of an erroneous assessment of the fundamental d
properties.

A rule of thumb has been presented, allowing an e
mate to be made of the impact of contact shading and s
resistance onVoc measurements for arbitrary solar cells a
contact area sizes. From this rule of thumb can be conclu
that Voc measurements on conventional Si-wafer-based s
cells are not significantly impacted by contact shading fr
voltage probes with a diameter smaller than 1 mm. Howev
for combinations of small carrier diffusion lengths and hi
sheet resistances, such as ina-Si:H andmc-Si:H thin-film Si
solar cells without TCO coating, the effect described in t
article significantly impacts open-circuit voltage measu
ments even when using very thin needle-shaped volt
probes.
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