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ABSTRACT: Up to now for in-line diffusion in solar cell production lines no satisfying transport system has been
available. This paper presents the results of the joint project KoTrans. The purpose of this project was the
development of an advanced transport mechanism that does not cause wafer contamination and inefficient energy
consumption like metal mesh belts do and that is easily implemented in production lines. In the KoTrans project,
several transport systems have been tested on a prototype level. The walking string system has been developed to an
industrially applicable stage. On mc and Cz silicon efficiencies of 15.0% and 16.6% respectively have been reached.
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1 INTRODUCTION

Wafer handling in solar cell production lines is the
most critical process with respect to breakage. For in-line
processing, the wafers are preferably carried horizontally
through the production line. This minimises wafer
handling and reduces wafer breakage. Thus it appears to
be important to improve in-line technologies. The
systematic evaluation of various transport systems for the
diffusion step is believed to contribute to this
development, and was set as the goal of the KoTrans
project presented here. Centrotherm (Blaubeuren,
Germany) ACR (Niedereschach, Germany), and the
Fraunhofer Institutes ISE and IPT co-operated in this
project.

Based on a set of specifications (s. Table | a) to be
fulfilled for high temperature applications like diffusion,
various transport systems have been evaluated (s. Table |
b) in the project: air track devices, belt systems (based on
metallic and ceramic materials) and walking beam
systems. A first evaluation has been carried out based on
experiments by using prototype set-ups if necessary or
theoretically (s. section 2). The most promising system
has been incorporated in a diffusion furnace for further
assessment. For this purpose, solar cells have been
fabricated with an industrial screen printing process.

Finally the selected system has been developed to a
scale which allows the implementation in industrial
production lines. Special care has been taken for the
demonstration of the feasibility of automation .

2 SYSTEM EVALUATION

2.1 Evaluation method

In this project seven transport systems have been
evaluated with respect to their suitability for in-line
diffusion. Table | a) gives an overview of the systems
under consideration. The main criteria for the assessment
are listed in part b) of the table. In conventional tube
furnaces the wafers are processed batchwise in a quartz
tube using quartz carriers. In this way contamination free
processing conditions are provided. Thus avoiding
contamination in the system to be developed is a major
target in KoTrans. Low thermal mass helps to reduce the
size of the heating and cooling compartments of the
furnace and allows energy efficient processing. Important
features are the capability of processing different wafer
sizes and shapes, and precise transport to simplify the
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automation. Economical aspects are high uptime and low
cost of ownership. The system should be realisable in an
industrial environment and not deteriorate the diffusion
process e.g. by temperature inhomogeneities.

Table I: a) Evaluated transport systems and b) criteria
for the assessment.

criterion
1 | low contamination
system 2 | low thermal mass
A | revolving metal belt 3 | various wafer sizes
B | revolving ceramic possible
chain 4 | low influence of broken
C | revolving wire pairs wafers
D | revolving ceramic 5 | precise transport
strings 6 | high uptime
E | air-track systems 7 | low cost of ownership
F | walking beam system 8 | high feasibility
G | walking string 9 | low influence on
system diffusion process
a) b)

All transport systems investigated here have in
common that the wafers are supported from the bottom
and are carried horizontally. This allows a good material
flow and potentially low breakage since the edges of the
wafers are not stressed mechanically. Not considered in
this work are systems based on rolls because it was
assumed that a multitrack device will not have a
sufficient lifetime because of bending of the rolls with
time. Hybrid systems as presented in [1] combine vertical
transport with the basic principles of in-line transport.
Like for conventional tube furnaces wafer carriers are
needed in these systems and therefore expensive
automation tools.

2.2 Revolving metal belt

The revolving metal belt represents the state of the
art technology for in-line diffusion in PV. Due to the
metal mesh belt usually being made from a nichrome
alloy the risk of wafer contamination via metal particles
is high. The metal belt has a high heat capacity and
revolves, thus causing an inefficient use of the energy
supplied by the radiators. Long cooling sections are
necessary to cool down the belt to room temperature, the
energy stored in the belt is wasted.
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2.3 Revolving ceramic chain

A novel ceramic chain is presented in this section. It
is assembled from simple chain elements and is
completely metal free and therefore reduces the
contamination risk compared to the metal mesh belt [2].
The principle construction of the chain is shown in
Figure 1. A photograph of the realised prototype is
shown in the next Figure 2.

c)

Figure 1: Construction principle of a ceramic chain
transport. a) The chain components are easily linked. b)
The drive wheel at the furnace exit causes the chain to
revolve. ¢) Using two chains which are linked by ceramic
or quartz rods multi-track production systems can be
built up.

