WD 2012/ 167104PCT/ US2012/ 040492 1 PROCESSES FOR SUPPRESSI NG M NORI TY
CARRI ER LI FETI ME DEGRADATI ON I N SI LI CON WAFERS CROSS- REFERENCE TO RELATED
APPLI CATIVONIZ012/167104 [ 0001] This application clai ns PChasSk@nmiiisw2 of U. S.
Provi sional Application No. 61/493, 119, filed June 3, 2011, and U. S

Non- Provi si onal Application No. 13/486,463 filed June 1, 2012, the entire
contents of which are incorporated herdin by reference. BACKGROUND

[0002] The field of this disclosure relates to processes for suppressing

mnority carrier |ip@bCEBSASSORIGUPPRESIING MIB@IR WAf EARKIER use. |In
particular, the field of the disclosure relates to efficient and cost

effective processes fIOFETEMEPRGRAIMATENE ENIHBIGON WAFERSority carri er

lifetime degradation defects itself. [ 0003] Sol ar cells and,
particul arly, ceIIs manuf act ur ed on boron containing p-type single crystal
silico ]ﬂgé d and also, typically to a
Iesseer EﬁgigﬁPlne wa g$§3§?§§ﬂ§by casting degrade in

per f or mance mhen exposed to light or when minority carriers are injected
into the cell in[000H]darls apicstigrecldiansithnbenctiegf ddaPravisico Aippliegionita.l  a

stable efficien | | w t [ al .efficiency.is achieve h

o f1 ot P aSeii Mo 3auf i dls D pBvidirasdrmheaiondud e B3 olotbhae
Such 1 as50pf &S dnktigd @&ﬁm@f%eﬁafeqhmoﬁ%%r&@w%f&ﬂeﬁws the potential for
hi gh eff|C|ency silicon cells and the use of single crystal silicon in the

i ndustry since Czochralski cells are typically nore expensive to produce

t han i ine silicon-based cells. [0004] It has been
foundn3%%¢ﬁ§%§gﬁg§gradation may be at | east tenporarily reversed by
annealing the wafer for a fewmnutes at a | ow tenperature such as an

anneal at about Z0002] hrheeldd of thixdisdlesueatatdsito @iddesdes A supsbsstpedindyity he
Iom/tenperature anneal is._lqgst upon subsequent jllumination. It has been

r epor t EatTieR Afetinpedegeiation in Bhoarayalse fpevseaieArtigulae jhe Sdld obiheidijcdastiang
excess ghecty &%%w'n{‘&r%l &Q&Q“% 6L {o%es% g foP¥educ{§g@é‘9o§# gxg%a&u g Qggﬁ?(gatﬁ%%l&g a

| ow tenperature anneal 1In nge et ween owever,
for peﬂﬁanﬂﬁdqﬁammmaﬁyﬁmm1md¢ur under these conditions the | ow tenperature
anneal must occur for relatively long periods of tinme (e.g., several tens
of hours). [0003] Solar cells and, particularly, cells manufactured on boron containing p-
type single crystal silicon wafers grown by the Czochralski method and also, typically to a lesser
extent, multicrystalline wafers grown by casting degrade in performance when exposed to light
or when minority carriers are injected into the cell in the dark. This performance degradation
continues until a stable efficiency well below the initial efficiency is achieved. The efficiency
loss in CZ wafer-based cells may be up to about 10% or more. Such loss of efficiency in
Czochralski solar cells limits the potential for high efficiency silicon cells and the use of single
crystal silicon in the industry since Czochralski cells are typically more expensive to produce

than multicrystalline silicon-based cells.

[0004] It has been found that this degradation may be at least temporarily
reversed by annealing the wafer for a few minutes at a low temperature such as an anneal at
about 200°C; however, the increase in efficiency achieved by the low temperature anneal is lost
upon subsequent illumination. It has been reported that the degradation may be permanently
reversed by injecting excess electrons into the wafer (e.g., by illuminating the wafer) during a
low temperature anneal in the range between 50°C and about 230°C); however, for permanent
recovery to occur under these conditions the low temperature anneal must occur for relatively

long periods of time (e.g., several tens of hours).



WO 2012/ 167104PCT/ US2012/ 040492 2 [ 0005] A continuing need
exists for commercially practical nethods for pernmanently suppressing the
degr adat iwo 2defecto4t hat is related to |ight induced degratatsean/owdosol ar
cell s. SUMVARY [ 0006] One aspect of the present disclosure is
directed to a process for suppressing mnority carrier lifetinme degradation
related to a degradation defect in a sidicon wafer. The wafer conprises
boron in a concentration of at |east about 1013 atons/cnB. The degradation
defect is conposego@| aa tasitmsld fdeg 'ef@ﬂtsq@f'&ﬁﬂﬁ&kia@lg%@eti@hl%éth&ds for
oxygen-contai ni ng conponent. The silicon wafer is heated to a tenperature
T1 whi elerhanestly puppiresmngttee décsatatior dpficetethirtss ralgfed tmlaghd idsiced degredation in he
fast-dif usH$g conponent of the degradation defect. The silicon wafer is
cool ed SPPOKY'T1 to a tenperature T2 at a cooling rate RL. The silicon wafer
is cooled fromT2 to a tenperature T3 at a cooling rate R2. The ratio of Rl
to R2 is at |east about 2:1. [ 0007] Anot her aspect of the
presentSUI¥ARYure is directed to a process to suppress mnority carrier
lifetime degradation related to a degradation defect in a silicon wafer.
The wafer conpri or | 1 - af: 13

atons/ cnB. The dzgig a#?%#hgg?gg?Eﬁg&%%ﬂ%ggg%ﬁ%gq%ﬁ*ggﬁﬁ%?P%g%ﬁﬁg conponent
and a dupprsstngaaingeny contrdifaiimng degmipaivantlatcihe a g griadaionvdefet i ssiheat ed to a
tenperatuyre 1‘%%jch is.sufficient to nucleate nan -ég @j$ita egmgp t he
f ast - di'f4'tfsi HpORERisCHPoron I YEcsRfEt o8Pt dbleagt@bo STPIVER wafer is
cool ed {pRahich dfed id &Wﬁgfors@& S £radiddiBusifg cORbbNGt hid £ dfflerRf0x8hed-88R4inAROUL
100C sec. [ 0008] A further aSpect the present disclosure is

di r ect edmpongntsiTh¢ sibpomwebtsr is IBetedrio kgerppastore T i which e swéffi@entitey dmsolve pre-

concentrat.ion of at. |east.abqu 13 atons/cnB.. . The mnori carri er,.
et feRiRgPaip bR GRS b Ae i ar Pl Sodip e disgleatiepon ¥af odte Sicon
conpri Sydte id cdbaisd frdhd T \UsianempEERGNE NIt 220 liAg HtdRE | ThOXUERH WwERNIsoBIcdd
conponent is suppressed by heating the silicon wafer to a tenperature T1

whi ch ifeong ikt fq eicameratweduet eaedinggaisFor dbicpittaaeldd: tofRatithat lpass abaiit £flusi ng
conponent of the degradation defect. The silicon wafer is cooled fromT1l to

atemerature T2 i SQRIAAYAAL 6 BLyThR Sldd SRR HALELS L% fRoled, T 1 om T2

to a tenperature a cooll rate m nati ng er, the
rati o cshpmisstroinbAtybeirtigr [dttirhe dsgraddvioutrelted to a Weradation defect in a silicon wafer.
2012/ 167104PCT/ USZ.OlZé 040492 . 13 3 .

The wafer comprises boron in a concentration of at least about 10°” atoms/cm”. The degradation

defect is composed of a fast-diffusing component and a dimeric oxygen-containing component.

The silicon wafer is heated to a temperature Ty which is sufficient to nucleate nano-precipitates

of the fast-diffusing component of the degradation defect. The silicon wafer is cooled from T, to

a temperature T at a cooling rate R; of at least about 100°C/sec.

[0008] A further aspect the present disclosure is directed to a silicon wafer.
Boron is present in the wafer in a concentration of at least about 10" atoms/cm®. The minority
carrier lifetime degradation of the wafer related to a degradation defect comprising a fast-
diffusing component and a dimeric oxygen-containing component is suppressed by heating the
silicon wafer to a temperature T, which is sufficient to nucleate nano-precipitates of the fast-
diffusing component of the degradation defect. The silicon wafer is cooled from T; to a
temperature T, at a cooling rate R;. The silicon wafer is cooled from T, to a temperature T; at a

cooling rate R, while illuminating the wafer, the ratio of R; to R, being at least about 2:1.

[0009] Various refinements exist of the features noted in relation to the above-

mentioned aspects of the present disclosure. Further features may also be incorporated in the



3 above-nentioned aspects of the present disclosure as well. These
refinenents and additional features may exist individually or in any

conbi nat iw0.20RPa7ioast ance, various features di scussed beCowsko2/ed4a2i on to
any of the illustrated enbodi ments of the present disclosure may be
incorporated into any of the above-described aspects of the present

di scl osure, alone or in any conbinatiors. DETAI LED DESCRI PTI ON

[ 0010] Wthout being bound to a particular theory, it is believed that

degrad %bb%jn@ﬁtidﬁeﬂ%ﬁ]%éch STaRd pRSent fsBlobirB ab WeB. HAEQ ARGMNY ARM AN Ni NY
wafer is related to the presence of a mnority carrier |lifetinme degradation
def ect fgaties May ealss mdradunllyed in enyheoneiinatiy. 'Foe grstadat.iveriowtefcatures)discTssicd

mnority, carrigr. lifeti degradati o ef ect .i.s belieyed to be conposed of
o cortbisieislion g G dTips HESPAR! LBRpERSRE or RS i lobde PR ERCT Tt el
bor on, ihd¥rgdrsfed intadlang OPMERbOVe-IRLEDSE dshe@d oMhe bR)scrtithciosticBIbh€ or in any
oxygen-cont ai ni ng conponent ("DOCC') such as a di nmer of oxygen (02) or a
conpl exoBPingtipat i t uti onal boron and the dimer (13,02). The degradation
defect may be conposed of interstitial boron and the oxygen diner (13,02);
however, it should be noted that the degradati on defect may be any

conbi n@EDAILHED DESCRABTI@Nt i ng conmponents (B" Cu, or NO and

oxygen-cont ai ni ng conmponents (02 or B02). It should be noted that it is

bel i eved that bor for art . of the underlying nechani smthat causes
minority carrier [&i?lfoéti\&ghg‘gé’ﬁ%&ﬂ%ﬁiwa%ﬂarpﬁ £r ‘%B?IBnltfsgtPei’ﬁVifg f of the
def ect d%%ltaaﬁt'iona&f. thi6rifyastri@ it e GOMMRABERAd 8Ky B%o%%@w%ms%meago the
conponent. In this regard, the present application should not be limted to

a part ipeesenge degnmdaty omrigdifetne degadaiod detace('V CLDZstsodicfefigditmheremmponent
or "oxygen-cont aj pi nmponent"” refers.to the respectiv 0 nents that
£ or m t heSHPRIPNA ety TBR TRRPER GHETC RS IR RER BErct RAETOANARES | oss of
M nor i tynpasdd Emtwb ich@pbiets — a fast diffusinﬁ[c@ﬁﬂa&]leﬂt EDET) suEP Rk WedrgitiatBebed to

roomtenperature, the popul ation of the fast diffusing conponent FD,C,:; is
bel i evagfersgtiplecogperen anteiptitialgr¢kchandd diveriteasPerdigaibngriamppnini (‘DOCC

nano- pr, - r [ i .Ci:0X

cont = A, RLbBEER oh OO UrtisoRBIa BB el B eI SR Tl
conponeiRgradmibr defedd intigHccompygrinofdmpisatial bagorc andoih e erygdhalifsr (B0, )hovoeick,y
carrier lifetinme degrading defect (MCLD) as stated above, The portion of
the poputhauiddie T@&ﬁfgaﬁ the dcsptationgletst mpy e ae e gty ofithetast-¢dinghe

m norit j | ¢t et T t.Q0; S [ 0 he rt

of "t ne BRBETETTR G TR R AP A R i hehS QPR o Sfiph sPEeld

di scl oshatet is bbleeviTitliat defoadbrmmeyarbef thé findrirkyntg medndisobit e@bfesatinvetyycarrier

di ssol ved. by rapidly transferring FDC from the ulation of. WO

2012/ 14T ok sn6 50508 BT dATaRt Sipg TRE oA figie spmponent

Nanopr eg i d@%@&c&ﬁﬁ]{i@rﬂg@ﬁéﬁbh HRIRGhRAGHRHr&khppREIRE shhRdRBPH at i on of

MCLD fromthé system [0012] At steady state there is the follow ng general

r eact i dmited to a particular degradation defect. As used herein, “fast-diffusing component” or
“oxygen-containing component” refers to the respective components that form the minority

carrier lifetime degradation defect that causes loss of minority carrier lifetime.

