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ABSTRACT

A simple model based on the simulation of
distributed series resistance effects in solar cells is
presented. This model overcomes limitations of the
standard two-diode model representation of solar cells in
respect to fitting Suns-Voc (m-Voc) and Jsc-Suns curves.
The model results include (i) an improved understanding
of two-dimensional current flows in shunted solar cells, (ii)
the prediction of shunt types from m-Vo. curves and
corresponding distributed resistance model fits, (iii) the
insight that lateral current flows in solar cells are
responsible for deviations between Jsc-Suns data and two-
diode model fits in the high illumination range. The
presented approach extends the application range of
Suns-Voc measurements to solar cells which cannot
adequately be described with the two-diode model.

INTRODUCTION

The two-diode model [1-4], which aims at describing
the dark and illuminated -V characteristics of p-n junction
solar cells, is widely used to extract relevant device
parameters such as the light-induced current density Ji,
the shunt resistance Rsh, the lumped series resistance Rs
and the saturation current densities Jo1 and Joz of the two
diodes (D1 and D;) [1, 5-8]. Two-diode model fits to
experimentally measured Suns-V,c [9] curves are
particularly useful since metal contacts are not required
and the measurements can thus be performed during
early stages of the cell fabrication sequence [6, 8].

However, in many cases this standard model is not
sufficient to understand the characteristics of real devices
due to non-idealities and three-dimensional current flows
within the cells [2, 3, 10]. In this work we use a simple
distributed series resistance (DSR) model to simulate
Suns-Voe, Mm-Voc and Jsc-Suns [7] curves. We show that
the presented DSR model is able to explain deviations
between measured and two-diode modelled data that are
frequently observed in these measurements.

THE DISTRIBUTED SERIES RESISTANCE MODEL

The DSR model used in this work comprises n
identical unit solar cells D; (Fig. 1(a)) in a parallel
arrangement (Fig. 1(c, d)). Each unit solar cell conforms
with the two-diode model representation with the
exception of the additional resistors Rsgsri and Rsem; that
form the interconnections to adjacent unit solar cells

and/or the external elements. The two-diode model
parameters used for the unit solar cells are obtained via
Suns-Voc measurements. To model Suns-V,. measure-
ments we adapted the equivalent circuit diagram (Fig.
1(c)) to represent the contacting structure used by our
group (Fig. 1(b)). Note that for contact induced shunting
the current flow is predominantly perpendicular to the grid
fingers, while for Jsc-Suns measurements the main current
flow is along the grid fingers (right rectangle Fig. 1(b)).
Therefore, the equivalent circuit model for Jsc-Suns fitting
has the external contacts at the opposing ends (Fig. 1(d)).
The resistances that are related to the back surface field
(BSF) and the emitter layer are lumped into two
parameters RsgsF and Rsem, respectively, whereby
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Equivalent equations hold for Rsn, Ji, and the diode
saturation currents Jo1 and Joz, respectively. The actual
device modelling is carried out using the circuit simulating
software LT-Spice [11]. We found that a model comprising
n = 8 identical unit solar cells is sufficient to adequately
describe the measured data and thus to resolve the
discrepancies between the experimental data and the
two-diode model fits observed for many of our thin-film
cells.

It should be noted that it is helpful, but not
necessary, to understand the current flow in a particular
solar cell structure. The DSR model accounts for the fact
that different regions of the solar cell are biased differently
when in operation. It is not essential to know where on
the cell regions of identical bias conditions are located in
order to obtain useful model results. In this paper the
DSR model is used to model poly-Si thin-film solar cells.
However, the model is by no means restricted to this type
of solar cell.

RESULTS
(A) Suns-V,c and m-Vq. results of shunted solar cells

Suns-Vqc curves are routinely used to identify diode
properties such as open-circuit voltage, pseudo fill factor,
diode ideality factors, etc., and to discern the effects of
bulk and depletion region recombination [8]. Since Suns-
Voc curves are pseudo -V curves, they allow for extraction
of the local ideality factor m [12] using
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where AV (D) is the difference in open-circuit voltage,
and A(In(®)) denotes the difference of the logarithms of
the corresponding light intensities ® (in Suns) between
two subsequent data points. Analyzing m-Voc curves has
the advantage that subtle details often become apparent
which cannot be noticed when looking at the original
Suns-Voc curves. Local ideality factors determined from
Suns-Voc curves at 1 Sun illumination were previously
used by Bowden et al. [13] to identify junction
recombination in wafer based Si solar cells.

