- 1 - Separation of doping density and mnority carrier lifetinme in

phot ol um nescence neasurenents on sem conductor materials Field of the

| nvent i orw020{1004459 The present invention relates to thepchanaetomoowati on of
sem conductor materials using photol um nescence neasurenents, and in
particular to techniques for separating the effects of doping density and
mnority carrier lifetime on the photol um nescence signal. The invention
has been devel oped primarily for the characterisation of bulk (i.e.
non-wafer) silicon sanples, however it wl!l be appreciated that the
invention is not limted to this particular field of use. 10 Background of

the I nvention iR BT R f PO om
typically 10x16k%%%u§g to 2%@%§m§#g&5| iggﬁﬁ%g¢@?@£égéﬂﬁﬁfﬂgﬁgﬁ?%% in Fig

1, a cast multicrystalline m¢asuremants ppsgmicondugteomptedigly as an i ngot),
typically I x1x0.7 nmB8 in size, is sawn into square (10x10 cnR2 up to 22x22
cn) shaped colums 4 (commonly known as bricks), which are then sawn into
i ndi vi dual Yigldlef dhednvegtion, 15 typjically 120-250 |AM thick. An ingot is

usual I'y savwpointmeftde@lin@s®onbiciabkSo HR0IMAfactE@hlich RRMASNIRGE nfaleBA using
multicrystalline silicon or nnnocrgstal[ine siljcon, with different

t echni ques %@B‘WWCCQ?COW%‘SCWW% i f}’sP%‘i“l“faﬁéO SR YrEhH 5 rHRAARS iheSTsrtF %6 on
ingots. [ 3oph@idemaf axid mmoth agditt' 18¢tEnd dn thSpldioliniih&@t@sd sigl. Chariaehesiise t he
el ectronic and structural properties. of i ts or bricks.prior tq wafer
Slicing  ItorISmdmat e R isiomsb okt opy LRl iRl ey " Fi<Eon

i ngot s hav et whidreepsadatédriva ety ent@ndedt Hiattddoo thid ffahicmat fivdd &iukd.con i n t he
out si de 1egh0 of ingat, i.e. at the bottom top and sides. At the
botton1§gd tRirod 3H{ 1nvg91Ohthe result of diffusion of inpurities fromthe
cruci bl e wal00d iGrinonerdia wafg bbsed wharlcellsatre tnhde fromptypicallyslOs Husediphy 23€dcegat i on
of inpuritigg b Q%%FS?SASI iﬁ]@strulQWAﬁ%@ch&g{)n%fﬁ??{gthlﬂh'é GiRA3FLK YLD Bhown as an

crystallisation of the ingot. A result e increased Inpurity,
concent r at i iBgpth &ypicaldbubed0.d e cin s ie DB intet sapira (1 QGLAFIT Yo todes@? Fbedhivgd a

| ower ef f eclolifis W ROGIbYy &RSWd & bilidkh)e WhitR -areMingh ZivN@MSindiRiaSd A&t §Ven
typical effective n1n0r|¥y carrier l'ifetime distribution in a cast nc
si | i con 1P nggpically HeWhw Hyrmithicks edn Bgot ppwplly savey miediter Oy bridks.f aalirpellyeande i al 8

in the Ceptrﬁﬁieeffb% &919&19&&11&‘: silhBWol lnf)&kfﬂﬁlhﬂé) siﬁ&)_n',[ Qﬁh E@f@rentb@éhtnf?lms%gi R d_es .
[4] Experinental techniques that are currently in use for characterisation

of bricks i#ievingeusioypiafinegindgopeqystafling siliegAndadosn and minority carrier

lifetinme sc@g)i NGr Whfd hBanhQEGRE & €C BN (I BRrdclcARS R SRRGhiOfindS URhaNd gap
| ight through the brick is neasured fromdifferent directjons with an IR

camera t hatPPRETEE 4 gie of Prickie PEYTD b 3R gpnS pelit ¥ atommonlye kiakay Bk gt hs >
1100 nmobormsiiidrlGiige, (me) silZon in@bt®dvd iintgratcli@puridy FoRBSUrAAlwilhiif (B dBdoh @Nthabout

the density ?gg osition of inclysions such as siéiﬁo carbigg &gi ) .and
Si'1 1 con ni VPTUE Tars RS oosT S pa SHpe Ren &1 5 BuRR 08 5 & For
measuri ng thereedlf efcdiifivwenmifnapurttys tam rheedrudihlé etildrato tharmlordivhige dalidop hiansi ent
and quasi Sc;[alels%g ybys tseagg”eegatPorglO;[)fo cl:II?Ingi 1gst %%%?ds(t%%%%rdggglin? ?oli)oﬁ\(%l\llc? phase during
crystallisation of the ingot. A result of the increased impurity concentration is reduced electronic
25 material quality, described by a lower effective minority carrier lifetime. Fig 2 shows in side view
a typical effective minority carrier lifetime distribution in a cast mc silicon ingot, showing an area
of mostly high effective lifetime material 8 in the centre and regions of low lifetime 10 at the top,
bottom and sides.
[004] Experimental techniques that are currently in use for characterisation of bricks include
30 infrared (IR) transmission and minority carrier lifetime scanning. In the former technique, the
transmission of sub-band gap light through the brick is measured from different directions with an

