Method for purification and compaction of feedstock for photovoltaic applications SUMMARY In one
aspect, there is provided a process for the re-use of silicon powder recovered from band saws and
other silicon mechanical operations, as feed material to prepare the crucible charges for casting of
polycrystalline-multicrystalline siligoahstoais spisablefon pheteyaliaic@pplications,which process is
characterised by the following steps@mlmofbp@wagvmmv%ﬂ(gyﬁ&@nd saws, wire saws, grinding
operations by filtration or centrifugal agglomeration and treatment of the exhausted slurries; b)
conditioning in non,-oxidizi, treatment with hydrofluoric d) treatment with hydrochloric acid and/or
hydrofluoric acid and hydrogen peroxide; e) second treatment with hydrofluoric acid; f) preparation
for the compaction step by drying - under vacuum and inart gas, or by washing---with err organic
solvent; g) compaction of the silicon powder. la DETAILED DESCRIPTION The present invention
relates to a metho =tise the waste silicon powder recovered from hand saws and other silicon
mechanical operatiofsfaspbathiahotopeltaicdanst snict dleotrenicdrdulstng pefeadmatedaltorprepare
the crucible charges_for casti f palycrystallinemulticrystalline. silicon ingots usable_for photovoltaic
applications. Photcg)?/%ﬁafc:aa?eéc?l%c%o% “L}(/E’%/)%ig*af well ggf:a%?irszﬁéaFel%%Te‘,dr“e%féﬁé_blaesaﬁfj@p
environmentally beRIGH SOUrCS of cIean electrical efetgy and theShotovoltat intsty is expected to
add tens of GW/y&8r of Btlitional pover: S i the pRBtGbltar i dues H5as Héert usirig, and in a
certain extent it isFtHILGihgt As featistock Fiatetials for sofarceelis five exeesstcapasity vthe high
purity - electronic gradédlysilicensaitd the recycled waste from electronic grade silicon single-crystal
industry (ingot tops/tails and broken wafers), with the built-in disadvantages of a limited and unreliable
availability of silicon poly-cry’stalfine gt ok eBATietiti 655t A photdvoldic st issgrowing faster
than microelectronic industryatie-siticen tanenraterak has Heeonie rarer @nchmore expensive. To
overcome the shortage of sikeort forfphefovaitaicapplications the fokewing technolegies capable to
provide solar grade silicon havezheenr developed and are at least in part already used: - Changes to
the set-up of the chemical production processes for electronic grade silicon via frichlorosilane, aimed
to reduce the production costs seprovidivigia polycrystaltine wiith guakityvchanracteristics less stringent
than those required by the micro-electronic industry, but at the same time

o} treatment with hydroflucric acid;

d} treatment with hydrochloric acid and/or

hydroflucric acid apd hydrogen peroxide;
e} second trzatment with hydroflucoric ac

f} preparation for the compaction step by drying

H

-under vacuum - and inert gas, or by washing-with an -

organic solvent;

gl compaction of the silicon powdsar.



WO 2010/003456PCTTP2008/058931 2 well in line with the requirements of photovoltaic industry -
Direct purification of metallurgical silicon - Carbon thermal reduction of quartz 5 However these
additional technologies are not enough to satisfy the growing demand of solar grade silicon that has
grown and will grow at the estimated rate of 25 % to 30 % per year. In conclusion there is not enough
poly-silicon capacity to supply both microelectronic and photovoltaic 10 markets. In spite of the fact
that the market is adjusting to these new requirements by installing additional polysilicon capacity,
there will continue to be a silicon feedstock shortage over the next few years until the new capacity
can 15 match the growing demand. It has been estimated that availability of solar grade polysilicon will
not match the photovoltaic growth trend until 2010. As consequence of this situation there is the urgent
need to find out new or alternative source of solar 20 grade silicon. This serious shortage of solar
grade silicon at competitive price for the photovoltaic industry has pressed toward the development of
techniques for the recovery and re-use of the silicon waste powder that is generated as kerf (micron-
25 size silicomm%ical operations in photovoltaic and electronic industries. In fact it has
been estimated,that the siliconmkert that coultbhe recoverediasifing silicarepowder issabout up to 35 %
of the total silicon.that is fed.as raw material.in the-30 progesses fortheproduction of solar cells. WO
2010/003456P6T7EP2008 058931 The rec gl[n&of sjlicoqgrej%ctsgrom PV. and micro-electronic
productions has beetrand st ie fiie ofé%f)éf $6Vétal résearch p?ofelc‘ftéviﬁ\?(%%ﬁlﬁ ggt%‘ european and
governmentalrgffices forcthecsolar énérgcdevelopmentanga-eriel to prepare Lhe

cruciple charges for cesting of polycrystalline-

multicrystalline silicon ingots usable for photovoltaic

applications.

Photovoltaic technology (PVY is 2 well established

0.

reliable, renewable and environmentally benign source of
~lean slectrical energy and the photovoltaic industry 1s

expected to add tens of GW/vear of additional powsr.

So far the photovoltale industry has been using, and 1n &

certzin extent it is

ot

for solar cells the e

n X o

electronic grade polysilicon and the recycled waste from
e¢lectronic grade silicon single-crystal industry (ingot
tops/tails and broken wafers), with the bullt-ir

sa

3
-

0.

dvantages of a limited and unrelisble availability of

wn
[

ilicon poly-crystalline st non competitive cost.

As photoveoltalc industry is growing faster than
microelectronic industry, the silicon raw material has
bacome rarer and more expensive. To overcome the shortage
0f silicon for photoveltaic applicaticns the following

technologies capable to provide solar grade silicon have



5 also some sawing equipment producers. The key issues that any silicon powder recovery process
has to solve are the following: a) effective separation of silicon kerf from the waste water of band
saws and grinders or from cakes or sludges 10 coming from exhausted SA éﬁﬁzﬁ&%s%g? saws

operations %])Ga%?cljfﬁf%”ji%e oxidation and hydrogen development of the kerf during operations c)

efficient removal of metal impurities at the level required by photdvoltaic industry 15 d) serious
difficulties when melting the recovered kerfbecause of the small size of the particles and their low
density as well as their surface oxidation conditions. No fully satisfactory solutions have been found so
far relates to an econaraical and:envireininheritakberignimethod:te 2G re¢overeristalline silicon metal
kerf from mechanicakoperatiops and melting of said recovered crystalline silicon kerf. Regarding point
a) of the issues that faces the industry nowadays it is interesting to mention the patent US 25

2003/0041895 which-describes a method {0 re-use of the silicon framwire-saw ‘operations in order to

manufacturer thin layer PV cell. The method to recovery silicon kerf and obtain material from PV

applications consists af Jhe I{oI%%\gilqgﬁsetegga\}/gg%%lg{gO%g@lggT/EP2008/058931 a) by means of a
commercially available slurry recovery system, concentrate the silicon slurry into silicon sludge b)

recover tt:g S”&gg@ Ig\rerfI frgﬂwethee %%ig'%"{% e Pytmg ns 8f Hgth ggtatign t(og ggqler, .
separatio -concenefra%on tecﬁnique_s anc Strfactants ¢) tHe Silic hekerfobtalneégﬁyrffatation or other
concentration AStAEAY is-Riixet With én BFFERIE bindetIn BFdEE @I Srotiuteilicdr kefaRolding
compound 10d):thersilican kerf malding eampbend ds shaped intethirs 25 % to 30 %

per year. In conclusion there is not encugh poly-silicon

capacity to supply both microelectronic and photoveoltaic

16 markets.

In spite of the fact that the market is adjusting to these
new recuirements by installing additiocnal polysilicon
capacity, there wiil continue to be a silicon feedstock
shortage over the next few years until the new capacity can

15 match the growing demand.

It has been estimated that avaiiabiiity of solar grade
polysilicon will not match the photovoltaic growth trend
until 2010. As consequence of this situation there is the
urgent need to find out new or alternative source of solar

20 grade silicon.

This seriocus shortage of solar grade silicon at competitive

price for the photovoltaic industry hes pressed toward the

development of technigues for the recovery and rs-use of

the silicon waste powder that is generated as kerf (micron-
25 size silicon powder) at mechanical cperations in

photovoltaic and electronic industries.

In fact it has been estimated that the silicon kerf, that
could be reccvered as fine silicon powder is about up to 35
% of the total silicon that is fed as raw material in the

30 processes for the production of sclar cells.



layer PV cell configuration e) to remove the binder and sinter the binder free structure to its final dense
configuration. US 2003/0041895 relates to the recovery of silicon kerf 15 from wire saw slurries by
mean of commere ZAM 4a)gallable systems and of silicon flotation, with the finaliaqgltlaabtain by
sintering a S|I|con In Iayer structure to be directly used to build photovoltaic cells. Worth to mention
that this invention does not address the issue of thehigh 20 likelihood of silicon oxidation and that the
purity of final product is not addressed either. The low flexibility of the method in terms of feedstock
and products produced is a severe drawback either. Important to underline that the recovery of the
silicon kerf cofftirig frenymisickmnidal 25 operations of sHiconosuel asTsami§aws and grinders, where

not considere@L@Hﬂ&aﬁpHC@tm\ﬁeg@&dénglaﬂ@ peists bhameaning avoiting thejexidatian of silicon

and point ¢) thal 2 abguLcaniaminanis exeLi the Jesguelecalison. lasfileratug does not provide 30
sound solutlons \%/5‘ 1%%003456 T7EP2008/058931 5 “At this veg Qfomt the authors wanted to list

the methods cOMIRBRIEGSE i the! afisiry of SEmiednadctors I ¥lean s * 2%¥piranha
etching: H25041E202045 at901@®;, used:5rzirly 1o reinove Drganic contamlnants b) Hydrofluoric acid:
silicon surface oxide is removed by HF dilute solutions or by buffered HF solutions; however when
rinsing silicon with deignisesuwatertorexpogirg theccleaped durface tothe ainp adayercofEGnative

Oxide is immediately,grown-(with, @ thickness,of about 15 Anstrong) c) Standard Clean 2 (50-2): it is
based on HC1, H202, H20 mixed with different ratios; its main task is the removal of metallic
con&nmnanongﬂt %%%Cblve separation of silicon kerf from the waste
water of band saws and grinders or from cakes or sludges

10 coming from exhausted slurries from wire saws cperations

b) avoiding the oxidation and hydrogen development of the

xerf during operations

c) efficient removal of metal impurities at the level

required by photovoltaic industry

15  4) sericus difficulities when mslting the recovered kerf
because of the small size of the particles and their low

density as well as their surface oxidation conditions.

No fully satisfactory solutions have been found so far

relates to an economical and environmental benign method Lo
20 recover cristalline silicon metal kerf from mechanical

operations and melting of said recovered crystalline

silicon kerf.

Regarding point a) of the issues that faces the industry
nowédays it is interesting to menticon the patent UES

25 2003/004189% which describes a method to re-use of the
silicon from wire-saw operaticons in order to manuiacturer

thin layer PV cell.

The method to recovery silicon kerf and cbtain material

from PV applications consists of the following steps:



15purpose the recommended ratios are HC1 : H202 : H20 4 1:1:5) d) Standard Clean 1 (SC-1): itis
based on NH40OH, H202, H20 mixed with different ratios, while the classic formulation is 1:1:5, at 70 C;
its main task is the 20removal of multivalent metallic ions, e)RCA wet cleani . jtinvolves
both SC-1 ahd 35¥ 4476 C, where 50-1, due to ammonia, complexes mgﬁly%gﬁ%}geé?&fmetal ions,
while 50-2 due to its HC1 content removes alkali ang transitions metals. 25 All these methods do not
solve the two listed issues because: a) it is applied to standard wafers and silicon chunks or silicon
rods and not to fine powder and this is crucial because the fine silicon powders typically 30shows a
higher metals cordaminatiearevelihansiicomwaters or chanks st bécause itdasvemuch WO

2010/003456PCT/ EP%%%%%%&W@P@E@D%QQC §9£@8%:@@1§Y@%@”Yﬂ%@a% beepdn contact with
metallic tools and pipiq . b) All the listed processes do cause the oxidation of treated silicon, including

that with HF. Herewittrtha%uthors wanted to discuss the literature that tries to address the purification
(metal contamination) and the oxides removal topics. US 2006/0042539 provyides a pure water
cleaning method thati§ &Ppied Aitera pralffinary etch-6FboiyryStaifne iﬁ%‘ﬂ?ciw chtmrks by means
of a mixtufe of nitric ardd hydrdflubriciadidsrTHe ¥Yemolhakeffeats of e proposel etiod with respect

to certain types of metationsgake extremely ippravad-by using pure water that has been purified by
combining

c) the silicon kerf cobtained by flotation or other
concentration methods is mixed with an organic binder

in order to produce a silicon kerf molding compound

10 d) the silicon kerf molding compound is shaped into thin-

layer PV cell configuration

e) to remove the binder and sinter the binder free

structure te i1ts Ffinal dense configuraticn.

