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ABSTRACT: We propose a simple two-dimensional approach to calculate the impact of local parameters
on the global solar cell efficiency. The presented local impact analysis (LIA) is based on the independent
diode model. All parameters of the two-diode model can either be inserted as measured parameter mapping
or as global values. To demonstrate the applicability of the presented approach we use the general-purpose
circuit simulation program SPICE and simulate solar cells which suffer from high local series resistances.
The results of this simulation show a good agreement to the results obtained from the local impact analysis.
For the experimental demonstration we analyze various monocrystalline silicon solar cells. The light-IV
curves around the maximum power point of the analyzed cells are in good agreement to the measured
characteristics and indicate a good physical validity of the used parameters and model. As a result of the
impact local analysis we obtain a power loss analysis of the different loss mechanism.
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1 INTRODUCTION

The characterization technique most often applied
to solar cells is the measurement of the global IV
characteristics under one-sun illumination (light-
IV). The analysis of this characteristics yields
fundamental solar cell parameters such as the energy
conversion efficiency η , the open circuit voltage
Voc, the short circuit current density Jsc and the fill
factor FF. If additionally the Jsc-Voc characteristics
is analyzed [1], parameters of the two-diode model
such as the saturation current densities of the first
J01 and second diode J02, the series resistance Rser
and the shunt resistance Rsh can be extracted [2].
Table I exemplarily shows these parameters for an
industrial screen-printed monocrystalline silicon
solar cell (named solar cell A in the following).

The comparison of the measured parameters to
the parameters expected from simulation or from
previous experiments may allow to identify the
efficiency-limiting parameter. Solar cell A (see
Table I) seems to suffer from a high series resis-
tance. However, the situation is often more complex
and the analysis of global parameters alone is not
sufficient. Solar cells are large-area devices and thus
lateral variations of recombination and resistance
parameters play an essential role and can affect
substantially the global power conversion efficiency.

Several solar cell characterization techniques ex-
ist to characterize lateral variations of specific so-
lar cell parameters. Among them are scanning and
camera-based techniques which for example deter-
mine local effective diffusion lengths [3], local shunt
resistances [4] and local series resistances [5, 6, 7, 8,
9, 10]. Based on these techniques one can localize
material or process induced faults. However, the de-
termined local values do not allow a direct and quan-
tified insight into the impact of the local values onto

the global performance of the solar cell.
Figure 1 shows the series resistance mapping of

the solar cell A. Using this image, it becomes clear
that the origin of the high series resistance stems
from a high contact resistance induced by an inho-
mogeneous firing temperature. However, it remains
unclear if this high series resistance is the dominant
loss mechanism for this solar cell. In other words,
even though having quantitative lateral information
about one parameter we have no information about
its impact on the solar cell energy conversion effi-
ciency.

To overcome this limitations, we propose a sim-
ple two-dimensional analysis to model the impact
of parameter mappings on the solar cell efficiency.
This local impact analysis (LIA), is based on a two-
dimensional network of independent elements. Each
local element of the network is characterized by pa-
rameters of the two diode-model and is connected to
the terminals by an effective series resistance. Mea-
sured local or global parameters such as the satu-
ration current densities of the diodes, the series re-
sistance and the shunt resistance can be fed into
LIA. As a result, LIA yields a power loss analysis
of each input parameter in mW/cm2 which allows
to directly compare the magnitude of different loss
mechanisms. Local parameters can be manipulated
virtually and fed into LIA again to correct for un-
wanted lateral variations.

By means of simulations and experiments we
prove the applicability of LIA for monocrystalline
silicon solar cells suffering from high local series re-
sistances. Regarding the simulations we compare re-
sults from LIA to an extended network modeling us-
ing the general-purpose circuit simulation program
SPICE [11, 12]. For the experimental demonstra-
tion we analyze various monocrystalline silicon solar
cells.
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Figure 1: Series resistance image of solar cell A.

2 LOCAL IMPACT ANALYSIS

For the local impact analysis we use the model of in-
dependent diodes, shown in Fig. 2(a). The solar cell
is split up laterally in many small elements which are
connected with an independent series resistance to
the terminals. Note that the correlation of this series
resistance to the underlying emitter sheet resistance,
finger resistance and busbar resistance is ambiguous
since the current path of the extracted current is un-
known. Thus, in the following, we refer to this series
resistance as an effective local series resistance Rser,i.

For the voltage Vappl, applied to the solar cell ter-
minals, the local voltage

Vi =Vappl +Rser,i · Iextr,i. (1)

of each element directly follows with the effective
series resistance. Here, Iextr,i gives the local current
which can be extracted from element i.

