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ABSTRACT: A joint project of wafer, solar cell and solar module manufacturers and research institutes has been formed
and continued named ,SOLPRO“. The primary objective of this project has been cost reduction and increase in
efficiency of solar cells by improving state of the art, proposing new production technologies and identifying economical
potentials. To achieve these goals, a board of experts was formed to define research demand and topics and to discuss the
results of defined sub-projects. The sub-project groups worked on different topics, leading to technical as well as
economical improvements along the whole process chain of solar module production. Based on the successful project
work, the maturity of many new technologies was identified and measured in its effects on solar cell efficiency.
Moreover, an economical view on the topics helped to evaluate the possible market success for these new technologies in
short and long term perspectives. The success of SOLPRO III is at the moment being continued in the following project
,SOLPRO IV“ which currently focuses on new backside contacting technologies, front side metallisation at temperatures

lower than 500 °C and innovative module embedding technologies.
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1 INTRODUCTION

Against the background of sustainable economic
growth, regenerative energy sources become more and
more important to reduce carbon dioxide emissions while
securing energy supply at the same time. In comparison
to the substituted conventional energy sources,
photovoltaics seem to have a great potential to face the
challenges of the 21% century. Only the high cost per
kilowatt hour obstruct the economic competitiveness of
this emission-free energy source.

In this context, the German Federal Ministry of
Economics and the public utility company of Aachen
STAWAG* supported the SOLPRO III project ,,Board
of Experts: Innovative and Efficient Production
Processes for Silicon Photovoltaic Modules® which was
finished after 2 years on 31% October 2001. The project
aimed at identifying optimisation potentials regarding the
efficiency and the production costs of solar cells.

To achieve these goals, a joint venture of 15
enterprises from all segments of the value chain was built
up to guarantee an over-all view on the process, starting
with the silicon and ending with the ready-to-use solar
module.

The following enterprises participated in the co-
operative research:

* ACR Automation in Cleanroom GmbH
= Stadtwerke Aachen AG
= Karl Stiss GmbH & Co. KG
= Applied Films GmbH & Co. KG
= Heraeus Quarzglas GmbH
» Saint-Gobain Glass Solar GmbH
= Rena Sondermaschinen GmbH
» Haas Laser GmbH & Co. KG
(now: Trumpf Laser GmbH & Co. KG)
= Shell Solar Deutschland GmbH
= EKRA Eduard Kraft GmbH Maschinenfabrik
= M+W Zander Facility Engineering GmbH
» Centrotherm Elektrische Anlagen GmbH & Co.
= Merck KGaA
» Bayer Solar GmbH (now: Solar World AG)
» Degussa Metals Catalysts Cerdec AG
(mow: Ferro GmbH)

SOLPRO II has been scientifically assisted and
coordinated by the Fraunhofer-Institute for Production
Technology IPT, Aachen, and the Fraunhofer-Institute
for Solar Energy Systems ISE, Freiburg. The successful
project work and its results stem from the complementary
competences of both institutes in the field of efficient
production technologies and development of solar cell
processes.

2 APPROACH

To achieve the ambitious results, a suitable and
efficient structure for the board of experts has been
organised. Participants of the board of experts met twice
a year to define development guide lines and research
demand. Afterwards, small project teams were set up
according to the defined topics, searching for solutions
and elaborating them in regular meetings. The members
of the project groups were chosen to guarantee expert
knowledge in addition to an interdisciplinary view on the
topic, regarding technical aspects as well as economical
ones. This structure (figure 1) ensured that the project
participants were able to share their experience from the
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figure 1: Structure of the project



different topics with the others, clarify important
interface definitions and to open up synergy potentials.
Ten sub-projects focused on different topics. The
inter-enterprise and inter-institutional co-operation
stretched from development of innovative manufacturing
concepts to experimental examination along the whole
solar module process chain, regarding market demands,
too. For example, the possible fields of application of
promising technologies like laser and sputter processing
have been analysed.
In detail, SOLPRO III covered the following topics:
= integrated cell and component processing of thin
wafers
= range of application of print technology in solar cell
production
» substitution of wet chemical processing by plasma
technology
= Jaser applications in production*
= handling-free processing
= processing of thin wafers*
= front side metallisation of high efficiency solar cells
= texturising of multicrystalline silicon*
= material flow analysis and optimisation

Based on the gained results, many optimisation
potentials have been identified and opened up for use.
This includes approaches in improving the efficiency of
the solar cells as well as reduction of the production
costs. Some of these results directly led to improving the
efficiency of solar cells as well as reduction of production
costs. The results of the marked project teams (¥) are
described in the following passage.

3 RESULTS

3.1 Use of laser technology

The project aimed at providing a survey of existing
laser technologies in general and evaluating the
possibilities of extending the range of application for the
use of lasers technology in solar cell production.

A survey on standard laser application in the solar
cell production was followed by an analysis of possible
laser applications in the future. Based on this results, the
most promising approaches were examined and verified
by various experiments. Additionally, a patent search was
carried out to specify existing technologies and
restrictions.