.US 2003/00418%5 relates toe the recovery of silicon kerf

15  from wire saw slurries by mean of commercially available

| systems and of silicon flotation, with the final target to
obtain by sintering a silicon thin laver structure to be
directly used to build photovoltaic cells. Worth to mention
that this invention does not address the issue of the high

20 likelihood of silicon oxidation and that the purity of

final product is not addressed either. The low flexibility
of the method in terms of feedstock and products produced
is a severe drawback either. Important to underline that
the recovery of the silicon kerf coming from mechanical

25 operations of silicon, such as band saws and grinders,

wheres not considered in this application.

Regarding the points b}, meaning avolding the oxidation of
siliceon and point o) that is about contaminants level in
the recovered silicon, the literature does not provide

3 sound sclutiocns.



15 reverse osmosis treatment and ion exchange treatment The patent does not guarantee the removal
of oxide layer on the final product because the last step is a washing with clean water Moreover it ia
used only for chunks of silicon and not for the more challenging powder (micro and sub- 20 micro
powder) Thé‘ﬁ)afgwf%ﬁbi%mm relates to a cleaning method for removi?@ré%?‘fgﬁll{?ﬁ%gﬁfs from the
surface of rejected silicon pieces in order to re-use them. The following .steps are described: immerse
waste silicon pieces in alkali solution, 25 flushing with purified water, drying, dip in a second alkali
solution, flush with purified water, drying, immerging in solution containing HC1 and H202, bubble with
compressed ag;:ringe withpurifiegt waterrand:hake rEhe atitherstof thatpatent cladrtbeaemoval of dirt
and 30 contaminapts fiom.the surface.of rejected Silicon scrap material that fypically.have discrete
sizes. On the other end the type of chemicals used and the baking applied at the end cause the
formation of oxXides.“ W0 2010/003456PCT/EP2008/058931 7 ON 1947869 provides a cleaning
method for removing the impurities from the surface of rejected silicon material in order to re-use it; it
includes steps suchfdsdiFRgaheFEsctsd sl matdtals 1 & ket solatiof B hydrofluoric acid
and nitric &cid, rinsing withplrified watepseveraldimes,dippiglingurified water, measuring the
electrical conductivity of the rinsing water and baking to dry. This patent does not solve the issues
listed because of the highxconténtOf oxideion the SurfacesuFhis:20 dscndtaimajorrconeern for the
authors because the appligation figld is very differentfromfhatdiscussed;in this application. WO
2006126365 filed by Sg}mitomo praovides aﬂmgtrpod fp{lcleanirvlqgipkglygrystglline siLiIcqtne\:{:vith a high level
of 15 surface quality, stitabie to be tUsed a8 taw material Tor Melting’ i the' production of CZ silicon
single-crystal for semicehtétor applitafiofisbf tiséd 6P 61ak eelid @pplidatichs: Tferadifantages of
the proposed process aretlower cleating 20icosts, ireduction ofsiliconiloss androfenvirenmental
issues related to the digposalof waste chemicals.and of NOx gas. The drawbacks of this patent are
due to the fact that this method is suitable for chunk but not for powder or kerfs because it would lead

toaverylowyield. ., s ndard clean 2 (80-2): it is based on HCL, HyOs,

HyO mixed with different ratios; its main task is
_the removal of metallic contaminations (to this
15 _ purpose the recommended ratios are HCI 1 Hxdy @ HxO =
1:1:5)

d) Standard Ciean 1 (SC-1): it 1is based on NH;0H, H,O-,

B:0 mixed with different ratios, while the classic

formulation 1s 1:1:5, at 70 "C; its main task is the

20 removal of multivalent metallic ions.

e) RCA wet cleaning process: it involves both SC~1 and

3C-Z2 at 70 °C, where 8C-1, due to ammonia, complexes
many multivalent metal icns, while SC-2 due to its

HCl content removes alkalili and transitions metals.

25 211 these methods do not solve the two listed lssuss

becausea:

-

a) it is applied toc standard wafers and silicon chunks
or silicon rods and not to fine powder and this is
crucial because the fine silicon powders typically

30 shows a higher metals contamination level than

silicon wafers or chunks, 7Just because it has a much



25 Process steps: polycrystalline silicon is cleaned with hydrofluoric acid to remove the contaminated
oxide, followed by a light etching with fluor-nitric mixture or, mare preferably the polycrystalline silicon
is treated in a furnace with a clean gas containing water vapour, in order 30 to grow an oxide film with
no significarW 2SRt on left on the surface of the polycrystalline silicgﬁ?ﬁEheﬂ\%/és%%lZG%S
process target is to growth an oxide layer on the siligon surface, while present invention WO
2010/003456PCT/EP2008/058931 8 process claims to provide a surface oxide and metal
contamination free silicon powder. KR 20020065105 provides a method for recycling the silicon
particles collected fromhthghwaste-water of a safeprocess, T withctheltarget dfaobtaining bigh purity

silica. The purpose of thg.ipyentigndnclyding a:cleanipg step, by mean of acetone, is aimed to obtain
as final product, a high purity silica sol. KR 20020065105 and the present invention relate to the same

10 feedstock, that ig silicon ppwder gseélsc d fram.waste water of silicon sawing process, but they

have different targets, that are the production of silica sol for KR 20020065105 and purified silicon
powder for melting applit&Aait T fie figfPof 015 BEiiS for tHé braddnit 18 mvention. TN 279393 B
provides a method to purify silicon powder, by means of a treatment in a tank with an acid solution
heated at & prédéteiiried tsimpariatare aHa 16 PredeterminBa ettt dfthRE itk thé Sipport of a
stirring systemt 20<Ehe: powdier s therhseparatéd from the dcieitsalution aadicaarbe submmitied to a
second or to myltiple.acid cotrosion: treatient:to obtain silicon powder with higher purity for silicon
material to be used as substrate for solar cell. The stirring system can be a mechanical one as

well as an 25 urasonie hasedssystgm..the.cleaning progcess descrbed hy TN 279393-uses multiple

steps of "acid corrosion” to_etch off silicon not just to .
P 13 applied after az prgTiﬂgnary etch of polyverystalline

10 silicon chunks by means of a mixture of nitric and

hydrofluoric acids.

The removal effects of the propcesed method, with respect to
certain types of metal ilons, are extremely improved by
using pure water that has been purified by combining

15 reverse csmosis treatment and ion exchange treatment.

The patent does not guarantese the removal of oxide laver on
the final product because the last step 1s a washing with
clean water. Moreover it is used only for chunks of silicon
and not for the more challenging powder (micro and sub-

20 micro powderx)

The patent CN 1947870 relates to a cleaning method for
removing contaminants from the surface of rejected silicon
pieces in order to re—use them. The following steps are
described: immerse waste silicon pieces in alkali solution,

25  flushing with purified water, drying, dip in a second
alkali sclution, fiush with purified water, drying,
immerging in solution contalning HC1l and H:0:, bubble with
compressed air, rinse with purified water and bake. The
authors of that patent c¢laim the removal of dirt and

30 contaminants from the surface of rejected Silicon scrap
material, that typically have discrete sizes. On the other
end the type of chemicals used and the baking applied at

the end cause the formation of coxides.



remove surface oxide; this means that some hydrofluoric acid is mixed with an oxidizing agent, while
the process 30 claimed in the present invention just removes surface oxide and the metals. WO
2010/003456PCTIEP2008/058931 9 The cleaning process described by Tﬁ[&&%&%’gﬁ E)erformed with

the support‘gpa%?ilgg]ﬁ%‘idﬁsystem and of a ultrasonic stirring system, WhiIePt e process cﬁalmed by the

present invention is run at room temperature. 5 TW 279393 claimed process does not have the target
of providing a surface oxide free silicon powder, that is instead one of target of the present invention.
With regards to the issue called D), that is about the potential difficulties that one could face in the
melting 10 prauess of esificom poivder itisaverth iomentionctheAdS 7 275,685which describes a
process for making siliconpellets kyreornpaetion of the-highaurity 4itra fine siicon-pawdercoming as
by-product of the quideredrg[%csessw.gs_ed. to manufacture high purity electronic grade polysilicon or 15

. craer TO e 1T 1T. 1nC o5 s A NS
coming as reaction residues from prebareﬁlon 6f chiGrosilanes using elemental silicon and hydrogen

chloride. The BfJercEhesddmpattioit isé Make sfficén Petéfs BF MeltiAg applications. 20 To the
purpose & cortrpfledamounnt-otsilidor powdet free frormcadditives. and hindersus féd #to a pellet die
and compacteg.atrpom.temperature and 8t high pressure 1o ebtain pellets having.a-depsity from about
50 % to 75 % of theoreti al‘derlsitélo%fdsilic;coinvgr%d S gci{i d size and 25 wgieqrht. US 7,175,685 relates to

i o ; kih
the recovery of the Titr4 fine Silicon pov\llaer avaifable as ?-Eﬁoﬁﬁ?ﬂo%afhe fidid béd p?’oc%ss used to

manufacture high pkity 8letfronic §radeip6iysilieon Bhdd the Seike 6Fsaid $ARGn powder for 30
directly making sdiconellets fer highpurity: s#icondfgotsipteductian.<l ke atthoes ddirctsprovide a
solution tgythe relting of fine; powdsr, coming from the processes thatthis.inveation means to address.
The present inven&ion L , ; ) N N
application field is very different from that discussed in

this application,

WO 2006126365 filed by Sumitomo provides a method for
cleaning polyerystalline silicon with a high level of

15 surface guality, suitable to be used as raw material for
melting in the production of CZ silicon single-crystal for
semiconductor applications or used for solar cells

applications.

The advantages of the proposed process are: lower cleaning
20 costs, reduction of silicon loss and of anvironmental
isgues related to the disposal of waste chemicals and of
NOx gas. The drawbacks of this patent are due to the fact
that this method is suitable for chunk but not for powder

or kerfs because it would lead to a very low yield.

25  Process steps: pelycrystalline silicon is cleaned with
hydrofivoric acid to remove the contaminated oxide,
followed by & light eftching with fluor-nitric mixture or,

- more preferably the polycrystalline silicen is treated in a
furnace with & clean gas containing water vapour, in order

30 to grow an oxide film with no significant contamination

left on the surface of the polycrystalline silicon.

The WO 2006126365 process target is to growth an oxide

layer on the silicon surface, while present invention



WO 2010/003456PCT/EP20081058931 10 relates instead to the recovery and the re-use of waste -
silicon powder deriving as kerf from silicon mechanical operations. US 2007014682 describes

methods of compaction_and 5 densification high purity silicon powder to q,%fjlr)glgz&%%géggic forms and
shapes; to #H& f%%%“ﬁigh purity silicon powder is first mixed with a selected binders'and pressed
into desired shapes in a mechanical equipment.  Ehe binder is removed either in separate step or
combined 10 with a subsequent sintering operation. The patent relates to the recovery of the ultra fine
silicon powder coming as by-product of the fluid bed process used to manufacture high purity
electronic grade-pelysilicononcomingras reaction residiressfromithe kpreparation of chlorosilanes

using elemental silican and:hydregen chiaride-and tQ,the-re-use of said silicon powder for directly
making pellets to be used as feedstock in the photovoltaic industry. Therefore the feedstock is

completely differentas well-as the, prablems that.are, 20 cepsidered from, thase.addressed by the
authors of the present inventign. As already said the present invention describes a process for the
re-use of silicoFPoWAeF Fectver&d From band saiws 4Aa oth&Pdifidory methanicadl bperations at both 25
photovoltdic amd Hictdeletaoaretindistpy tas- feetmaterial o prépareithé%rucible charges for casting
of polycrystalline-multi-crystalline silicon ingots usable for photovoltaic applications. In very
general terms the: processsis characteriseddyt30the folowingisteps: a)silicohpovederrdzovery from
band saws / wite saws; grinding operationsyhyifiltratiop-and, by ireatment ptthe.exhausted slurries WO
2010/003456PCT/klliPPZIJOrOiSE/(E)ng%::LLéLéL t%)o(iqnditioning in non-oxidizing environment c) treatments with

hydrofluoric acklld’ °

KrR 20020065105 and the present invention relate to the same
10 feedstock, that i1s silicon powder collected from waste
water of silicon sawing process, but they have different
targets, that are the production of silica sol for ER
20020065105 and purified silicon powder for melting
application in the field of solar cells for the present

13 invention.