In Fig. 2 general trends of Suns-Voc (a, ¢) and m-Voc
curves (b, d) are displayed whereby the DSR model
features a resistive (a, b) or diode-like (c, d) shunt at the
emitter finger (dashed oval in Fig. 1(c)). Note that the
used DSR model is highly versatile and that it was altered
to correspond to the particular cell structure and
metallisation pattern used by our group (see Figs. 1(b)
and (c)).

Resistive shunting is frequently present in solar cells.
In the case of thin-film solar cells resistive shunting can
be introduced, for example, if the metal electrodes
(emitter or BSF) form ohmic contacts between the heavily
doped layers of the cell. The situation of an ohmic shunt
at the emitter finger is modelled in Figs. 2(a, b) where the
diode parameters of a non-metallised silicon thin-film
solar cell (determined via Suns-V,.) were used as a
starting point for the DSR model. Note that these virgin
Suns-V,. data are added to Fig. 2 for comparison (open

diamonds). A resistive shunt was added to the model with
successively decreasing resistance values (Rsh = o, 4000,
1000, 400 and 100 Qcmz). In all cases a solar cell area
of 1cm® was modelled and BSF and emitter sheet
resistance values were assumed to be 1000 Q/o and
200 Q/o, respectively. These are realistic values for the
heavily doped layers of our solar cells.

In Fig. 2(a) it can be seen that the Suns-V,c curves
remain unchanged in the high illumination regime (> 2
Suns). However they deviate significantly in the lower
illumination regime when compared to the virgin case.
The 1-Sun Vi only gets affected in the severe case of
Rsn = 100 Qcm? where it drops from originally about
430 mV to 400 mV. This indicates that quite substantial
linear shunting is necessary in order to cause a significant
decrease in V.. From Fig. 2(b) it can be seen that
decreasing the shunt resistance leads to the evolution of
a hump in the m-V,. curve in the low-voltage regime,
whereby the peak becomes successively higher and the
hump more pronounced when the shunt resistance
decreases. The peak of the hump shifts towards higher
voltages with decreasing shunt resistance values but is, in
all cases, located at voltages below 300 mV.

In the case of non-linear shunting, both Suns-V,: and
m-Voc curves get affected in a completely different way.
The shunting element used in this case is a diode with an
ideality factor ns» = 1.1, resembling a Schottky-type shunt
introduced by the emitter metal finger.
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Fig. 1. (a) Equivalent circuit-
diagram of the unit solar cell; (b)
simplified schematic of the
contact structure used in our lab;
1- (c) DSR model for Suns-V,c, and
m-V, curves; (d) DSR model for
Jsc-Suns curves.

Note that the grey rectangles in
(b) correspond to the circuits
shown in (c) and (d). The red
arrows indicate the predominant
current flow direction.




It should be noted that Schottky diodes are generally
quoted to have diode ideality factors slightly above unity
and reverse saturation current densities orders of
magnitude higher than observed for of p-n junction diodes
[14]. The reverse saturation current densities Josh Used in
the following simulation have values from 10° to 1073
mA/cm?, increasing in steps of one decade.