One identified application of laser technology during
wafer production is cutting of silicon blocks. The greatest
challenge in this application is discharging warmth and
tracking the focused laser.

In module manufacturing, lasers could be used to join
the electric contacts and to assemble the modules.

The high number of patents regarding laser
applications in solar cell production shows the great
efforts for extending the range of application of lasers.
The patent search showed that the highest potential of
laser applications lies in the field of cell production.
Therefore, the project team focused on the evaluation of
laser applications in solar cell production.

Four topics, regarding different solar cell concepts
and different processes were selected. For each, the
requirements on laser application were defined and a
process cost analysis was accomplished.

The examined topics are:
= laser grooving in silicon wafers
= drilling holes into wafers for mid-term realisation of

EWT and MWT cells [1]
= ablation of passivating layers, e.g. for PERC cells [2]

= separation of p/n junction for single side contacting or
edge isolation

3.1.1 Topic: Grooving in silicon

The experiments on grooving in silicon were carried
out with a 1064 nm Nd:YAG-laser with fixed focal
distance, focal layer and feed. The laser power and pulse
frequency have been varied during the experiments.

The solar cell concept “Laser grooved buried contact
cell” [3] requires narrow, deep grooves which are used
for contacting the emitter. Single side contacting needs
wide grooves to allow contacting the base. It is possible
to create connected laser grooves for the base area. This
leads to a waved form of the groove in the required
width.

The experiments accomplished on multi-crystalline
wafers showed a dependency between groove depth and
the parameters laser power and pulse frequency. Groove
depth increases with higher frequencies and higher laser
power.

3.1.2 Topic: Drilling holes into wafers

Drilling holes into wafers is used for EWT cells and
MWT cells. The tests where performed on mono- and
multicrystalline materials with a thickness of 250 um to
350 um. With a constant wave length of 1064nm and
maximum power, the number of pulses for each hole was
continuously increased until the whole material has been
drilled through. Both materials showed burrs on the hole
edges which caused a diminishment of the hole diameter
on the back side. Drilling holes into the multicrystalline
wafers required less pulses than the monocrystalline
material. Still, the number of pulses needed to form a
hole is too high for drilling in an adequate and economic
time.

3.1.3 Topic: Ablation of dielectric layers

Using lasers for ablating dielectric layers leads to cost
reduction as the process of photo litography can be
substituted [4]. The aluminium is locally connected with
the base through the ablated layer. During the
experiments, the local ablation of passivating nitride and
oxide layers was optimised to open up the layer with little
damage of the material. A life time analysis was
accomplished to measure the results of the laser ablation.

The results showed that laser power bears the greatest
influence on the life time of the wafers. With decreasing
laser power, the life time increases.

3.1.4 Topic: Separation of p/n junction

Separation of p/n junction has been identified to be
the laser application field with the greatest transfer and
realisation potential. It becomes necessary when the
emitter material diffuses across the wafer edge causing a
short-circuit.  These conductive connections are
interrupted by a laser groove. Potential problems are
residuals of the emitter in the groove keeping the
conductive connection alive. These effects can be
reduced by choosing optimised process parameters.

3.1.5 Process cost analysis

To value the economic effects of laser application in
solar cell production, a process cost analysis was carried
out. An exemplary laser system, consisting of a VMC3,
Nd:YAG-laser with a g-switch, diode pumped system for
wave length of 1064nm and 532nm was evaluated. The
estimated laser invest was about 45'000€, the cost for the
scanner system to track the laser was about 5'000€. The



area demand was estimated to be 0,5m? the power
demand 2kW. Cost of operations have been costs for
inert gas and pump diodes, additionally service and
personnel costs of 2% of the basic invest. To compare
different processes, a constant feed and constant handling
times were assumed. An operational capacity of 1'500
wafers per hour is required. For an assumed productive
time of 220 days a year, two shifts a day with each 8
hours, the costs per wafer have been calculated. To
measure the time needed for different work sequences,
different experiments to determine process times where
carried out (figure 2). Moreover, a cost szenario has been
designed to estimate the costs per wafer resulting from
the new applications (figure 3).

3.1.6 Results

A few feasible applications for laser technologies in
solar cell production have been identified during the
project. By using laser technology, the mechanical stress
on the wafers is reduced dramatically. A crucial point is
the inline compatibility and flexibility of the laser system.
The process cost analysis shows that the economic use of
lasers is possible.