TW 279393 B provides a method to purify silicon powder, by
means of a treatment in a tank with an acid solution heated
at a predetermined temperature and for predetermined period

of time, with the support of a stirring system.

20 The powder is then separated from the acid sclution and can
be submitted to a second or to multiple acid corrosion
treatment Lo obtain silicon powder with higher purity for

silicon materizal to be used as substrate for solar cell.

The stirring system can be a mechanical one as well as an

25  ultrasonic based system.

The cleaning process described by TW 279393 uses multiple
steps of “acid corrosion” to etch off silicon not Jjust to
remove surface oxide; this means that some hydrofluoric
acid is mixed with an oxidizing agent, while the process

30 claimed in the present invention just removes surface oxide

“and the metals.



d) treatment with hydrochloric acid.and/or hydrofluoric acid and hydrogen peroxide 5e)second
treatment with hydrofluoric acid f)preparation for the compaction step compaction of the silicon In this™

section the authors wanted to go more in depth in the process steps desgi 5;8@ t of the times
the conditioﬁfﬁgz?%%;g%"és%y addition of DI water and non-oxidant acid. W(%r(;% 0 me%n %@?fhat also the

conditioning of silicon with ethanol or acetone or any; other organic solvent compatible with strong
acids (excluding H3PO4) could be used in either way with and 15 without conditioning in FM/water.
Non-oxidant acids are, among the others, HC1, H2504, mono and dicarboxilic acids. Re-slurry of
cakes and/or sltdges iszdone witho D wateeand hydrodhioritiaciéls 3By usmg-theffollerding recipes and

process conditions; 20[Silicopcontentl: (HGLLE {1l [0:05:0,5] byweight Next stepuisiihe treatment of
said slurry with pydroﬂuoric acid: hydrofl¥ori%.acid Is added in such a quan ity, to obtain.the following
3 1me

ratios: [SiIiconcl:ontrernjt]l?:g[l-lsé]ﬂt:eﬁ&I’F:Tﬁ% (?,O ?&5?;%@5.51& ay welght%f er“th%ﬁ?g)aetrrhtent the slurry
is filtrated andtRESHEAGN eake IwasheaWitH DT REEES ‘aFerwards the cake is treated with DI water

in order to re-slurry. WO 2010/003456PCT/EP2008/058931 12
5 TW 27839%3 claimed process does not have the target of

providing a surface oxide free silicon powder, that is

instead gne of target of the present invention.

With regards to the issue called D}, that is about the
potential difficulties that one could face in the melting
10 process of a silicon powder it is worth to mention the US
7,175,685 which describes a process for making silicon
pellets by compaction of the high purity ultra fine silicon
powder coming as by-product of the fluid bed process used
to manufacture high purity =lectronic grade pelysilicon or
15 coming as reaction residues from preparation of
chlorosilanes using elemental silicon and hydrcgen

chloride.

The target of the compaction is to make silicon pellets for

melting applications.

200 7To the purpose a controlled amount of silicon powder free
from additives and binders is fed into a peliet die and
compacted at rcoom temperature and at high pressure to
obtain pellets having a density from about 50 % to 75 % of
thacretical density of silicon and specified size and

25  weight.

Us 7,175,685 relates to thé recovery of the ultraz fine
silicon powder available as by-product from the fluid bed
process used to manufacture high purity electronic grade
polysilicon and to the re-use of said silicon powder for

30 directly making silicon pellets for high purity silicon
ingots production. The authors do not provide a solution to
the melting of fine powder coming from the prccesses that

this invention means to acddress. The present invention



Treatment of said slurry with hydrochloric acid and hydrogen peroxide, with the following recipes
[Silicon content] : [HC1] : [H202] =[1] : [0,05-0,5] : [0,05-0,2] by weight 5 After the treatment the slurry
is filtrated and the filtration cake is washed with DI water and then re-slurried with D.I

AIternatwey‘%)tFté(t/tﬂé}g‘fﬁ‘fent with HC1/H202 the authors recognize that tﬁg&%%“g%f 06885}1 be carried

out also with 10 HF/H202. More in detail: the slurry ypdergoes the following treatment with hydrofluoric
acid and hydrogen peroxide, with the following recipes: [Silicon content] :[HF][H202] =[1] : [0,01 - 0,1] :
[0,05-0,5] by weight. 15 Afterwards comes a re-slurry step with DI and then the treatment of said slurry
with hydrofluorie asidewith the fallowingtesipesdSiicon cortentls [HE} =44] o[0,056;&5] by weight.
After the treatrent the sluiry s filtrated. and afterwards 20, the acid cake igdried under vacuum /-

nitrogen to prevent the oxidation of the silicon particles. The authors wanted to underline that the
acidic cake coORFBE alsy ffeated with alcohol in order to obtain a "wet-cake”. At the end of the process
comes the melting / castlf:g 25 chargesd%reparatmn herewith the authors propose three methods. The

first is based ot VaOUAINIBSHeTESFETT pOwWHRT coffhattion Proeesd Appifed to the decontaminated
and dried silicolkerf Tirettly imsidesnyrindustrialy avaiiableceastingcerugible pready for transportation

and 30 meltingseometric forms and shapes; to the purpose high purity
silicon powder is first mixed with a selected binders and

pressed into desired shapes in a mechanical eguipment.

The binder is removed elther in separate step or combined

10 with a subsequent sintering operation.

The patent relates to the recovery of the ultra fine
gilicon powder coming as by-product cof the fluid bed
process used to manufacture high purity electronic grade
polvsilicon or coming as reaction residues from the

15 preparation of chlorosilanes using elemental silicon and
hydrogen chloride and to the re—use of said silicon powder
for directly making pellets to be used as feedstock in the
rhotovoltaic industry. Therefore the feedstock is
completely different as well as the problems that are

20 considered from those addressed by the authors cof the

present invention.

As already said the present invention describes a pProcess
for the re-use of silicon powder recovered from band saws
and other silicon mechanical operations at both

25  photoveltaic and microelectronic industry, as feed material
to prepare the crucible charges for casting of
polycrystalline-multi-crystalline silicon ingots usable for

rhotoveltaic applicaticns.

In very general terms the process 1s characterised by

30 the following steps:

al silicon powder recovery from band saws / wire
saws, grinding operations by filtration and by

treatment of the exhausted slurries



WO 2010/003456PCT/EP2008/058931 13 The second method is a compaction process of the
recovered, decontaminated and dried silicon powder by means of an industrially available binders free
compaction process that has as output some compacted silicon pellets orgiscs 5 suitahle as silicon
casting chargrgsz_mﬁ?ggﬁ?ﬁd is about a sol-gel based method that leads to'Pgr]éfgﬁ%"c})S 188 that can be
shaped directly into the crucible. The techniques desgribed in this invention, can be according to
Figure 1 summarized as follows: 101.1 Recover the silicon powder from the waste waters of silicon
mechanical operations of photovoltaic and microelectronic industries and from cakes or sludges
coming from the exhausted wiresain shitriesafter separationiof:sugpendiig ageatscand abrasives. 15
see Figure 1, section A 1_2 Chemical Conditioning of the recovered silicon powder to control the
oxidation of the powder tor safe transpertation and stordng of dhe siticenipowder. see Figure |, section
A 201.3 Decontamination of surface impurities of recovered and conditioned silicon powders. see
Figure 1, section B 1.4 GCgmpactin methed,number li-tkeating-the purified silicen powder with a
vacuum-nitrogen densification Bro&eosfc,lz&S f%rcthg (ﬂ%rgp%ac%iop (grcoorggactggossyic&n powder charges
directly inside standard size casﬁng crucibles” I the deétails the steqps characterising the methods are:

3 e) second treatment with hydrefluoric acid
bl preparation for the compacilon step
g) compaction of the silicon

In this section the authors wanted to go more in depth in

the process steps description.

10 Most of the times the conditioning is done by addition of
DI water and non-oxidant acid. Worth Lo mention that alsc
the conditioning of silicon with ethancol or acetone or any
other organic sclvent compatible with strong acids
{excluding HiPO;) could be used in either way with and

15 without conditioning in HCl/water. Non-oxidant acids are,

among the others, HCL, HS0C4, mono and dicarboxilic acids.

Re-slurry of cakes and/or sludges is done with DI water and
hydrochloric acids, by using the fellowing recipes and

process conditions:
20 [Silicon content] : [HC1] = {1} : [0,C5-0,5] by weight

Next step is the treatment of said slurry with hydrefluoric
acid: hydrofluoric acid i1s added in such a guantity to

obtain the following ratios:

[81ilicon content] : [HC1] : [E¥F] = {311 : [0,05~-90,5]
25 [0.01=1] by weight

After the treatment the slurry is filtrated and the
filtraztion cake is washed with DI water; afterwards the

cake is tresated with DI water in order to re-slurry.



WO 2010/003456PCT/EP2008/058931 19 a) dry silicon powder is added inside an industrial. standard
casting crucible that is maintained under nitrogen environment b) the crucible filled with the silicon
dry powder is put 5 under vacuum, until the vacuum reaches the values in the range (20-60) kPa c) by
means of a ﬁﬁ&&‘é’ﬁ’?ﬁé&? at room temperature, the vacuum of the envirod At %%Orgf%ﬂ ?ﬁb the crucible
filled with the silicon powder is released and the prgssure is 10 raised to the value of about 1 bar; in its
path through the silicon particles, nitrogen creates a drag effect on the silicon particles, yielding a
consistent compaction of the silicon powder (reduction to 60%-70% of initial volume) _ see Figure 1,
section C 15 17 b-Gempaction method:number 2 treating:tbeputified silicon pemider with an industrially

available bind%ryfégg_(fgﬂng@(ﬁt%g@rceﬁzggr %p@@ﬁgﬁﬁ@lgf ggg%jggllets or discs. In detail the

steps are: the dry silicon powder under nitrogen is used as feed for this compaction process 20 for

charges prepafr%tﬁrjﬂ The %%rlytsglljjlc&n pow ?E,Eke:pt H@gﬁpitr_pgeﬁlﬂo prevent E)_(i[gagi?m can be used as

OT1. LT . K . : -
feedstock for one of the industrially availablé compaction processes, witholt binding agent, to make

silicon pellets é%%%‘s‘%@ée@?i@’ﬁﬁégftsection C 2.6 Compaction method number 3: preparation of
green bodies out of the purified silicon powder by means of solgel techniques. ThesolTgel based
method ishe BAkEr Wiich EfhbREe 30 Hrictl poder-6r thelwée ffith akdhbBEpowder are suitable.
Sol-gel based misthedts hasedian the following steps: @5 WD20140/603456PCFEP2008/058931 15
feed can be used,both.alcohol centaining ymaterial or dried powder, the feed is then mixed with an
alcoholic solution containing a silane and then kept under stirring. The green body so formed is then

dried till the organic content level, 5.complies with the fequirements,defingg. by the silicon smelters.
recognize that this very step can be carried out also with
10 HE/H202. More in detail: the slurry undergees the following
treatment with hydroflucric acid and hydrogen percoxide,

with the following recipes:

[Silicon content] : [EF] = [E202] = [11 : [©,01 - (C,1]
[0,05-0,5] by weight.

15 Afterwards comes a re-slurry step with DI and then the
treatment of said slurry with hydrofluoric acid with the

following recipes
[8ilicon content] : [HF] = [1] : [0,05-C,15] by weight.

After the treatment the slurry i1s filtrated and afterwards

20 the acid cake is dried under vacuum / nitrogen to prevent
the oxidation cf the silicon particles. The authors wanted
to underline that the acidic cake could be also treated

with alcohol in order to obitain a “wet-cake”.

