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ABSTRACT: In this work the effect of a laterally varying emitter sheet resistance on IV characteristic parameters is
analyzed for an industrial like solar cell structure by distributed circuit simulations. The influence of the emitter sheet
resistance on contact resistance is considered by an experimentally determined dependence for screen printed
contacts on shallow emitters with high surface doping concentration. Production solar cells with flaws in the
distribution of the emitter sheet resistance as distinguished from e.g. cell structures with selective emitters are
analyzed. In these cases the efficiency of a solar cell with laterally inhomogeneous emitter sheet resistance is
decreased compared to the one of a solar cell with laterally homogeneous emitter sheet resistance with the mean
value of the distribution. Nevertheless for solar cells with e.g. an emitter inhomogeneity of +/-20% on 20% of the
cell area the decrease of efficiency is less than 0.15% relative in case of a moderate dependence between contact
resistance and emitter sheet resistance. Hence a laterally inhomogeneous emitter influences the solar cell efficiency
primarily by its effect on the contact formation during the firing step. Further effects are negligible.
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1 INTRODUCTION

Industrially fabricated silicon solar cells are large
area devices, which currently have a cell area of typically
15.6 cm x 15.6 cm. Due to fluctuations in the diffusion
furnace the emitter sheet resistance of such a solar cell
may vary across the cell area. On the one hand a laterally
inhomogeneous emitter may lead to contacting problems
during the firing step. On the other hand the intrinsic
properties of the laterally inhomogeneous emitter itself,
i.e. the effective series resistance and the recombination
properties, are expected to influence the efficiency of the
finished solar cell.

In this contribution the last mentioned effects on
solar cell results of industrially fabricated silicon solar
cells are analyzed to estimate whether they affect the
solar cell efficiency significantly in comparison to the
influence of the contact formation during the firing
process. Thereto distributed circuit simulations [1], [2],
[3] are used.

To consider the influence of the emitter sheet
resistance on contact resistance, an experimentally
determined correlation for typical screen printed front
contacts on highly doped shallow emitters is taken into
account.

2 APPROACH

In this section the three dimensional distributed
circuit model is introduced and the properties of the
underlying local IV characteristics are presented.

2.1 The distributed circuit model

In Figure 1 the symmetry element used in our
simulations is shown as well as a schematic of the
equivalent circuit in direction perpendicular to the bus
bar. For the distributed circuit simulations we used the
circuit simulation program LTspice / Switcher CADIII
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Figure 1: Symmetry element and schematic of the
equivalent circuit in direction perpendicular to the bus
bar used in the distributed circuit simulations.

O Metal resistance

The used distributed circuit model neglects lateral
diffusion of minority carriers, which is intrinsic for this
kind of model, and lateral diffusion of majority carriers
in the base. Therefore the validity of this assumption in
the case of laterally inhomogeneous emitter sheet
resistances was analyzed using Sentaurus Device [5]
simulations (see [6], chapter 3.4.3, or [7], chapter 3.4).
The results show, that the effects of inhomogeneous
emitter sheet resistances on solar cell results may be
simulated in good approximation by distributed circuit
simulations.

Furthermore distributed series resistance effects, e.g.
of the emitter, have to be taken into account when
performing distributed circuit simulations [8]. Therefore
the resolution of the distributed circuit models used in
this paper was set high enough to obtain comparable
results.

2.2 The baseline models

The local 1V characteristics used in the distributed
circuit model were generated using PC1D [9]. An
industrial like silicon solar cell was chosen with an n-
doped emitter, a thickness of 180 um, a textured surface
and a SiN antireflection coating. The p-doped base
resistivity was set to 3 Ohmcm, the bulk lifetime to
90 us, which represents a Cz solar cell with high bulk
lifetime [10]. At the rear a screen printed aluminum back
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surface field according to [11] was chosen with a
constant doping concentration of 2x10®cm® and a
depth of 12 pm. The parameter Jo, was set to 10 A/em?,

As emitter profiles the profiles of complementary
error functions were chosen, in order to realize a wide
variety of emitter types. Measured profiles for such a
wide range are not available. These profiles differ from
actual profiles obtained by diffusing phosphor into
silicon (e.g. [12]), but serve as a convenient basis to
estimate the effects.