[0011] In a silicon wafer cooled to room temperature, the population of the fast
diffusing component (FDC) is believed to be generally distributed between being bound up in
nano-precipitates (NPPT) and/or being bound to the dimeric oxygen containing component
(DOCC). The bound combination of the fast diffusing component and the dimeric oxygen
containing component forms the minority carrier lifetime degrading defect (MCLD) as stated
above. The portion of the population bound into NPPT is not believed to contribute to the
minority carrier lifetime degradation since it is not believed to be part of the population of
MCLD. In accordance with embodiments of the present disclosure, the MCLD defect may be
efficiently and cost effectively dissolved by rapidly transferring FDC from the population of



MCLD <-* FDC + DOCC(1). The reaction constant nmay be constant such that at
nodest tenperatures (say around 200C wi thout generating mnority charge
carriers)woherder®ivery little FDC in the system (very Pewusends4@or
broken). The concentration of MCLD is basically unchanged.

[0013] By introducing mnority charge carriers into the system the charge
state of MCLD and the backward reactiontin reaction (1) may be bl ocked such
that the FDC cannot react with DOCC to formthe MCLD. In this manner only

the fonuerpd Jeaed foQhe PERIRIOA drendfebdhittit&SPIEEnd ﬂlef&z R dulln B 1R deing FDC

which is liberated thermally cannot now reconbine with DOCCto reform MCLD:
MCLD - sheppulatip@@EMGLD from the system[ 0014] To reduce the concentration of
MCLD i n accordance wi th enbodi ments of the present disclosure, FDCis

r em)ve.d fromt helgéy].lsz]je%t s?eaa %ta?enthere% ﬁf fg owﬁrl%&ngéralo eact tnh DOCC and

formati on of MCL He“ac ng Cco S'nation of FDC

W th nanoprecipitates to Wmch t hey may b| nd freely due to the

fast-di ffusing nature of FDC according to the follow ng reaction: FDC ->
NPPT( 3) . [0015] Under exCEBsS—~HIMOr DPCcharge carrier conditijons,
the thermally liberated FDC - which are now substantially inhibited from

re-bi n@h@geé@tlBﬁ' Mt rna?'bfe cﬁﬁﬁaﬂtt@{lg{g%gﬁ ét%(ﬁ'ﬁﬁstg g}iﬂdﬂfréé (s&;%%uﬁc?@é(ﬁ@t a NPPT

to which it is bound Accord t he ‘concentrati on of
FDC maywibeul gaeratiog niihermye&aﬂg@ cafrictditisere escwecy htbh ED;C ithihe pychucvérpiievof nor e

FDC f t al diff d
inti | ORGP Fa5 R ff%ﬁéﬁgaéfﬁvﬁﬂié%@aww%@ HECERE E oncent rati on of FDC

resulting in again nore |iberated FDC from MCLD sources. This nay occur

until all of the[6®3] WY R@ddldby dUrEf chipd®daafi04QkB2he system, the charge state
of MCLD and the backward reaction in reaction (1) may be blocked such that the FDC cannot
react with DOCC to form the MCLD. In this manner only the forward reaction wherein the
MCLD dissolves to form FDC and DOCC; FDC which is liberated thermally cannot now
recombine with DOCC to reform MCLD:

MCLD — FDC + DOCC ).

[0014] To reduce the concentration of MCLD in accordance with embodiments
of the present disclosure, FDC is removed from the system to prevent later recombination with
DOCC and formation of MCLD. This may be achieved by promoting combination of FDC with
nanoprecipitates to which they may bind freely due to the fast-diffusing nature of FDC according

to the following reaction:
FDC — NPPT 3).

[0015] Under excess minority charge carrier conditions, the thermally liberated
FDC — which are now substantially inhibited from re-binding with DOCC — diffuse through the
system until they contact a NPPT to which it is bound.

[0016] Accordingly, the concentration of FDC may be lowered. The result of
this reduction is the production of more FDC from MCLD sources via reaction (2) - which then
also diffuse around until they too are trapped by NPPT again reducing the concentration of FDC
resulting in again more liberated FDC from MCLD sources. This may occur until all of the FDC



5 are punped away fromthe MCLD to the NPPT thus substantially reducing or
even substantially elimnating the population of the mnority carrier
lifetime wognedmrioan def ects. [ 0017] | n accecaarsed 2imiiib

enbodi mrents of the present disclosure, the rate at which reaction (3)
occurs may be increased by creating a substantially higher product of
nunber density (N) and radius (R) thanis typically present, NR This at

| east partially sets the time constant for the sinking of FDC to NPPT. The
time c %%S]%lﬁﬂ%edojwéykf?orﬁ k09 D & tRe NfPPE“QEust ﬁlbwﬁ{{allysfe@@dlﬂ§yreéiieﬁ Quisseintibing
time constant for 'the rate at which MCLD is di ssolved

[ 0018] cWntitpsing theponyldsonred theonmeyitypearti¢rd ik tame ﬂh@f@dfylpmdefdms been found that
the NR product may be set by the cooling rate through t he terrperature at
whi ch the NPPT f ft hgen d| Iv te ral s. In
accordance with Zp‘r@]oﬁl r%gn Coafg ?he pernébsoéinrﬁgn&ls §c o ﬁerse (ﬁglossu{r%ﬁl be et

cont r olvtgch Ryctitsi (3Y o@cumﬂnajz ba alcycak@t igecreaig m@bstahﬁaltymlgm tprddmlcSOf number
tenperature such that the tine constant for the sinking

di ssol ey P9 apd Fadivyy) thanas typigady presenta Ny ey i past B?‘mé]é}ﬁ esi¥ ﬂl@ﬁtmem nority
h ly
? 359? csﬂgtéﬂt%r ﬂh?ar I g’ﬁ&‘ FHSROUPPT Oﬁ*h&?ﬁ&%%ﬁstﬁfl?éf%cs‘ﬂﬁklﬁgﬂa@é 6%’%%% é ﬁ?‘ﬁﬁ*

Into a so manuf act uri ng proc
accor danbdicwed to dchthenehdaastaof for He preaes emichdVi€EDos Wisselvad beayn- cont ai ni ng
silicon wafer is annealed to dissolve pre-existing nano-precipitates of the

fast-diffusi t def Th f
api iy cool od + ABGGN WitBaupaRstoras St hory AEh s g g fhe
nano- pner bRiduat Bsy BE sdt BesIR ddsihg eté fHishIHANE RMRRAR NSt QBT the NPPTObM aftiew

di stribution of nano-precipitates, with a substantially higher product of
nunber hgeingibegn @molmt Mﬁu@n(pﬂyamrha nlnj @cwrﬁpﬁl@awlyerpb@h@nﬁts oNFRe prefcst new

dlStI’Il%fJion OJE nanos tes. i m)re effﬁltgztlve

per mnent” PEcov lsrma‘?(}% PREIEAD Dk rFlﬁleg%’ﬁar%e f«ii?hnug Gdtorgh

nano- pr@apdrhfuad mhnmu{dt&m BoritaiPfR thicaghlbng @ﬁde@m diS@Oltlh@l BaorRsedhdntAon of
t he degradation defect during a sojourn in the permanent recovery
t enper ALTATL B AWRISIUARE BF CRISHAPRLNpIRSTIbTchasescagicaiibeetingfissoRItign Progsiremay

LT RRR APk JORASRL! il (LSRELBIELAR ifiZRReRLECT P LaLeS of Lhe

fast-d using c the degradation consunes a substanti al
portion of the residual fast-diffusing conponents taking themaway fromthe
degr adati on def ed00tHerlebycarédhge ivnth thbienetdmds efitheptrésomt dclasnes, ddgrandat i on

defect, inducin er manent f the m.nority carrier t| me. That
e Co e B PR Rt el biaB e ptep e s b e Bt T e
degr ad @qﬂfmgw&wneﬁﬂ&tﬁ@a@%mn heﬁcwalf@rwafmg tmflﬁlsldlysco%ww tﬁﬁ)hgﬁi at0 a

per manent deactivation process (e.g., |lowtenperature anneal
gener attq:mgernﬁurmnangwatczwaﬁlgélempkeamrsc)f rtaoowmtaﬁestdféhefsofmmfﬁnmgr lifetine

e T R o S R R

densi t yréducheMamtce abmity i 2§n@ﬁadﬂlss(RDl khahQg tybphall pedsedti NRUSTRg ne@Mponent s.
[0020] In this regard, it has been found that a pernanent |oss of
degr adaHstabutipaylinavQPIEsIDHBECS drihy Dasis foraghere eHes e ReFMpeat Hregyaat ihén def ect

M R A 3 B 5, M TR 0 LT P OB AT o,
degr adali¢ emceafgioh of e degrentiactdfve diegg adajounnindied patranemycdoecgener at ed.
temperature range under conditions of excess electrons (e.g., under illumination). The installed
distribution of nano-precipitates of the fast-diffusing components of the degradation defect
consumes a substantial portion of the residual fast-diffusing components taking them away from
the degradation defect thereby reducing the concentration of the degradation defect, inducing
permanent recovery of the minority carrier lifetime. That is, once the nano-precipitates of the
fast-diffusing components of the degradation defect are formed in the wafer, the wafer is

subjected to a permanent deactivation process (e.g., low-temperature anneal while generating

minority charge carriers) to prevent the formation of lifetime degrading defects, by depleting the



It is believed that permanent recovery occurs because introduction of
mnority charge carriers results in punping of fast-diffusing conponents
from t he wegnedarioan defect to the distribution of growR€irns2012/040492
nano-precipitates in the wafer. [0021] In this regard, it has
been found that the rate constant at which fast-diffusing conponents of the
degradati on center may be consumed by r@ano-precipitates of these

fast-di ffusing conponents during a permanent deactivation treatnent is

i ndepe W@jfﬁ’&tonﬁtefshﬁal' it difthsic® ]fstlsﬂeﬁiswﬁlgqﬁe hag tuibhf &bﬁﬂsﬁgopﬁﬁﬁ%w{)ﬁmm ch

formthe conplex and, nore specifically, 'independent of interstitia
f ast - d|a‘sfaumkrfgrth@rfmﬂefrﬁmm@mm0nanid rat her depends on the rate at which the
wafer is cooled froman anneal i ng tenperature, T1, through the tenperature

ange at. uhich ¢ heoANT LIRS AR poly Ry AR EGUR B8 SRURARSEH of the

degradati on cent oun sink rate

I s prop@tinoslat nbtonlne t@ﬁﬁdﬂﬁtloﬁfoﬂtl’&&ie@‘feﬁl@tlm tete fetan aietaycn(zé\lbo ta@ thtent state
precipitate radius (R and that N a are proportional to the initial

concentublp@an gfiminatien gk liefi}l‘élonflaélie- %ﬂfaﬂ densiy of Siedaisehttatat dhe lqer theand t he
COO' i nQ) ﬁ?etnﬁ‘aﬁlﬁie oiatﬁe fd érh&’é@ﬁ‘)n délf &%%e&/ergcill(fg d% %ﬁoﬁ F?@%SI aﬁK enerated.