In the short-term as well as in the long-term view,
laser applications seem to be useful at reasonable costs
and product quality.
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figure 2: process time determination

3.2 Processing of thin wafers

Silicon photovoltaics industry shows a general
tendency to reduce wafer thickness in order to reduce
material cost for silicon. Although the advantages and
disadvantages of thin wafers and arising problems in
processing them have been observed theoretically in
many approaches (e.g. [5]), there is still a lack of
practical experience. Against this background, SOLPRO
III identified the weak spots in production of solar
modules with thin wafers (200pm and 275pm) in
practical tests and derived statements on the processing
ability of thin wafers and solar cells, additionally defining
R&D demands. In doing so, the practical experience of
every single process step from wafering up to the ready-
to-use module was documented and evaluated.
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figure 3: cost scenario

With the actual state of the art, thin wafers (200 pm
and 275 um) are processible with a few complications.
This includes the handling technology, where only the
lower weight of the wafers has to be regarded: The wafers
swim on the surface of the etching fluids and can easily
be lifted up by air streams used for drying and cooling.
The use of special cassette systems with fixation of the
wafers or adjusting the air stream can avert these
problems. Drying in centrifuges bears no problems.

Variations in backside contacting have shown that
bending that occurs during over-all alloying of state-of-
the-art aluminum pastes can be avoided by an adapted
contact grid on the backside, as long as metallic coverage
is less than 40 % or the wafers are at least 275 um thick.
The absence of the over-all aluminium back surface field
has to be compensated by another kind of backside
passivation. Power of the solar cells with backside
contact grid is  greatly reduced due to surface
recombination effects. As expected, 200 um solar cells
with an dielectric backside passivation by SiN, did not
suffer from bending. Admittedly, passivation effects were
impeded by surface residues before SiN,  layer
deposition, leading to limited power of the solar cells.

Module production of slightly bent solar cells proved
to be possible. Moreover, when soldering with light
beam, no (additional) bending occurred. All together, the
reduced thickness of wafers does not necessarily lead to a
higher breaking rate. Most breakage originated from
problems according to the reduced weight. The results
can be described in a portfolio analysis (figure 4). Almost
all steps of the process chain can work on thin wafers
without any problems. Only separation of the wafers and
sintering of the contacts (with over-all metallisation) are
weak spots for which technical solutions have been
identified; these solutions can be realised in a short- to
mid-term range. Backside metallisation still needs further
R&D efforts while it is not a handling problem but a lack
of technological efficiency.

Over all, the results of the inter-enterprise and inter-
institutional co-operation showed that efficient solar
modules made of 275 um and 200 pm can be produced.
3.3 Texturisation

Increasing the efficiency is a crucial point to increase
economical competitiveness of solar cells. This means to
reduce the loss mechanisms of cells like reflection, etc. In
this regard, texturising of solar cells enables an increase
in efficiency by improved light intrusion. Regarding
monocrystalline silicon, there are a few possible options
for alkaline wet-chemical texturisation. However, a
transfer to multicrystalline silicon is impossible due to
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figure 4: Portfolio analysis for evaluation of different
process steps in processing thin wafers and solar cells

heterogenous crystal orientation in multicrystalline
silicon. Against this background, the sub-project
“Texturisation” aimed at identification and analysis of the
technically and economically most capable texturising
method for multicrystalline silicon and implications for
R&D demand.

Wet chemical etching, plasma etching (black silicon,
[6]) and mechanical texturisation [7] have been
compared in this SOLPRO III sub-project. Additionally,
the first experiments in the field of laser texturisation
have been carried out.

Wet-chemical etching of porous silicon is the cost-
effective method for texturisation. The technology needs
are known and accessible, therefore ready to use.
Moreover, wet chemical etching leads to a great increase
of efficiency.

Black Silicon is the most complex method. Its costs
are very high as it is still in development stage. From the
technical view, Black Silicon is the method with the
greatest reduction of reflection, and seems to be a
promising method for high efficiency solar cells from a
long-term view. Mechanical texturisation is a well-
engineered and well-known technology which bears
further cost reduction potentials. An evident disadvantage
is the marginal reduction of reflection. Mechanical
texturisation can be used instantly for structurising of
solar cells (e.g. power cells [8]).

First experiments on laser texturisation have been
carried out at Trumpf Laser GmbH & Co. KG. The
results are shown in figure 5. The homogenous dark areas
of the processed surface refers to a reduction of
reflection. Reflection measurement resulted in a weighted
reflection of 20 % which is significantly less than usual
silicon. This shows the potential of laser texturising if the
process is optimised for this special application. The
process ability of laser texturisation has been proven in
principle, although the state of the art lasers are not
powerful enough for efficient application of laser
texturisation. As laser texturisation is still at its
beginning, great R&D efforts have to be accomplished
before it comes to efficient industrial use — without
reliable forecasts about the expected increase in
efficiency of the solar cells. From a long-term view, this
method is still an option due to the cost reduction caused
by general enhancements of laser technology.

4 CONCLUSION

SOLPRO II showed that the combination of
academic state of the art knowledge and first-hand
practical experience from the solar cell industry leads to
great results over the whole solar cell supply chain. The

structures — setting up a body of experts and deriving
sup-project teams — once again proven to be very
powerful. Due to the great success of SOLPRO 1II, the
following project SOLPRO IV has been set up in January
and will continue until December 2003.
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