The influence of the emitter sheet resistance on the
IV-characteristics was analyzed by varying

e the PC1D depth factor and holding the front
surface concentration constant. The front surface
doping concentration was set to
Niront = 1.9 x 10%° cm™. This results in a variation
of the junction depth between 0.13 um and
0.65 um for emitter sheet resistances between
125 Ohm/sq and 25 Ohm/sqg.

o the front surface doping concentration. The PC1D
depth factor was set to 0.15015 pum, which results
in front surface doping concentrations between
42x10%cm? and 6.2x 10" cm™ for emitter
sheet resistances between 250Ohm/sq and
125 Ohm/sq.

In both cases the front surface recombination velocity
was determined according to [13] under consideration of
a factor three due to the textured front surface [14]. The
peak position was located at the front surface. Figure 2
shows examples of the used profiles.
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Figure 2: Examples of the used emitter profiles
(complementary error function);
a) Varying front surface doping concentration;
b) Varying emitter depth.
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Figure 3: Relative difference of the IV characteristic
parameters Vo, Js. and efficiency compared to the PC1D-
baseline cell with an emitter sheet resistance of
25 Ohm/sq.

In Figure 3 the relative difference of the
IV characteristic parameters V.., Js and efficiency
compared to the PC1D-baseline cell with an emitter sheet
resistance of 25 Ohm/sq is shown.

Jsc is influenced more than V, due to the decreasing
Auger-recombination with increasing emitter sheet
resistance close to the pn-junction. The combined
variation of Sgon and Nirone results in a higher increase in
Vo than the variation of the emitter depth. The gradient
in all parameters decreases with increasing emitter sheet
resistance.

2.3 Dependence between emitter sheet resistance and
contact resistance

The contact resistance depends on the surface
concentration of the doping [15]. The contact resistances
of conventional screen printed contacts are usually much
higher than the contact resistances given in [15] ([16],
Table 2.1). Therefore the dependence of the contact
resistance on the emitter sheet resistance was determined
for Czochralski (Cz) solar cells with random pyramids
and acidly textured multicrystalline (mc) solar cells with
industrial like shallow emitters with high surface doping
concentration (between 10% cm™® and 10* cm?®) and
screen printed front contacts. All contacts were fired
under equal conditions. The results are shown in Figure
4.
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Figure 4: Dependence of the contact resistance on the
emitter sheet resistance, determined for Cz and mc solar
cells with industrial like emitters and screen printed front
contacts. The same symbols are used for emitters
obtained by the same deposition and drive in times, but
using different temperatures. All contacts were fired at
the same temperature.

The contact resistance at the mc-material shows only
a minor dependence on the emitter sheet resistance.

To estimate a range of the influence of the emitter
sheet resistance in correlation with contact resistance on
solar cell parameters the distributed circuit simulations
were carried out using the dependence determined for the
Cz wafers. This is
Rsheet > 64 Ohm/sq:

Roont = —0.0275 Ohm cm?
+4.45x107* cm?-R
Rsheet <64 Ohm/sq:
Reont = 0.0010hm cm?.

)

sheet
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It has to be kept in mind, that the results in this paper
are based on dependence (1), which is individual for the
process analyzed. Especially for emitters with lower
front surface concentration the dependence between
contact resistance and emitter sheet resistance will show
a steeper slope.

Furthermore no shunting problems are taken into
account, which might occur in the case of shallow
emitters and high contact firing temperatures.

3 DISTRIBUTED CIRCUIT SIMULATIONS

The distributed circuit simulations of laterally
inhomogeneous emitter sheet resistances were carried out
for three levels of emitter sheet resistances: 50, 75 and
100 Ohm/sq.

The different emitter sheet resistances were achieved
by varying

e the PCID depth factor and holding the front

surface concentration constant

o the front surface concentration (and front surface

recombination velocity).

Details about the profiles are given in 2.2.

