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ABSTRACT: A joint project of suppliers from solar cell industry, research institutes and energy utilities has been
formed: SOLPRO. The primary objective of this project has been cost reduction of solar cells by improving state of the
art and implementing new production technologies. This objective has been approached in several steps: definition and
technical and economical evaluation of a reference, state-of-the-art production scenario for silicon solar cells; identifi-
cation, technical and economical evaluation of short-term improvements; technology innovations on a mid- to long-
term time scale; definition of R&D projects for improvements or substitution technologies with high potential and fea-
sibility. A detailed cost analysis has been carried out in order to correctly assess the economical impact of the individ-
ual steps on the total production costs. Over 70 measures for improvements and innovations have been evaluated
yielding two patent applications and four R&D projects. A cost reduction potential of 23% - not including additional
value, due to reduced module costs - has been determined for a proposed innovative process sequence. Inspired by the
successful co-operation the majority of partners have formed a continuation together with manufacturer of wafer, solar

cells and modules: the ‘SOLPRO Expert Circle’.
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1 INTRODUCTION

Solar cells are still far too expensive to be competitive
with fossil or nuclear production for the main energy mar-
ket. In economically oriented studies [1,2] as well as in the
APAS-study [3] a high cost reduction potential has been
identified for the economies of scale in PV production.
Thus several governments have implemented various pro-
grams to subsidise the PV market during the past three
years. But high economy of scale factors can only be real-
ised if a fast raising demand is accompanied by a fast tech-
nological progress.

Though R&D in PV has to be assessed as generally
very successful, some tendencies can be criticised in re-
spect to technological progress. A fast spread of innovative
equipment is frequently hindered by the natural individual
interest of the solar cell producing enterprises. Very often
process details are proprietary and equipment and consum-
ables developments are exclusive. Thus innovation is either
very expensive or of only little interest for the supplying
industry.

In the microelectronic industry, equipment rather than
semiconductor manufacturer walk in front in order to real-
ise technological progress in process development. This
has been taken as an example for the SOLPRO approach.
Based on a thorough understanding of boundary condi-
tions, process and interface problems, equipment and con-
sumable supplier should be able to rather act instead of re-
act to develop new, integrated and efficient production
equipment and processes for manufacturing solar cells.
This again is supposed to help as an important step to real-
ise the overall goal of significantly reduced PV production
costs.

Due to the importance as the leading technology in PV
production [4] the SOLPRO approach described here has
been focused on the processing of crystalline silicon.

2 SOLPRO II CONSORTIUM

In order to be able to work in an environment of pro-
found expertise a consortium of twelve industrial German
firms:

ACR GmbH, Niedereschach

AIXTRON GmbH, Aachen

Baccini Deutschland GmbH, Deckenpfronn

Centrotherm GmbH, Blaubeuren

EKRA Maschinenfabrik GmbH, Bonnigheim

Heraeus Quarzglas GmbH, Hanau

HMR GmbH, Donaueschingen

Karl Siiss GmbH & Co KG, Miinchen

Leybold Systems GmbH, Hanau

Merck KgaA, Darmstadt

Pfeiffer Vacuum GmbH, Asslar

SEMITEC GmbH, Ludwigshafen/B.
together with the two Fraunhofer Institutes for

Production Technology (IPT) , Aachen

Solar Energy Systems (ISE), Freiburg
was founded in November 1997.

With these partners the five main technological regimes
in standard crystalline silicon solar cell processing have
been covered in a 15-month project:

e  wet chemical processing

e furnace technology

e  vacuum and plasma technology

e  contact (mainly printing) technology
¢ handling and monitoring

SOLPRO was then substantially subsidised by five
German municipal energy utilities: STAWAG Aachen,
Stadtwerke Diiren, Stidtische Werke Krefeld, Stadtwerke
Diiren and VEW Dortmund and the Fraunhofer Gesell-
schaft.



The objective to identify measures to reduce solar cell
cost has been approached in four steps:

e  definition and technical and economical evaluation of
a reference, state-of-the-art production scenario for
silicon solar cells

e identification and technical and economical evaluation
of short-term improvements of standard technologies

e identification and technical and economical evaluation
of technology innovations on a mid- to long-term time
scale

e Resulting from this investigations R&D projects are
defined for improvements or substitution technologies
with high potential and feasibility

Some general boundary conditions had to be defined in
order to be focussed for the evaluations. Standard multi-
crystalline silicon wafers (p-type 1 Qcm, 125x125cm? and

330 pm thick, diffusion length of 80 pm prior to process-

ing) have been defined as input material, while the charac-

terised and bin-sorted solar cells have been taken as the
output. Running with full capacity in 5 shifts a yearly pro-

duction of about 9 million wafers has been addressed. A

standard industrial cell design (see Figure 1) being realised

by an appropriate process (see 3.1) resulting in a mean
efficiency of 14% has been assumed. This yields a total

capacity of approx. 20 MWp/a. i
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Figure 1: Design of an industrial multicrystalline solar
cell used as reference

3 RESULTS

In the following paragraphs the results of the SOLPRO
project are shortly summarised. A detailed description of
the results can be found in [5 ].