IR camera that is sensitive to the sub band-gap spectral range (wavelengths > 1100 nm for silicon),



5 phot oconduct ance decay (i.t-PCD). These techni ques neasure the effective
mnority carrier lifetime, which is an effective sanple characteristic

par anmet erwaf2baaiedoby both the bul k material quality (i per/Athelomobdos
mnority carrier lifetinme) and surface reconbination. Especially on sanples
W th unpassi vated surfaces, such as as-cut wafers, the effective lifetine
is usually strongly affected or dom nated by surface reconbination

Two- di nensi onal information about lateral 10 variations of the effective
lifetime, e.g. on one surface of a bricky_can be obtained by using the
above nethods in a scanning node, generating a map via point by point

scanni ng | My adBOYAle BheRh ATRARHASHLR M IASBOIR FARES of HHi0ASHIPIPC

the neasured effective lifetinme data can be converted into bulk lifetine
dat a over asilicPnfarkige S¥nged gliconsitids (Brlddtet er mi ned rel ati onshi ps between bul k

lifetime angdoff fRGLhNyditdAL (EBnigde? kil mAL driA@ H@ Rt e ﬁfnt)ﬁ thi¥i€r IIAGRL Tty
carrier lifetinme is the nore easily neasured quantity ulk mnority

carrier |ifigflidiee PehtHEsFSr@d; gt ryamt Saﬁam%%w%?mﬁr{%éw b giicrowave

appl i cat k onshoResRAWSSce (d@aay tQedpyp a@l‘iesé)ftecﬁﬁflﬁlfeﬁqgea&@& AEDLRA%eORinbSty carrier
S|gn|f|cantl reduced in subsequent processing via renoval of low lifetine

surface nat!dfimg: YAkl lemqf%eeeﬁeg@? FRfacHstic pagmetsy alfsgieg by potb therhulk mpipiak e

effective |4l iinee 1emuRAMikHIASSidf Atiched @dmhﬁ*ace debmpidhddas ehatihit hesauplet age
and the current of a 20 flnlshﬁg solar c i assi vat ed

special |y for
sanpl es wi t HhPYRSEErE! S88Fec ?Snﬁsfqubﬁf’agefst fh§ ees! %/tgnq ﬁp‘ﬁ?ﬁlﬁns[tmf‘%y be
able to conifetitd an dadmieasy rsedace fré@abindeonl | f‘&(ﬁ Uiﬂi&nil@lab Lﬂfdﬁ”mbﬂl(fneﬁldoﬁiﬁlateraﬂ 7]

Anot her nportant ect .of norlt carrier fet me is ende ge on
the i it o ay af B Fhe B R PPret P S o bt S kil B SRR

reconblnatnmnwanMmmnmmﬁmmnmymmﬂlggmdmﬁﬁﬁmmqempmmnﬁqbummmmnaﬁmahmmemor
reconbi nati Opomapeg f Ir{ seo(%r%nblsers] astulchozrl]s gg])% |EheecOms:)ulreflda effe ve rh%étlemevda?a c%r? bg hese
nmechani sns 1'S non- |near he conceH?rat|on 0 n1n0r|f carriers and as a
resul t the<bu%kw®FMQﬁp&ymb@n¢ﬂen(Wmfeﬂmn@dwmseﬂwldmpendbwomn@he%deﬂemty of
mnority cal &t ful hgﬁﬂgh M d&refifr gt experinmental data for the mnority
carrier lifetinme s erep orted as a function of i njection |evel,

whet her 15i fl89¢IneAlihougly theyeffpgidre ageﬂltﬁo parkiqy difgtiznie| iy the eepet Gesidy mpaswed grantilg Hee
represent at Bu%mqgrltg @&rﬁer‘?}§etﬁle 1§Jﬂﬂg Mof%rlmg(grtahy\ﬁaﬁtﬂpﬁp Elrﬂ%mtal@ QH ANRLR B cause:
(position and injection level) is i cul 30 spatially resolved dat a
such as |if@t heempirhgksurbee quP@elmﬁeﬂ i pignifisastly rﬁtde??d ia ﬁB‘PSF‘é’Gmoﬁ’fP%FSSI‘%r vig

singl e i nj eehb@n of BMEkfcfifE s@AcH MR AItand shrfike PREFABRaddEbAbIIN @GR! ufiikade
(UM5 silicon is a prospective material for achieving significant cost

