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ABSTRACT: Among Crystalline Silicon Thin-Films (CSiTF)he concept of Recrystallised Wafer Equivalents
(RexWE) established by Fraunhofer ISE has steadlibwva high efficiencies on good quality substra@st no
low-cost substrate has yet shown high enough se$oittan industrial launch of this technology. Mehiie, the
recently created company S'TILE has developed a agwroach in wafer manufacturing with SinteringSilicon
Powders. It is a cheap process which presents amothreg advantages the avoiding of sawing kerf ksd the
possibility of high throughput of large area wafeFor this reason, sintered silicon wafers havenbesed as

substrates for RexWE.

Up to 9.2 % of efficiency was obtained on non-ojed 4 cm? solar cells with an excellent open dircaltage of
580 mV. This . is the best obtained up to now with this technglath such low-cost substrates. As the RexWE
cell process used here has poor optical confinentast efficiency is likely to dramatically improweith the
CSiTF-optimised texturisation and back reflectoeatty developed at Fraunhofer ISE.

These very promising results may thereby openrtevalead in CSiTF and trigger some large scale naatwfing.
Keywords: Crystalline Silicon, Thin Film Solar Cellubstrates.

1 INTRODUCTION

High-purity silicon material stands for a greattpar
conventional solar cells production costs, esplgcigith
the current silicon feedstock issues. A solutiometduce
costs would be to use less of this expensive siliop
making thinner solar cells and use a cheaper sabstis
mechanical carrier. Crystalline Silicon Thin-Films|&
Cells (CSiTF) emerge as such an alternative to wafer-
based photovoltaic technologies. They make their ofv
the advantages of silicon technologies includinghhi
efficiency, long-term reliability, material abundznand
non-toxicity. Moreover they are technologically stoto
the mainstream of the current industrial cell fastion
processes, consequently they can be more easipteatio
by the photovoltaics industry. Because of these
similarities, these technologies are often refert@das
wafer equivalents.

The data presented here result from a cooperation
between the company S'TILE (France), which provides
new type of silicon wafers, and the Fraunhofer ISE
(Germany), which brings its complete Recrystallised
Wafer Equivalent (RexWE) process.

It has been demonstrated that RexWE leads to high
efficiencies solar cells when used on traditional
multicrystalline silicon substrates and is transifide into
high throughput and low processing costs type of
equipments. But it lacks of a suitable cheap sutestra
S'TILE has developed such a low cost substrateisolu
using the sintering of silicon powder. It has aésgood
potential for industrialisation.

The new device made out of the combination of this
substrate and this CSIiTF process is being evaluated
this paper. Preliminary results are very promising.

2 THE SINTERED SILICON PROCESS

The compaction and sintering of silicon powders has
been first developed and patented in Poitiers Unitye

(France) [1] and the company S'TILE has been cdeate
on the basis of the potential of this concept.

Sintered wafers are fabricated by hot-pressing a
micrometric silicon powder, the overview of this
mechanism is sketched in Fig. 1. The temperature is
below the melting point of silicon and the presscaa
reach 30-40 MPa. The grain boundary migration
resulting from the plastic deformation of grainsridg
sintering causes a densification of the deviceaup00%

[2]. This process is well-known in the ceramicsustty
but, to the best of our knowledge, not used atfall
photovoltaics except by S'TILE.
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Figure 1: Scheme of the giﬁféring process

The main advantage of this process is that it avoid
the silicon waste due to the wire sawing kerf lagsich
is typically 150-200 um thick for each wafer. Thatto
say, almost as much silicon as in the wafer itself
wasted. This makes the sintering process cost Itivear
the conventional block casting and sawing processa
given initial material cost. In addition, any quwliof
silicon can be used for sintering.

The development of this process, even though it is
young, permits currently to monitor the charact&ssof
the sintered wafer with an excellent repeatability.

The lab-scale presses used currently are able ke ma
up to 15 round wafers of 300 mm of diameter maximum
in a batch, which allows the demonstration of tighh
throughput possibilities of the process. The piioe
which is intended to be constructed would haveame
higher throughput. The sizing of the press makes an
upper limit to the wafer size but does not deteamis



size and shape. This is determined by the pistah an
matrix shape, and basically any shape can be made.