Accordi ngly sink Tate of t e Interstiti rrponents
dur i ng laisppehexed et pdﬁamem/mtom tw@mc{ reatsc(iatnedustiom of thirtdniey cl&irge adrrigdei ch

t he dens Iaten def pI‘IITaI|y tiona l.i ng
it e adoutib HPHBR BT RS o compRIqHsHomih Efiayrasfagion dstost mﬁez?lstﬁ?og ion Thys
si nk I’Q)tf?rdvﬁl giﬁa%gtﬂré{mlmé@&qh%é)@gferto the cooling rate. Thus by rapidly
cool ing the p-type boron containing sem conductor wafer through the

t enperature of nano-precipitate nucleation, the product NR nmay be
proportional |y ine0Xddsdd thinegersy ltlh@élbéfalsfongd thaetheante canstaijat whichtfeytst i ti al

Vo 2012@11 lt?szl%goélolzr)ncpro/ngst%% ﬁ{ O(f%gr %atlon center may be consumed by nano-precipitates of these

fast-diffusing components during a permanent deactivation treatment is independent of the initial
concentration of fast-diffusing components which form the complex and, more specifically,
independent of interstitial fast-diffusing component atoms, and rather depends on the rate at
which the wafer is cooled from an annealing temperature, T,, through the temperature range at
which the nano-precipitates of the fast-diffusing component of the degradation center form.
Specifically, it has been found that the sink rate is proportional to the product of the precipitate
density (N) and precipitate radius (R) and that N and R are proportional to the initial
concentration of interstitial fast-diffusing component atoms (C;) and the cooling rate (q) as

follows:
N~ g%/ 2 (1),
R ~Ci"2/ ¢ Q).

Accordingly, the sink rate of the interstitial fast-diffusing components during a permanent
deactivation treatment (and with it the rate at which the density of latent defects) is primarily

proportional to the cooling rate as shown below:
Sink rate ~ NR ~ (q** * Ci**) / ( Gi'"* * ') ~ q (3).

Thus sink rate is directly proportional to the cooling rate. Thus by rapidly cooling the p-type
boron containing semiconductor wafer through the temperature of nano-precipitate nucleation,

the product NR may be proportionally increased thereby increasing the rate at which interstitial



fast-diffusing atons are consuned during a pernmanent deactivation
treatnent, thus nore rapidly reducing the concentration of the degradation
cent er amdothiegienmre rapi dly pernmanently suppressi ng theciage@adasison of the
mnority carrier lifetine. [0 022] In one or nore enbodi nents
of the present disclosure for permanently restoring the mnority carrier
lifetinme and efficiency of solar cells,7a boron-containing silicon wafer is
thermally annealed to a tenperature T1 sufficient to dissolve pre-existing
nano- preg¢idpitesoRb afd@nb@add dirfdoUshRgharGMRENERALEH trddd@etledhadRid ?lcﬁf nter
and above the nucleation tenperature of the nano- preC|p|tates inafirst
step Steducmgthe gorroegtaattdm aftthesdegmdatipe cemdeandttowomensaapidlyi feemeteatlsi | i con

wafer that is s h net.hods .f pressing mnority carrier
|.fet.ﬁ%P%B§W§H§ ﬁgﬁaﬁgmhﬁélgwggg 3’%?%?982ﬁW§ may be referred to herein as
a single crystal silicon wafer (i.e., a slice of an ingot grown by the
Czochr al ski et hqo)22]muhtohe by siload Erhielisiehts Gﬁme\wéﬁﬁﬁdlmysu@é 9 pbendnseidly

Addi tionally, the process steps described above may be applied to an

epi t axireitordg the aﬁnwy@arr@rf ligsyigne ang @ffﬁfaatCYzqfrtela( fAls, ebproas@y@em%ﬁémn singl e
crystal a?éﬂ it BHRAm, té'htt@Qtl%n éﬂéﬁeal‘l SAfficidiitd Hﬁ&)lvé%\% QRGP I‘Pd“ ai ni ng
wafer that is su ecte to a degradation suppression process o

enbodi rmasmplmftestdf elquﬁaetSchfﬂtsidg sahpencheofthy dbgradativafoentet lad ativas tlhaet&mleatlon
incorporated into a manufactured solar cell (j.e., cell with a p-

juncti SFHIPGRiERPL hePEITeCIBHYEDWG tist tonStunehsredarde doulst bedgrs E)OB Biuced
accor diygictiRe GNorPHaftPlfat IsubfcbRd @R ﬁét@dtﬁ tblnsu?)ﬁte%ng ﬁhﬁorﬁ?@h&frﬁﬁ hfé‘hﬁle

Al ternatively, the boron-containing wafer may be a stand al one wafer that
has yetdegdeonsafiihepteeht titSCbetuarmaydiel refeaned ft@abenaimi asg sprghe enystebsilicon wafer

[0 023].1n this_ regar gser d as being a p-type
bt or ool DL BRI kit 55 et kP B o i Bls SBra™ PirdaRie

parti culsarbeaRBedApdfbsallyt IR PredRs stBRYdSaBAiaBode MUHBEapSIRIASH b cpitaxialt YPE
dopants | ess than the density of p-type dopants in wafers that are

gener a|511yc0@ layss pr ¢vstl te Eloatyong (e7) (ilfrpXtVE@n donedy gingle crseﬁtat Sisen W@Eﬁm%vvttboutes s
than t f

concent Pufgn, Phifer MESH B oontiARE R R WERRURER e BUlRC BRADE | o

prese ntpr@heSSId)mw’nﬂoddﬁﬁétﬁloﬁ sheqtredeﬁa&tsclahmu tnagz b@ h3vdiertha ek ds®! @odpotatedot her
enbodi nents, the wafer contains at | east about 1 014 boron atons/cnB, at

| east 48 @tmatrllléat%ursé) sRJAr ealldigs 8 48l With o B dynchp fRrmed Ahescipy PHALOXPGHE/ cn8 or
even a n

at ons/ tcnnrr(%(ﬁ:lt?%&a out ‘t%@ or ongha?égrgrg]?é%er%% (? S’g%wé 5%%@16&%%&%&#% %&g?gerrlrg /cnB

t o aboubanhfdhife. bAﬂte]maatzdy;sthe h@rontqonmming)wafei n{behotowd addmenedfentBat lmsgbout 1
017 borog atonsaf P out. 1 015 boron atons/cnB to about 1 018
boron & BAEYWET O 5RlaL g FVB aFBnB%PHWe“Fhe waf er may contain other p-type
dopants such as alunlnuntand gallium The total p-type dopi ng anount may be
such that the wafigg23|s 1ghias %gfatcﬁ%lﬁ‘l% tie Rafer RiayBe dBscribed hyB&ng ¥ type wafer
2012/ 167104PCT/ US2012/ 040492 waf er or may have a concentration | ess than
p- dope)dnvtmse‘pgwa@omlbtwé eldsqitmszé apmh@tle@h ele pamapdrs pulaf crabodyment.rihe he

waf er n fo i.lico h as a
concent iy o Sl e BBEFert g bEG A oni R BN MR he BBRHY 6P B oS I v
or evenvdfEmithatbauienbraly TR fiad el-6H8” tnqhab)@laé g 3aXuhBdBdaationReciBa typlical
shoul d be understood that the boron, p-type dopant and oxy

en
concentfPiaR iveiers) dtegaetcsvbihe acer letacéﬁ»sldaplylgaﬁ@ce@trhté@n éltﬁn‘ﬁéfgt pubiGebito iy be
used w trtlﬂé%k'st tdeﬁ%d‘h#w&ﬁs b @ tggntscﬁ&?c?su%f cotngl‘?nspa[t‘? S€0bodt FEF Béﬂdheétonllé?c O
enbodi rrent s e count er one of nore n-type ant s
(e.qg. ,Ipbd&phmbuhnmamsémhmﬁaanhmnmmyRQMxtoanH%bmnmaﬂﬁﬂmmmbﬁbba%mb@ﬂﬂbg

relative concen rations tiype dopants and n- bei ng such
that t PR %"PS %gea ft?i’r"&&%r ﬁ%@a ag)énséc% ‘trfﬁén ﬁ@uﬁb dQ&¥kd above.
[0024] Ihgs/sht teGP) rﬁ(‘ﬁﬁfa%ut%}g R aBnidicHTRE %od‘?floa%i’gn AQs /AR, BRRYHo 400 MM

about 300 mm about 45 m or _nore. The startlng mafﬁr may be pollshed
et ched 18hdjooon dtamsieth’ 6o abdrede d)pmtmtomsfsmrra?yomeb@erlﬂo rboeeh atbmefcmd toreldwod

f t f t 3] fet t
accor il eaon FERRIEE o foar b0 botbo iy Fhut avpu E FPh AR Fhar Mhot e
t hat ema@fﬂlbmb&oﬁftht RefRmesedvntdh SHEOSFR dWinth @tﬁﬂh%%ﬂnﬁtﬁﬁm%ﬂh?’allﬁﬁ“ or

waf er, upon which sol ar celI's may be nmanufactured, regardless o hei r
shape dig/tetel B uns donwieuenavgt mepbe exiripitehe wafer iicelgsstfigdias ae .dast, pwaftElt’@s and
"pseudo-square" CZ wafers. [ 0025] The heat treatnent Si invol ves
heating the wafer to a tenperature T1 sufficient to dissolve pre-existing
nano- preci pitates of the fast-diffusing conponents of the degradation
defect as well as the degradatlon defect |tself and anneallng at that