reducti ons SHCERIITEEN Watetrrasds’ pioveridne ohahe Selrsness Bpsersrear 2
1; eature O%of fimshdd solAdNJall Fg@kRIIARG dﬁf)dsgkﬁedl SimpRs mrtuelﬁ@ @ffadafrectohemlaaﬁlkgn@ung
opi ng dens ccu romthe bottom cause
by the. pr ecbiibEreaRraRatiy P el it bt bEfgto B8 HEHRos phor ous
and bor on i0Theadogedsiroaknt akpder d:mehdfrey dirfiérdifahibe is egrdegaddnonoc defifjecibent s
:_)fa t égese dolgarl“ %flﬁi E{R&Fﬁtllmg (%%) ad g‘; Z‘t %%é e\/:a]rgca?[_uglr%cor%}ngléﬁstI{?‘echagl%(r:nlélrfttslch?‘ém%{lgf%cﬁ reent
bott om and rﬁeombpetuat, radhaevet opembindtion and eugalrbcedlbinatmmpeﬂeat@dlburegwrome Yim
bet ween fZE hathessLy ?negﬁatugl% S n%ll-\’fm&? %O ‘é‘gor%nu%ﬁ&}’ o Xrit#{| ICQ{‘]EIJS %ncp% eIgSultAfhéTE&IPOd to
gain infornmation quic y about e position and shape o e transition
region is rmigoity ediies jifgime \Ataﬁflfeﬁqpefidtsmm thhdensite gf avnozitydeartees. nldeglyethoyafoesr s
frO”‘abOVeckpéhmkéghﬁ§ﬁﬁ%ﬁﬂ9&mﬁ§cH%@ﬂhkﬂm&BﬂMﬁﬂkH&&ﬁkd§§£ﬁ%&uBﬂk@&&%o§0|ar
cell production lines, which noirmally use p-type fers. 10 [009] "The
abi lity to lnehsthcther Wetimg fseegarayeragedias spasialyoresadyer; c,fwewaar Wpo§ repsgspRyation of
phot ol um negagence fiikidn LM RdicRa%nPpEAMEAES K%éshed dnl iReRbh aaegl iP@iripat ent
appllcatlon No WD 2007/041758 Al entitled and System Inspectlng
| ndi r ect? Béﬁaﬁﬁb“@@W?BBW&H%V%P&SFPHEEEW@hﬁ?ﬁﬁ“Pﬁ%ﬁ?@&?&ﬂeﬁﬁﬁeﬁé(ﬁaﬂ$§e
ref erence. llﬁamﬁeaau&aﬁhgthnlnescence intensity in PL imaging on
sem conduct eria etermn he rate of SP ont an ansion
rsp, which @éﬁ%% FfL?’é? aﬁ&}rgt?él Q?Qﬁﬁgﬁadh‘ﬁ@ [Si hewrPerfye t%‘“’rbﬂ? ““’ES‘Pg t he
el ectron ( I’B)gnﬁ:fﬂﬁnth@f]t ed@@ionCianident watians], phbtoenltaics PA eorﬁ’hﬁﬂ‘lji)obs\ﬂhei’ RatBeios a
proportionality factor referred to in the literature as the radiative
reconbi nati on coefficient. In PL imaging applications on silicon sanples,
particularly on unpassivated surfaces, the condition of low | evel injection
is generally fulfilled, which neans that the excess mnority carrier
concentration An is significantly smaller than the background doping 20
concentration Nd, i.e. An << Nd. In this case the total mnority carrier
density is given to very good approximtion by An and the najority carrier
den5|ty by hh. As a result t he enltted Iunlnescence |s proportlonal to the

o e, I I T T



over the sanple area was nade. For exanple in T. Trupke, R A Bardos and J.
Nyhus, ' Phot ol um nescence characterisation of silicon wafers and silicon
sol ar celWwe'2p1118b159\WWOr kshop on Crystalline Silicon Sol arcCauzsio@oddodul es
2008, Vail, USA, the influence of the background - 4 - doping density on
the absolute | um nescence intensity between different sanples and its

i npact on the calibration of PL i mages has been di scussed. For many
commonly used silicon wafers (e.g. conventional cast nt wafers) the
assunption that the background doping defsity is constant |aterally across
the sanple area is well justified, allowing interpretation of PL images in

terms of S hgkeh s é(rﬁ‘lrﬁrf'éké RMq 19\fers§dﬁ%f%cﬁa§l§%mnﬁcﬁ%blhé/ dGREY Inal ocgl‘?[’é‘%'ohyth@n In

all cases ere the surface properties of e sanple (texturing a
ant i r ef | ecthogpmdéodeitenyf aarirgos gisekhyethe Pirsdremelgeenbdiou quqn@t)efl(]ienﬁéwé\?éboﬂa her e

are sever al pihR6SuLind SRR if NBERLINEDAS BURPHIfRRN O g alu@B %B@ﬁldléﬁtsc&ﬂﬁés@nt
backgr ound dopln%ﬁgen3|ty is not justified. These inc 0012] (i) Side

facets of iRcPIPPRER B0 RALYH OF A diferspirisy ‘%I%ﬁ?ﬂl U\V/IQHP&H Bhs
ND(x) 105w geha:rﬁuyt Mmdr:talbe Fory Sl dt iedibh a6k §-ty@B At ihB @R Svitk @Ro Qfite@ NcddPensated

significant. e riation of the nsjty al ong .the
growt h di re‘”&%lf"b A" @8 eﬁ’eaiate’é c??fF‘Bléf YBS?E?PﬁCé °‘58‘P1‘é|VFryg$5 g?ﬁ‘?g B%‘lithf’% t‘blg?”i‘ ved
from consi deformigioh hﬁicltlfl ebfom)ldy p@;[ﬂoﬁ afxDih@pe (bfallle tﬂaflsmchﬁegl&pﬁméqulréﬂ tihe Wwatas
phases of the i di