There is no theoretical limit for the size of thafer,
so that the limitation would be the same as foulag
wafers, except for the fact that there is lessiogenhcy
about silicon consumption. The thickness of theewaf
simply determined by the amount of powder used per
wafer. Up to now, wafers as thin as 200 pm haven bee
made.

The doping level can be if necessary increasedtun-s
to a desired value. It is the case to serve abstrae for
RexWE, the wafers have been doped to a resistivity
under 10.cm.

Glow Discharge Mass Spectroscopy (GDMS)
analyses of the powders and the sintered waferg hav
shown that this sintering process does not induce
contamination, as the impurity contents tend torekse
when the hot-pressing process is applied.

Among the characteristics which can be varied,eher
is also the density of the sintered wafer. Indeteds i
possible to make 100 % dense wafers, just like
conventional wafers, as well as 50 % dense waférigh
have the same appearance as denser wafers andaseem
be as mechanically resistant as them. The posgilofi
use of such porous wafers for cell processing it no
exploited yet, but it could allow even lower silico
consumption [3].

3 THE RexWE PROCESS

The RexWE is a concept created by Fraunhofer ISE
and has been improved for many years now. It haaish
an efficiency of 13.5 % on a mc-Si substrate wittlean
room cell process [4]. However no wafer equivalent
made on low-cost material such as ceramics has been
able to conduct to high efficiency cells. This i®stly
due to the fact that it is a high temperature apgincto
CSIiTF and there is a mismatch in the thermal beluavio
of silicon and ceramics.

Chemical Vapour Deposition (CVD) of silicon is
generally the bottleneck of CSIiTF throughput. But
Fraunhofer ISE has demonstrated the possibility lmfjh
throughput CVD reactor [5]. The other main barrier t
industrialisation of such technology is the numioér
process steps for the realisation of the wafer\edgmt.
There again, it has been possible to mitigateisisise by
the use of a shorten process.

The structure of the version of RexWE used in this
test is shown in Fig. 2.

The sintered silicon wafers are covered on one face
by an intermediate layer (IL), which in our casa ikyer
of deposited silicon oxide. Then sonfedwped silicon is
deposited by CVD on the intermediate layer. Thistay
will be used as a seeding layer for the growth haf t
active silicon layer, but as-deposited it is notstalline.
This is why a step of Zone Melting Recrystallisation
(ZMR) is following. It allows the obtaining of
multicrystalline silicon as a seeding for the reétthe
wafer. As the Si@layer is electrically insulating, it needs
to be open to allow the carrier collection. It mne with
Laser Fired rear Access (LFA), which is a punctaaér
ablation of the intermediate layer and the seethygr.
Then the absorbing p-type silicon layer is epitthxia
grown by CVD on the seeding layer to a thickness of
about ~15 pum.
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Figure 2: Schematic view of a robust version of a
RexWE structure on sintered silicon.

At this stage of the process, the sample is like a
regular silicon wafer and can be treated as suchrlyy
conventional silicon solar cell process. In thisttahe
following cell process includes: POCHiffused emitter
formation, evaporated and electroplated contaetapte
hydrogen passivation and a double layer antirefiact
coating. The cells dimensions are 2 x 2 cm?, they a
separated from each other which also permits edge
isolation.

High temperature cell process steps were not
troublesome, given that the RexWE is made out wiosil
only.

For this first attempt to make wafer equivalentshwi
sintered silicon wafers a simple and robust vamaibf
the RexXWE process has been used. Consequently it was
not the best one in terms of efficiency developgd b
Fraunhofer ISE. In particular, the optical confirernis
limited, as there is no front side texturing ance th
intermediate layer of SiDis a moderate backside
reflector.

4 RESULTS

4.1 Recrystallisation results

The ZMR is a process which is very dependant from
the substrate. As these substrates are made silicoh,
their behaviour at high temperature is matchingadhe
of the seeding layer, which is not the case foamdr
substrates. Provided that the sintered wafers viollo
certain specifications, and with a few adjustmeints
recrystallisation parameters, they behave muchealik
regular multicrystalline silicon substrates for ZMR.
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Figure 3: Picture of a recrystallised sample, before LFA
and epitaxial growth
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For this test, the size of the samples which haenb
recrystallised is 50 x 65 mm2. The grains obtaiasgup
to several mm-wide and several cm-long (Fig. 3).