At the end of the process comes the melting / casting

25 charges preparation, herewith the authcers propose threse
methods. The first is based on Vacuum-Nitrogen silicon
powder compaction process, applied to the decontaminated
and dried silicon kerfZ directly inside any industrially
avallable casting crucible, ready for transportation and

30 melting.



see Figure 1, section C The effectiveness of the silicon powder compaction processes described

- below of this invention, varies widely 10 according to the process used, as hereafter indicated: a)
sol-gel based compaction: the density of the body is the range 0,9-.1,4 gr/cm3 b) Vacuum-Nitrogen
compaction BrOEEEEHE volume of the silicon powder after compaction i€ r&dicRYEBEY-70% of 15
the initial volume and the density is increased in the kange 08-1,0 gr/cm3. c) tabletting compaction
process: the final density of the pellets is abut 60-70% of the density of the elemental silicon. 20 The
authors wanted to underline that the compaction step by sol-gel can be done directly in a mold. Once
that the siliconthas been.cormpacied in the meldcomesthetransfes obthe-.eempagtad-siieon ina
cruc:lble_or alte&gatcg\r/1 I I}Q% aéjt@org qP Bg%tge out %Q%Qogglﬁalé\ét%ga;ﬁg ouLt %ZQrpr_ocess directly in
the crucible. As alrea y,saﬂua after tﬁe compaction step the silicon is molten in the crucible that most of
times is made GFPaFESHRAL A Broblerfithat the'dfemtdr 651G THES i perfomitgEsithorielting step is
due to the difféer@pcedn Bocermssaithermabecefficient betweenrsilicen andrsilida and this could lead to

a stress ingo thegrugible that causeshreakageof sHica-eruieible and leakage. The silicon WO
2010/003456PCT/EP2008/058931 16 thermal expansion coefficient is about 1*10(-6)00 whereas for

silica it is 0.55%L(-6)00, Thisispayticular likelyfor those cempagtion mathods that allow to fill the
crucible at its maximug %apaci% 5A goss'ﬂgle s%lution tg this vel?/{ issue th@% the guth%’ would like to
describe is the’G$€ 6f 8RGAREr mold for the cruéi ?é?ﬁ\ﬂorelﬁeézgta' . in‘order to avoid t a%ﬁw’e silicon by
melting causes the stress on the crucible mold the author suggest to have some cavities created

before the 10 COfRpathon SEIFR CmpieteSThe Lavitied wolid be-Sreatéd By tieans of the inner mold
in a way similaxtethatdescribediiorthe pate Rt Wo2007065766; Wireré:are listed some inner molds
suitable for the making of silica glass by means of sol-gel techniques_ The created cavities work as 15
"buffer" inlrder to give sorsespace td:thessiliconto swellcand motrcreate stress onathecrucible. Here

the authors woud like e give,semernere insightsonthe ivpepmolds features The inner molds can be

extracted beforrnel Ehreogﬂelt'%gﬂ%efcaq% hen the comga(f‘tlon steé)kg SatOI sludges coming

ec LSLries an rom ¢
from the exhausted wire saw slurries after ssparation of

suspending agents and abrasives.
15  see Figure 1, sectionm &

1.2 Chemical Conditioning of the recovered silicon
powder to control the oxidation of the powder for safe

transportation and storing of the silicon powder.
see Figure 1, section A

20 1.3 Decontamination of surface impurities of recovered

and conditioned silicon powders.
see Pigure 1, section B

1.4 Compaction method number 1: treating the purified
gsilicon powder with a vacuum-nitrogen densification process
25  for the preparation of compacted silicon powder charges

directly inside standard =size zasting crucibles.

In the details the steps characterising the methods are:



20 completion but special care has to be put at the issue of the adhesion of the compacted silicon to
~ the mold. The mold could be removed by mechanical extraction, especially if the mold is stiff, or by

deflating the mold in case have been used inflatable molds or by melting the molds and 25 extracting
the melt (by‘@ﬂcﬁ?ﬂ?ﬁﬁa‘ﬂﬁé inner mold can be made of: plastic, glass, metﬁ?%@%ﬁé’%%gggﬂica glass
among the others. The following examples are illustyative and not to be  considered as limited of the
invention described in the 30 claims. EXAMPLES 1 Step 1: (Al in scheme attached) PCT/EP
2008/058 931 10-05-2010 17 The filtration cake is washed with a hydrochloric acid and maintained at
prevent the reagtien-of the:siliean geneeates hygtagen.  diuted sotutieniatptiefy(3,5-4,5) to powder

with water that, 5, The water conient of the filfration gakes the range 204 16,2 Step.2,(3.1 in the
attached schergmex)r:i |§, C}tf)gglggj!y in

b) the crucible filled with the silicon dry powder is put
5 under wvacuum, until the wvacuum reaches the values in the
range (20-60) kFa

¢) by means of a nitrogen flow at rcoom temperature, the
vacuum of the environment containing the crucible filled
with the silicon powder is released and the pressure is

10 raised to the wvalue of about 1 kar; in its path through the
silicon particles, nitrogen creates a drag effect on the
silicon particles, yielding a consistent compaction of the

silicon powder {reduction to 60%-70% of initial volume).
ses Figure 1, ssction C

15 1.5 Compaction method number 2: treating the purified
silicen powder with an industrially available binder free
compaction process for the preparation of silicon pellets
or discs. In detail the steps are: the dry silicon powder
under nitrogen is used as fesd for this compaction process

20  for charges preparation. The dry silicon powder, kept under
nitregen to prevent oxidation, can be used as feedstock for
orne of the industrially available compaction processes,

without binding agent, to make silicon pellets or discs

25 see Figure 1, secition C

1.6 Compaction method number 3: preparation of green
bedies out of the purified silicon powder by means of sol-

gel technigues.

The sol-gel based method is the only for which either the
30 dried powder or the wet (with alcohol) powder are suitable.

Sol-gel based method is based on the following steps: as



The recovered silicon powder is sent to the re-slurry, either as cake from filtration or sludges from
centrifugal 10 treatment or as dry powder; the re-slurry operation is made by addition of DI water and
Hydrochlori¢ acid; the ratios among the chemicals used in the re- slurry )le wh | %er [Silicon
content] : [%‘i]zgifﬁ?ﬁnfé 2] by weight. 15 DI water is added in such a qua?%f vl o a J%ﬁ% he of the
slurry in the range 200-400 gr/l. Step 3 (3,2 in the attagched scheme): density The slurry coming from
step 2, is sent to'Reactor R2 (see ~ scheme) and then mixed with hydrofluoric acid in such a 20
guantity to obtain the following ratios by weight: [Silicon content] : [HC1] : [HF] = [1] : [0,2] : [0,5] DI
water is adjusteskio contral4he slemsity in the rarigel 200:400igrling rEreatment Conditions for step 3:

25 a) Stirring: ﬁ@%@l&ouwu%%@wr@n@g rﬁl&@&m&e@mﬁmmﬁoh%f AMENDED SHEET
?eceived at the EPO on May 101 301021 09: ge 15 of 2 QC -201a

4 Y Y 2(041° R EAT-T41 4 Re. . £200 %‘fﬁl 202 Ui iO I e, mhe green

body so formed is then drled,tlll the organic content lewvel
5 complies with the reguirements defined by the silicon
smelters.

see Figure 1, section C

The effectiveness of the silicon powder compaction
processes described below of this invention, varies widely

10 according to the process used, as hereafter indicated:

a) sol-gel based compaction: the density of the body is the
range 0,%-1,4 gr/cm3

) Vacuum-Nitrogen compaction process: the volume o the
silicon powder after compaction is reduced to 60%-70% of
15  the initial volume and the density is increased in the

range 08-1,0 gr/cm3.

c) tabletting compachtion rrocess: the final density of the
pellets is abut 60-70% of the density of the elements

silicon.

20 The authors wanted to underline that the compaction step by
sol-gel can be done directly in a mold. Once that the
silicon has been compacted in the mold comes the fransfer
of the compacted silicon in a crucible or alternatively the
authors do not rule out the possibility to carry out the

25 vprocess directly in the crucible.

i}

As already said after the compactilon step the silicon is
moliten in the crucible that mest of times is made o pure
silica. A problem that the operator could face in
performing such melting step is due to the difference in

30 terms of thermal ccefficient between silicon and silica and
this could lesad to a stress into the crucible that causes

breakage of silica crucible and leakage. The silicon



PCT/EP 2008/058 931- 10-05-2010 18 After the treatment the slurry is sent to filtration and the
resulting silicon cake is washed with D.l. Step 4 (B,3 in the scheme): The slurry coming from step 3, is
mixed with hydrochloric 5 acid and with hydrogen peroxide in such a quantity to ohtain the following
ratios by we ﬂﬁ%@fﬁ%“ﬁﬁcontent] :[HC1] : [H202] =[1] : [0,2] : [0,1] by We%%}ﬁmﬂﬁﬁfwga%gélr is adjusted to
control the density of the slurry 10 in the range 200-400 gr/l. atment Conditions or step 4: a) Stirring:
continuous b) Temperature: 20 - 40 C c) treatment time: 1 hour 15 After the treatment the slurry is
filtrated and the filtration cake is washed with DT water; liquids from filtration and washing containing
HC1 and H202,raremsent 40 seneutralizaiionttankewhichscentains Ca(Ok)2 jif a water sekution. 20 The

process step epds with the Re-Slurry, of the silicgn eakewith, D;l; water. Step 5.(B 4 the scheme):
Slurry coming from reactor R3is agcaln mixed Wléh . hg/drqfﬂorlc acid %n fycbha quantity to obtain the
25 following ratit by \wEfgHt Pact1on methods t allow To £ill the |

crucible at its maximum capacity.

5 A possible gsolution to this wvery issue that the author
would like to describe is the use of an inner mold for the
crucible. More in detail: in order to avoid that the
silicon by melting causes the stress on the crucible mold
the auther suggest to have some cavities created before the

10 compaction step is complete. The cavities would be created
by means of the inner mold in a way similar to that
described in the patent WC2007 065766, where are listed
some inner molds sultable for the making of silica glass by
means of sol-gel technigues. The created cavities work as

15 “buffer” in order to give some space to the silicon to

swell and not create stress on the crucible.

Here the authors would like to give some more insights on
the inner molds features. The inner molds can be extracted
before the melting step and when the compaction step is at

20 completion but special care has to be put at the issue of
the adhesion of the compacted silicon to the mold. The mold
could be removed by mechanical extraction, especially if
the mold is stiff, or by deflating the moid in case have
been used inflatable molds or by melting the molds and

25 extracting the melt (by sucking). The inner mold can be
made of: plastic, glass, metal, waxes and silica glass

among the others.

The following examples zve illustrative and nct to be
considered as limited of the invention described in the

3 c¢laims.
EXAMPLES 1

Step 1: (Al in scheme attached)
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[S|I|con content] [NE] Treatment Conditions: [1] : [0,1]by weight AMENDED SHEET Zeoeiyed at the
EPO on May 10, 2010 21:09:43. Page 16 of 29 2/3 10-05-2010 WO
2010/003456PCT/EP2008/058931 19 a) Stirring: continuous B}Wdﬂﬁ)éﬁﬁt&f@Sﬂ)Qm-Cl@%eamm
time: 1 hour DI water is adjusted to control the density of the slurry 5 in the range 20_0-400 gr/i. After
treatment the slurry is filtrated and the filtration cake,wet by hydrofluoric acid, is sent d!re_ctly to the
cake drying step, while the liquid from filtration and washing, containing hydrofluoric acid is sent to the
10 neutralization tank_ Step ,6 (13 5 in the scheme):

The filtration cake is washed with a diluted solution of
hydrochloric acid and maintained =t pH of (3,5-4,5} to
prevent the reaction of the silicon powdsr with water that

generates hydrogen.

The water content of the filtration cakes is typicaliy in
the range 20 % - 60 %.

Step 2 (B,1 in the attached scheme):

The recoverad silicon powder is sent to the re-slurry,
either as cake from filtration or sludges from centrifugal
treatment or as dry powder; the re-slurry operation is made
by addition of DI water and Hydrochloric acid; the ratics
among the chemicals used in the re-slurry are shown
herafter : [Silicon content] : {HCLI] = (11 : 10,2] by
welght.

DI water is added in such a quantity to adjust the density
of the slurry in ths range 200-400 gr/l.

Step 3 (B,z in the attached scheme):

The slurry coming from step 2, is sent to Reactor R2 (see
scheme] and then mixed with hydrofluoric acid in such a
quantity to obtain the following ratios by weight:

[(Silicon content] : [HCLl] : [HF] = {1} « 10,27 + [0,5]

DI water is adiusted tc contrel the density in the range
200~400 gr/1.