(1St % BRhspon g e SRS TR T L3 kisk AP ddeTibraetbiond fc
of the dom saaart préhogalanitr caﬂ@mdmdn tilvs, valrighstoathally @sd p- ezpdwafenss the relative

hei ght Wt t b gk Or = onds. 10 =1to
the top). E‘ggb]e@e by ES’r““‘*’a‘S‘F’gg‘e e&?cr’ﬁ%ﬁfeﬁmﬁu°g ﬁlﬂﬁ"é‘r‘%%feréé’f}“% P?"Q"l%‘?lg%e )"'ST i con
i ngot or br(inklmatghe hdi)‘pﬂemgeseilebﬁsillm yulilisex g4 8 esiteplyapphigitica N yW Q90 /04 08% Al

r ,el fat ive f ,ré?lghédh%é?@&dt 81@ é}gtellnhﬁ)r tIQs%ch%g ILCQIQJ‘tL%aan%AH))e Sc%!u%d{]d?&eétﬁ]cfafe LJW

silicon bric or otherw se I ntentiona uni nti ona
dopi ng- conpaerseeradl haigotbs referepge ckie ms;esrl@wg lymingsgenice prgensity ﬂthL éfpgieg Pye

dopi ng densichoffufioP RSRENEds dMetnlnd by @RSiatd N sﬁoﬁgh&)ﬂs fehpobef e%icﬂ &al-type
doping to n-type doping. [0015] (iii) Wafers from UMG bri cks.

transitildn gagribrPerpgmeplody faca i the rrofyst qf sheglyetren () %1@|h916;§tarcalrcr%@faﬂt>lt§ ithe

direction in wy:gh waters iah Gréputiohdli@NMTbBE rdffatio iPAGAMSAWRS asdtht YRIERE | Y
curved solid- 25 liquid interface near the crystalljsation front. Wafers

from near trﬁ%"rtbf‘”éH% f‘?eétl“f“?négﬂBnP il PReing, arrdfBicRs ek oot rsﬁﬁ@es\vé’?‘i“é'tli‘rgngnl n
t he dopi ng Wemsivigyd swhfhdds, Ihee@alitiwadfasw 1esarrﬁgec@1t>n tsh;emrmyemlﬁﬁéwwmag mRans that
transition from to . n-t pevvl [ sin

Verti cal saPr‘bF’i?%spr?%‘%%ﬁ%‘E?‘irc ?th?tg‘ﬁ‘ oYW ‘%B’rfér\éﬁﬁfsﬂf‘%l ths {‘?ékgrﬁ‘ljﬁt@l’mg
Ver ti calzoVadoh@hir@s M, Ret hecbme kgheuad adaphnginsien sdkidt d@éslt* isSRRMARryOIbodPL

i mges taken on silicon ingots or 30 wafers cut vertically from such

i ngots. [ OOPPPXEionNsnt y dhearaitrivecards dpsity paie i A1 ar yheafmijqddueipesgrer s,
of ten exhi b propérliéial @lthVRbds@min®A§ carrier density and the background doping density so that r,,
= B*An*N,. Under quasi steady state conditions, i.e. where the generation and recombination
rates are equal, the effective minority carrier lifetime is inversely proportional to the generation
25 rate G and proportional to the minority carrier density such that 7,4 = An/G, which results in r,, =
B*G* 7,4 *N;.  The rate of spontaneous emission and thereby the PL intensity under specific
illumination intensity (i.e. for given G) is thus proportional to the product of the effective minority
carrier lifetime and the doping density.
[0010] In previous PL imaging applications the influence of the doping density on PL intensities
30  has been described, but an implicit assumption of laterally constant background doping density
over the sample area was made. For example in T. Trupke, R.A. Bardos and J. Nyhus,
‘Photoluminescence characterisation of silicon wafers and silicon solar cells’, /8th Workshop on

Crystalline Silicon Solar Cells & Modules 2008, Vail, USA, the influence of the background



(striations) in the doping density. These can be seen particularly clearly
in lum nescence i mages taken on unpassivated wafers, since the effective
lifetinme we2surdoarse |imted and thus alnost - 5 - constramtA@eromeos he

waf er area. Even snall variations in doping density are therefore clearly
visible in lum nescence images. [0018] (vi) There are various other new and
nore exotic types of silicon ingot manufacturing processes in devel opnent
that may beconme mai nstream Exanples include BP Solar's cast 5
'nmono-crystalline' process and Muito's digect chem cal formation process.
Each new process for nmaking crystalline silicon blocks will have

| di 0syncr asicihe s APRFAL KK RHHALONGARY bivk G diffBe A lAs inb3O%P]
Where a constant background dopi ng density can no | onger be assuned, the

i ntensity Ve paibiaden eilainpges ipg jeen dsceiende rlior peey eymrptily wedellieon veerd §e-& he
dop! ng de!’lsdoh‘yenﬂcﬂﬁl st m%ﬁ&b‘%ﬁ_& la¥%@mpGonMhROhE bickeALAd 8hpidd EQLiIYR. col@anget
reliable informati on about spatial variations of one of these two

