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The performance and efficiency of solar cells depends
strongly on influence of materials. Key topics for solar
cell optimisation are presently silicon material properties
and materials for cell metallisation. Optimisation of sili-
con is focussed e.g. on material properties such as impu-
rity content, density of dislocation and grain boundaries
in multi-crystalline silicon which influence parameters
like carrier lifetime, and therefore the cell efficiency. Im-
proved characterisation methods of solar cells like elec-
troluminescence and photoluminescence are combined
with techniques such as thermography and LBIC to im-

1 Introduction The target of solar cell and module
manufacturing is to achieve highest efficiency at lowest
cost per Watt peak.

Silicon wafers as substrate material for solar cells con-
tribute 30-40% to the cost of a solar cell. Material proper-
ties of multi crystalline silicon, e.g. intrinsic defects like
dislocation networks and grain boundaries and extrinsic
defects like impurities, affect the minority carrier lifetime
and have a key influence on solar cell efficiency [1-4].
Characterisation techniques like u-PCD (Microwave Pho-
toConductance Decay), LimoLIT (Light modulated Lock-
in Thermography), VomoLIT (Voltage modulated Lock in
Thermography), LBIC (Light Beam Induced Current) and
EL (Electroluminescence) are essential to get data on sili-
con material properties, which can be correlated with the
solar cell performance.

The relatively high cost of silicon for solar cells has
caused a high focus on technological progress in silicon

prove production process and materials. As a result cell
efficiency will be increased. Optimisation of cell metalli-
sation and module interconnects is strongly related to
progress in paste materials for front side metallisation.
Improved materials enable the use of higher emitter resis-
tance and the printing of smaller metal lines, while reduc-
ing the series resistance of the solar cell. Progress in
paste materials leads to increased solar cell efficiency for
the standard cell process. The introduction of new metal
pastes has to be combined with careful optimisation of
the process window in soldering during module built-up.
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crystallisation, which may affect concentration and distri-
bution of impurities and crystal defects. Therefore a good
understanding of silicon characterisation and the relation-
ship between silicon material properties and solar cell effi-
ciency is crucial to reduce the costs per Watt peak even
further.

The metallisation of silicon solar cells is also a major
contributor to cell efficiency and cost effectiveness. Cell
metallisation is widely based on screen printing of metal
pastes on front and back side of the cells. On the back side
an Al metal layer provides the contact and the back surface
field. The front side metallisation consists of an Ag based
metal layer which is formed by printing and firing of silver
containing metal paste.

The paste has to provide low contact and series resis-
tances while the metal lines have to be as small as possible
to avoid shadowing of the solar cell at its sunny side. Be-
cause of conflicting requirements of good contact and se-
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ries resistance and small lateral dimension of the metal fin-
gers the front side paste is a key topic for cell optimisation.
Although the screen print technology is challenged by new
developments like metal plating it is the mainstream metal-
lisation technology up to now. The progress in paste tech-
nology combined with smaller metal lines on the front side
extends this dominating role of screen print in solar cell
production.

This paper describes key influences of mc-silicon ma-
terial and metal pastes on solar cell performance.

2 Experimental For solar cell processing, a conven-
tional cell process was used including screen print for Al
back surface field and Ag front side metallisation. Com-
mercially available B-doped mc-silicon wafers with a
thickness of 180-200 pm served as starting material.

The analysis of the silicon substrate material was car-
ried out on as-grown wafers as well as on solar cells. p-
PCD was used to determine the lifetime of minority carri-
ers of as-grown wafers. Completely processed cells were
characterised by LimoLIT (carrier recombination in sili-
con), VomoLIT (shunt analysis), EL (defect analysis) and
LBIC (diffusion length of charge carriers).

For front side metallisation commercially available Ag
pastes with different rheologies and print conditions were
investigated.

Figure 1 a) u-PCD-map of a mc-wafer, b) LBIC-map, c¢) Limo-
LIT-map and d) EL-map of a mc-solar cell. a), b), ¢) Red regions
indicate low wafer/cell performance; blue regions indicate high
wafer/cell performance. d) Dark regions indicate low cell per-
formance; light regions indicate high cell performance. White cir-
cles mark a region with high dislocation density.
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3 Results and discussion

3.1 Effect of dislocations The quality of the sub-
strate material has a strong impact on the efficiency of mc-
Si solar cells. Contaminated intrinsic crystal defects e.g.
dislocations and grain boundaries are recombination cen-
tres for charge carriers reducing their lifetime and diffusion
length. The characterisation of wafers and solar cells by
different methods shows a clear correlation between the
occurrence of dislocations, carrier lifetime and solar cell
efficiency.

Figure 1 summarizes the results of four different
measurements on wafers (u-PCD) and cells (LBIC, Limo-
LIT, EL). In all four pictures local areas with dislocation
clusters can be clearly distinguished from the rest of the
cell (marked by white circle). The existence of dislocation
networks was confirmed by SEM (samples prepared by de-
fect etch).