M r . o, . Y b N M



WO 2012/ 167104PCT/ US2012/ 040492 9 [0026] Preferably, the
thermal anneal Si fornms part of an existing process step such as solar cell
manuf act Wwonrgipwomess steps that involve heating of thePpTtusp@ 2ivaf4r .
Alternatively or in addition, the thermal annealing step Si may be carried
out in, for exanple, any of a nunber of commercially available furnaces
(e.qg., belt furnace) or in rapid thernm®d annealing ("RTA") furnaces in

whi ch wafers are individually heated by banks of high power |anps. The

vaf er RRyeltf MBakR alcBn&h@Rtich 1c5¢ Mah ﬁﬂddp@a%fa@@gh@@lﬁcﬁs@émﬁfo% ufg whi ch forns
part of a conveéntional processing step or fromroomtenperature. In sone
enmbodi rmn@@trtah@n oladxoeen o theataéat may be wighip @rrangertgpisalf tbr Credhralsla-giows ol ve

nano- pr tes of t efat diff onets Lint ai ni ng t he
renper atPl bt &7 RhrebifuefEba e bl 3R FE RERG aBhePaln TRURREPRH

i ncr eas cudt frbmtabButdes i 0€ didn@meT Blaube 3 5 10'€anheiim’. Thenotaf B sdeByoddahat
anneal ed in a nunber of different anbients or at m)spheres i ncl udi ng t hose
t ypi calthepqran.gutyae depnt aﬂﬁﬁwgﬁatcemqngaﬁmmra@tnglbovwe @xqﬁpl@@/ angrashasnt s

cont ai tdl, :

gases SanpeniRERAEE, 6F 2Bl rhrtle b BRAEEAe ST i Ep e 1SR
per f or matbodiinaitsyithearafaniviae b sounter-doped with or{e%ﬂ?o]re hlpjbpb dupapls€¢.pon of the

t her nmal anneallng step,. Si, the wafer, in step Sép is.rapidly cooled from
Ti to &XNCIGHH. MaFRHeratimoRY vocombrations thegot), a"‘(léh relptivg ané%maﬂa% p-
100C s ngg f ed so
as to c ue\gtlaotptla Iﬁtgggéépggg%g%%gﬁ‘s%fgl igkﬁﬁﬁﬁ%lg?pdgéernﬁl ty %%?argﬁgggﬁgéﬁtﬁ%t es of
t he f astafeidsfdisussgd @boygonent, N, each having a nomi nal radius, R In sone
enbodi ments, the cooling rate may be at |east about 250C/ sec, at |east
about 500C/ sec, a out 7 OC/se or ven at.leasi_.about, 1 sec.
IR 180 LR LA N L I B e o
a const@pit J08tem, 4Rt F9PhnDEr fdtee ﬂemnbgew@@ﬂﬁwr% polishéadr stclebdrand@rcool i ng
so as to cause the formation of a h@gh nunber density of nano-precipitates,
N. Gendenpieil r thepeongustians mgy Useceloonediatiar aamethedfogpernancnt wwpprestien peci ted
{nhgl V”\;}[Hél%%& chﬁ’xérmféﬂrﬁé) gé%é%tloﬁtagcsor&} ﬁ% ltqoqth%g%ssgn 150%?4; t&?@lédggg%h b

di sl oca’cmﬂmmomyhét@nmodﬂndnlmaoﬁmaé prepent GaoRsale yay 1hblﬁdmrfyrsolleﬁ* celbot e/dfefrr om Ti
to T2 at a rate R that is higher than conventional cooling. rates that are
t ypi caluPPh W@mmcglﬁhmab%w%faﬁfgrqdere@ard %ﬁ@ﬁ&}mrﬁhwﬁ PEATSHE hdedingtionhi cal
for ra r.atyic ) » ventional rapid

t her maI%IX h g?igrﬁ%@?a gwgﬂggsﬁh ‘B&fﬁ)‘i gi{ril%%n aFftelgrrper atures such as
1200C down to around 650C or even 600C due to the very high thernal

gradi ents and addO(ﬂESc}naﬂrhedmeﬂmmm@xiimwvdswemtbnm&re@seemmmmeﬁ to
achi eve id cooling.rates at t erat ur.e | ow 600C from
s00C 1 BB S G SRR hRa AR LB IRGHEARE SapoptTafbieed

2012/ 16Gi¢iRdhtal d&a20 4246010 Q4 8% db@radatlon defect itself QRP&IncHild alhL t@iﬂﬂi@ﬁtﬁ%&@r fo r
rapidly cooling the wafer in steﬁ Eﬁnerally conprise a heat sink to

whi ch helativaly Sh@bwlo)d af tiawes fleisrbsticYaddhattthe pigedétting gandrerdaatetes ioh thelfyst-
conduct n (2 ne opl ate
t hat |r%f(1: ﬁé&éﬁ KUY ace ea&etgratﬁﬁgéé rranl?er%ﬁ)%ﬁltvact]t%m”%%t or ?r%agzeagtuarbfogég gf t he

waf er dud indg di@olvicngtenipdrB e acisbogd dbent (&IlO"Chzﬁ; loWek ABbutB5et@ of Svenaglied by
contacti nggthe plate with a refrigerant. In sone enbodi nents, the wafer is

par ti al2py0@iC.whegardinglypkemge e Phleastﬁbwtéopdlraé&ﬁaéﬂ %laoefo@lo"@h@ Igast ehout

Al ter ngfshvel y le%t dbBuRRPE! 3rorh B60@PRRBE Al sHoTRY3 kL] gﬁﬁ‘l dolt Ob@Qo Ql?@ﬂte”t

that is at ‘a nperature | ess than the wafer to rapidly coo

[ 0029] '[IhéO‘t(h(ﬁdrmgbcmtt 600°82tochuste )08t O, rfsomfabmhéot)%(éto aboluf 8&]°@gfromrqimne nt of
500°C to about 750°C or from about 600°C to about 750°C. The wafer will generally be
maintained at or above this temperature T for at least about 1 second, typically for at least
several seconds (e.g., at least about 3 seconds, at least about 5 seconds, etc.) or even several tens

of seconds (e.g., at least about 20 seconds, at least about 30 seconds, at least about 40 seconds,

etc.) and even for up to about 60 seconds.



t he degradation defect to becone supersaturated in the wafer. By cooling at
rat es exceedi ng conventional processes, the nunber density (the product NR)
of nano- pwechpiteatoes nay be increased relative to processgdaSeszosnvol ve
sl ower cooling rates thereby substantially increasing the NR product nunber
density of nano-precipitates of the fast-diffusing conmponent.

[0030] Cenerally, T2 is at |east about %0C | ess than about T1 or at | east
about 100C, at |east about 150C, at |east about 200C, at |east about 250C
or even at |east ¥t BORfablE: thB&M Tndeal STRrAB YRS hie &8st f}Afoake Wep 500G,
| ess than about 450C’ |ess than about 400C, |ess than about 0C, less than
about 30dCisowolasvelh magskictuhiag padsess stBOB (levadve hdatingoathopttypsoefaro about
450C or, from apout. 2 t 9, about .4000). Preferably, T2 is as_.|ow as

poss: o U AR s B30t a3 linerleh B SRSt calfpdeS B BBt o 1
reduct i@ 0Pk nBMBEES VoREndrtiaRy atRMBNEImade (SROWeH fRasd)bf irtiapidtthynbil gh to
allow the wafer to undergo a pernmanent suppression of efficiency loss in

step S3naedivei(Hebi beipwecs in which wafers qrogalividyailythepisd by danks ofihighpowerd be
under Stl&ﬁﬁ's..t tw{ﬂéﬁmﬁgﬁé tePEH S SEER aintRREh i APLSh R PRk WhiSH foﬁm??aﬁmy be
per f or ned" Wi t hout ~genérating mnority chargé carrier I. €., W thou

i 11 um ndticogvdnhienMal-eicsaiig appblyfrom raousmpdrhtuted Ihikemeabbiodimdnhy evafdrtis
shoul d be Hnderstood thaé_ mnority charge carriers g&{ b&ﬁﬁgenerat ed during
the t heras thnaacraiyestdisionh iy GrsobwolanAgretidipten A test-diffupiag campongés

t her mal,,; - sten O | ' : t : e
e st S R el A s B R

t han comresst iuohbthe desiteddsmpdritwie alréaghsd)a The lvatféry elay behaontaded jpermamten bf

recover rocess S3 to be applied as expl ained bel gw. WD :

D015) 1T HPET TR T ERod SR et FoR ShEgusT A el ety s3

m nori tiﬁ{clﬁd[l@%,%r EAPLE latn b s &ﬁﬂ&ﬁﬁiﬁ%%d@geﬁ STRRESIUF S8 tHAbsfct O ARBH(c.FOOM
tenperature (about 25C) to about 250C (e.g., from about roomtenperature to
about 200k gabesourkboueono dipecssipe stapubandoS:alsewribed bolow mephs pgrdarmed dom
tenperat ure t%i%lgsout 100C, from about 50C to about 250C or from about 50C
to about %@E} ?o‘permanently suppress lifetinme carrier degradation. In one
enbodi ment, the mnority charge carriers are generated while the wafer is
cool ed from T2 t q0@27] e rmpsnadonipdetibd cftthethe@adliangeatiag steR2S,, the wdfers ir egagd, it
has been found that the thermal anneali n% step Si and cooling step S2 all ow
the pertihisdhy copladtrppatiite sseand tagmperatupeT ne WPHBg Ao R af dHeqst ehouber i od of

time reglatd i i i (~.9., the
denct | 0T At SRl P R A b e e e S B BBt e cn' 1<
i ncor pdombathniod ndigh tymbee lensetyad nhr-peekclpitatek oY thetfasanldfficomseatmmenty W, pahes) .
[ 0033] Wt hout heing,.boynd to any particular theory, it is pelieved that
ber mdHYMEAOTERY TIPS foadi P FHHPRITENT 3 coale e mak bg ot RttaBetons,)

bl ocki ngotdgeNaf 18R aB&itB0OIC/Ad 8 18ddt bbdit 766t /sidricval RcLPIRRAENIE IR he
degradati on defect, thereby punping these interstitial fast-diffused
corrponéhslmutddoetm@emm@d-tbméi pifcanesl noft be heoltd §omdl f thUziahg copewt wde.alhow ng

the fast-diffusin onponent interstitial.s to he con d by th .

nano- praaing iR 2y &R oastiet or y i g g cg0liRyo svid cHBE BRI aton Rl ahiEh oxi st s

i N equinubddet deRsitd bhnddeeprtaipitated, N, USéntgal 5,0 FROMEBE manle thtedXyOQR-Getai ni ng
conponent, the consunption of interstitial fast-diffusing conponents by the
nano- priey e recited nivisyin yithmaxipemeeabng raspgicaty thpscott Wwhidh th friegrity ofther i er

degr adat ] . i i.n r O 1eal

tonpor StAAnFEbE i Gt ke AT R b Bbon S O BRI oy fymang
nano- priediepidfait) e Geachallg, ta&vafenys dvelddfeseds esl T cclatd Rctheas @fhehghan at e at
which the interstitial fast-di ffus{ ng conponents ar.e onsungd Ey t he

nano- prraBYitieatlegoling Htes thatpeg typicel igjcopyratiopalirerssying (Cf‘o%rp'b‘ﬁ Gittaanggaeling
consu [ [ har : - [l tates of
oot - T FUaPIG on R LR e Pl o) T RR R lon IERERRGEE, | & &

f ast - diahhemddérn gypraitiy cnelntpidly Rsmaigletsaiptraturbesysb rrd2@NC dovaotoerqunorcddess of

the present disclosure may he performnmed for orter period .qf tine

o ati et QoRCuRE S haverr Bes BEbed Frats bl bRl todiey Pyt by Poton

per mangfkaSURRIVESSF, @a@icvielshEt PRI &Rlihs Blte IR WERFRAUAR beldNeE®PY: (bRCIHTRASI NY
processing throughput. In this regard, it shoul'd be understood that