quantiti es,l2eRBy prossihyapple gy iruldusibed sllevgng v cgpripioab Il dragsd e 96d f or
absol ut esorak@l akib¥ds ¥aht alcbQRsndly daliRr Mnbier A0 ANEAtYwhthhE lirG@prBiRrties
measured directly or inferred. Sunmary of the Invention [0020] It is an
obj ect of tHéesraReHexyringapd Yrrlledion GRfpRE sBickAd) hogiogneoust | east one of

the 15 di saqgyantiagRSerQherd B sPVetDiypdd &f, saple theRNAY hsdh@niohl SEH Wheralyt Rhsak | ve.
It is an object o 1e present jnvention in its preferred formto provide

f th i NV
i nproved metREIEY geringfispia isdiof BFHd s BTt ct or materials, and in
particul ar foed2k (5idideCfacetsSERPMESH nidSiliRgn Pt of LFbte HORNRE BenkiBASdin GdTe M,6:)
[0021] In acgordance with a. . first aspect. of the.present invention there is
by ovi ted s WEEhSAC g chlth Bk AR RRET P SERgBRE IR m R Obe kP RLr
sai d nmet hodhé¢ Aglingddengtytdiveg sticegpewbfdiredtap c20bedwsirtbedyy si Shetiadqeatioalwhidh is

produce phofol um ness esrh%%i 5 TR nghin%oﬁter'ﬁ%] LPREMRbAY 1Plhe RS ppases of the
phot ol uni nescence emtted from said nmaterial; (c) normalising’the measured

phot ol um nestdéhow silispegrstingyploskt h regard to variations in the background
doping density of said material to obtain a normalised photol um nescence
intensity; and (d) analysim@ﬂsathBOthT%ibd bt ol um nescence intensity in
terns ofl>one or nore properties of said material. 25 [0022] Preferably a

subst anti al [0_@-f3?6In Qﬁis E(ﬁﬁtl&pf(grﬂ @koeiff%ie?ﬁ( Qﬂatfa%gristi%m# tﬁeh&)HMts&thﬂglt(ﬁﬁ &k tihgages
t he photol um nescence emtted fromthe area. In preferred enbodi nents the
mat eri al i scretad host g¥ is tﬁ@g:ﬂative height within the brick or ingot (x = 0 corresponds to the bottom, x

=1 to the top). For example for a typical 25 cm high boron doped (p-type) silicon ingot or brick,

the doping density increases by typically 30% - 40% relative from the bottom to the top.

20 [0014] (ii) Side facets of UMG silicon bricks or otherwise intentionally or unintentionally
doping-compensated ingots or bricks. Strong variations of the effective doping density are
observed, with a transition region from effective p-type doping to n-type doping.

[0015] (iii)) Wafers from UMG bricks. The transition region from p-type to n-type is not strictly
parallel to the direction in which wafers are cut from the ingot, because of a typically curved solid-

25  liquid interface near the crystallisation front. Wafers from near the transition region will therefore
show strong variations in the doping density within each wafer, some of them even showing a
transition from p-type to n-type within a single wafer.

[0016] (iv) Vertical samples from Czochralsky (Cz) grown monocrystalline ingots. Vertical
variations in the background doping density will show up on PL images taken on silicon ingots or

30  wafers cut vertically from such ingots.

[0017] (v) Monocrystalline wafers, particularly n-type Cz wafers, often exhibit circular variations
(striations) in the doping density. These can be seen particularly clearly in luminescence images

taken on unpassivated wafers, since the effective lifetime is surface limited and thus almost



or a silicon brick, and the nethod is applied to at | east one side facet of
the ingot or brick. In one preferred formthe background doping density is
measur ed woperi/mersbal | y. Alternatively, the background aopiatgord@moedoBy i s
determ ned enpirically or calculated using a theoretical relationship. 30
Preferably, the normalised photol um nescence intensity is interpreted as a
neasure of the effective mnority carrier lifetine of the materi al

Al ternatively, the normalised photol um nescence intensity is converted to a
measure of the bulk mnority carrier lifetine of the material using a
predeterm ned theoretical relationship between bulk lifetime and nornalised
Phot ol Ul NESEEAE Seronctng whilk GRS! Iken LWPLERELH GF SBHROULARNLS Gk GRSt | Cal
relationship is applied to nultiple sanples of sald materral with sim
surface prepablainlyninescepcpingges: pr ef erred enbodi nents the property is the

area or vol o] 46Nty aRf vadbs! ARt QNEd infdrd HSHTBHES bddilicoh HEéBhaduacturing
accordance with a second aspect of the present invention there is provided

a net hod ofPr&eEsshHuLtEIREme Ly arayshesomt myingrqame ohxamplstindydepfl Srlar's 5

met hod i BCl w@h&eryttBns RIS @hd MuR)s E@X&chéiigal d@rma@AStro@ssP Aath B fbeedd fol east
one side facet of said sjli in or. brick to produce hotolu escence;
(b) obt ai ni Ay CYLLE sPigen lg‘ﬁaijé“g?‘a‘fehléloaﬁwﬁ?sdmdﬁ%@&é%’ﬁ%?1’ AR ?‘écgl %PIB?n sai d