Treatment Conditions for step 3:

&) Stirring: continuocus
) Temperature: 20 - 40 °C

¢} treatment time: 1 hour

AMENDED SHEET

Received at the EPO on May 10, 2010 21:09:43. Page 15 of 29

10-05-2010



o e e o e N AL N PUH R 2008/058:93
The silicon cake from process step (B,4 see scheme) kept acidic by HF to prevent the oxidation of the
silicon particles by water and air and is dried under vacuum: 15a) Vacuum values: 20 mBar, in
nitrogen atmosphere b) Temperature: 70 C by RF heatingPCT/&p abtheyend okthe diying cyelen
vacuum is released in nitrogen atmosphere. Step 7- (sol-gel method) 20 0.7 g of tetramethoxysilane
are mixed with 5 g ethanol and 1 g water and the saolgtion so obtained is kept under stirring until
complete hydrolysis of tetramethoxysilane occurs (solution becomes completely transparent). Then 14
g of silicon powder are added to the silane-based premix 25(weight ratio 1:0,49) and kept under
stirring. The sludgesse<bteinred isdheppoured in themold. The wholg, process is conducted under

nitrogen Before thecstartedihedrying phase thesamplg is kgpt.in @ sealed container at room
temperature for the consolidation of the green body. WO 2010/003456PCT/EP2008/058931 20 Silicon

body is then dried ghReRr4efRildted:htioel fomsmday:s. The product has been characterized by means of
XRD spectroscopy that has shown that the content of Si02 in the silicon product raised only of 0.5 wt%
because of the 5 dE3Eribetf tfréafitirits TheRdearitade dfthelprotess:deseribechinthis example is that
the green body’is Gtainédhlready insigestie eastintrerucibles: asthe: greenybady withstand
mechanical stressé&8 e to antiintp theaniag that itvcanr bereasily packed, 10 shipped and used
directly in final casﬂ%%fac(iblriati%s fotr mteltir)g without any further treatment. EXAMPLES 2 Step 1: (Al in
scheme attached) The fifiratic cake is washed with Adifltedsolltibn: of 47 hydrdehldric acid and

. . W3 . . .- .
maintained at pH ofy(3,§-2f%3 to prevent the reaction of the silicon powder with water that generates

hydrogen- DI water is adjiusted te control the density of the slurry
10 in the range 200-400 gr/1l.

reatment Conditions for stép 4:
a) Stirring: continucus

b} Temperature: 20 -~ 40 °C

¢} treatment time: 1 hour

15 After the treatment the siurry is filtrated and the
filtration cake is washed with DI water; liquids from
filtration and washing contzining HCl and H.0s, are sent to
a neutralization tank, which contains Ca{OH); in a water
solution.

20 The process step ends with the Re-Slurry of the silicen
cake with D.I. water.

Step 5 (B,4 in the scheme]):

Slurry coming from reactor R3 is again mixed with
hydrofluoric acid in such a guantity to obtain the

25 following ratiocs by weight:
[Silicon content) : [HF] = [1] : {0,1] by weight

Treatment Conditions:

’ ' AMENDED SHEET
leceived at the EPO on May 10, 2010 21:09:43. Page 18 of 29
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The water content of the filtration cakes is typically in the range 20 % - 60 %. 20 Step 2 (3,1 in the
attached scheme): The recovered silicon powder is sent to the re-slurry, either as cake from filtration
or sludges from centrifugal treatment or as dry powder; the re-slurry operation is made by addition of
DI water and RytieHittic acid; the ratios 25 among the chemicals used Y FRRAFR hre shown
herafter : [Silicon content] : [ad] = [1] : [0,2] by weight, DI water is added in such a quantity to adjust
the dens of the slurry in the range 200-400 gr/l. 30 Step 3 (3,2 in the attached scheme): WO
2010/003456PCT/EP2008/058931 21 The slurry coming from step 2, that is already acid because of
the hydrochlorig akeady agddedat:step Solids sent to Reactor R1 and then added with hydrofluoric acid
in such a quantity to 'obtain the following ratios by weight: 5[Silicon content] : [FM.] : [HF] - [1] : [0,2] :
[0,5] DI water s, adjusted-to-control the dengity in the range 200-400 gr/1.. Treatment Conditions for
step 3: a) Stirring: continuous 10 b) Temperature: 20 - 40 C c) treatment time: 1 hour After the

treatment the slurry;is sgnt tq filtrafion and, the resulting silicon cake is washed with D.1, re-slurried with
DI adjusting the density to the range 200-400 gr/1 and 15 sent to reactor R3. Step 4 (3,3 in the

scheme): The sluryy. (2),coning from.Jegetor R2,is added Withe si vy of the slurry

5 in the range 200-400 gr/1.

ALfter treatment the slurry 1s filtrated and the filtration
cake, wet by hydroflucric acid, is sent directly to the
cake drving step, while the ligquid from filtration and
washing, containing hydrofluoric acid is sent to the

16 neutrelization tank.
Step & (B,5 in the scheme)}:

The silicon cake from process step (8,4 see scheme) kept
aclidic by HY Lo prevent the oxidation of the silicon

particles by water and ailr and is dried under wvacuum:
15 a) Vacuum values: 20 mBar, in nitrogen atmospherse
b)Y Temperature: 70 "C by RF heating

¢) at the end of the drying cycle vacuum is relieased

in nitrogen atmosphere.
Step 7 (sol-gel method)

20 0.7 g of tetramethoxysilane are mixed with - g ethanol and
1 g water and the solution so obtained is kept under
stirring until complete hydrolysis of tetramethoxysilane
occurs (sclution becomes completely transparent). Then 14 g
of silicon powder are added to the sijane-based premix

25 (weight ratio 1:0,49) and kept under stirring., The sludge
so obtained is then poured in the mold. The whole process
is conducted under nitrogen. Before the start cof the drying
phase the sample is kept in a sealed container at room

temperature for the consolidation of the green body.



hydrofluoric acid and with hydrogen peroxide in such a quantity to obtain the following ratios by weight:
20[Silicon content] :[HF] : [H202] -[1] : [0,4] : [0,15] by weight.. DI water is adjusted to control the
density of the slurry in the range 200-400 gr/1. Treatment Conditions: 25 a) Stirring: continuous b)
Temperatur& 280 HHPEE) treatment time: 1 hour 22 After the treatment 4Bt 4 itFAted and the
filtration cake is washed with Deionised water; liquids,from filtration and washing containing HF and
H202, are sent to a neutralization tank, 5 The process step (B3) ends with the Re-Slurry of the Silicon
cake with D.i. water, adjusting the density of the slurry in the range 200-400 gr/l (slurry 3). Step 5 (B,4
in the schem;)%il%ksfw @@r@yﬂgif{oah@acza&riea[i&@@@m added with-10 hydroflugriczacid in such a
guantity to obtain the wing rati eight: [Sili Fl- [1 y Weight Treatment
Conditions: a) %Flr%]rig:Qélo%nt%\ll%ﬁé%%g‘)yage%Paté%&rzgog?%%ﬂ%é Ly[ g@ﬁ% , I 91{1% )

spectroscopy that has snown that the content of Si0Z in the

silicon product raised only of 0.5 wt% because of the

5 described treatment.

The advantage of the process described in this example is
that the green body is obtained alreadv inside the casting
crucibles; as the green body withstand mechanical stresses
due to handling, meaning that 1t can be easily packed,

10 shipped and used directly in final casting facilities for
melting without any further treatment.

EXAMPLES 2
Step 1: (Al in scheme attached)

The filtration cake is washed with a diluted solution of
15  hydrochloric acid and maintained at pE of (3,5-4,5) to
prevent the reaction of the silicon powder with water that

generates hydrogen.

The water content of the filtration cakes is typically in
the range 20 % - ©0 %.

20 Step 2 (B,1 in the attached scheme):

The recovered silicon powder is sent to the re-siurry,
either as cake from filtration or sludges from centrifugal
treatment or as dry powder; the re-slurry operaticn is made
by addition of DI water and Hydrochloric acid; the ratios
25  among the chemicals used in the re-slurry are shown
herafter : [Silicon content] : [HCL1} = [1] : [0,2] by

weight.

DI water is added in such a gquantity to adiust the density
of the slurry in the range 200-400 gr/1.

30 SBtep 3 (B,2 in the attached scheme):



c) treatment time: 1 hour DI water is adjusted to control the density of the slurry in the range 200-400
gr/l, After treatment the slurry is filtrated and the filtration 20 cake,-wet by hydrofluoric acid, is sent
directly to the cake drying step, while the liquid from filtration and washing, containing hydrofluoric acid
is sent to th&"ieti93fén tank. Step 6 (3,5 in the scheme): 25 The silicBh HARE I Htbcess step
(B,4) kept acidic by HF to prevent the oxidation of the silicon particles by water and air is dried under
vacuum: a) Vacuum values: 20 mBar, in nitrogen atmosphere WO 2010/003456PCT/EP2008/058931
23 b) Temperature: 70 C by RF heating c) at the end of the drying cycle the vacuum is

released in nit@@@n@tﬁﬁgpF&sﬁl%erfzc(ﬁolsg@wgth@a%oJsg of tetrapethoxysilane ase mixed with
5 g ethanol and J.;L %k\/lvatgggng tlg? soll.étlogh ogtal (% s kg@t gn%er %tlrilng unt % §gg1pé%te hydrolysis
u

of tetramethox iiéésllane ocdurs (Solution bécomes tom etely transp rent “Then g of silicon powder

are added to the& &ffarre- b%sea’ﬁeﬁﬁﬁliof\%rg%t?én@ 11’0’ %?gﬁﬁ%b? uﬁaéijst’iﬁm@qufhe“sludge )
obtained is thempourediin the shaldl Thetwhdlelproeéss is ednducted urdernitrogen_ Before the start
of the drying phase the sample is kept in a sealed container at room temperature for the consolidation
of the greén bddyi Licon content] : [HCL] : [EF] = {1] : {0,2] : [0,5]

DI water is adiusted to control the density in the range
200-400 gr/1.

Treatment Conditions for step 3:

a} Stirring: continuous
10 D) Temperature: 20 - 40 °C
¢} treatment time: 1 hour

After the itreatment the slurry is sent to fiitration and

the resulting silicon cake is washed with D.I, re-slurried

with DI adjusting the density to the range 200-400 gz/1 and
15  sent to reactor RI.

Step 4 (B,3 in the scheme):

The siurry {2) coming from reactor R2, is added with
hydrofluoric acid and with hydrogen peroxide in such a

guantity to obtain the following ratics by weight:

20 [Silicon content] : [HF] : {H202] = [11 : [0,4] : [0,15]
by weignt.

DI water is adjusted to control the density of the slurry
in the range 200~-400 gr/l.

Treatment Conditions:

25 2) Stirring: continuous
b} Temperature: 20 - 40 °C

¢} treatment time: 1 hour



15 Silicon body is then dried under ventilated hood for 3 days. The product has been characterized by
means of XRD spectroscopy that has shown that the content of 5i02 in the silicon product raised only
of 0.5 wt% because of the described treatment. 20 The advantage of the process described in this
example is tH4? B&GPEET body is obtained already inside the casting cru&bEEPHE&HE Y een body is
very stable and can withstand mechanicals stresses, it can be easily packed, shipped and used
directly in final casting facilities for 25 melting without any further treatment. EXAMPLES 3 Step 1: (Al
in scheme attached) The filtration cake is washed with 'a diluted solution of hydrochloric acid and
maintained at pHof £3:5:4,5)10:30.pravent the, reaction; af the silicon-powder with water that generates
hydrogen. WQ 003456 /EP2008 931 e water content of the.filtration cakes is
typically in the fgr%g/ %g%%% E%%%Eétse Qﬂ%{g%%n%éitt%ﬁgglgc %éorﬁqeg e rgé \lfétrge% silicon powder
is sent to the re-sfitry, '5-&RAEF 88 cake b HiltraticiPoi- &ftdgee from Tentrifidal thédtment or as dry
powder; the ressturry opetatien: isemadesly additisniof DI water and hydrochloric acid; the ratios among
the chemicals used in the re-slurry are shown herafter : [Silicon content] : [HC1] = [1] : [0,2] by 10
weight. DIivatéris addeckinssuctea qUEblitetaladjust thecdensity-of therstuery inthe range 200-400 gr/l.

