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ABSTRACT: The polysilicon market is experiencing niendous changes due to the strong demand from
Photovoltaics (PV), which has by far surpasseddétraand from Microelectronics. The need of solacail has
induced a large increase in capacity, which has gwen a scenario of oversupply, reducing the platys
price to levels that put a strong pressure on t® structure of the producers. The paper repartthe R&D
efforts carried out in the field of solar silicorungication via the chlorosilane route by a privagblic
consortium that is building a pilot plant of 50-1@@hnes/year, that will synthesize trichlorosilaperify it and
deposit ultrapure silicon in an industrial-sizerSéms type reactor. It has also capabilities fooirgrowth and
material characterization. A couple of exampleshaf progress so far are given, the first one relatethe
recycling scheme of chlorinated compounds, andséo®nd to the minimization of radiation losseshea €VD
deposition process, which account for a relevamt gaathe total energy consumption. In summary, plaper
gives details on the technology being developealinpilot plant, which offers a unique platform fogld-testing
of innovative approaches that can lead to a cadsict@®n of solar silicon produced via the chlorasé route.
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1 INTRODUCTION

The cost of crystalline silicon PV has experieneed
sharp decrease in the last two years, driven bp@uoes
of scale and technological improvements in the whol
value chain. Improvements such as the increasegot i
size, the use of thinner wafers and the introductid
higher efficiency cell architectures have contrdslitto
reach the $1/Wp goal and even lower values, which
seemed so challenging not so long ago [1]. Potysili
still accounts for a significant share of the tatabdule
cost (15-20% aprox.), even though the silicon zdtion
has been reduced to around 5-6 g/Wp and the prepes
shrinked to $20-$30/kg [2].

Until the mid of the last decade, the polysilicon
market was a highly concentrated one, with arowrd t
producers worldwide attending the demand from
Microelectronics. The fast growth of Photovoltaics
increased the demand so strongly (in 5 years thee sbf
polysilicon for solar went from 30% to 85%) that
traditional producers were not able to satisfiaitd tens
of new producers entered the market promoting rdiffe
technological approaches, in what seemed a drastic
change in the structure of the market. The additén
new capacity (production increased from 30.000 ésnn
in 2005 to 200.000 in 2010) and the situation & BV
market have led to an scenario of oversupply, dixpeh
large number of companies with a non-competitivst co
structure and concentrating again the market imalls
number of companies (in 2010, five companies acmalin
for around 70% of the production). Neverthelessegms
this is a temporary situation, and a new “wave’sofid
growth will soon come, which will give opportunii¢o
position in the market to those who manage to be
technological prepared to offer high quality poigsin at
a low cost.

The debate on what is the best technologicabopti
to produce polysilicon for solar is still open, aseveral
alternatives are being explored, which are typjcall
classified as following the “metallurgical route’t the
“chlorosilane route” [3]. What is true is that psiljcon
for solar has different constrains in terms of gyand
cost as compared to polysilicon for microelectrensn it
makes sense to push R&DA&i in this field as theraiige
room for improvement of current technology. But kg

size of the industrial facilities and the large estments
associated with them makes it challenging to vétidhe
promising ideas, making the decisions to scale thgm
difficult.

2 CHLOROSILANE
PURIFICATION

ROUTE FOR  SILICON

The chlorosilane route purifies metallurgical @i by
synthesising a volatile compound that can be furdistilled,
and then reduce it to solid silicon through a Cheiritapor
Deposition (CVD) process. The traditional procesgqgrms
the synthesis with HCI in a fluidized bed reactard ahen
separates and purifies trichlorosilane, which isenth
introduced into the so-called Siemens reactor, tirgacat
high temperature with hydrogen to give the purg/ston.

Adaptations of the process to photovoltaic requeets
have led to technology costs in the 20-30 €/kg earagnd
although it is not easy to find contrasted inforioaton the
cost structure, the following breakdown can be nake a
reference [4].
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Figure 1. Estimated cost structure for a polysiigtant, for
a total operation cost of around 30 €/kg.

The potential of the technology for cost reductisry

no means exhausted, and proof of that is the Iistgof
aspects being tackled by many research players:

¢ integrated closed-loop production to recycle by-
products and reduce residues;

« increase of productivity, for example by scaling up
fluidized bed reactors and other pieces of
equipment, or by designing catalysts to soften
trichlorosilane synthesis reactions conditions;
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e reduction of energy consumption, with special
emphasis in the deposition step and in a cost
effective heat integration;

e automation of post-processing,
crystal growth;

and link to

To address some of these topics, an initiative was
launched in 2006 to build a pilot plant, with aesemall
enough to carry out this complex research, on the o
hand, and large enough to ease the transfer tcstiralu
processing, on the other. It is presented in thet ne
section.

3 CENTESIL: AND R&D CENTRE ON SILICON
PURIFICATION

The Centro de Tecnologia del Silicio Solar,
CENTESIL, is a private-public partnership venture
owned by Universidad Politécnica de Madrid (29.586 o
the shares), Universidad Complutense de Madrid 4.5

to undertake developments in any topic that hapdtential
to reduce the cost effectively.

Centesil pilot plant has been already designed,
equipment has been constructed or acquired, andwsin
the middle of the installation stage, with an addil six
months period estimated to be up and running.

In parallel to the installation works, researchsome of
the key aspects of a polysilicon plant has beeklgdc A
couple of examples are given in the next section.