at | east onevipemtion of at |east one side facet and (c) |nterpret|ng sai d
at least o var,i t|on rea dens

ol ooat | ono1l e L bRED RKs B BinEriReks? 6 % 355 TR BF dpepineg
form t he phatiationrin n€k meargees de[mxgmsd l»}bthapmém:bt bfr bmheddof)ﬂng damtty sidde ttfeaffeitm of

the i nqu mln(t))nqtl %grrlgi”rl% tlar‘ri?ea gre’ilz(aale Forma Pou% tV%rlatla(‘)B &§ O(ljlee 0P ﬁht
di sl ocations W thin wafers s sequen y cu he Ingot or bric

anot her pre@emﬁedtmDPhﬁ%aﬂtk@@@ﬁr@m@t@h@t@ﬁnﬁdnegwepb@dﬁ@a@eﬂmsOugé@Wto
hi ghl i ght r@ﬁhﬂ?§m@ﬂ &ﬂ§q&ﬁﬁ twﬁ&a9&%Qﬁhﬁﬁmhﬁ&£g§&ﬁh§9&iqua"ty for wafer

producti on accordance Wt aspect of the present

i nvention, iﬁﬁnﬁlﬂéﬂﬁﬂﬁﬂmﬁﬁn a method of conducting an analysis of a
silicon i nq@()ZOﬁ)rIt QI’ dnC f]ecg @f 916 %ésmqn\le%nulgld‘\]fgrc@rh@ 01551ﬁe9§)ra%f at l@ﬁ) OI%XGF Iﬁﬂz ng at

| east one side facet of said |l icon ingot or brick pr oduce
phot ol ur® nedé%f‘éY?@@geS(%)theoﬁt%aﬁi ?fgto Frovidsgsyselgharitige %fls tthebject of the present

phot ol um neg&aRGEIneHE ,Igrt:@ged‘ [ S diRidalimp@ast mOR&ls Shidehaf8€@ding @AfLohdiktor
interpreting said at |east one image to |dent|f% | ow effective and/or bul k

mnority c aPpiFrEys. pydnpqrigylas pulk ﬂb?OBﬁ%mR}sﬁst g PP mi‘”i‘?ﬁcé"t‘ceé‘?ﬁaﬂlb‘l*i‘rt‘?l%ts [0026] In
accordance MﬁnmIﬁa&@ﬂﬁhﬁ\ﬂﬂpﬁﬁﬁtﬂ%mﬁbemﬁmﬁﬁﬁMHWMﬂMﬁm&kD@pnﬁh@d@rMﬂmprVIded
a net hod of co nductin ¥SIS of a se erial sald t hod

Co,
i ncl udi ng t1e ‘%P‘égpgn 8‘%‘”(35) ek ST RGLr gBt e o e fm%t@ﬁd m %l&‘? 51 %8 B Bduce
photolumbne&mﬁmg@khﬁhﬁumea&wnungmbhemdmsmm;bub)omaﬂmnghemphﬂ&mmynbﬁe&eence

em t t ed f r OrROtSOﬁlmll’.l %chel e(%nr}tte (fCC}m Qa?c{ ma C]Zla anorm Sll’lgq Ur ed Iegloﬁo(?lhlilrmnns%gn%gnce
25 distribdtion w {0 Var "ati on t e Sef T et vePm nor | y carrier

lifetine aan@&myydmdqpuibn@nMwanmt@dwmaﬂahygbnggﬂh@“mgﬁﬂwmnggdlm(mHMIa
hot ol urmi X
phot ol um neRenge: dhahiRLI Ol LGP AL AL A0R 0t DR faRROLODD

dopi ng density o materi a 0Ss sal tlon era
mat eri al i sin@nsty i ey of pigor more propsitics @fémdmateekl and the nethod is applied

to at 25 [0022] Preferably a substantial area of the material is excited, and the measuring step images the
photoluminescence emitted from the area. In preferred embodiments the material is a silicon ingot

or a silicon brick, and the method is applied to at least one side facet of the ingot or brick. In one

preferred form the background doping density is measured experimentally. Alternatively, the

background doping density is determined empirically or calculated using a theoretical relationship.

30  Preferably, the normalised photoluminescence intensity is interpreted as a measure of the effective

minority carrier lifetime of the material. Alternatively, the normalised photoluminescence

intensity is converted to a measure of the bulk minority carrier lifetime of the material using a

predetermined theoretical relationship between bulk lifetime and normalised photoluminescence



| east one side facet of the ingot or brick. The portion is preferably in
the formof a line scan or a 30 two-di nensional area. The nethod is

pr ef er ablwoappldoesot o an i ngot, brick or wafer of upgraseu/abmldoesogi ca
grade silicon. Preferably, the position of a mninmnumin the distribution of
t he photol um nescence is fitted to obtain the ratio of donor and acceptor
concentrations in the feedstock of the upgraded netallurgical grade
silicon. In one preferred formthe step of - 7 - normalising with regard to
variations in effective lifetime is omitged, and the photol um nescence
distribution is interpreted in ternms of background doping variations.