3.1 Laterally homogeneous emitter sheet resistances
Optimization of the distance between two adjacent
fingers

Real solar cells are usually fabricated with the
optimum distance between two adjacent fingers aiming at
maximum solar cell efficiency. Therefore for the three
analyzed emitter sheet resistances the distance between
two adjacent fingers was varied and the distance, which
results in the highest efficiency, was used in the further
simulations. The results are given in Table I. Further
solar cell parameters, which were used in all distributed
circuit simulations, are given in Table Il. They were
chosen to represent industrial silicon solar cells with
conventional screen printed front contacts.

Table I: Optimum distance between two adjacent
fingers, determined for the baseline model with emitter
sheet resistances with an electrical active front surface
doping concentration of 1.9x10%cm?®  Further
parameters are given in Table Il.

Repeet [ONM/SQ] 50 75 100

Opt. distance 2.2 1.9 1.7
between two adjacent
fingers [mm]

Table I11: Parameters used in all distributed circuit
simulations.

Length of the fingers | [cm] 3.8
between bus bar and

edge of the symmetry

element

Width of the bus bar [mm] 2

Width of the finger [um] 100
Height of the | [um] 15
metallization (bus bar

and finger)

Position ~ of  the | In the middle of the symmetry
measurement node element

Specific resistivity of | [Ohm cm] 32x10°
the metallization

Influence of the surface recombination velocity beneath
the front contacts on 1V characteristic parameters

In a first step the influence of the front surface
recombination velocity beneath the front contacts on the
IV characteristic parameters was analyzed.

For this purpose the distributed circuit simulations
were performed once using a surface recombination
velocity of 57 000 cm/s for the whole solar cell, i.e. also
in the metalized regions (black squares in Figure 5), and
once substituting the baseline models in the metalized
regions by ones with surface recombination velocities of
10" cm/s (red circles in Figure 5). This corresponds to the
thermal velocity in n-type <111> silicon (more precisely:
5.2 x 10° cm/s, see [17], chapter 5.4.3). The emitter sheet
resistance was varied by varying the emitter depth factor.
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Figure 5: Comparison between distributed circuit
simulations with and without adjusted front surface
recombination velocity beneath the front surface
metallization.

Without consideration of the increased surface
recombination velocity beneath the metallization Vg,
increases with increasing emitter sheet resistance, while
V. decreases, when it is taken into account.

Therefore the simulations in the following sections
take the effect of increased surface recombination
velocity beneath the metallization into account.

Comparison between the two types of emitter sheet
resistance variation

In a second step the IV characteristic parameters
obtained with circuit simulation by increasing the emitter
sheet resistance once by decreasing the surface
concentration (grey bars in Figure 6) and once by
decreasing the emitter depth (red striped bars in Figure 6)
are compared for laterally homogeneous emitter sheet
resistances.

For both kinds of variation Jy,, at first increases with
increasing emitter sheet resistance, which is due to the
increasing current density in the baseline models, and
decreases with further increasing emitter sheet resistance,
which is due to the increasing fraction of metalized front.

Vmpp decreases in both kinds of variation with
increasing emitter sheet resistance due to an increase in
effective series resistance. In the case of decreasing front
surface doping concentration the decrease is smaller due
to the correlated decrease in front surface recombination
velocity.

As result the efficiency in the last mentioned case at
first increases slightly, before it decreases with further
increasing emitter sheet resistance. In the other case the
increase in Jyyp is overcompensated by the decrease in
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Vimpp: Which results in a decreasing cell efficiency with
increasing emitter sheet resistance.
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Figure 6: Results of the distributed circuit simulations
with laterally homogeneous Rgnet. Relative difference in
IV characteristic parameters to a laterally homogeneous
emitter sheet resistance of 50 Ohm/sq. The emitter sheet
resistance was varied once by varying the front surface
concentration and once by varying the depth factor in the
PC1D baseline model.

3.2 Laterally inhomogeneous emitter sheet resistances

Figure 7 shows the two structures which were used to
analyze the effect of a laterally inhomogeneous emitter
sheet resistance. For simplicity only three different
emitter sheet resistances were used. In structure 1, the
contact resistance may be influenced by the varying
emitter sheet resistance. This structure may occur in a
diffusion furnace with laterally inhomogeneous
temperature distribution or gas flow. Structure 2, which
is quite artificial for real solar cells, was used to simulate
the effect of a laterally inhomogeneous emitter sheet
resistance, whose inhomogeneity is not connected to the
front contacts.