The whole thickness of the seeding layer is
recrystallised. To ensure this, a margin is takerthat
the upper part of the substrate is also recrystallion
several tens of microns of depth. The silicon oxide
intermediate layer has not moved during the process

(Fig. 4).

& Si(P)
Sio,

Partially

recrystallised

sintered
silicon (p**)

ISE_MAQ 20.8mm x180
Figure 4: Scanning Electron Microscope view of the
cross-section of the wafer after ZMR

4.2 Cell results

The cell results of the best cell obtained are
summarized in Table I. As it was a first test, many
parameters have been varied from one sample thh@not
so that there was no batch of many samples.
Consequently there is no evaluation of the reprdulitgi
of these results yet, although some other cellsgoted
similar values.

Tablel: Best cell characteristics

e Voc FF
21 mA/cm2 580 mV 75 %

efficiency
9.2 %

For a preliminary test, the efficiency of 9.2 %very
encouraging. The main element limiting this efficig is
the low short circuit current {J. This is mostly due to
very little absorption in the long-wavelength rangs the
silicon absorbing layer is thin and the reflective
properties of the intermediate layer are not oztéadi

A high open-circuit voltage (§) of 580 mV has
been obtained. The fill factor (FF) is good but Idobe
impaired if the current is improved.

5 DISCUSSION

The V,. of 580 mV is a very good value, as CSiTF on
low-cost substrates frequently suffer from a tocabm
Ve This value is the best obtained up to now witls th
technology applied to such low-cost substrates.

V.. is often a better way to evaluate a CSIiTF
technology than efficiency, since the latter depend
strongly on the details of cell fabrication. On the
contrary, \,. describes recombination in the bulk,
surface, grain boundary, etc. As such it is more
representative of the global material quality [6].

As the RexWE and cell processes used in this test
were more focused on simplicity and robustnesserath
than high efficiency, it is believed that much bett
results can be obtained.

Especially the optical confinement is poor compared
to some variants of the RexWE process. In our deset
is no front side texturing and the back side of abtve

layer consists in a single layer Si@raunhofer ISE has
already designed a variant of the RexWE with higher
optical confinement [7]. It features plasma textation,
which is very suitable to CSiTF as it etches vettjeliof
silicon while lowering the reflection. Also a
SiO,/SIC/SIO, stack as intermediate layer, which
combines high reflection for long wavelengths andd)
properties for recrystallisation can be implementEuis
design has shown an increase of more than 2 %ubsol
in cell efficiencies on other substrates [7], asdsiill
being improved.

Another way which can be investigated to improve
cell efficiency will be refining of the parametefer
ZMR, including the seeding layer thickness. Alsoe t
thickness and the doping level of the epitaxiaktagre
essential characteristics for internal quantuncieficy of
the cell. They may need to be adjusted to the aptim
while optical confinement is improved.

In this test, good quality silicon was used for
sintering the substrates, and this process wasdiref a
lower cost than with multicrystalline silicon madet of
a similar feedstock. Using metallurgical grade csiti
could be a way to reduce the cost per watt peak eve
more, as the intermediate layer of the RexWE would
anyway prevent impurities diffusion.

These sintered silicon wafers have also been used f
a conventional solar cell process, after ZMR ofim®le
thickness of the sample. This different route déxbto
good efficiencies [8].

6 CONCLUSIONS

In this paper, we have seen that a new type of CSiTF
cells has been made, combining sintered silicom lasv-
cost substrate with recrystallised wafer equivalent
process.

Cells made from a non optimised process led to an
efficiency of 9.2 % and a ) of 580 mV. It is a very
encouraging result as it indicates that the sidtsikcon
substrate is appropriate to obtain high quality evaf
equivalents. With the already designed high efficie
version of the RexWE process, efficiency is expedted
rise of 2-3 % absolute, and more research on this
technology could improve it even further. Good
efficiencies with this low-cost route could be thigger
to industrialisation of wafer equivalents.
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