Pr ef er abl . inkRey PShtl:00 Gfnofinth iRk cd Ry RRAPL U BPRCARRA. AnfhdsloPut i on
is used to identif Y position of transition region fromp-type

n-type in upiresied Wélt alnﬂ%rrsglif@apreg%r@td@ &1 othe prefersd wa@a]lenlt%hfa@emr@lah@@ Wi th

a fifth aspgglorQbluhb&enpiyest@RocdddNER HMdBEr e is provided a method of
conducti ng an anaIyS|s of a silicon ingot or brick, said nmethod including

the steps dP923]dy agBidanssivig agecopd aect P{ie PrEnbIMUH I SEE oo vided SUPditdif s of

at | east s0nN@n&icHe; £na@8lYsiObf Selicdn Sight & BACK, E@@Inetﬁéd REudiKg (hS kgl @t (a) &a\Ihg t WO
photolunlnescence measur enent s bei ng obt ai th different detectlon
wavel engt h Dalfiths;? PHIOt &l Al 'St 0g° i eliss't Faé iU hdtaRbSh BER | 8akP ¥ ho of
sai d phot ol phmoﬁﬁiﬁlﬁ.‘e&ﬁ:ﬁ&: i oﬁteamg raelmmbﬁe, ma@cdof(tﬁa plﬁﬂﬂmﬁﬁésbcﬁlge &aittell frérh eznasl t y
ratios into n redet er m
heoret i ca R S DS Bhupe R PR Brerrarened Sureede SV EBRE e h
bands are pmnmudemmhyn@mbmmyoﬁbﬂﬁmdﬂﬁh&@ﬁmummimbﬁerSykand t he net hod
further 80%6i4§ eIS ;tlehperets ITE%&OHH the Ol% l!lr}llstl‘,sgglctt, Qn% é)s O%Eame %%&: F side facets of
measur enent's of the |nfen5|ty Fatios tor anguFar varla fons'in %

transm ssi ohe mgottdné)rldﬂ@e enalyrot & @bitagi @fctsnmetedl picy density Ai5lifl@GRRGE \Wdamowdtrﬂg to
a sixth asngtkqfhul Ne AEESSRL HONCRL AR, tRETEohd BRAKHeRnR TPURR Al
conducting an gnaﬁy5|s of a silifcon ingot or brick, said method including
t he steps dfhotofuglinestenesi ipagryis aﬁedltfehlgbhghmglpmfdlmng%@sb@rlfcé iypibisigrtemelY s of
at | east ong gielerdRERh, of said silicon ingot or brick, the

phot ol um nescence in said at |east two hotolunlnescence measur enment s bei ng

gener at éd P31 dp precerdapc vaka Pist prrt w&% PEsRE g entiop)thegisgupvider agnaivd @hsi t y

rati os betvwegiucatg dneddllsi2r o MR oPfngs@ Brifh) oL@ b NRSIGARE Be me%&w @®Batkisg and
(c) convertlng sald intensity ratijos into bulk lifetine or | k diffusion

| ength usi iy e&“BPfé%ﬁ‘t farehpiald S’chﬁ%*blP%‘tt Pk fupradycs H%"ﬁ‘?lb‘m“fs@%@](b)l Wa&mﬁ bf the
above aspecktst @k 1Ihdrge opme§1emdlurhmwmca: afiigted fa@n Fﬁmitdﬂau@hélﬁé?df@d’&c andreasur ement s

or images are prefer used as a cuttin ui de roduct n or as
o qutda; n WEFEY G UGG ToE s ol lPlies Selt o) FipoRly SRt i
Al t er nat2b v edegionstwithin sakidugoadribaink.obt ai ned from the 25 method is used to
:Oﬂ)(r:g"g . t he[Pﬁ%i uf g%gcltogdrgr'l ”gfvrltg‘;n ?lﬁ»lh' af];g” cﬁ%rtﬁelcpﬁ»essg? i Vgﬁoozéérﬁoltpr(gvo eagaf(n?erth%‘d%? the
f eedst ock cuadictiyg dnndlyrés qipeduictndurtorafatgial, pasbmetival iedleling RO oMeraridngg to

a seventh aasﬁé%ﬁén ﬁ‘sa dhﬁ‘iat aﬁo Ertoddcg BbuBihesENET &) 'n%as%h g‘éhged‘ijstr?ouﬁéfé&eﬂ%f or

conduct i ng an anal ySiI S O m CO UCt or materi al sal syst em i ncl udi ng.
a phot odet a@piomlwence%mft@r frgshtsad mputign:de) hosmalising s nersgred photdlimninessenan  of

phot ol urk Neg§G LR Qzﬁﬁ‘ ?erg%h‘%ﬁ vArfaQ8Rs @n B EHAGC RfnodR FritBilifih@lcros@ Bl Fortion;
processor for nor mal |S|ng>t e measured photol um nescence intensity wth
f

regard to vafi atbomalyiips PheoBated rRIQRETIRSHCAY EREIRTPYInAP S5 VAigians duhf ace,
and for analysii@d i RRFRLT SRthRbel QrumAgsAeACe intensity in terns of
one or nore gropertles of said material.
27] Preferably, the material is a silicon ingot or a silicon brick, and the method is applied to at
least one side facet of the ingot or brick. The portion is preferably in the form of a line scan or a
30 two-dimensional area. The method is preferably applied to an ingot, brick or wafer of upgraded
metallurgical grade silicon. Preferably, the position of a minimum in the distribution of the

photoluminescence is fitted to obtain the ratio of donor and acceptor concentrations in the

feedstock of the upgraded metallurgical grade silicon. In one preferred form the step of