Figure 2(c) presents the resulting Suns-V, curves. |t
can be seen that severe distortions already occur for Josh
values of 10° mA/cm?. In contrast to the resistive case,
the deviation of the modelled Suns-V,. curves from the
undisturbed case is first seen at higher illumination levels,
where the curves develop an unusual convex shape with
increasing Josh values. Note that the 1-Sun V. reduces
significantly with increasing Josn and drops below 300 mV
in the case of Josh = 10 mA/cm? (originally Vo was about
430 mV). The m-Vy curves presented in Fig. 2(d) show
that the additional Schottky diode results in a significant
decrease of the local ideality factor at low voltages. With
increasing Josh @ bump evolves, located at significantly
higher voltages than in the resistive case. The maximum
m value is clearly greater than two. Increasing Josh
moves the hump to lower voltages, but in contrast to the
resistive case its location stays well above 300 mV in all
modelled scenarios.
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Additionally, the effect of the layer resistance on the
Suns-Vqc and m-Vq curves was investigated. It was found
that a change in sheet resistance has little impact on the
resistive case even if zero resistances are used. If the
layer resistances are set to zero, the DSR model reduces
to the standard two-diode model. Therefore the DSR
model offers little benefit to modelling solar cells that
feature purely ohmic shunts. In the case of a diode-like
emitter shunt the sheet resistance impacts mainly the
peak voltage of the hump in the m-V,c curve.

A comparison between measured and modeled Suns-
Voc and m-Vyc curves of a metallised poly-Si thin-film solar
cell is shown in Figs. 3(a) and 3(b), respectively. Note
that the Suns-V,. parameters of the non-metallised diode
(“virgin data”) were used as basis for the DSR model and
that the external shunt was subsequently adjusted to
obtain the best possible fit. A remarkably good agree-
ment between measured and modeled data was achieved
using a diode shunt with ns,=1.8 and Josh = 2x10°
Alcm?®. From the location of the hump on the m-Vq curve
(> 300 mV) and the particular DSR model fit it can be
concluded that non-linear (i.e., diode-like) shunting is an
important loss mechanism in this particular solar cell.
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Fig. 2. (a, b) Comparison between experimental data (open diamonds, no shunting) and modelled curves (solid lines) for
Rsh values ranging from infinity (no shunt) to 100 Qcm?. (a) Suns-Vq curves; and (b) m-Voc curves. (c, d) Comparison
between experimental data (open diamonds, no shunting) and modelled curves (solid lines) when the saturation current
density of the shunting diode Jo¢n is varied from 10 to 10 mA/cm?. (a) Suns-Vyc curves; and (d) m-Voc curves.



This finding agrees well with microscopic images and
lock-in thermographic images of this solar cell clearly
revealing shunting between the emitter grid lines and the
adjacent absorber layer. We relate the high ideality factor
that was necessary in order to get a satisfactory DSR
model fit to defect recombination at the Schottky interface.
Note that high ideality factors of around 1.8 (generally
between 1 and 2) are expected for p-n junction diodes
that feature a high defect density in the junction’s
depletion region such as is the case for polycrystalline
material [15, 16].

(B) Jsc-Suns results

Jsc-Suns measurements in combination with two-diode
model fits have previously been shown to be useful for the
determination of the light-induced current density and the
series resistance of crudely metallised thin-film solar cells
(mesa type devices) [7]. However, when this technique is
applied to fully metallised solar cells we found that the fit
quality is often significantly compromised compared to the
case of mesa-type cells [17]. Therefore the determination
of the lumped series resistance is only possible within
certain boundaries.
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Fig. 3. Comparison between experimental data (open
diamonds) and DSR model fit (solid line) of a Si thin-film
solar cell featuring Schottky-type shunting. (a) Suns-Vqc
curves; and (b) m-V,. curves. The data of the non-
metallized, non-shunted cell (filled diamonds; “virgin
data”) are added for comparison.

80 T I T T l
| | | | |
S A =
P T T e
g 50— et i
40 I R —_—_ 1 _ _ _ ______
Tl i N
: : ! ¢  experimental
20 1o "~ --- 7.10hm-em2 |
10755 =~~~ — 11 0hm-cm2
0 1 1 1 1 ‘

0 2 4 6 8 10 12
illumination intensity (Suns)