The area share in total area With Rgpeet1 OF Rsneet2 1S
19.5% in structure 1, in structure 2 it is 21.0%. The area
share in metalized area is 12.5% for the metalized
regions with Rpeet 1 OF Repeet 2 iN Structure 1.

The emitter sheet resistance in all simulations was
distributed symmetrically, which means
R =R - AR
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Figure 7: Two structures used to analyze the effect of
laterally inhomogeneous emitter sheet resistance.

Two strengths in inhomogeneity were analyzed:
ARgpeet = 20% Riheet,2
ARgheer = 25 Ohm/sq.

Already the first one represents a quite strong
inhomogeneity compared to the ones which occur on real
solar cells. But as will be seen in the next paragraph, the
influence on solar efficiency is quite low. Therefore the
second strength was analyzed to consider more grave
effects.

Figure 8 shows the effect of these inhomogeneities
on cell efficiency compared to a solar cell with laterally
homogeneous emitter sheet resistance.
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Figure 8: Relative difference in efficiency compared to a
solar cell with laterally homogeneous emitter sheet
resistance. For structure 1, the simulations were carried
out with (a) and without (b) adjusting the contact
resistivity.

All simulation results show a decrease in efficiency
compared to the homogeneous case. As emitter sheet
resistance distributions, which are symmetrical to their
mean value, were assumed, this is due to the fact, that the
efficiency loss towards lower emitter sheet resistances is
higher than the efficiency gain towards higher emitter
sheet resistances in the underlying baseline models
(Figure 3). Furthermore the dependence between contact
resistance and emitter sheet resistance considered in this
paper (see equation (1)) is moderate.

The efficiency decrease solely due to emitter sheet
resistance (Figure 8 b) and Figure 8 c)) is stronger in the
case of lower emitter sheet resistances than of higher
ones. This is caused by the steeper slopes of the
underlying baseline model in the regions of lower emitter
sheet resistances.

The efficiency loss for the simulations with an
inhomogeneity of ARgneet = 20% is less than 0.15%
relative in all cases, which is less than the achievable
measurement accuracy.

The effect of structure 1 without adjusting the contact
resistance (Figure 8 b) and structure 2 (Figure 8 c) on
solar cell efficiency is very similar. The distributed
circuit simulations confirm that in cases, when only the
emitter sheet resistance varies, the emitter sheet
resistance distribution and an appropriate averaging
method is sufficient to calculate the effect on the solar
cell 1V characteristics ([6], chapter 3.4.3). The different
non generation losses in structure 1 and 2, which are
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considered in the distributed circuit simulations, appear
to be negligible for the regarded solar cells structures.

If the dependence between emitter sheet resistance
and contact resistance according to equation (1) is
considered, the decrease in efficiency towards higher
emitter sheet resistances and higher variations in emitter
sheet resistance is increased (Figure 8 a) compared to
Figure 8 b)). In the case of varying front surface
concentration (open symbols) the effect is probably
underestimated in comparison to real solar cells as here
the increase in contact resistance with increasing emitter
sheet resistance might be steeper.

4 CONCLUSIONS

In the case of a moderate relation between contact
resistance and emitter sheet resistance, a distribution of
emitter sheet resistances symmetrical to its mean value
results in a decrease in cell efficiency compared to a
solar cell with a laterally homogeneous emitter sheet
resistance with the mean value.

In the analyzed cases the efficiency loss due to a
laterally inhomogeneous emitter sheet resistance with a
variation of +/-20% on a cell area of 20% is less than
0.15%, which is less than the measurement accuracy. The
effect may be increased when the emitter profiles differ
from the analyzed ones or the contact resistance shows a
stronger dependence on emitter sheet resistance.

Hence a laterally inhomogeneous emitter influences
the solar cell efficiency primarily by its effect on the
contact formation during the firing step. The
technological window for optimized firing conditions
without shunting to occur is expected to become
narrower, but the effects investigated here are negligible.
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