Step 3 (B,2 in the;attached; scheme): Fhe slupey-comingifrom:step 2,thatiis-already acid,hecause
slurry in the range 200-400 gr/1 (slurxry 3).

Step 5 (B,4 in the scheme):

Slurry coming from reactor R2 is again added with
10 hydreofluoric acid in such a guantity to ckhtain the

fcllowing ratics by weight:
{3ilicon content] : [BF] = [1] : {0,1! by weight

Treatment Conditions:

a) Stirring: continucus
15 b)) Temperature: 20 - 40 °C
o) treatment time: 1 hour

DI water is adiusted to control the density of the slurry
in the range 200-400 gr/1i.

After treatment the slurry is filtrated and the filtration
20 cake, wet by hydrofliuocric acid, is sent directly to the

cake drying step, while the liguid from filtration and

washing, containing hydrofluoric acid is sent to the

neutralization tank.
Step 6 (B,5 in the scheme):

25 The silicon cake from process step (B,4) kept acidic by HF
to prevent the cxidaticn of the silicon particles by water

and air is dried under vacuum:

ay Vacuum values: 20 mBaxr, in nitrogen atmosphere



15 of the hydrochloric already added at step 3,1, is sent to Reactor R1 and then added with
hydrofluorie acid in such a quantity to obtain the following ratios by weight: [Silicon content] : [HCIi][HF]
- [1][0,2][0,5] DI water is adjusted to control the density in the range 20200-400 gr/l. Treatment
Conditions 888945 Stirring: continuous b) Temperature: 20 - 40 'C J4FERABHEETE: 1 hour 25
After the treatment the slurry is sent to filtration and-fhe resulting silicon cake is washed with D.I,
re-slurried with DI adjusting the density to the range 200-400 gr/1 and sent to reactor R3. 25 Step 4
(3,3 in the scheme): The slurry (2) coming from reactor R2, is added with hydrofluoric acid and with

hydrogen peroxide insugha-quantity o obtain the {oltowing £aties; by weight: 5[Silicon content][HF] :
[H202] -[1][0,4][0,15] by weight. DI water is adjusted to control the density of the slurry in the range

200-400 gr/l. Treatmeht Copditions: 49 @ﬁtﬁﬂagdﬁpm'@ueyém Temaperalurgn 20 40 C

relaased in nlbrogep atmosphere.
Btep 7 (sol-gel method)

5 0.7 g of tetramethoxysilane are mixed with b g ethancl and
1 g water and the solution so obtained is kept under
stirring until complete hydrolysis of tetramethoxzysilane
occurs (soluticon becomes completely transparent). Then 14 g
of silicon powder are added to the silane-based premix

10 (weight ratio 1:0,49) and kept under stirring. The sludge
so obtained is then poured in the mold. The whole process
is conducted under nitrogen. Before the start of the drying
phase the sample is kept in a sealed container at room
temperature for the consolidation of the green body.

15  Silicen body is then dried under véntilated hood for 3
days. The product has been characterized by means of XRD
spectrescopy that has shown that the content of 53i0Z in the
silicon product raised only of 0.5 wi% because of the

described treatment.

20 The advantage of the process described in this example is
that the green body is obtained already inside the casting
crucibles; as the green body is very stable and can
withstand mechanicals stresses, it can be easily packed,
shipped and used directly in final casting facilities for

25 melting without any further treatment.
EXAMPLES 3
Step 1: (Al in scheme attached)

The filtration cake is washed with a diluted solution of
hydrochloric acid and maintained at pH of (3,5-4,5) to
30 prevent the reaction of the silicon powder with water that

generates hydrogen.



c) treatment time: 1 hour After the treatment the slurry is filtrated and the filtration cake is washed with
Deionised water; liquids 15 from filtration and washing containing HF and H202, are sent to a
neutralization tank. The process step (B3) ends with the Re-Slurry of the Silicon cake with D.I. water,
adjusting th&" @3B # e slurry in the range 200-400 gr/1 (slurry 3). 20 SEFEYEATEHhe scheme):
Slurry coming from reactor R3 is again added with hygdrofluoric acid in such a guan ity to obtain the
following ratios by weight: [Silicon content]:[HF]=[1] : [0,1]by weight 25 Treatment Conditions: a)
Stirring.: continuous b) Temperature: 20 - 40 C Ri))4,..Vuol,Wq)P,P1)13 PCT/EP 2008/058 931-

10-05-2010 26¢)dreatmentditne=t-howr Of meaten is:adjusted tonanira the density of the:slurry in the
range 200- 400, r;él f\i ezai ment the slurry is filtrated and the filtration 5 cake, wet by hydrofluoric
acid, is sent dlrectly 10 t ake drylng step while the liquid from filtration and washing, containing

hydrofluoric acédclespsin t&,@ei%%gaélzggggc ré scheme) :

The recovered silicon powder 1s . sent to the re-slurry,

5 either as cake from filtration or sludges from centrifugal
treatment or as dry powder; the re-slurry operation i1s made
by addition of DI water and hydrochloric acid; the ratios
among the chemicals used in the re-slurry are shown
herafter : [Silicon content] : [HCQC1] = [1] : [0,2] hy

10 weight.

DI water is added in such a quantity te adjust the density
of the slurry in the range 200-400 gr/1.

Step 3 (B,2 in the attached scheme}:

The slurry coming from step 2, that is already acid because
I5 of the hydrochloric already added at step B,1, is sent to
Reactor Rl and then added with hydroflucric acid in such a

cguantity to obtain the following ratios by weight:
[Silicon content] : {HCI] : [HF] = [1}] : {0,21 =+ [0,5]

DI water is adiusted to control the density in the range
20 200-400 gr/l.

Treatment Conditions for step 3:

a} Stirring: continuous

b} Temperature: 20 - 40 °C

M}

¢) treatment time: 1 hour

25  After the treatment the slurry is sent to filtraticon and
the resulting silicon cake is washed with D.I, re-slurried
with DI adiusting the density to the range 200-400 gr/l and

sent te reactor R3.



Step 6 (B,6 in the scheme): 10The silicon cake from process step (3,4) kept acidic by HF to prevent
the oxidation of the silicon particles by water and air is washed wth a alcoholic solution made of
ethanol and water in ratio by weight 95:5 Step 7 (so-gel method) 15 0.7 g of tetramethoxysilane are
mixed with ¥ &ABI4aAd 1 g water and the solution so obtained is kepEGAGRPEHAHGXintil complete
hydrolysis of tetramethoxysilane occurs (solution becomes completely transparent). Then 17 g of wet
silicon coming from step 6 are added to the silane- 20 based premix (weight ratio 1:0,49) and kept
under stirring. The sludge so obtained is then poured in the mold. The whole process is conducted
under nitrogens 8gfote the sfakt-pfithe dixingdehase the sample is kept in a sealed container at room
temperature for the consolidation of the 25 green body. Silicon body is then dried under ventilated

hood for 3 daysy, IThe preduct Bas begn.characigrized by pneans of XRI specirosgopy that has shown
that the content o Sig% in the silicgg progucg r:_arils%d 8”'3/ opr.S E?\3/\11:'[?4) bggauge of é%e <glrlescribed
treatment. 30 JF era%lvalr;ifjajfglecofa1 the pr%%esgﬁéscrl &d i this xamxp &s that The green body is
obtained alrea@ydasidé thé ¢ashing trucibiest a8 the Gider oy s VEry stebie and can AMENDED
SHEET Received at the EPO on May 10, 2010 21:09:43. Page 17 of 29 sia 10-05-20-ob WO
2010/003456PCHEP20081058%31 27 witHdtAnd medl¥aidals stresses, it ¢af be edsily'pdcked,
shipped and usgd @diregty: in final casting facilities for melting without any further treatment. 5
EXAMPLES 4

DI water is adjusted toc contrel the density of the slurry

in the range 200-400 gr/l.

Treatment Conditicns:

10 a) Stirring: continuous

b) Temperature: 20 - 40 °C

-

¢) treatment time: 1 hour

After the treatment the slurry is filtrated and the
filtration cake is washed with Deionised water; liguids
15 from filtration and washing containing HF and Hz0:, are

sent to a neutralization tank.

The process step (B3} ends with the Re-Slurry of the
Silicon cake with D.I. water, adjusting the density of the
slurry in the range 200-400 gr/l (slurry 3).

200 Step 5 (B,4 in the scheme):

Slurry coming from reactor R3 is again added with
hydrofluoric acid in such a guantity to obtain the

following ratios by welght:
[Silicon content] : [HF] = [11 : [0,1] by weight

25 Treatment Conditilons:

a} Stirring: continucus

b) Temperature:; 20 - 40 °C



e T N AL L bt BB RERE AP E O O :rcm
Step 1: AI in scheme attached) The filtration cake is washed with a diluted solution of hydrochloric acid
and maintained at pH of (3,5-4,5) to prevent the reaction of the silicon powder with water that 10
generates hydrogen. The water content of the filtration cakes i8GypdaRPH8H1S Bange 201 %-060 %10
Step 2 (13,1 in the attached scheme): The recovered silicon powder is sent to the re-slurry, 15 either
as cake from filtration or sludges from centrifugal trezgment or as dry powder; the re-slurry operation is
made by addition of DI water and Hydrochloric acid; the ratios among the chemicals used in the
re-slurry are shown herafter : [Silicon content] : [HO1] - [1] : [0,2] by 20 weight. DI water is added in
such a quantity to adjustthe derisity. ofthe slafry in the range 200-400 gr/l. Step 3 (3,2 in the attached
scheme): 25 The slurry coming from step 2, that is already acid because of the hydrochloric already
added at step B,1, i$'s#ft td RéaéforR teahd thenrddded siith dwydroflucric acid in suep quantity to
obtain the foIIowmg*thth? byaneigRt {Sfiitorvedhtent] : [HO11[HF]: [0,2] : [0,5] WO
2010/003456PCT/EP2008/058931 28 DI water is adjusted to control the density in the range 200- 400
gr/l. Treatment g)oncF {iBhs TOF% e%“t as @tlﬁﬁ?@ré’oﬁﬁn%%@ By T emperatuidl20--460C

cake, wet by hydroflucric acid, is sent directly to the’
cake drying step, while the liguid from filtration and
washing, containing hydrofluoric acid is sent to the
neutralization tank.

Step 6 (B, in the scheme):

10 The =silicon cake from procass step (B,4) kept acidic
by HF to prevent the oxidation of the silicon particles by
water and air is washed wth a alcoholic solution mads of
ethanol and water in ratio by weight $5:5

Step 7 (socl-gel method)

15 0.7 g of tetramethoxvysilane are mixed with 5 g ethanol and
1 ¢ water and the solution so obtained is kept under
stirring until complete nhydrolysis of tetramethoxysilans
occurs {solution becomes completely transparent). Then 17 g
of wet silicon coming from step 6 are added to the silane~

20 based premix (weight ratio 1:0,49) and kept under stirring.
The sludge sc obtained is then poured in the mold. The
whole process is conducted under nitrogen. Befors the start
of the drying phase the sample is kept in a sealed
container at room temperature for the consolidation of the

25 green body. Silicon body is then dried under ventilated
hood for 3 days. The product has been characterized by
means of XRD spectroscopy that has shown that the content
of 5iC2 in the silicon product raised only of G.5 wt%
because of the described treatment.

30 The advantage of the process described in this sxample is
that the green body is obtained already inside the casting
erucibles; as the green bedy is very stable and can

AMENDED SHEET
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c) treatment time: 1 hour After the treatment the slurry is sent to filtration and the resulting silicon cake
is washed with 13.3, re-slurried with DI adjusting the density to the range 200-400 gr/1 and 10 sent to
reactor R3."Step 4 (B,3 in the scheme) / case B: The slurry (2) coming from reactor R2, s added with
hydrofluoric K& dAHECHRH hydrogen peroxide in such a quantity to obtainth FABFHG Htios.by weight:
15[Silicon content] :[HF] :H202] =[1][0,4][0,15] by weight. DI water is adjusted to control the density of
the slurry in the range 200-400 gr/i. Treatment Conditions: 20 a) Stirring: continuous b) Temperature:

- 20 - 40 C cl treatment time: 1 hour After the treatment the slurry is filtrated and the filtration cake is

washed with Dgianised wates diguids: 2D fremfilisatien and washing ceatainingtdCkand H202, are sent
to a neutalizalion {anls (conialniig CA(DEDR)., 29.The pracess.step 33,ends withe e Slury of the

Silicon cake with D.I. water, adjusting the density of the slurp/ in therange 200-400 gr/1 (slurry 3).
melting without any further treatmert.