Figure 2: Prototype chain transport using a simple
interconnection principle and quartz rods as wafer
support.

2.4 Revolving wires or ceramic strings

To reduce the thermal mass of the system pairs of wires
or ceramic strings could serve as transport unit. While the
wires would — even if reduced in comparison with the
metal mesh belt — still contaminate the wafers, ceramics
would solve this problem. For both systems the
feasibility has not been shown so far. Under the
mechanical tension the metal quickly starts to creep and
finally breaks. The ceramic ropes do allow more
mechanical tension (with the advantage of a much lower
density). However the fibers do suffer from continuously
changing mechanical stress like in a revolving device.
Therefore the uptime of such a system would be too low
to make it industrially attractive.

2.5 Air track transport

In Figure 3 the principle of the air-track transport is
shown. Long tubes with jet holes are used to form an air
cushion on which the wafers can slide without contact to
the supporting structure.
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Figure 3: Principle of air track transport. The air cushion

is created by the jets in the tubes. As tube material,
quartz or ceramics could be possible.

In the earlier project SOLPRO Il [3] the air track
transport principle has been identified to be an alternative
to the revolving metal mesh belt. In KoTrans several
prototypes have been built to assess this technology. In
Figure 4 one of the realised air track prototypes is shown.

Figure 4: The wafers are transported on the air cushion
realised by upward directed air-jets. The air leaves the
two tubes via small holes with a pitch of approx. 3 cm.
(For this prototype the tube material is aluminium).

In the presented model two aluminium tubes with
linearly aligned upward directed holes for the air jets
have been used to create the air cushion. For use in a
diffusion furnace the tube material would be quartz or
ceramics. Since this technology allows the wafer
transport without moving parts, no additional mechanical
components are necessary. The tests on these systems
showed that unfortunately a strong dependence on wafer
properties is present. This led to various propagation
velocities for slightly different wafers. Therefore a
precise transport was not possible. Furthermore broken
wafers caused more problems than expected, and were
even able to stop the whole transport process. Since the
air flowrate of the jets was very high for the best
transport conditions even an influence on the diffusion
process can be expected.

2.6 Walking beam and walking string transport
Transporting using the walking beam principle has
several advantages compared to the transport with
revolving components. Once the furnace has reached its
operating temperature there is only little energy
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consumption due to the heating of the beams. The

transport principle is shown in Figure 5.
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Figure 5: Operating principle of the walking beam
transport.

Walking beam systems for wafer transport have been
suggested by several authors [4,5]. However, up to now
no furnace for solar cell processing is available with such
transport system. The main reason for this is the lack of a
suitable material for the beams. The beams should be
relatively thin to minimise influences on the process
result. On the other hand, they must be stable enough not
to break by their own weight when utilised in a long
furnace in which they are only supported at the cold
ends.

In this project the walking string transport principle
has been used realising thin beams, by means of ceramic
strings under mechanical tension [6]. The strings are
made of pure alumina fibers which are taken as strands
and are woven to strings. The used string material is
shown in Figure 6.

2.7 Summary of evaluation results

It is shown in Table Il how far the investigated
systems (A-G see Table I) fulfil the requirements. The
ceramic chain and the walking string system seem to be
the most promising approaches. Since the realisation of
the walking string system is less expensive, this system
has been selected for further assessment.

Table II: Results of the evaluation of transport systems
investigated in the KoTrans project.

A B C D E F G
1 - -
2 8 -
3 - B
4 < gl 8 8 - 8 8
5 g g g -
6 - - - g g g
7 - g @ @ -
8 | E - - - -
9 - gl - E - E

3 FOUR TRACK WALKING STRING SYSTEM

In order to realise a large prototype with walking
string technology, we have already shown in earlier work
that the alumina strings allow tensile strengths of up to
65 MPa (at 900°C) which is sufficient to build furnaces
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with a length of about 7.5 meters [7]. Special alumina
fibers shown in Figure 6 even have superior properties to
those presented earlier.

Figure 6: High temperature stable ceramic string woven
from alumina fiber-strands. The diameter of the string is
around 5 mm.

They contain no SiO, which caused the observed
creep. In this project a large furnace has been designed
and installed at Fraunhofer ISE. It has a diffusion plateau
length of about 3 meters and is suited for high throughput
due to the four parallel tracks. The total length is about
7.5 meters. The inlet and outlet of the furnace are shown
in Figure 7 a) and b) respectively.