" per marf@AtC tedouebdf0°Cay los e, ddditmnal qoeting mepes may bpppreisdi on of minority
carrier lifetinme degradation which substantially lasts the ordinary
lifetime of the resulting photovoltaic cell. [ 0034] In several
enbodi ments of the present disclosure T3 is | ess than about 250C and, in

ot her enmbodi nents, is |ess than about 200C, |ess than about 150C, |ess than



WD 2012/ 167104PCT/ US2012/ 040492 12 about 100C, |ess than about 50C or from
about 200C to about roomtenperature (e.g., about 25C), from about 150C to
about 25Gyvofznmmeatweut 100C t o about 25C or from about 1B0TUSeo12l0004p2 50C.
The cooling rate R2 between tenperatures T2 and T3 should be sufficiently
low to allow the wafer to achi eve permanent suppression of lifetime carrier
degradation. By perform ng the thermal 1@nneal step S1 and cooling step S2,
the cooling rate R2 in step S3 may generally be I ess than the cooling rates
used in conventi qpgdg) M HAER ajaﬁéraa@lfmaﬁiaw boSHPRIBSSENG skdpf SldeABraB@r ri er
degradation in which a wafer Is at a'tenperature for a period of tine
(e.g., cappriee &beas sk thmlim@)heahtﬂ r@mdllyettﬁnb@ﬁkdﬁ@natlh‘bw@lﬁ@r t¢ theeheat silebg ool i ng
rates on sev de ree a rates
R 1 noripeiga ithger iRl Mo SRRRRT W Rl ThOHie o TR I R ec ™ of &
suf fi cisgifhccaimURérnially SUMAEE Dhc B MOFd Juyfab&r dfites waRkd tathat sddMing Uﬁhsoﬁ\ﬁe | ess

t han about 10C sec, Fess t han about 5C/ sec, |ess than about 1C/ sec, |ess

than atsstodmanty. shecthermadplae segaled iy soneling e patswih aTeaigessl i lRgomat e
shoul d essar hput .
ol PRttt uREkathr B ARt oP by SmotBEERSERAN © forlGRHEE OLRRATES
about leﬂeﬁ/leﬁﬁlelym’r irvéditiad, theaglardussQis edlizvaycdoting s@dicnt thas®\wes &dmperature
enbodi nts tg oI|n ate rg@ges from about 0.01C/ sec to about 10
Cl sec, &%Wé %&F tqew XCWH WateT-10C/ sec, from about 0.5C/ sec to about
10C75ec or fromabout 0.1C/ sec to about 5C sec. [0035] In this
regard, it shoul doie)undensiands SR, Lhfeyabes o'?ﬁ%dfaﬁfﬁlfﬂ?ﬁng 8thfshedt o
generally uni formrate between %enperatures T2 and T3. For instance, the
waf er gy ddgeadagibal deficctTd begorag supessatusatpe mathe mafdre ByawnliTRatans T8eekdinga

period of ti con ut 15 nln tes) .and then
P ool ad DBvgioTy s ghaBuEPlinR BrEe B N b DR P S above)
r epr eseidredsb@ rdlatiR t@‘pﬁh@ﬂ%ﬁj whdl ihfelvé db&et solligirites thBRbY siBtakiai ch the
mafer is held at tenperature T2 and/or other tenperatures between T2 and T3

(i. imgregsingithe TR priodndegmbyr dasity pheangtpragipiédics efchoépsediffusingsompdngntom T2
to T3) [0036] In sone particular enbodi nents of the present

di scl osure, the b o 0 n [ vice
fabrication) aft pér %gﬁdﬁly lgfagisegl?toaﬁr?&sl{w Egggsvt\%l{nc%%?rgt (?fea& tljelargteaﬂboﬂ{3

waf er ﬂ@Oﬁaah&a@a%oupbﬁPCpmpaﬁtm@mu@®U¥Batkmnhuaﬁaseﬁbodﬁmamtkmmnmeumafer
may be at te eratur 2 for periqod of tinme to conplete th
pernanéﬂshgﬁﬁbﬂ@g oﬁzg?ﬁﬁ £§ Ehﬂ%bgt '%H%@%“¢ﬁ5$gPéﬁﬁﬂV@ﬁéo?%e
furt her4ob*ter1€altha{a>%ﬁ§§sm@ R ihan Llaoals@bocegpa@m@s@tﬂan #Buf B000NS LUeHRA t o
be about 0 ‘and I's generally equal to .1 n enbodi nents wherern further

procesabmgléﬂﬂénqM@EWﬂﬁﬁChaﬁhnnabmnﬁ$0ﬂéup@xmb4Mﬁﬂ)aPméﬂdwgfﬁﬁmemknvas
suppre55| st S3, the.furth roce refera es not

heal H’@S g vater s e P B SBBUES Toehdas yPRE A u e asitAloa0402 13
about ﬁﬂl@nhcﬁbt@z\éﬁ T6QRSu1ADe St Qlelﬂﬁ?hlghgo AEYwERUN Bt REuleBS Pitates to
dlssolve and %or t he ernanent degradati on suppression to be |ost.

[ 0037] peanscat $15pptd&@0@©6¢ﬁfwgnmat0és RostersSy deseribddiglavhe cooling rate RL to
all ow the wafer to achi eve permanent deactivation of the reconbination

centers during st 6(5’31 BIngl% ef%é?d’r?tlsﬁomtd%% Jndk fg%ﬁ?fﬂ% %ﬁersﬁﬁ}i eaPﬁ?p?‘ é

about 2:1. In ot ratio o eas

3:1, atra]@hé aed»ln%b@qi SHndy baperferast wathout gch@rating atindrétgsha@b oartricdi 2., w@ﬂhohte ast
about 50:1 or fromabout 2:1 to about 200:1, from about 2: 1 to about 150: 1,
f r om abbuminggng thevalgrrarmee errant e Bt dewevergt shoylst bepugslerstood that

minority charge carriers may be generated during the thermal annealing step and/or cooling step
without limitation. The thermal anneal step S; and rapid cooling step S, cause the atoms of the
fast-diffusing component to form a distribution with a NR product greater than conventional
methods which allows a relatively shorter permanent recovery process Ss to be applied as

explained below.



[0038] Mnority charge carriers may be generated during step S3 by
directing any light that is capable of generating electrons in silicon at
t he waf erwORor2/lérght at wavel engt hs shorter than about PCI/uspo120MEINAf er
may be illum nated at an intensity of at |east about 50 mMWcnR2 and, in

ot her enbodi nents, at |east about 100 mWcn2 or even about 200 mWcnR. It
shoul d be noted that |ight at wavel engths | onger than about 1.1 [tm may

al so be used; however in sone enbodinents the |light should be applied at a
hi gher power or fio6328 1RRARILd REp SOchiRfrith AR & Bdrfibis\iee b et ét%m%@f!ﬁ%ké%ngt h
light (e.g., at least about 500 miWcnR or even at |east about 1,000

MV cn)of filom gheat monnisnweeatiyo daborh2s°C)itd kloorit 3509 (ote-§. sfrgmebodedomitemperatuing

| | it hi bel t f f i h | | |
appar atg e 2ot T fpedf o ita R ndthai 4 SR Mol P o i Ileer 1o
i nf | ux aBbNOINLY, fEhaRBEutGAPC it@hisout NSYREVET frdrhl aBHIE SOPC MDA UENBPdagent s of the

present disclosure only the front surface of the wafer is illum nated.
[ 0039] PAImEICHHY PyRAress difetime egdtiet dogrrdation. | Inyawiersattiod Hnenty the pringyity khgrge

carri ercw%rpfgﬁg&&%& Aned tt&’e%éf%?isfgg@%g%nw PPt ﬁlyggdgl?%ﬁﬁ E}{ £Wdoth ;‘%}gqﬁzayer

waf er . such a curren e appfi ed
(e.g., Ihyhis raghanitaias been fduid that e tisrmdbeposalingodieo$, anddiosingttep Saylésw gech as
an epi -l ayer) gn Qr within thg maferfﬁjth %%pn junction fornmed between the
p- | ayePSHRYICHL fegRyatiopsiapetitto S PEERIMEdOt dShariEr perqdMdimarFlay et ovi de

m nori tc%n&&‘ﬁ!’ohegrp%nhéhﬁh{‘&ea g?dt%'ialt trhd¥es 0&) Ghe angﬁga%édn&ﬁ%tg?&é’cﬂ&l&%ﬁ%i‘ﬁ% The

vol tage applied'to the wa y be at least a . ts or even at

| east d&oPubONG. 20300243 03 fewkich issintorpanatdlchcappbi ecfeteocd foe aj) r¢lyymt wad er by
appl yi 2?8 t.he current) to a fabricated photovoltaic cell or even to

fabri c&PBYSHHANHRABFYai ¢ nodul es. 1t shoul d be understood that minority
carriers need not be generated during the entire time at which the wafer is

cooled from T2 tqo033] WhaR bR {nkohohAd Ry a2eekdd QRO 3t hdelicved that [ 0040]

In one or nore particular enbodinents of the present disclosure, Tl is at
| east ABWNCBOGEVETY Mag resudidram Anney ¢ 2EUE g - Ricdtriongitbloking thapewsal Pethc/ sec

, T3 i " I, epde & O LS. h
about | 2oPRggtd TR b R RERBINAS 10 Frelhours AR 4 ER DR Ftgh B BSE, o0 ™"
suppr esstesrtiprfagalfusedcob@onaitetortha ashdyreaipitatos of the favedifdmgksposis by t hose

of skill in the art. An exenplary nethod includes él) measuring .t he
ef fi ci @Heyngrthe fashdfusing ompgpendifeigtials Bhborrnewned Py s aramEsciniptex posi ng

t he celd: i i Ll o O i jod | ess
than. atsinsed o8 thyclddhardhodlaaReh e icohioiiym LA 1t i ErRSRd Ol
exposi rgnipheert @hd the@xlygghtorftaning coopgeentpbe cadumptign pf aterbtgad fascddfusongr |
nore typicall %8 eral hours or daﬁs.or even for one oihm)r.e mont hse) in an
att enptCOF]QOH“éé? CHAR-BISTHRRESS TSHYS 133 P?FE%S‘E%HtidﬁaleE‘P’?P 8 AUPOHY 1B x posur e
to |i ghfeglaRatidrBRidot, B rif18ly@bblifd SR8 ik HgAItEH P8RS TEERKdp € S11d-

| ess than about 10% effici éncy | 0ss or, as in other enbodi nents, 1ess than

about F¥educkeisthe peneimateteutendiop ) dndgwne-peasimtetsuadios 6B miy beirsnayed whish,

per manent sSuppressi on, o egr adat i on been achi eved. 0042]
Dren | ioreRtE Rk ite - hafh AR PR ARt BE SRS §F comumsddpps n®
?nf[)Odidlﬁ‘ébﬁd t@‘(a&)s (b.lgf; Liﬁgwfrsttiﬁlfahﬁsﬁdﬂfﬁﬁihg%oﬁlﬂameﬁfsﬁ‘ﬁ;é c?f;']m@'la r@@dlty"(ﬁl@i_‘lc_ﬂ'fhe?r e

| Nt ende 0O nean a ere are one or nore o e el enents. e ernne

" conpr irelatiyely larggaumyenr od nanmprectpitotion gf fagi-diffuping semgoranthwhich eftipsisinksand

mean t ik h ' enents.
[0043] el TR0 PACA RO, SLBTRANS R Thnlo B SRl BB Tt hods
W t houtpretepasitthe grebemmiischsusanpeboperfdicd fecl dhetteeperiot off sinlenttidet t hat al |
matter contained in the above description and shown in the accqnpanyi ng
figur e SOBYANPNYH ProGepsss fi‘f“é‘?éba ITSSPPNGRg loss (NP eEMANSRG BUNDFEssiop ioﬁ'fl Gy QEnde.

degradation, thereby increasing processing throughput. In this regard, it should be understood
that “permanent recovery” as used herein refers to a suppression of minority carrier lifetime

degradation which substantially lasts the ordinary lifetime of the resulting photovoltaic cell.