4 RESEARCH PERFORMED AT CENTESIL: SOME
EXAMPLES

4.1. Recycling of light and heavy chlorinated conmuisi
and hydrogen

A thorough study of this point has been condusiede
the beginning of the project in order to achieves th
maximum atomic efficiency in terms of the ratioaibmic
silicon fed to the process to atomic silicon obtdiras high

and three companies (Isofotén, DCWafers and Técnicas quality polysilicon.

Reunidas, each with 17%).

CENTESIL is currently building a 50-100 t/a pilot
plant for silicon purification following the chlosdane
route (see Figure 2). The development containsdoesis
of activity: (1) synthesis of chlorosilanes, wittetsilicon
tetrachloride, a process by-product, as the maiincgoof
chlorine; (2) chlorosilane purification based oacfional
distillation; (3) chemical vapor deposition in sefiens-
type reactor implementing strategies to reduce ggner
consumption and (4) recycling of the by-products fo
optimal use and sustainability.

Figure 2. Some views of Centesil facilities.

To benefit from an integrated approach, the ptojec
includes facilities for ingot growth and waferirand also
the solar cell processing line of the Instituto Eieergia
Solar.

Although a classical modernized technological path
has been selected as first choice, the purposebis tible

Silicon, chlorine and hydrogen losses are relabethe
amount and type of impurities that are includedttie
composition of metallurgical grade silicon, usedsteting
material for polysilicon production. Moreover, tees
impurities are combined with hydrogen and chlorimehe
reactive steps of the process, yielding mixturefyafrides
or chlorides of the impurity elements together wittiuable
chlorosilanes: trichorosilane, silicon tetrachleridand
dichlorosilane, hydrogen and hydrogen chloride.

To achieve the maximum recovery of pure
trichlorosilane, to be used for silicon depositi@ntriple
synthesis unit, combining traditional trichlorosita
synthesis from silicon metal and HCI, silicon tehiacide
hydrogenation in the presence of silicon metal
dichlorosilane redistribution to trichlorosilane shdeen
considered. A block diagram of the pilot plant regented
in Figure 3.

In  this configuration hydrogen chloride and
dichlorosilane generated by side reactions in théDC
reactor are recycled to two different synthesisci@a,
while the main byproduct, silicon tetrachlorideyv&s as
main source of silicon for trichlorosilane prodocti

High molecular weight Si-CI-H compounds, generated
during deposition and silicon reaction with HCI, aeactive
at high temperatures in the conditions used in ¢ryeination
reactors. On the other hand, low molecular weight
compounds, mainly dichlorosilane, are recycled to a
redistribution reactor, in which this compound teawith
recycled silicon tetrachloride, yielding trichloiiasie.

An important starting material in polysilicon pration
is high purity hydrogen, which is used in big amisufor
silicon deposition and also for silicon tetrachderi
hydrogenation. Two independent loops for hydrogen
recirculation have been proposed and installechépilot
plant, allowing low consumption of this material.

and
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Figure 3. Block diagram of the process installeG@entesil facility.

4.2. Reduction of power losses in CVD deposition

The CVD process is the largest contributor to the
energy consumption in the polysilicon productiongass
[5]. Energy losses during the deposition step are i
radiation, convection and chemical reaction.
industrial scale Siemens-type reactors, radiatiest foss
is the major responsible for low energetic efficgrof
the whole deposition process, and accounts for38%-@f
the total power consumption. Convection lossesedesgr
with the increase of the pressure, and they surno &3-
33% of the total heat losses. The heat consumedalue
the chemical reaction is typically neglected, as it
corresponds to less than 1.5% of the total powguired
[6]. Therefore, in order to reduce the energy comstion
of the whole process, the greater energy savingsdnze
achieved diminishing the power lost through radiati

In our work, a model of radiation heat loss hasrbe
developed. The theoretical calculations have been
confirmed experimentally using a laboratory propaty
CVD reactor at our disposal. All working conditionf
the industrial process except the pressure insige t
reactor chamber can be reproduced with the progotyp
but to extrapolate prototype results to industwatking
pressure is straightforward. For the validation thé
theoretical model on the basis of empirical expere
different scenarios have been, first calculated
theoretically, and then reproduced experimentallye
amount of radiated heat loss empirically obtairseddry
close to the theoretical values, with differencedar 8%

[6].

Once the model is validated at this prototypeesdal
has been applied to the industrial scale. Calculatiof
the average power emitted per rod and absorbeddy t
reactor wall for different industrial scale reactor
configurations have been already published [7]. &om
modeling results are presented in Figure 4, whose
analysis indicates that an appropriate thermalldtdan
save around 20 kWh/kg, while a 60-rod CVD reactor
reduces radiation losses 20% as compared to ad36-ro
one, which means around 11 kWh/kg energy savings.

Future research work includes the experimental
application of all the improvements made in ternfis o
saving power losses through radiation to indusséalle
in CENTESIL facilities.

For
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Figure 4. (a) Power radiated by the silicon rodsl an
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different reactor sizes.
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5 CONCLUSIONS

The chlorosilane route has potential to furtheluce the



cost of solar silicon. Centesil is constructing latpplant
as an R&D platform capable of addressing some of the
lines of research and validating them experimentat
particular, the recycling of chlorinated compoundsd
the reduction of radiation losses in the depositimtess.
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