3.1 State of the art analysis
For the analysis a state of the art reference process was

defined, which is close to various industrial production

processes being installed. For a thorough technical and cost

analysis it is very important to account for all the handling

between and during the individual process steps:

e  Manual unpacking of wafers and loading of carrier

KOH saw damage etch

Manual handling from Teflon to quartz carrier

POCI; closed tube furnace diffusion

Manual handling from quartz to Teflon carrier

e  HF-phosphorus glass etch

e  Manual handling from Teflon carrier to graphite boat
Tube furnace PECVD-SiN, AR-coating

e  Manual handling from graphite boat to screen print
line

e  Screen printing and drying of Ag-paste for front con-
tact formation

e  Turning of wafer

e Screen printing and drying of AlAg-paste for rear
contact formation

e  Screen printing and drying of Al-paste for back sur-
face field formation

o  Firing of contacts

e Automatic stacking of wafers, manual feeding of
plasma etcher

e  Edge isolation of wafers in microwave plasma etcher

e  Manual withdrawal of wafers and automatic individu-
alisation of wafers

e [V-measurement and sorting

The process plan method developed at the Fraunhofer
IPT for the analysis of industrial production processes has
been used to analyse to total process [6]. For all these pro-
cess steps data sheets have been filled out indicating the
technical specifications, cost details and critical points.

The software tool SOLCOST has been developed to be
able to break down the whole process in costs per process
step or type of costs. Starting problems as lower output and
yield, higher breakage ratio or reduced average efficiency
are covered as well as overhead, interest rate and return on
investment calculations. The solar cell production costs
which have been calculated for the reference process dur-
ing the third year of operation (full capacity running) are
shown in Table 1. The costs for handling at the interfaces
are considered with respect to the related process steps. A
total cost of 2.09 €/ Wp has been calculated. The dominant
cost factor is the wafer which contributes to 68% of the
total. The phosphor diffusion, the AR coating and the con-
tact formation show the highest cost of the process steps.
This can be attributed mostly to handling in the first two
cases and materials in the last. Figure 2 shows the cost
distribution independent of the different process types.
Here it is very surprising that the cost being calculated for
the depreciation of the equipment is very low. This fact
supports the idea that their is a high potential for improve-
ment of equipment.

Table 1: Cost distribution by process step for a multicrys-
talline 125x125 cm? cell processed with the reference pro-
cess (mean efficiency of 14.0 %)

Process step cost/€
Saw damage etch 0.113
Phosphorus diffusion 0.287
Phosphorus glass etch 0.093
AR coating 0.299
Contact formation 0.279
Contact firing 0.029
Edge isolation 0.015
Cell characterisation 0.030
Additional handling 0.016
I125xf12':;1i§rn?:Wafer 3.13
Overhead 0.214
Interest 0.082
Total cost/wafer | 459
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Figure 2: Process cost distribution for different cost types

3.2 Optimised production technology

The next step within the SOLPRO project was the op-
timisation of state of the art production processes on a
short time scale. The identified measures have been evalu-
ated for their potential to:

e reduce breakage loss

* increase the cell efficiency
e reduce process costs

and their feasibility according to:
e  development risk

e  development time

e  cost of development

A total of 41 measures for short term optimisation
have been assessed. Approaches with high potential and
good feasibility have been prioritised and used for an opti-
misation of the reference process. The changes in costs
have been calculated and can be summarised as follows:

In consideration of the generated ideas for short term
realisation the benefits of the optimised process is an in-
crease of the cell efficiency of 1%, an increase of the yield
rate by 1.5%, which together with other effects adds to a
cost reduction of 5%. Since the main cost reduction poten-
tials have not been addressed here this is rather a small
number and further investigation have been focused on
innovative production technologies based on some general
ideas being summarised in the following paragraph.

3.3 Innovative production technology

The cost reduction potential of an optimisation is obvi-
ously limited by the high ratio that can be attributed to the
wafer cost. This finding is not new and it is also known
that a reduction of wafer thickness is rather a problem due
to increased wafer breakage in solar cell processing than in
wafering. Thus for the further investigations a principle
goal has been addressed: processing and handling tech-
nologies should avoid any stress to the wafer. This can be
realised with technologies carrying the wafer horizontally
all the way just being interrupted for turning where neces-
sary. This approach does not only help to increase the yield
but is also reducing personal cost and was in the focus of
investigations during this task.

Another 30 technological measures have been assessed
and several have been selected for variants of a process line
which are supposed to be capable to process wafers of
below 150 pm thickness without increasing breakage loss.
Then the related costs have been determined for one proc-
ess sequence which can be summarised as follows (alter-
natives in brackets):

e individualisation via air injection and simultaneously
picking the uppermost wafer from the stack

» saw damage etch and texturing by either in-line
plasma etching (or spraying of acid in an in-line
chamber)

e screen printing (or spraying) deposition of boron
dopant and subsequent BSF formation in an contami-
nation free in-line belt furnace

e turning of wafers

e  screen printing (or spraying) deposition of phosphorus
dopant and subsequent emitter formation in a con-
tamination free in-line belt furnace

e  phosphor and boron glass etch by either plasma etch-
ing (or in-line deposition of HF)

e in-line deposition of silicon nitride by either in-line
sputtering [7] (or PECVD [8])

e  screen printed front contact formation

turning of wafers

screen printed rear contact formation
firing of contacts

turning of wafers

standard characterisation

A mean efficiency of 15% has been calculated using
PC1D [9], the improvement being mainly due to the
plasma front-side texture. The boron diffusion step seems
to be critical for mc-Si due to the high temperature needed
in order to realise a deep BSF. But there seems to be no
relevant measure to realise an Al-BSF on thin wafers with-
out significantly sacrificing production yield. It should be
noted that there are promising design alternatives to realise
low-cost rear passivation [10], not being addressed here.