[0034] In several embodiments of the present disclosure Ts is less than about

250°C and, in other embodiments, is less than about 200°C, less than about 150°C, less than



WO 2012/ 167104PCT/ US2012/ 040492 15 WHAT IS CLAIMED | S: 1. A
process to suppress mnority carrier lifetinme degradation related to a

m nority warnizmw7io4f eti me degradati on defect in a silicecTWsktar/oe@apri sing
boron, boron being present in the wafer in a concentration of at |east
about 1013 atons/cnB, the degradation defect conprising a fast-diffusing
conponent and a di meri c oxygen-contai nihg conponent, the process

conpri si ng: heating the silicon wafer to a tenperature T1,

whi ch ig8osUfohPCl 18Rt thirPatfius SPICVE: BERAVOEI0L RAIRUPFRE! Ridpataese ?f.ot BSout
fast-di ffusing conponent of the degradation defect; cooling the Silicon

waf er 250, front eboat 1 Eirpetoabonte?5TE, wemabewol 00 te alvaut R3*C anidom about 150°C

wner oi 10 ERE UG o By RIFE st RA0ER R u PR T 458 17 hdtha B SR, LR,

processilias th€tvafeitd fchiidve@eathdRcht WppFeatibn bNEfcBhR-caki s deHig dam0 By REfdRinimt es
di ssol ved during the heating step are conposed of boron, copper, nickel or

conbi ndlk¢ Branal gapabtep S and cooling step,, thp goQlingrateRoag steptSs iyt genpigllEbai m 1
wher ei - exi St | - LRI i r he i.ng
o e AP Gl W0 W AN BRGBhh B BRSNS B I BIERRL DS
one of catritir degraddtion3n whédhed wafchs Hebd ita tofpRhtur©fdR2 pesiodbf timagé.gabptd 3: 1,

at | east about 5:1, at | east about 10:1, at | east about 20:1, at | east
about Severaldiours) gpd s%eA b@.iio 961%%%6 {299 caoling rafes gy Higrscale f%ﬁqye%éagreqso: 1,

from abapfide)l BRnRRRYEootr@ riteO R, fcAM-aB8He 28:sthdtQ1BRIMok8 Katriers to be

generated for a sufficient amount to suppress minority carrier degradation such as less than about
10°C/sec, less than about 5°C/sec, less than about 1°C/sec, less than about 0.5°C/sec or even less
than about 0.1°C/sec. The cooling rate should be sufficiently high so as to not unnecessarily
reduce throughput. Exemplary minimum cooling rates R; of at least about 0.01°C/sec, at least
about 0.1°C/sec or even at least 0.5°C/sec may be used. In several embodiments the cooling rate
R, ranges from about 0.01°C/sec to about 10 °C/sec, from about 0.1°C/sec to about 10°C/sec,
from about 0.5°C/sec to about 10°C/sec or from about 0.1°C/sec to about 5°C/sec.

[0035] In this regard, it should be understood that the wafer need not be cooled
at a generally uniform rate between temperatures T, and Ts. For instance, the wafer may be held
at T, or at any temperature between T, and T; for a period of time (e.g., from about 30 seconds
to about 15 minutes) and then cooled (e.g., cooled to about ambient). Thus, R, (and R; discussed
above) represent the time averaged cooling rate including the time at which the wafer is held at
temperature T, and/or other temperatures between T and Ts (i.e., Ry is T,-T3 divided by the time

at which the wafer is cooled from T, to T3).

[0036] In some particular embodiments of the present disclosure, the wafer may
be subjected to further processing (i.c., device fabrication) after permanent suppression step Si
which may require the wafer to be heated upon completion of S;. In these embodiments, the
wafer may be held at temperature T, for a period of time to complete the permanent suppression
step S; and then heated above T, to complete the further thermal processing step. In such
embodiments, R, is considered to be about 0 and T is generally equal to Ts. In embodiments
wherein further processing (i.e., device fabrication) is performed after permanent suppression

step Ss, the further processing step(s) preferably does not heat the wafer to a temperature above



5. The process as set forth in any one of clains 1 to 4 wherein mnority
charge carriers are generated while the wafer is cooled fromT2 to T3.

6. The prwoesw/m3loget forth in claim5 wherein mnorityPCharSQ@2034pt ers are
generated by illumnating the wafer while the wafer is cooled fromT2 to
T3. 7. The process as set forth in claim5 wherein mnority
charge carriers are generated by applyi®g a current to the wafer while the
wafer is cooled fromT2 to T3. WD 2012/167104PCT/ US2012/ 040492 16

8. The jBHRWBHSC 88 c@labbPé Bdﬂ)otﬂas%ﬂ?z’h Réh%ngfrnagA c'augésthé ﬁefelp?tawg% 8is§ 1 RlardSfoat
| east about 100C/ sec, at |east about 200C/ Sec, east about 250C/ sec, at

| east dhoptmBoOTHsaedation suppisssiaboute 1380C/ sec or even at |east about
1000C/ sec. 9. The process as set forth in any one of clains 1

to 8 wherein T1 | out 0 st ., about
650C, at | east alg ]7 %%%alglqﬁréorﬂ§ag F ‘i‘%@%@fﬁm@%& Ooﬁg%ngﬁ trooér?nl%ab%lgt
500C t@vaffmutacﬂaéé@ﬁérmfaﬁ@mdammn&ﬁ@f@hé @eoabtbutan&ﬁ)eaﬁersfdnﬁﬂg sbp8t. BHOC to

about 850C, from about 500C to about 750C or from about  600C to about 750C.
10. Thexpnbleeths rafio afdts toKormay be aidsasbrhoub?: Lo apthst gmbedimepisethgiraiorat Rigo| ess

than ag%géc?ﬁﬁg’s@abd 33, Taﬂl%ﬁ‘st%g% &f‘%@gast'a%éét foPan; ﬁe%%%%oﬁ]’[%q at R3S a“o?@tg Cto

about ess t an’ about 'ess t han abdut froma out
about 490G rdrorh mbont@bbtetababOIDX b famoalioud Q0G0 about 150:1, from abibiit 1T heo peatess

as set forth in an of . cl 1 to 10 wherein T3 is |less than about
250C, Ilégs1 qrtf’éﬂm%\ﬁ%gd@@bo‘i 3§§381t han about 150C, |ess than about 100C,
| ess than about 50C, from about 200C to about room tenperature, from about

éggc to about 25@oFg]onuaReHt cheQCat@erd BRYbe Zekerdfed [uARY 8P YL b dl€etlng about
any light that is capable of generating electrons in silicon at the wafer. For light at wavelengths

shorter than about 1.1 um, the wafer may be illuminated at an intensity of at least about 50
mW/cm® and, in other embodiments, at least about 100 mW/cm? or even about 200 mW/cm?. Tt
should be noted that light at wavelengths longer than about 1.1 um may also be used; however in
some embodiments the light should be applied at a higher power or for a longer period of time
relative to shorter wavelength light (c.g., at least about 500 mW/cm” or even at least about 1,000
mW/cm?). In one or more embodiments, illumination is provided via heating lamps located
within a belt furnace or of a rapid thermal annealing apparatus. It may be preferred to illuminate
all surfaces of the wafer to influx minority charge carriers; however in one or more embodiments

of the present disclosure only the front surface of the wafer is illuminated.

[0039] Alternatively or in addition to illumination, minority charge carriers may
be generated during step S; by applying a current to the wafer. Generally, such a current may be
applied by forming an n-type layer (e.g., by implantation, diffusion or deposition of a discrete
layer such as an epi-layer) on or within the wafer with a pn junction formed between the p-layer
and n-layer. Current is applied to the pn junction to provide minority carriers to the region of the
wafer doped with p-type dopants. The voltage applied to the wafer may be at least about 0.4
volts or even at least about 0.7 volts. The current may be applied to the p-type wafer by applying
the current to a fabricated photovoltaic cell or even to fabricated photovoltaic modules. It should
be understood that minority carriers need not be generated during the entire time at which the

wafer is cooled from T, to Ts.



12. The process as set forth in any one of clains 1 to 11 wherein R2 is

| ess than about 10C/ sec, |ess than about 5C/ sec, |ess than about 1C/ sec,

| ess t harwalwo1160109C/ sec, | ess than about 0.1C sec, at PeRAIS2¢IROWI492

0. 01C/ sec, at |east about 0.1C/ sec, at |east about 0.5C sec, from about
0.01C/ sec to about 10 C/sec, from about 0.1C/ sec to about 10C/sec, from
about 0.5C/ sec to about 10C/ sec or fromtabout 0.1C/ sec to about 5C/ sec.

13. The process as set forth in any one of clainms 1 to 12 wherein the wafer

conprises a secongo4ut Mﬁ%n@lepﬁﬂa%e patrh&nmuﬁeﬂtyaﬁthe?p@@ﬁt KIS ¢l acled
fromthe group consisting o Ga and conbi nations thereof

14. Thdeast dows80XE, dets 1f~‘$$rth$n @bﬁ)ua%@()"@n&@fatdﬁaai ahoutl 15 C18c whesabautt he
silicon f singl e, cryst S 15. The
o ocosdntBrlstiosfld P Shote At ELpR RS W W Shou L5881 1 the 5111 con waf er

is a slice of an ingot grow by the Czochral ski process. WO

2012/ 167104PCT/ U$Q(§lﬂ13/ Oﬂﬁ‘%cﬂﬂf the present degradatibf.suffressdopesss amydet forth
in any one of cla 1t 5 wherein the silicon wafer forns part of a
sol ar  ¢fermined by any of the mqthodsmwlartactb%@ of skidlgp theppt.nAp ﬁxwammefépd cl a. ms

1 to 13,4085 ![ﬂn&ﬁﬁ?ﬁé ltﬂﬁcé?ﬁmgﬁé fal D1 CélF efdaidl %réeoo\f@x \I\é] ntainin t%fgr tﬁyeat i ng

The process as set one 0 al ns erel
t he si lexpasinght eell ta)hglttfﬁrqmnait pare)d'bftimd'(e(gh fosa snkfpedoe itss than dbewdl ve

Gegr adani s ey o Epen Shit 200 glSPs B rignGr BTG h G pPOBLLr o onier
period (e.g., at least one hour, more typically several hours or days or even for one or more
months) in an attempt to degrade performance, and (3) measuring efficiency after exposure to
light in step 2. If the efficiency loss is negligible or small (e.g., less than about 10% efficiency
loss or, as in other embodiments, less than about 5%, less than about 1% or less than about 0.5%

efficiency loss), permanent suppression of degradation has been achieved.

[0042] When introducing elements of the present disclosure or the preferred

embodiments(s) thereof, the articles "a", "an", "the" and "said" are intended to mean that there

are one or more of the elements. The terms "comprising”, "including” and "having" are intended

to be inclusive and mean that there may be additional elements other than the listed elements.