5 EXAMPLES 4
Step 1: Al in scheme attached)

The filtration cake 1s washed with a diluted solution of
hydrochloric acid and maintained at pH of (3,5-4,5) to
prevent the reaction of the silicon powder with water that

18 generates hydrogen.

The water content of the filtration cakes is typically in

o]
.

the range 20 % - 60
Step 2 (B,1 in the attached scheme):

The recgovered silicon powder is sent to the re-slurry,

15  either as cake from filtration or sludges from centrifugal
treatment or as dry powder; the re-slurry operation is made
by addition of DI water and Hydrochloric acid; the ratios
among the chemicals used in the re-slurry are shown
herafter : [Silicon content] : [HClYI = {11 : [G,2] by

20 weight.

DI water 1s added in such a guantity to adiust the density

5

of the slurry in the range 200-400 gr/1.

Step 3 (B,2 in the attached scheme):

25  The slurry coming from step 2, that is already acid because
of the hydrochleric already added at step B,1, 1is sent to
Reactor Rl and then added with hydrofluocric acid in such a

guantity to obtain the following ratios by weight:

[8ilicon content] : [EBC1] : [HF] = [1} : [0,27 : 10,%]



Step 5 (B,4 in the scheme): 5 Slurry coming from reactor R3 is again added with hydrofluoric acid in
such a quantity te obtain the following ratios by weight: [Silicon content][HF] = [1] : [0,1] by weight
Treatment Conditions: 10 a) Stirring: continuous b) Temperature: 20 - 40 'C c) treatment time: 1 hour
DI water is JRi2EUHGEBNntrol the density of the slurry in the range 200-450FGre2* % A%ta! treatment the
slurry is filtrated and the filtration cake, wet by hydrofluoric acid, is sent directly to the cake drying step,
while the liquid from filtration and washing, containing hydrofluoric acid is sent to the neutralization
tank. 20 Step -6 (B,5 in the scheme): The silicon cake from process step (3,4) kept acidic by HF to
prevent the oxislatiparehthessilicon:padiclesby waterand @i anrg isidred WNgdek vaguy: a)
Vacuum vaIuegO%Q %a&z_jpfjtrogen atmosphere 25b) Temperature: 70 C by RF heating c) at the
end of the drying cycle the vacuum is released in nitrogen atmosphere. WO
2010/003456P%L/EPZOOS/%%%%% 30 Ste_PO7r (\é%ceugrg-:nitrogen method)

atment 1Ons

a) Stirring: continucus
5 b)) Temperature: 20 - 40 °C
¢} treatment time: 1 hour

After the treatment the slurry is sent to filtration and

the resulting silicon cake 1s washed with D.I, re-slurried

with DI adjusting the density to the range 200-400 gr/l and
10 sent to reactor R2Z. '

Step 4 (B,3 in the scheme) / case B:

The slurry (2) coming from reactor RZ, is added with
hydrofluoric acid and with hydrogsn pervoxide in such a

quantity to obtain the following ratics. by welghi:

15 [Silicon content] : [EF] : [H202] = {11 = [0,41 =+ 16,15}
by weight.

DI water is adjusted to control the density of the slurry
in the range 200~400 gr/1.

Treatment Conditions:

20 a) Stirring: continuous
b} Temperature: 20 - 40 °C
o) treatment time: 1 hour

After the treatment the slurry is filtrated and the
filtration cake is washed with Deionised water: liguids
25 from filtraticon and washing containing HCI and H,0p, are

gsent to a neutralization tank {containing Ca{OH)Z}.



The process describes the method for the compaction of the dry, oxide free silicon powders coming
from process step (B,5); it is based on the densification capacity of a gas, 5 in this case nitrogen, when
it makes its path through the mass of dry silicon particles, kept in a vacuum environment_ The choice
of nitrogen &8 W heed of avoiding any oxidation of the silicon partftfd&¥ipaction process,
steps description: a) the dry silicon powder is pouregd,inside an industrial standard casting crucible that
is maintained under nitrogen environment b) the crucible filled with the silicon dry powder is put 15
under vacuum, until the vacuum reaches the values in the range 30 kPa c) by mean of a nitrogen flow
at room temperaisiretheamcusn of the envikarment gontaining-theerugiblesfillegwith the silicon
powder is releasad Uptl ihe aressure is 20 rajsed 1o thevaliesof,1 bat Idisath through the silicon

particles, nitrogen creates a drag effect'on the silicon partic esi ylelding a consistent compaction of the
silicon powder{Feddcfioh o "66% 7% ofifftiat U0ITE): 265EXAMPLES 5 Step 1 (Al in scheme
attached) The filtration cake is washed with a diluted solution of hydrochloric acid and maintained at
pH of (3,5-4,5bSevenPife idacHdR FERERicon powder with water that 30 generates hydrogen.
WO 2010/003456PCT/EP2008/058931 31 The water content of the filtration cakes is typically in the
range 20 % - 6DLY% Step 2314 if 158 attaehéd 5cRémiy: again added with

hydroflucric acid in such a guantity to cbhtain the

foliowing ratios by weighf:
[Silicon content] : [HF] = [1] : [0,1] by weicght

Treatment Conditions:

10 &} 3tirring: continuous
D) Temperature: 20 - 40 °C
¢} treatment Time: 1 hour

DI water i1s adjusted to control the density of the slurry
in the range 200-400 gr/1.

15 After treatment the slurry is filtrated and the filtration
cake, wet by hvdrofluoric acid, 1s sent directly to the
cake drying step, while the liquid from filtration and
washing, containing hydrofluoric acid is sent to the

neutralization tank.
20 Step 6 {B,5 in the scheme):

The silicon cake from process step (B,4) kept acidic by HF
to prevent the oxidation of the silicon particles by water

and air and is dried under wvacuum:
a) Vacuum values: 20 mBar, in nitrogen atmosphere
25 ) Temperature: 70 "C by RF heating

¢}y at the end of the drying cycle the vacuum isg

released in nitrogen atmosphere.



The recovered silicon powder is sent to the re-slurry, 5 either as cake from filtration or sludges from
centrifugal treatment or as dry powder; the re-slurry operation is made by addition of DI water and -
Hydrochloric acid; the ratios among the chemicals used in the re-slufry are shown herafter[Silicon
content][HCYHC P& 10weight. DI water is added in such’ a quantity o @HG&B & Hensity of the
slurry in the range 200-400 gr/l. Step 3 (B,2 in the atfgched scheme): The slurry coming from step 2,
that is already acid because 15 of the hydrochloric already added at step B,1, is sent to Reactor R1
and then added with hydrofluoric acid in such a quantity to obtain the following ratios by weight:
[Silicon contenglfidf 1 HR et {83k bakn &d-vya3gy is adjusted to control the density in the range
20200-400 gr/1.. Treatment Conditions for step 3: a) Stirring: continuous b) Temperature: 20 - 40 C ¢)

treatment timepd hour 25 Aften the reatmentthe sluryis sept tosfiliatigpand: the resulting silicon cake
is washed with D.I, re-sl.ucgsrgieg with DI qul'&ustinﬁ th@ densitéf to the ange 200-400 gr/1 and sent to
se i

reactor R3. 3f§¥ép 9,1’% in ﬁeeesgﬁ“emeffc e’ ?ﬁﬁe?s ﬁﬁrﬁz Jéomn?df?r%?nsrseasc orR2, is added
with hydrofluori€ aeidF arid with Rydrégef perbgidedn subha ghantity o sbtain the ll§Rihg ratios by

weight; 5 in this case nitrogen, when it makes its path through the
mass of dry silicon particles, kept in a vacuum

environment.

The cheoice of nitrogen is due to the need of aveiding any

oxidation of the gilicon particles.

10 Compaction process, steps descripticn:

a) the dry silicon powder is poured inside an industrial
standard casting crucible that is maintained under nitrogen

environment

b) the crucible filled with the silicon dry powder is put
15 under wvacuum, until the vacuum reaches the values in the

range 30 kPa

¢) by mean of & nitrogen flow at room temperature, the
vacuum of the environment containing the crucible filled
with the silicon powder is released until the pressure is

20 raised to the value of 1 bar.

- In its path through the =sillicon particles, nitrcgen creates
a drag effect on the silicon particles, yielding a
consistent compaction of the silicon powder (reduction to

60%~-70% of initial volume).
25 EXAMPLES 5
Step 1 (Al in scheme attached)

The filtration cake is washed with a diluted solution of

hydrochloric dcid and maintained at pH of (3,5-4,5) to

prevent the reaction of the silicon powder with water that
30 generates hydrogen. '



5[Silicon content] :[HF] : [H202] =[1] : [0,4] : [0,15] by weight DI water is adjusted to control the density
of the slurry in the range 200-400 gr/i. Treatment Conditions: 10 a) Stirring: continuous b)
Temperature: 20 - 40 C c) treatment time: 1 hour After the treatment the slurry is filtrated and the
filtration cak¥ A& FWith Deionised water; liquids 15 from filtration afg WaEHIY &S itaining HC1
and H202, are sent to a neutralization tank. The progess step (B3) ends with the Re-Slurry of the
Silicon cake with D.I. water, adjusting the density of the slurry in the range 200-400 gr/l (slurry 3), 20
Step 5 (3,4 in the scheme): Slurry coming from reactor R3 is again added with hydrofluoric acid in
such a quantity t@ obtaia the fellewingratios byrweight:Silicorscenient[HF}=i[42 1 [0; 1Jhy weight 25
Treatment Conglitions: a) Stirsing: coptjnyous b) Temperature: 20 - 40 IC WO
2010/003456PCT/EP2008/058931 33

Step 2 (B,1 in the attached scheme):

The recovered silicon powder 1s sent to the re-slurry,

5 either as cake from filtration or sludges from centrifugal
treatment or as dry powder; the re-slurry operation 1s made
by addition of DI water and Hydrochleric acid; the ratios
among the chemicals used in the re-slurry are shown
herafter : [8ilicon content] @ [HCL] = [1] @ [G,2] Dby

10 weight.

DI water is added in such a quantity- to adjust the density
of the slurry in the range 200-400 gr/l.

Btep 3 (B,2 in the attached scheme):

The slurry coming from step 2, that i1s already acid because
15  of the hydrochloric already added at step EB,1, is sent to
Reactor RI and then added with hydrofluoric acid in such a

quantity to obtain the following ratios by weight:
[Silicon content] : [HCL] : [EF] = [1} : [Q,2] 1 [0,5%]

DI water 1s adjusted to control the density in the range
20 200-400 gr/1.

Treatment Conditions for step 3:

a) Stirring: continuous
b)Y Temperature:; 20 -~ 40 °C
¢) treatment time: 1 hour

25 After the breatment the slurry is sent to filtration and
the resulting silicon cake is washed with D.I, re-slurried
with DI adiusting the density to the range 200-400 gr/1 and
sent to reactor R3.



c) treatment time: 1 hour DI water is adjusted to control the density of the slurry in the range 200-400
gr/l. After treatment the slurry is filtrated and the-iltration 5 cake, wet by hydrofluoric acid, is sent
directly to the cake drying step, while the liquid from filtration and washing, containing hydrofluoric acid
is sent to th&SEAHAR3HABN tank. Step '6 (3,5 in the scheme): 10 The siliddn EHEN M Brocess step
(B,4) kept acidic by HF to prevent the oxidation of thg silicon particles by water and air and is dried
under vacuum: a) Vacuum values: 20 mBar, in nitrogen atmosphere b) Temperature: 70 "C by RF
heating 15c) at the end of the drying cycle the vacuum is released in nitrogen atmosphere. Step 7
(pelletisation/taideging m;md)nTmQrﬁgﬂma)pomwsgegtunder nitrogen to prevent oxidation, can
be used as feedstock for one of the 20 industrially available compaction processes, without binding
agent. The chemical ¢leaping with-hydroflueric.acid-applied tothe: siligen pgwglers according to section
(4.2) of this in\ﬁenéigg E{R%VEiQes gg.%igggr%e %hilllic%n graétic:elgs trelaartOZXSigree %ital%lggor the fabrication of
compacted silicors peﬁets or 8iscsjby mean of hig {)ress%rel at room tempera?ure. WO

2010/003456 PEHEPYHDSIoS8g3f 3 the following ratios by weight:

5 [3ilicon content] [HF] : [H202Y = [1] : {0,471 : [0,15)]
by welght.