In the following we use the two-diode model
shown in Fig. 2(b) for parameterizing the local char-
acteristics of a local element i. This model includes a
local saturation current density J01,i of the first diode

Table I: Parameters extracted from the light-IV and
Jsc-Voc characteristic of solar cell A.

parameter value
η 16.8 %
Jsc 35.5 mA/cm2

Voc 627 mV
FF 75.3 %
Pseudo-FF 80.6 %
Rs-FF 1.15 Ωcm2

J01 1000 fA/cm2

J02 24000 pA/cm2

Rsh 4000 Ωcm2

Rshunt,i

Jph,i

J02,i

J01,i

V
i

(a) (b)
Rser,i

Vappl

Figure 2: Model of independent diodes (a) and the equiv-
alent circuit of one local element i (b).

describing the emitter, the base and the rear surface
recombination, a local second diode current density
J02,i which considers defects within the space charge
region and a local shunt resistance Rsh,i in parallel to
the diodes. A local photo current Iph,i accounts for
the generation of excess carriers due to the absorp-
tion of photons within the solar cell base and is the
maximum extractable current of that specific region.

The local voltage Vi is the voltage of the local
element and fully describes the current losses

Irec,i(Vi) =Aloc J01,i exp
(

Vi

VT

)
+Aloc J02,i exp

(
Vi

2VT

)
+Aloc

Vi

Rsh,i

(2)

within the local element, where Aloc is the size of the
local element. The current

Iextr,i(Vi) = Iph,i − Irec,i (3)

is extracted from the local element i.
Within the model of independent diodes all lo-

cally extracted currents Iextr,i add up to the globally
extracted current

Iextr(Vappl) = ∑
i

Iextr,i(Vappl). (4)

As a consistency check, the light-IV characteris-
tics of LIA can be compared to the measured light-
IV characteristics. If around the maximum power
point both IV characteristics are in good agreement
a power loss analysis can be applied to the data.

The power losses at the shunt resistance, at the
series resistance and at the first and second diode
of each local element, respectively, are obtained ac-
cording to

Psh = ∑
i

V 2
i /Rsh,i, (5)

Pser = ∑
i
(Vappl −Vi)

2/Rser,i, (6)

PJ01 = ∑
i

Vi ·J01,i exp(Vi/VT) , (7)

PJ02 = ∑
i

Vi ·J01,i exp(Vi/2VT) . (8)
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3 TECHNICAL IMPLEMENTATION

To carry out the calculations as indicated in Eq. (4),
all parameters which are available as mappings have
to be matched by means of scaling, rotation and
translation. Note that Aloc is limited by the measure-
ment technique having the lowest resolution.

Since Eq. (2) is given implicitly for Vappl we ap-
ply Newton-Raphson’s method. Already after a few
iterations a value for the local current Iextr,i(Vappl)
follows with a very high precision. As indicated in
Eq. (4) we add up all local currents to the global
current and thus obtain one IV data pair.

Sufficient IV data pairs around the maximum
power point voltage are calculated. Note that we
only analyze voltages around the maximum power
point voltage. For a reliable LIA calculations all
measured parameters have to correspond to the in-
jection conditions at the maximum power point.

The resulting light-IV characteristics from LIA
has to be compared to the experimentally measured
light-IV characteristics around the maximum power
point voltage.

We take a good agreement of the model data with
the experimental data as an indication for:

• the physical validity of the used parameters and

• the applicability of the model of independent
diodes.

4 PARAMETER DETERMINATION

The presented analysis can be performed with all
parameters given as local parameters in a parame-
ter mapping. In this work, we analyze industrial
monocrystalline silicon solar cells which suffer from
high local series resistance. In this case, a parameter
mapping of the effective series resistance Rser,i is of
interest, for all other parameters global parameters
are sufficient.

4.1 Series resistance mapping

All luminescence-based series resistance methods
introduced so far are based on the determination of
the local voltage. They use the independent diode
model to determine a resistance accounting for the
voltage drop from the terminals to the local region
and the locally extracted current. It thus gives ex-
actly the effective series resistance Rser,i introduced
in the previous section.

For the determination of the local series resis-
tance of multicrystalline silicon solar cells we pre-
fer photoluminescence (PL) based methods [6, 9, 10]
because they are able to separate Rser,i and J0,i [13,
10]. It can be shown analytically for all introduced
methods based on electroluminescence (EL) imag-
ing so far [8, 14, 15] that these methods do only de-
termine the product Rser,i ·J0,i.

Fuyuki’s assumption [16] was used in Ref. 14
and 15 to separate Rser,i and J0,i. However, this as-
sumption is not applicable to most industrial solar
cells because it only holds for solar cells with effec-
tive diffusion lengths much smaller than the thick-
ness of the device.

4.2 Light-IV characteristics

From the light-IV characteristics we determine the
short circuit current density Jsc which in good ap-
proximation equals the photo current density Jph for
moderate series resistance. For monocrystalline so-
lar cells the assumption holds that the local photo
current density Jph,i equals the global photo current
density Jph.

4.3 JscVoc characteristics

The Jsc-Voc-characteristics is used to determine the
saturation current densities of the first and the second
diodes and the shunt resistance. Since the Jsc-Voc-
characteristics is not affected by series resistances
the fit of the two-diode model results in physically
realistic values for standard industrial solar cells. We
again use the assumption that the local recombina-
tion properties equal the global recombination prop-
erties because investigating monocrystalline silicon
solar cells.