[0043] As various changes could be made in the above apparatus and methods
without departing from the scope of the disclosure, it is intended that all matter contained in the
above description and shown in the accompanying figures shall be interpreted as illustrative and

not in a limiting sense.



19. The process as set forth in any one of clains 1 to 18 wherein T1 is at
| east about 600C, T2 is |ess than about 250C, Rl is at |east about

100C/ sec,wh2oie16atweut 25C and R2 is | ess than about 5C/ $ET/US2012/040492

20. A process to suppress mnority carrier lifetime degradation related to
a degradation defect in a silicon wafer conprising boron, boron being
present in the wafer in a concentratiom5of at |east about 1013 at ons/cn8,

t he degradation defect conprising a fast-diffusing conponent and a dineric

oxygen-wpntSEnangemaent , the process conpri sing: heat i ng
the silicon wafer to a tenperature T1 which is sufficient to dissolve

nano- preci pitates of the fast-diffusing conponent of the degradation
defect; and 1. A processde Sipigess meingiilyi casferWadtane degspdation redatgd tOefnper ature

T2 at %11%819‘%16%a9rfer?tfeume de(’%ra(ﬁlttlolégg%t 1%%0'111500%1%9a%r co prls%nétbeoron boronI bel & The

process as erein nano- preci s di'sso during
t he heafrdésogt i tilapwafce incorgmReeehtidh ofar ieast ab@npeP atdﬁhykmf’ thf depeadativadeRos

t her eof . 22. The process as set forth in claim20 wherein
nano- prcempﬁﬁmataééstdh@wg/%nwmr@ dea (Mg EG OK HEFNsQOBFHTHPS CRBAYSEE A OPTOBRSS on.
23. The, ﬁgggs as set forth in any one of clains 20 to 22 wherein the
S|I|con I's cooled fromT2 to a tenperature T3 at a cooling rate R2
while mnority charge carriers are generated while the wafer is cooled from
T2 to T3. WO 2012AthGthO4HCTA WSRO 1R A GehiptdRurt8l;, which is sufficient to dissolve pre-

existing nano-precipitates of the fast-diffusing component of the degradation defect;
cooling the silicon wafer from T; to a temperature T at a cooling rate R;; and

cooling the silicon wafer from T, to a temperature T3 at a cooling rate R,, wherein

the ratio of R; to R, is at least about 2:1.

2. The process as set forth in claim 1 wherein the pre-existing nano-precipitates

dissolved during the heating step are composed of boron, copper, nickel or combinations thereof.

3. The process as set forth in claim 1 wherein the pre-existing nano-precipitates

dissolved during the heating step are composed of boron.

4. The process as set forth in any one of claims 1 to 3 wherein the ratio of R; to
R; is at least about 3:1, at least about 5:1, at least about 10:1, at least about 20:1, at least about
50:1 or from about 2:1 to about 200:1, from about 2:1 to about 150:1, from about 10:1 to about
150:1 or from about 20:1 to about 150:1.

5. The process as set forth in any one of claims 1 to 4 wherein minority charge

carriers are generated while the wafer is cooled from T, to Ts.

6. The process as set forth in claim 5 wherein minority charge carriers are

generated by illuminating the wafer while the wafer is cooled from T, to Ts.

7. The process as set forth in claim 5 wherein minority charge carriers are

generated by applying a current to the wafer while the wafer is cooled from T, to Ts.



24. The process as set forth in claim23 wherein the ratio of RLto R2 is
at | east about 2:1, at |east about 3:1, at |east about 5:1, at |east about
10: 1, at weastz/mbwut 20: 1, at | east about 50:1 or from 2bDOS20204G402 about
200:1, from about 2:1 to about 150:1, from about 10:1 to about 150:1 or
from about 20:1 to about 150: 1. 25. The process as set forth in
claim 24 wherein mnority charge carri @s are generated by illumnating the
wafer while the wafer is cooled fromT2 to T3. 26. The process

as set forth in & afHopRdectdsy Rt fbrm AQh bMe 6hALBR AT WRESIN Sis IEREJ absd DY
applying a current to the wafer while the wafer is cooled fromT2 to T3.

27. Thd0ptO6ess st lggst sbout 200 t(Ys¢onatdrgst @b@t650°@/sﬁcm loast algpup 0K Escsi of [TBt i s
| ess th 250C 200C, | ess than about 150C, |ess than
about 8%8}%&@@6%?{ae{Ye]éBts%flStg%@,ltqb%@rg/ﬁe&ut 200C t o about roomtenperature,
from about 150C to about 25C, from about 100C to about 25C or from about

150C to about 50@ The process as set Bﬁth ﬁﬁhﬁybﬁ@@ﬁ@l&mﬁsl @e&wﬁ@éﬁlhrlnmatalwst@n@tof
clainms 24 to ut 10C/ ess than_about

5C/ sec SOPe%sat !q@atrﬁbamﬁ() @.dté%aét ab%lé §SQ ﬁ“aﬁt lsb%sabmﬁ 7@@9%@5 fr%%@w@ ﬁ% GlBout
0.1C/ 1 , b
5%‘6011@&3821@6‘5%%03?9%&'{% f@g(‘b el éb%ﬁt 1% &%@98%?% %océ@%? 10(ﬁ$°(£(jﬁ8§1t about

0. 5C/ sec sec to out 1 sec rom a sec to
about hBQItsSEOO°C o arauaBHANC, &oﬁﬂt&acsmﬁj’cab(ahbutm(ﬂ@ ec from dboondEBOUd aboultC/ sec
to abou7t sec. 29. The process as set forth in any one of

cl ai ns éB ‘0 28 wherein T1 is at | east about 500C, at |east about 600C, at
| east about 650C, at | east about 700C, or from about 500C to about 1300C,

from about 500C t19 aipeitockdPRGet foiBTh aRPbhc S0P5nEsa BoWRerdidA0Gs 164 @an about
500C to about 850C, from about 500C to about 750C or from about 600C to

about 250E.500°C, less than ab030450fﬁelq@$ ﬁ@egboqémg"e@ lessrthan dboubdiP°onlesothae| ai ms

han’ adBatt 8 e ande®yteip 255 ol PARE o AR 450 o BB8H awpphor 3 °

about 250&,400PrOm about 1500 to about 450C or from about 250C to about 400C.
31. The process as set forth in any one of clains 20 to 30 wherein Rl is at
| east about 200C/ sec, at | east about 250C/ sec, at Ieast about 500C/ sec, at

| east about 750C/dedhepresgenasaet foathdp anpeng ofideimeyIied 0 whegsin Ts is less than
2012/ 1@1%3&%@2%}@5%0&%{ Qo%@tﬁ?(?OOC, less than about 150°C, less than about 100°C, less than

about 50°C, from about 200°C to about room temperature, from about 150°C to about 25°C,
from about 100°C to about 25°C or from about 150°C to about 50°C.

12. The process as set forth in any one of claims 1 to 11 wherein R; is less than
about 10°C/sec, less than about 5°C/sec, less than about 1°C/sec, less than about 0.5°C/sec, less
than about 0.1°C/sec, at least about 0.01°C/sec, at least about 0.1°C/sec, at least about 0.5°C/sec,
from about 0.01°C/sec to about 10 °C/sec, from about 0.1°C/sec to about 10°C/sec, from about
0.5°C/sec to about 10°C/sec or from about 0.1°C/sec to about 5°C/sec.

13. The process as set forth in any one of claims 1 to 12 wherein the wafer
comprises a second p-type dopant, the second p-type dopant being selected from the group

consisting of Al, Ga and combinations thereof.

14. The process as set forth in any one of claims 1 to 13 wherein the silicon wafer

is a single crystal silicon wafer.

15. The process as set forth in any one of claims 1 to 14 wherein the silicon wafer

is a slice of an ingot grow by the Czochralski process.



19 32. The process as set forth in any one of clains 20 to 31
wherein the wafer conprises a second p-type dopant, the second p-type
dopant bewogoreleewtied fromthe group consisting of A, @aTarsdoicosidnati ons
t her eof 33. The process as set forth in any one of clains 20
to 32 wherein the silicon wafer is a single crystal silicon wafer.

34. The process as set forth in any one¢7of clains 20 to 33 wherein the
silicon wafer is a slice of an ingot grow by the Czochral ski process.

35. The process a$. @k pt&ctdhasi @t %‘Fﬂ’l iRARy Bhe &f ALIAR 128 IEQVI%GIW Sliddnthder
silicon wafer fornms part of a solar cel ¥ . The process as

set f orfoims pariaofye sotes coll. cl aims 20 to 34 wherein the S|I|con wafer is a
st and- al one waf er. 37. A silicon wafer conpr|5|ng boron bor on

atons eng. e mirortep e et AR NS AR un G endR et
to a degisdad-hncadaf@ect conprising a fast-diffusing conponent and a dineric

oxygen- cont ai ni ng conmponent bei ng suppressed by heati ng t he
silicon wafer to nperature T ichis s f|C|ent to nucl eate .

nano- pr eci pi t at ed o e B Fats i P AYY 8%%%%@}%13 1dp éw&heaf*égﬂﬁmarl%the

def ect 1511&893\%@& tb BeripdrhGRIT VRHRR if AR Qi Rohe BREEALHERE-1RLciRf QAU N
rate Rl cool ing the silicon wafer from to a tenperature
T3 at dhcfst-diffysingttemp@nantts dfeh¢ Hegradaniah idafgct hpast@f e solat &l marufectofindkl to R2
bei ng ?ﬁo&ggst about 2:1.

19. The process as set forth in any one of claims 1 to 18 wherein T is at least
about 600°C, T, 1s less than about 250°C, R; is at least about 100°C/sec, T5 is about 25°C and R,

is less than about 5°C/sec.

20. A process to suppress minority carrier lifetime degradation related to a
degradation defect in a silicon wafer comprising boron, boron being present in the wafer in a
concentration of at least about 10" atoms/cm’, the degradation defect comprising a fast-diffusing

component and a dimeric oxygen-containing component, the process comprising:

heating the silicon wafer to a temperature T, which is sufficient to dissolve nano-

precipitates of the fast-diffusing component of the degradation defect; and

cooling the silicon wafer from T to a temperature T at a cooling rate R; of at

least about 100°C/sec.

21. The process as set forth in claim 20 wherein nano-precipitates dissolved

during the heating step are composed of boron, copper, nickel or combinations thereof.

22. The process as set forth in claim 20 wherein nano-precipitates dissolved

during the heating step are composed of boron.

23. The process as set forth in any one of claims 20 to 22 wherein the silicon
wafer is cooled from T, to a temperature T at a cooling rate R, while minority charge carriers

are generated while the wafer is cooled from T, to Ts.



38. The silicon wafer as set forth in claim37 wherein the pre-existing
nano-preci pitates of the fast-diffusing conponents of the degradation

def ect arwocomnpwswd of boron, copper, nickel or conbi narcons2eiber@of .