DI water is adijusted to control the density of the slurry
in the range 200-400 gr/L.

Treatment Conditions:

10 a) Stirring: continuous
b) Temperature: 20 - 40 °C
o) treatment time: 1 hour

After the treatment the slurry is filtrated and the
filtration cake i1s washed with Deionised water; licuids
15 from filtration and washing containing HCI and H»0., are

sent to a neutralization tank.

The process step (B3) &nds with the Re-Slurry of the
Silicon cake with D.I. water, adiusting the density of the

slurry in the range 200-400 gr/l (slurry 3).
20 Step 5 (B,4 in the scheme):

Slurry coming from reactor R3 is again added with
hydrofluoric acid in such a guantity to obtain the

following ratios by weight:
[Silicon content) : [HF'] = [1] : [0,1] by weight

25 Treatment Conditions:

a) Stirring: continuous

b) Temperature: 20 - 40 °C



can be used stand alone or mixed with silicon nuggets for the charges preparation for casting _
applications. 10 15 20- tiag000,01110) SeAMD ERRANIEall PCT/EP 2008/058 931 -.10-05-2010 35

Claims 2.A process for the re-use of silicon powder recovered from band saws and other S|I|con
mechanical BbFadiié+&s feed material to prepare the crucible charges FridEHig BF%H!

polycrystalline-multicrystalline silicon ingots usable fof photovoltaic applications,which process is
characterised by the following steps: a) silicon powder recovery from band saws, wire - saws, grinding
operations by filtration or 10centrifugal agglomeration and treatment of the exhausted slurries;

¢} treatment time: 1 hour

DI water is adjusted to contrcl the density of the siurry
in the range 200-400 gr/1.

After treatment the slurry is filtrated and the filtration
5  cake, wet by hydrofluoric acid, is sent directly to the

cake drying step, while the liguid from filtration and

washing, containing hydrofluoric acid is sent to the

neutralizaetion tank,
Step & (B,5 in the scheme):

10 The silicon cake from process step (B,4) kept acidic by HF
to prevent the oxidation of the silicon particles by water

and air and i1s dried under wvacuum:
a) Vacuum values: 20 mEar, in nitrogen atmosphere
) Temperature: 70 "C by RF heating

15 ¢y at the end of the drving cycle the wvacuum is

released in nitrogen atmosphere.
Step 7 {pelletisation/tabletting method)

The dry silicon powder, kept under nitrogen to prevent
oxidation, can be used as feedstock for one of the
20 industrially available compaction processes, without

binding agent.

The chemical cleaning with hydrofluoric acid applied to the
silicon powders according to section {4.2) of this
invention, provides an oxide-free silicon particles tThat

25 are suitable for the fabrication of compacted silicon
pellets or discs by mean of high pressure at room

temperature.

The density of the pellets cbhtained with this process is

about 60-70% of the density of the elemental silicon; they



b) conditioning in non-oxidizing environment; c) treatment with hydrofluoric acid, d) treatment -
with hydrochloric acid and/or 15hydrofluoric acid and hydrogen peroxide; e) second
treatment with hydrofluoric acid; f) preparation for the compaction step by drying under
vacuum and¥RIYH34%r by-washing-with. an - organic solvent; 20g) coffpHEESHHE ilicon
powder. 2. A process according to claim 1 charactefized in that the chemical conditioning, step b), to
prevent the oxidation of the cakes and/or sludges recovered from step a), is performed at pH between
-0,5 and 5,5 and more preferably 25 between 3 and 5, by means of a non-oxidising acid such as a
mineral acid, manosarbewdic and.dicarhoxylis.organicacids., 3:Apresess geserdingto claim 1
characterized in.tha mical conditioning, step b), to prevent the oxidation of 30 the cakes and/or
sludges recovg}lre% T%é?ﬁ%scgt%% %%spﬁﬁﬂ%ﬁﬁé[)% SH gﬁg %%Ié%e%‘%:%h%aéﬁg%ﬁ May 10, 2010 21:09:43.
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performed with an organic solvent not acid sensitive, such as, acetone, ether, ethanol, propanol,
iso-propanol, methanol, butanol.

10

15

20



4 A process dlng to claim 1 characterlzd |n that the 5 chemical condltlonlng step b) to prevent

lCOI’]dItIOI’]Ing solvent not acid sensitive, such as aetohe a), is in an organic ether, etﬁ'éhé'"r
iso-propanol, methanol, butanol followed 10 by a conditioning in a non-oxidising acid such as a mlneral

“acid, organic acid, such organic acid can be monocarboxylic orp@qa/@@@d@g }:‘Dﬁpégqessl%pqggdlggf%
claim 1 characterized in that the treatment with hydrofluoric acid, step c), is performed in 15 a way

where the ratio Si and HF is [1]: [between 0.01 and 1] by weight. 6. A process according to claim 1
characterized in that the treatment d) with hydrofluoric acid and hydrogen peroxide is performed in a
way where the ratios Si:HC1:H202 are 20[1]:[from 0,05 to 0,5]: [from 0,05 to 0,2] by weight. 7. A
process according to claim 1 characterized in that the treatment d) with hydrofluoric acid and hydrogen
peroxide is performed in a way where the ratios SEREERR02 are [1]: [from 0,01 to 0,1): [from 0,05 to

0,5] by weight. 25 8. Agrocess accordlng to claim 1 characterized in that the second treatment with
hydrofluoric acid, step 8Y,38 performe& if aﬁﬁaﬁ'ﬁﬁh&e?helrﬁ?% 8P 4R IS T FOTRERT 050 0,15]. 9. A

process accordlndoélléﬁnsf‘ﬁﬁa?él&é?fieﬂrlnsﬂ‘ﬂat‘tﬁ@ BotreathTént seterméans rarsedeed

material to prepare the crucible charges for casting of

3 polycrystalline-multicrystalline siiicon ingots usable for
photovoltaic applications,which p:ecess ié characterised by
the following steps:

a) silicon powder recovery from band saws, wire
saws, grinding operations by filtration or

10 centrifugal agglomeration and treatment of the
exhausted slurries;

b) conditioning in non-oxidizing environment;
¢} treatment with hydrofluoric acid;

d} treatment with hydrochloric acid and/or
15 hydroflucric acid and hydrogen peroxide;

€) second treatment with hydrofluoric acid;

f) preparation for the compaction step by drying
‘under vacuum- and inert gas, or by washing-with an
organic sclvent;

20 g) compaction of the silicon powder.

Z. A process according to claim 1 characterized in that the
chemical conditioning, step b}, to prevent the oxidation of
the cakes_and/ox sludges recovered from step a), is
performed at pH between -(,5 andVS,S and more preferably

25  between 3 and 5, by means of a non-oxidising acid such as a
mineral acid, mono carboxylic and dicarboxylic crganic
acids.

3. A process according to claim 1 characterized in that the
chemical conditioning, step b), to prevent the oxidation of

30 the czkes and/or sludges recovered from step a), is
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30 atian-far.the compaction step is L
RBEANIFNBED S HEET Received at the ERBSHRAM:
Wardg0080589,30 PCT/EP 2008/058 931 - 10-05-2010 37 10. A process according to ¢
<Characterized in that the treatment f) of preparation for the compaction step is performed by washing
the silicon cake with ethanol, isopropanol, butanol, methanol, etef grfadtidfieIBedddAf 5105 -2010
process according to claim 1 characterized in that the compaction step, g), is performed in a mold. 12.
A process according to claim 11 characterized in that ¢he mold is a crucible made of silica.  13. A
process according claim 11 characterized in that the 10 mold has inner mold that can be removed. 14.
A process according to claim 13 characterized in that the mold is inflatable. 15. A process according
to claim 13 characterized. in that the mold i ter soluble and/or ethanal soluple and/or 15 acetone
soluble. 16. A prcga%:iegiéé:qg:ojggr%ﬁ%ﬁaér%gigﬂh%hggsgtleﬁz}%aﬁotga? ?@%ﬁrﬁoﬁf&sg&ﬁgl’a&‘éﬁ%d by a
melting point lower than 1E§LOCb' 17. A process A2cording o taim 1°6h&ratt&ized in that 20 the

compaction step grseis pé]r?or’mea%ﬁgv%/fng the steps hereafter listed: .a) dried silicon
powder is added igside o, ndustrialstandard casting crupible that is maintained under nitrogen

environment; 25b) he crugible filled with, the'silicon dry ™ idati

' 2 ; to prevent the oxidation of
' ' the cakes and/or sludges recovered from step a), is

performad in two steps: first a conditioning in an organic

sclvent not acid sensitive, such as, acetone, ether,
ethanocl, propanol, iso-propancl, methanol, butanol followed
10 by a conditioning in a non-oxidising acid such as a mineral
acid, orgénic acid,%such organic acid can be monocarboxylic

or dicarboxylic.

5. A process according to claim 1 characterized in that the
trsatment with hydrofluoric acid, step <}, is performed in

15 a way where the ratio Si and HF is [1]: [between 0.01 and
1] by weight.

6. A process zccording to claim 1 characterized in that the
treatment d) with hydroflucric acid and hydrogen peroxide
is performed in a way where the ratios 5i:BC1:H202 are

20 (1}:f{from 0,05 to 0,5]: {from 0,05 to 0,2] by weight.

7. A process according te claim 1 characterized in that the
treatment d} with hydrofluoric acid and hydrogen percoxide
iz performed in a way where the ratios Si:HF:H?202? are
[ti:[from 0,01 to G,1]: [from 0,05 to C,5] by wéight.

25 8. AR process according to claim 1 characte:iééd in that the
secend treatment with hydrofluoric acid, step @), is
performed in a way where the ratieo 5i: HF is [11 :+ Ifrom
0,05 to 0,157.

©. A process accerding claim 1 characterized in that the
30 treatment f£) of preparation for the compaction step is
performed under inert gases or vacuum and the temperature

is raised up to 100°C.
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) vacuum, until the vacuym.
: \ /@E@@&% flow at room temperatiBEMBR SN ARPapO

~ crucible filled with the silicon AMENDED SHEET Recelved at the EPO on May 10, 2010 21 09:43.

,Page 20 of 29 ;),1 ISTOEW201.0 lalVe Efrairell PCT/EP 2008/058 931 - 10-05-2010 38 powder is
released and the pressure is raised to the value of about 1 bar; g FRagODRYOFRtbe silicoo4umtices,o
n.itrbgen creates a drag effect on the silicon particles, yielding a consistent 5compaction of the silicon
powder. 18. A process according to claim | characterized in that the compaction step g) is performed
by tabletting or pelletizing the dried silicon powder.

10. A process according to claim 1 characterized in that
the treatment £} of preparation for the compaction step is
performed by washing the silicon cake with ethanol,
isopropancl, butanol, methanol, ether or a mixture thereof.

5 11. A process according to claim 1 characterized in that
the compacticn step, gi, is performed in a mold.

i12. A process according to claim 11 characterized in that
the mold is a crucible made of silica.

13. A process according c¢laim 11 characterized in that the
10" mecld has inner mold that can be removed.

14. A process according to claim 13 characterized in that

the mold is inflatable.

15. A progess according to claim 13 characterized in that
the meld is water soluble and/or sthancl scluble and/or

15 acetone scluble.

16. A process according to claim 13 characterized in that
the mold is characterized by a meliting point lower than
150°¢c,

17. A process according to c¢laim 1 characterized in that
20 the compaction step g) is performed following the steps
heresafter listed:

'8} dried silicon powder is zdded inside an
industrial standard casting crucible that is
mzintained under nitrogen environment;

25 b} the crucible filled with the silicon dry
powder is put under vacuum, until the vacuum
reaches the values in the range {(20-60) kPa;

c) by means c¢f & nitrogen flow at room
temperature, the vacuum of the environment
30 containing the crucible filled with the =silicon
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powder is released and the pressure is raised to

the value of about 1 bar; in its path through the

silicon particles, nitrogen creates a drag effect

on the silicon particles, yielding a consistent
5 compaction of the silicon powder.

18. A process according to claim 1 characterized in that

the compaction step g} is performed by tabletting or
pelletizing the dried silicon powder.
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