Fig. 4. Comparison between experimental data
(diamonds) and two-diode model fits  with
Ju=15.6 mAlcm?, Rs = 7.1 Qcm? (dashed red line) and
Rs = 11 Qcm? (solid blue line).
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Fig. 5. (a) Comparison between two-diode model fit
(dashed line), DSR model fits (solid lines) and
experimental Jsc-Suns data (open diamonds) of a
metallised Si thin-film solar cell. The two-diode model
parameters that were used are: IL=6.4mA, Ip=
2.36x10"° A, Ip=1.31x10° A.  The DSR model para-
meters displayed in the legend are: Rsext; Rspsr; Rsem-
(b) Voltage distribution as a function of location on the
DSR model for different light intensity values (in Suns, see
legend). Note that the number on the x-axis corresponds
to the diodes of the i" unit solar cell with respect to the
model displayed in Fig. 1(d). The DSR model parameters
are: Rsext =2 Q, Rs, Bsr = 26 Q, Rsem = 0. Voltages for an
equivalent purely resistive network are added (solid lines)
for light intensities of 3, 4, and 6 Suns, respectively.



This is illustrated in Fig. 4 where experimental Jsc-Suns
data of a fully metallised Si thin-film solar cell are
displayed. It can be seen that the two-diode model fits
that were added for comparison do not adequately
represent the experimental data.

To improve our understanding of the failure of the two-
diode model fits to Jsc-Suns data, Fig. 5(a) displays DSR
model fits to Jsc-Suns data whereby Rex (see Fig. 1(d))
was kept at 2 Q and the ratio of Rsgsr to Rsem Was varied.
In all cases the DSR model is superior to the standard
two-diode model. It is evident that an excellent fit of the
experimental data was achieved with the DSR model
parameters Rspsr = 22 Q and Rsem = 8 Q.

Figure 5(b) displays the bias voltage at the i diode of
the DSR model (Rsext = 2 Q, Rs Bsr = 26 Q, Rsem = 0) for a
given illumination intensity. The standard two-diode
model fit assumes that all diodes within the solar cell have
the same bias condition. In contrast, Fig. 5(b) shows that
this is not the case for the DSR model at any illumination
intensity. To illustrate the influence of the diodes on the
bias voltages we also display the analytically calculated
voltage distribution of the DSR model (corresponding to
the DSR model when the diodes are removed). In the
presented case the influence of the diodes can be seen at
illumination intensities of = 4 Suns. At high illumination
intensities the voltage distribution consists essentially of
two regions: a region of constant potential and a transition
region where the bias voltages reduce to the contact
potential.

CONCLUSIONS

Suns-V,c curves of fully metallised solar cells can, in
many cases, not be adequately fitted with the standard
two-diode model. Modeling of the distributed series
resistance of solar cells has been shown to overcome and
explain these limitations. This was demonstrated for the
case of linear and non-linear shunting at the emitter line
contacts of poly-Si thin-film solar cells. It was
demonstrated that both Suns-V,c and m-Vo: curves of
these cells show significant deviations from the non-
shunted curves when resistive or diode-like shunting is
present at the emitter contacts. In both cases bumps
evolve in the m-Vo curves. For resistive shunts these
bumps occur at voltages below 300 mV and for diode-like
(Schottky) shunts they develop at voltages above 300 mV.
Adjusting the sheet resistances of the heavily doped
layers in the DSR model has a significantly larger effect in
the case of non-liner shunts than for ohmic shunts.
Therefore, employing the DSR model was found to be
unnecessary for ohmic shunts.

An excellent fit to the measured data of a diode-
shunted solar cell was obtained using the presented
model, demonstrating its usefulness and validity.

While these investigations were tailored to poly-Si
thin-film solar cells and the aligned bifacial metallisation
scheme currently used at UNSW, the model is very
versatile and can be applied to a large variety of solar cell
types, metallisation schemes and shunting scenarios.

Jse-Suns curves of fully metallised Si thin-film solar
cells cannot be fitted satisfactorily using the standard two-

diode model. Through modeling of the distributed series
resistance it was possible to show that the distributed
nature of Rs and the corresponding multidimensional
current flows are responsible for this effect. Despite the
fact that the model is still only an approximation to the real
behavior of the solar cell, it has value in that it allows a
much better description of the Js.-Suns curves than the
standard two-diode model.

Further work is necessary to quantify the relationship
between the DSR model results presented here and
lumped Rs results obtained by other methods, given
different possible solutions of the DSR model for
experimental Jsc-Suns data.
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