5 LIA VERSUS SPICE

We prepare an electrical network simulation simi-
lar to the ones presented in e.g. Ref. 17 and 13 to
further analyze if the approximation of the indepen-
dent local diode model holds around the maximum
power point point. We use the general-purpose cir-
cuit simulation program SPICE [11, 12] to simulate
one symmetry element of a solar cell. We focus on a
monocrystalline solar cell which suffers from a high
local series resistance due to a broken finger. For the
simulation, we cut the finger at a specific distance
from the busbar. By varying this distance, the solar
cell suffers globally and locally from different series
resistance values. Table II summarizes all parame-
ters inserted into the simulation.

The simulation is carried out for different ap-
plied voltages and illumination intensities to obtain
the light-IV and the Jsc-Voc characteristics. At the
maximum power point we extract a series resistance
image as it would be extracted from a luminescence
image using the approach of Trupke et al. [6]. The
local and global parameters needed for LIA are de-
termined from this data as explained in the previous
section.

Figure 3 shows the results of SPICE and LIA.
The x-axis gives the efficiency which is directly ob-
tained from SPICE and the y-axis gives the value
obtained from LIA. It can be seen, that both meth-
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Table II: SPICE simulation parameters.
parameter value
Illuminated base width 31 mm
Illuminated base
height

1.36 mm

Resolution x 1 mm
Resolution y 0.08 mm
Half finger width 80 µm
Half busbar width 1000 µm
Busbar & Finger
height

12.5 µm

Specific finger and
busbar resistance

3×10−6 Ωcm

Contact resistance to
emitter

0.003 Ωcm2

Emitter sheet resis-
tance

50 Ω/sq

Shunt resistance 1×1010 Ωcm2

Specific base resis-
tance

1.5 Ωcm

J01,i 1000 fA/cm2

J02,i 0 fA/cm2

Jph,i 36 mA/cm2

ods are in good agreement for the analyzed range of
series resistances.

For the highest global series resistance value of
Rser,FF = 2.3 Ωcm2 Fig. 4 shows the light-IV and in
the inset the shifted light-IV curve in a logarithmic
scaling. It can be seen, that LIA is in good agree-
ment with the light-IV curve directly obtained with
SPICE. Note that the global one or two-diode model
is not able to reproduce the recombination properties
and would thus lead to wrong conclusions.

6 MEASUREMENTS

We analyze seven monocrystalline silicon solar cells
which suffer from locally high series resistances. We
carry out light-IV, Jsc-Voc and PL-Rs measurements
[6] and compare the solar cell efficiency which fol-
lows directly from the light-IV characteristics to the
efficiency which follows from LIA. The local and
global parameters needed for LIA are determined
from this data as explained in the previous section.

The result of this comparison is shown in Fig. 5.
For the investigated solar cells the measured efficien-
cies equal the values obtained with LIA.

We carry out the loss analysis for the solar cell
A, which was already introduced in Tab. I and in
Fig. 1. The resulting power loss analysis is shown
in Fig. 6. Obviously the locally increased series re-
sistance leads to the most important power reduction
of 1.22 mW/cm2. For any improvement of the effi-
ciency of this this solar cell the series resistance is
the most important parameter to work on.
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Figure 3: Simulation carried out with SPICE to demon-
strate the LIA approach. The x-axis gives the efficiency
obtained from SPICE and the y-axis the efficiencies cal-
culated with LIA. For LIA we used a series resistance im-
age and parameters determined from the light-IV and the
Jsc-Voc characteristics.

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

10

20

30

Applied voltage [mV]Vappl

C
u
rr

e
n
t 
d
e
n
s
it
y

[m
A

/c
m

]
J

2

SPICE

LIA

Vmpp

Vmpp

logarithmic plot

Figure 4: Light-IV curves of a symmetry element with
LIA and SPICE. The inset shows the data around the max-
imum power point in a logarithmic scaling.
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Figure 5: Comparison of efficiencies obtained from the
light-IV characteristics to efficiencies calculated using the
approach presented in this work. The series resistance im-
age of solar cell A is shown in Fig. 1.
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Figure 6: Power loss analysis of solar cell A. The series
resistance image of this solar cell is shown in Fig. 1.

We virtually manipulate the series resistance
mapping to the expected value of 0.7 Ωcm2. The
data is fed into LIA again and we obtain for this
manipulated set of parameters a new efficiency of
17.2 %.

7 CONCLUSIONS

In this work, we proposed a simple local impact anal-
ysis to calculate the impact of local parameters onto
the global solar cell efficiency. Measured parameter
mappings can be fed into this approach easily and
computation time is fairly low. The analysis is based
on the independent diode model which was verified
for solar cells with high local series resistances by
simulations and experiment. As a result of the local
impact analysis we obtained a power loss analysis of
different loss mechanism.
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