The dislocation networks change the local properties
of the material in the following way:

Areas with a high dislocation density:

- have lower lifetimes (Fig. 1a)
- have lower diffusion lengths (Fig. 1b)
- show increased recombination (Fig. 1c)
- are less luminescence-active (Fig. 1d)
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Figure 2 a) Quantum efficiency (QE) as function of wavelength
for mc-silicon areas with high dislocations density (red curve)
and low dislocation density (green curve). QE of mono-
crystalline silicon solar cell is shown as reference (black curve).
b) LBIC map of solar cells for areas shown in QE (a) green cir-
cle: low dislocation density red circle: high dislocation density.
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The areas of high dislocation density show also a dif-
ferent external quantum efficiency (EQE) compared to ar-
eas with low dislocation density (see Fig. 2). While for
wavelengths < 600 nm EQE is similar to a dislocation-free
area, it is reduced for larger wavelengths. This gives evi-
dence that dislocations are mostly affecting the bulk of the
solar cell. Areas with high dislocation density reduce the
short circuit current and therefore deteriorate the efficiency
of the solar cell.

The comparison of different methods reveals that elec-
troluminescence is a reliable method to detect dislocation
cluster in silicon. Since EL characterisation only takes a
few seconds, it is valuable technique for defect characteri-
sation in high-volume production.

Statistical analysis of EL data from volume cell pro-
duction gives strong evidence for a correlation between
cell efficiency and density of dislocations. Figure 3 shows
the percentage of cells with dislocation networks covering
a significant part of the cell area for different efficiency
classes. The evaluation of the analysis shows that for 80-
100% of low-efficiency cells a high dislocation density is
the main reason for their poor efficiency. By contrast, less
than 10% of high-efficiency cells exhibit dislocation net-
works with significant size.

100

high efficieny middle efficieny low efficieny

* efficieny class *

percentage of solar cells with dislocation
networks covering a significant part of cell area

Figure 3 Percentage of solar cells with significant cell area cov-
ered by dislocations for different cell efficiency classes. Below
EL pictures of representative cells are shown.
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3.2 Effect of impurities In addition to intrinsic de-
fects, the quality of the solar cell is also influenced by im-
purities. Here, metallic and non-metallic impurities are dis-
tinguished.

In this work we investigate the effect of carbon as one
major non-metallic contamination which influences the
wire sawing process as well as the performance of solar
cells. SiC may occur in the upper part of me-silicon ingots
in form of clusters and filaments [5-7]. Large SiC clusters
cause saw marks [8] which lead e.g. to a deterioration of
the metal printing process. In addition saw wires can be
damaged. Figure 4a shows an example of a typical saw
mark. Investigations with SEM and EDX reveal SiC as
root cause of this saw mark (see Figs. 4b and ¢).

Figure 4 a) Saw marks on the surface of a wafer (indicated by
white arrows). The inclusion is marked by a black arrow.
b) SEM-image of the inclusion decorated with Secco etch. c¢) Car-
bon mapping with EDX from the same inclusion.

SiC inclusions also deteriorate solar cells by Ohmic
shunts [9, 10] and reduce the cell efficiency. Again, char-
acterisation techniques like LimoLIT are very powerful to
detect such type of defect of the solar cell (see Fig. 5).

Figure 5 Ohmic shunt caused by a SiC precipitate (red circle) as
visible in LimoLIT analysis. VomoLIT has been used to verify
the Ohmic shunt behavior.
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3.3 Optimisation of screen printing For the front
side of the solar cell the printing of fine metal lines with
high aspect ratio is important. Finer lines reduce shadow-
ing of the solar cell, high aspect ratios allow better lateral
resistance. Together with these requirements the paste has
to be designed for good contact resistances, especially for
higher emitter resistances.

Over the last years the development of new Ag based
pastes improved contact properties which enabled the in-
troduction of higher emitter resistances (up to 80 Ohm/sq)
into cell production. At the same time the print process got
more attention.

Figure 6a shows a SEM of a metal finger made by
standard printing process which was subject of optimisa-
tion. The right combination of paste and screen printing
process results in finger widths lower than 60 pm, while
the height of the line was improved to 30 pm (see figure
6b). This result could be achieved by using a single print
step process. The trend to a higher aspect ratio of metal
finger formation will continue and even include the use of
advanced screens [11].

Together with the introduction of new pastes the opti-
misation of the soldering process in module production
gains importance, to prevent a reduced process window in
soldering by additional stress between cell and ribbon in-
terconnect. Again electroluminescence evolved as key
technique for defect characterisation.

metallisation

Figure 6 SEM of front side metal fingers. a) standard paste,
b) paste with improved rheology combined with optimisation of
print conditions.

4 Conclusion In this paper key material influences
on solar cell performance were discussed. One of the main
reasons for low efficiency of solar cells is the quality of the
silicon material. A high density of dislocations in the sili-
con reduces the short circuit current in the bulk of a solar
cell. SiC clusters are disadvantageous due to sawing mark
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generation and the formation of Ohmic shunts. Electrolu-
minescence measurements allow a good and fast charac-
terisation of material effects on solar cells and show con-
sistent results to other characterisation methods.

By optimisation of front side metallisation (paste and
print conditions) a higher aspect ratio of metal fingers has
been achieved to improve the solar cell performance.
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