39. The silicon wafer as set forth in claim37 wherein the pre-existing
nano-preci pitates of the fast-diffusing conponents of the degradation
defect are conposed of boron. WD 20124867104PCT/ US2012/ 040492 20

40. A silicon wafer as set forth in claim37 wherein the ratio of RL to R2

is at |east about43:1he pRicclEASkt RRAUR chirk 238¢hct&RMe Ia@@ufRé%ﬂzlsaﬁ Ichgast
about 20:1, at |east about 50:1, fromabout 2:1 to about 0:1, from about

2:1 to aébmﬁl B agt abbuiohnl adb desst aboutlS:H catdeastiabolis 00:1, Grledst @i?mua%dtatzl@asn to
about 1

o1 ai s TR0 ey Garm ke 3 ool 2ok g BB PTD Bble (LR P2 % he

waf er ia@o@tngeldorfff@maﬁ&ttzo.ma about 150:1. 42. A silicon wafer as set
forth in claim4l wherein mnority charge carriers are generated by

illTumnating the wafer while the wafer is cooled fromT2 to T3.
43. A silicon waf’er Ths pseaesy '@rSFhforﬁh ip chih24 WRAFRIR B1IROTHY ¢BRIZE aEiREY He

carrierg g&?ﬁd%??_gﬁrﬁﬁlﬁ%é)bﬁew&ydvﬂ% tﬁe%’ﬁe{r%& i@%ilfr&‘ﬁ T‘"@{; § while the wafer

I s cool®e con wa as set forth in
any one of clainms 37 to 43 wherein RL is at Ieast about 100C/ sec, at |east
about 200C/ sec, a. [Thaproaboastsclfontll/is ekim &Y wheagt naboity cbO@Ctawicrs a¢ | east

about Zgggecr/atség %y%{)plg\lln%na cautrren’? tao the %91 elljrtwh O%%C‘/ngi‘eg is cooled from T, to Ts.

27. The process as set forth in any one of claims 24 to 26 wherein Tj is less than
about 250°C, less than about 200°C, less than about 150°C, less than about 100°C, less than
about 50°C, from about 200°C to about room temperature, from about 150°C to about 25°C,
from about 100°C to about 25°C or from about 150°C to about 50°C.

28. The process as set forth in any one of claims 24 to 27 wherein R; is less than
about 10°C/sec, less than about 5°C/sec, less than about 1°C/sec, less than about 0.5°C/sec, less
than about 0.1°C/sec, at least about 0.01°C/sec, at least about 0.1°C/sec, at least about 0.5°C/sec,
from about 0.01°C/sec to about 10 °C/sec, from about 0.1°C/sec to about 10°C/sec, from about
0.5°C/sec to about 10°C/sec or from about 0.1°C/sec to about 5°C/sec.

29. The process as sct forth in any one of claims 20 to 28 wherein T) is at least
about 500°C, at least about 600°C, at least about 650°C, at least about 700°C, or from about
500°C to about 1300°C, from about 500°C to about 1150°C, from about 500°C to about 1000°C,
from about 500°C to about 850°C, from about 500°C to about 750°C or from about 600°C to
about 750°C.

30. The process as set forth in any one of claims 20 to 29 wherein T, is less than
about 500°C, less than about 450°C, less than about 400°C, less than about 350°C, less than
about 300°C, less than about 250°C, from about 150°C to about 450°C or from about 250°C to
about 400°C.

31. The process as set forth in any one of claims 20 to 30 wherein R, is at least
about 200°C/sec, at least about 250°C/sec, at least about 500°C/sec, at least about 750°C/sec or

even at least about 1000°C/sec.



45. A silicon wafer as set forth in any one of clains 37 to 44 wherein T1
is at | east about 500C, at | east about 600C, at | east about 650C, at | east
about 700w 2braowvmbout 500C to about 1300C, from about POO@Sta2ab@or 1150C,
from about 500C to about 1000C, from about 500C to about 850C, from about
500C to about 750C or from about 600C to about 750C. 46. A
silicon wafer as set forth in any one 09 clains 37 to 45 wherein T2 is |ess
t han about 500C, |ess than about 450C, |ess than about 400C, |ess than

about 350C, | ess 3phameahdls 2UCorthes anf fadloIAHE 2820G1 Wi aRau e 50C to
about 450C or from about 250C to about 400C. 47. A silicon

waf er aempesesfayerind privpgylopard, b sedoaid petyBy depansbeing e¢ledted frgmithe prosp t han

about ZSOCst' I eoﬁs t§ann§boug. 2tOOC, Iesfs t han about 150C, | ess than about
100C, 1°QBESHIH AGA S 6O PRISABSERT 200C t o about room tenperature, from

about 150C to about 25C, from about 100C to about 25C or from about 150C to

about 50C. WO 20Q32/The péRGH sosbthah @AY 88202 aims 20 to 32 whereidthe sflicdhl i con
wafer as set forth in any one of clains 37 to 47 wherein Rl is | east about

100C/ sé&ferdﬁalswﬁqcr&%wh%wf@ec, at | east about 250C/ sec, at |east about
500C/ sec, at | east about 750C/ sec or even at | east about 1000C sec.

49. A silicon wafgr 188 n3&lsd Qo iﬁ'ab{%QﬁkeoPJ ﬁ{s%f{? 33 Giefift theWflofl N R2

i
is |less than about 10C/sec, |ess than about 5Ca7usec, ess than about 1C sec,
| ess t hveafcrabauticOof5D/isgw grove by thh@rochtxdski ptctS. sec, at | east about

0.01C/ sec, at |east about 0.1C/ sec, at |east about 0.5C/ sec, from about

0.01C/ sec to abo Clsec, fr bout 0.1 ec ahout. 10C/.se from
Shout. 0 50 see s a5adPree wskCBr AR S Rinth gt el aT et R SGierbee,
50. A sidfecformypdresf asolsekllf orth in any one of clainms 37 to 49 wherein the
waf er conprises a second p-type dopant, the second p-type dopant being

sel ected fromthe group consisting of A, Ga and conbinations thereof
51. A silicon waf¥ér Th§ psaess asrsehiorth 1 ayy eneolgtlaips 20 34 wherinthogiisosi n t he

silicon wafiet dasddicHNleg crystal silicon wafer.

37. A silicon wafer comprising boron, boron being present in the wafer in a
concentration of at least about 10" atoms/cm?, the minority carrier lifetime degradation of the
wafer related to a degradation defect comprising a fast-diffusing component and a dimeric

oxygen-containing component being suppressed by:

heating the silicon wafer to a temperature T, which is sufficient to nucleate nano-

precipitates of the fast-diffusing component of the degradation defect;
cooling the silicon wafer from T; to a temperature T at a cooling rate R;; and

cooling the silicon wafer from T, to a temperature T; at a cooling rate R, while

illuminating the wafer, the ratio of R; to R, being at least about 2:1.

38. The silicon wafer as set forth in claim 37 wherein the pre-existing nano-
precipitates of the fast-diffusing components of the degradation defect are composed of boron,

copper, nickel or combinations thereof.

39. The silicon wafer as set forth in claim 37 wherein the pre-existing nano-

precipitates of the fast-diffusing components of the degradation defect are composed of boron.



52. A silicon wafer as set forth in any one of clains 37 to 51 wherein the
silicon wafer is a slice of an ingot grow by the Czochral ski process.
53. A silwoanmaafwr as set forth in any one of clains 3PCTaS2@2@pei n t he

silicon wafer fornms part of a solar cell. 54. A silicon wafer
as set forth in any one of clainms 37 to 52 wherein the silicon wafer is a
st and- al one wafer. 55. Theosilicon wafer as set forth in any

one of clainms 37 to 54 wherein the heating the silicon wafer to a

temperature T1, i (giliSorsWhict 6 &R ¥ortPin@lSHOIMEhRER(BXFaBbIoRR, to R, is at least
nano-precipitates is part of a solar cell manufacturing process.

56. A sbbutcoh apdtfastrabast & étatfienst #bounlGihyatdgsst aboutPGil et 1@t abousH0:Whiserei n T1
is at | east oyt T2 i I t han out. 250C iis at | t about
0w s @iottesPROMtauP oD 5t kBous 3710 bRl PR o Qe B 18 aB0ut 583 or B0

about 20:1 to about 150:1.

41. A silicon wafer as set forth in any one of claims 37 to 40 wherein minority

charge carriers are generated while the wafer is cooled from T, to Ts.

42. A silicon wafer as set forth in claim 41 wherein minority charge carriers are

generated by illuminating the wafer while the wafer is cooled from T, to Ts.

43. A silicon wafer as set forth in claim 41 wherein minority charge carriers are

generated by applying a current to the wafer while the wafer is cooled from T, to Ts.

44. A silicon wafer as set forth in any one of claims 37 to 43 wherein R, is at
least about 100°C/sec, at least about 200°C/sec, at least about 250°C/sec, at least about
500°C/sec, at least about 750°C/sec or even at least about 1000°C/sec.

45. A silicon wafer as set forth in any one of claims 37 to 44 wherein T is at
least about 500°C, at least about 600°C, at least about 650°C, at least about 700°C, from about
500°C to about 1300°C, from about 500°C to about 1150°C, from about 500°C to about 1000°C,
from about 500°C to about 850°C, from about 500°C to about 750°C or from about 600°C to
about 750°C.

46. A silicon wafer as set forth in any one of claims 37 to 45 wherein T, is less
than about 500°C, less than about 450°C, less than about 400°C, less than about 350°C, less than
about 300°C, less than about 250°C, from about 150°C to about 450°C or from about 250°C to
about 400°C.

47. A silicon wafer as set forth in any one of claims 37 to 46 wherein Ts is less
than about 250°C, less than about 200°C, less than about 150°C, less than about 100°C, less than
about 50°C, from about 200°C to about room temperature, from about 150°C to about 25°C,
from about 100°C to about 25°C or from about 150°C to about 50°C.
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48. A silicon wafer as set forth in any one of claims 37 to 47 wherein R; is least
about 100°C/sec, at least about 200°C/sec, at least about 250°C/sec, at least about 500°C/sec, at
least about 750°C/sec or even at least about 1000°C/sec.

49. A silicon wafer as set forth in any one of claims 37 to 48 wherein R is less
than about 10°C/sec, less than about 5°C/sec, less than about 1°C/sec, less than about 0.5°C/sec,
less than about 0.1°C/sec, at least about 0.01°C/sec, at least about 0.1°C/sec, at least about
0.5°C/sec, from about 0.01°C/sec to about 10 °C/sec, from about 0.1°C/sec to about 10°C/sec,
from about 0.5°C/sec to about 10°C/sec or from about 0.1°C/sec to about 5°C/sec.

50. A silicon wafer as set forth in any one of claims 37 to 49 wherein the wafer
comprises a second p-type dopant, the second p-type dopant being selected from the group

consisting of Al, Ga and combinations thereof.

51. A silicon wafer as set forth in any one of claims 37 to 50 wherein the silicon

wafer is a single crystal silicon wafer.

52. A silicon wafer as set forth in any one of claims 37 to 51 wherein the silicon

wafer is a slice of an ingot grow by the Czochralski process.

53. A silicon wafer as set forth in any one of claims 37 to 52 wherein the silicon

wafer forms part of a solar cell.

54. A silicon wafer as set forth in any one of claims 37 to 52 wherein the silicon

wafer is a stand-alone wafer.

55. The silicon wafer as set forth in any one of claims 37 to 54 wherein the
heating the silicon wafer to a temperature T;, which is sufficient to dissolve pre-existing nano-

precipitates is part of a solar cell manufacturing process.

56. A silicon wafer as set forth in any one of claims 37 to 55 wherein T is at
least about 600°C, T, is less than about 250°C, R; is at least about 100°C/sec, T is about 25°C

and R, 1s less than about 5°C/sec.