7q 1. .
:

Figure 7: Automated four track walking string system.
In the diffusion chamber the wafers are carried on
ceramic strings. a) furnace inlet b) furnace outlet.

To demonstrate the feasibility of system automation
and to simplify large quantity processing the furnace has
been automated. The fully continuous movement of the
wafers allows an automation which is independent of the
actual movements of the strings. Two different
automation principles have been realised for the furnace
inlet and outlet stations as sketched in Figure 8.
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Figure 8: Automation principles for the walking string
furnace. a) in-let b) out-let.

To simplify the work in the research environment for
Fraunhofer ISE the wafers are unloaded from carriers at
the entrance (a) and collected in stacks at the furnace
outlet (b). This can be carried out regardless of the actual
position of the ceramic strings. They provide fully
continuous movements of the wafers which are always at
the same height. Thus in industrial production plants
even simpler automation, without robots, is possible if
the connected machines operate in-line (inlet: Dopant
deposition; outlet: PSG etching device).

4 SOLAR CELLS

A simple screen printing based solar cell process has
been developed to manufacture solar cells with the single
track walking string diffusion furnace at Fraunhofer ISE.
The process is described in [7].

Table 111: Solar cell results achieved in the project
(10x10 cm?, 1Qcm, boron doped starting material). tx
indicates texturing with KOH/IPA.

plateau V. Jse FF n
[min] [mV] [mA/em?] [%] [%]
mc 6 613 322 76.0 15.0
Cz 15 617 321 773 153

6 616 317 778 15.2
Cz-tx 15 614 35.0 775 16.6
6 604 33.4 76.1 153

The results of the cells are shown in Table Ill. For
the untextured mc and Cz silicon efficiencies of 15.0%
and 15.3% respectively were reached. For the wafers
textured in a KOH/IPA solution 16.6% efficiency has
been achieved with a diffusion plateau time of 15 min.

For the lower plateau time of 6 min. the efficiency is
lower due to space charge region recombination reducing
both fill factor and open circuit voltage of the cells. As
shown in Figure 9 the loss due to space charge region
recombination can be greatly reduced if the firing process
is adapted to the shallow emitter formation. For these
cells silver pastes which are not especially suited for
shallow junctions have been used. However, half of the
wafers received a saw damage etching step (+SE) before
texturing. Because this step does not influence the cell
efficiency significantly, it can be omitted in future
experiments.
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Figure 9: Evolution of cell parameters with respect to
firing temperature for textured surfaces (1Qcm, Cz.).
SE: additional saw damage etch step before texturing.

In a comparative experiment with tube furnace
diffusions of industrial cell producers equally high V.
values have been achieved with the walking string
furance without process optimisation [8].

5 CONCLUSIONS

In the course of the KoTrans-project seven transport
systems have been assessed with respect to their
suitability for in-line diffusion. The walking string
system using strings woven of alumina fibers has been
selected and incorporated in an automated four track
diffusion furnace. Thus as a major project result a no
contamination low thermal mass transport system has
been developed and realised for industrial in-line solar
cell diffusion. The first single track prototype has been
used to fabricate solar cells, with efficiencies up to
15.0% and 16.6% for mc and Cz silicon respectively.

6 ACKNOWLEDGEMENTS

The technical assistance of G. Emanuel, E. Schaffer
and is gratefully acknowledged. This work has been
funded by the Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety (0329861A-C).

7 REFERENCES

[1] P. Choulat, J. Horzel, and J. Szlufcik, Proc. 17th EU
PVSEC, Munich, Germany (2001) 1658-1661.

[2] D. Biro, Patent pending (2004)

[3] R. Preu, R. Liudemann, G. Emanuel, W. Wettling,
W. Eversheim, G. Githenke, D. Untiedt, and G.
Schweitzer, Proc. 16th EU PVSEC, Glasgow, UK
(2000) 1551-1454.

[4] G. A. Orbeck, US Patent, US 5314330, (1994)

[5] R. Stoehr and R. Obmann, German patent, DE
2830589 C2 (1978)

[6] D. Biro, G. Wandel, R. Lenz, and P. V6lk, German
Patent, 100 59 777.7 (2000), US Patent, US
6705457 B2 (2004)

[7] D. Biro, G. Emanuel, R. Preu, G. Willeke, G.
Wandel, and F. Schitthelm, PV in Europe 2002,
Rome, Italy (2002) 303-306.

[8] R. Preu, G. Emanuel, D. Untiedt, S. Klappert, H.
Schmidhuber, D. Biro, C. Voyer, W. Wolke, E.
Schneiderléchner, this conference

531




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