A total cost reduction of 23% compared to the base
case has been determined for the defined process sequence.
Further value is added by the decreased cost in PV module
production using higher efficiency solar cells. The main
cost reduction in respect to process types is achieved by the
reduced wafer and personnel costs, while depreciation is
raised due to the enhanced cost of high performance
equipment. A significant raise in cost has been determined
for the plasma damage etch and texture. But this is fully
compensated by the efficiency enhancement with superior
light confinement and it seems to be the most critical step
for pure in-line and high yield processing of thin wafers.

Table 2 cost per process step for the , innovative' process

Process step cost/€
plasma damage etch + texture 0.275
screen printing/boron diffusion 0.127
screen printing/phosphor diffusion | 0.127
plasma glass etch 0.087
Sputter SiNx coating 0.095
Contact formation 0.130
Contact firing 0.029
characterisation 0.029
total handling 0.140
125x125 mm? mc-wafer 245
overhead 0.209
interest 0.075
cost/cell 3.77
cost/Wp 1.61




3.4 R&D Projects

Four projects have been defined as core R&D projects
in total - two of these have led to patent applications and
are noted here as an example:

e In-line deposition of SiN using a Twin-Mag AC-
Sputtering source. This approach is described in detail
elsewhere (see [7]).

e  Contamination free in-line furnace [10]

Today’s belt furnace systems use metal transport belts

for the wafer transport. This is disadvantageous in

several ways:

- due to the high thermal mass of the belt high power
is necessary in order to realise at least reasonable
process cooling and heating rates

- direct contact of the wafers to the metal belt can be
a source of severe wafer contamination, thus diffu-
sion barriers as quartz or silicon wafers are mostly
used in order to reduce this risk, this again leads to
additional handling tasks for the process equipment

Reduction of contamination using an air track system

made from quartz being also tolerant to breakage

during processing could help to omit these problems.

A test unit of such a system made has been made from

aluminium (cp. Figure 4) and tests have proven that a

controlled transport of wafers is feasible.

\ L
Figure 4: Air track-transport test unit for silicon wafers
(courtesy of ACR GmbH)

4 SUMMARY OF SOLPRO II

More than 70 innovative technological measures and
concepts have been discussed and evaluated according to
their potential in order to reduce production cost. Main
result of the project is the central approach of a highly
automated production line, where wafers are supported
from below throughout the whole process and thus being
suitable even for very thin wafers. For a line using mainly
new technologies proposed by the SOLPROII consortium a
cost reduction of 23% has been determined, not including
scale of economy effects or higher efficiencies achievable
by advanced cell designs.

It is one of the most important benefits of SOLPRO
project that equipment experts develop a deeper under-
standing of the main tasks which have to been addressed
for the production of a high-performance, low-cost photo-
voltaic device, based on crystalline silicon.

5 CONCEPT OF SOLPRO CONTINUATION

Based on the successful co-operation SOLPRO is now
continued as an expert circle, also being organised by the
Fraunhofer ISE and Fraunhofer IPT. The approach is
similar, but some changes have been defined.

5.1 Focus of investigation

The project does now include the whole processing
from wafer to module production. Also new and advanced
cell designs are taken into account.

5.2 Partners

The number of partners has been raised to 15 now in-
corporating wafer, cell and module manufacturer:

ACR GmbH, Niedereschach

Balzers Process Systems GmbH, Hanau

Bayer AG, Krefeld

Centrotherm GmbH, Blaubeuren

dmc?, Hanau-Wolfgang

EKRA Maschinenfabrik GmbH, Bénnigheim

Haas Laser GmbH, Schramberg

Heraeus Quarzglas GmbH, Kleinostheim

Karl Siiss GmbH & Co KG, Garching bei Miinchen

m+w Zander GmbH, Stuttgart

Merck KgaA, Darmstadt

RENA Sondermaschinen GmbH, Giitenbach

Saint-Gobain Glas GmbH, Aachen

Shell Solar Deutschland GmbH, Gelsenkirchen

STAWAG, Aachen

5.3 Organisational

There are two general meetings every year with three
main tasks:
e  providing information about new developments in PV

politics, market, production and R&D issues

e  definition of R&D tasks
e  report about R&D tasks

In between these general meetings time is spent on
definition and realisation of tests and measures to evaluate
the individual approaches. The goal again will be to iden-
tify production technologies with high cost reduction po-
tential and to initiate projects which put ideas into practice.
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