- 8 - [0032] According to an eighth aspect of the present invention, there
is provided a system for conducting an analysis of a silicon ingot or

brick, sawosysiersi ncl udi ng: a phot odetection unit for pgitaaizoniongoms | east
one inmage or line scan of photol um nescence generated fromat |east one
side facet of said silicon ingot or brick; and a processor for interpreting
said at | east one 5 photol um nescence inmage or line scan in terns of
variations in the area density of dislocations in said silicon ingot or
brick. [0033] According to a ninth aspeci_of the present invention, there
is provided a systemfor conducting an analysis of a silicon ingot or

bri ck, _sai ity ShRORGIUA B3R LAAGHEEELAR iiihiked, a BOLRISAledlncl CaSt

one |mage or line“scan of p hot ol um nescence genera ed fromat |east one
si de 10 f acHtrigfion jjigferpicled db s drckgroupg feping vandions. pireferebly ghe pesition of a

i nterpreti ngingind ifthe lpBASILMARL RB QBT NR SLEN©E dEITRY e PosilidnN& S GARitbO
identify defect-rich ow effective and/or bulk mnority carrier lifetine
regi ons wi t'REIAN SR B YRS YORUBF ingippiaged metdfscaligids, liFy to a tenth aspect of
t heI pr ESSH]E[OOISYQHtab&fHanJehﬁﬂﬁa fiSh ani)ay ol e peeséysdvefmoﬁ @ielres:ig eivededl BGnedidd of

anal ysis of a sem conductor terial cluding: & .

phot odet ect{°BIFRs 12 28YFHH 2shEA HEN G ¥ t"il Sé"&s"%/ ﬁ “Bwééhecﬂe%? ?fﬁ@) YAt
phot ol um n%G@Et(lelogﬁﬂeﬂhﬁlﬁrﬁd:eﬁdéOﬁEa@rﬁmkﬁlfsaﬁet Rhst 98¢ clddrBt@Iof @did siditeh i@got or
processor for nor sured phot ol u sgenge in i.n each
ot of sai G ager e T Retbgur e PBarTS s T adt SRS B ve
mnority Ca\IVZWIeEngtlh béfnéi I(H)])Ea]&dﬁ@@&nt&r&ltjzjr@m’fﬁmtl aalnﬂt f\x@rofamablymwlmgmtdoeme

nor mal i %Sd IQhOt ol U po(r:lger {298 9 1ntens1t A

in
he bachyr ot raai SREE AL LIDAR Bnad Gl AT i LR Sy MALAL GOS0
an el event rusalspﬁegttedeoﬁfrmtnh@ tippesahtelitioybi | Breferabhertle {ifferpr gigiedied w_ws:lysgﬂe_m for
conducti ng @Rqaf r}évﬁh&i fon@orsfn!)ﬂefa%ikc&l@%ﬁ&s Qfhd Bfe! irod $nd: é%qt% ?e’é“tﬂerh?e'p%@“ ng.
a phot odet ection unit r obtaining at [east two nmeasurenents of

phot ol um nexeadicEs @@rrélptatue@peﬁqemﬁ Tagasyrerapnts op e 1BEeREY faieetor afigulsaveiagpsiigon

i ngot or brth&!fanséi%@h@Rhé&@%ﬁm&r@’@wﬁ&%ﬂﬁ&@m5 bei ng obtained with

di fferent detection wavel ength bands; and a processor for cal cul ating

i nt ensi tly ri49P9bsAdseidingdn 2atixth gsrset phwie gresan iBvgnipnmdisey saeYided, 2 Aitod of

converting &addihdUn@AN|diYyorfhaalicetSinkddbPbrM] didl e iR a0k t@%te% s &t fab bisthiine
| engt h usi predeterm ned theoretical relati onshl erably, the

system fur tagé‘faSt HE IPIYEYMEERT TETECTE| b @t YL op§ flfk‘e : ethBrsalf)rs‘BGf?“d‘P%f@ °t he
di fferent d&IcECtHeOﬂShoWﬁhc@ﬂﬁ&é’l i asdsat wdaert@(b rphbtbmmmeaeﬁssméasmsménﬂsr ualaeg

configured to ma i e neasur enent s i ntensit i 0S

angul or | vardeREnghan HEral Ee O eS oS O et iy i g pf
filters.2030wp0D346d pl@cﬁdomﬁhbsaglct measutmhtﬁtdmdas)p@ﬁtermfg shidentpuség edtibs intvewik i on,
br ok, sal diaySt e B s e M L g A R SR i 1 s et ng
first and s[@wdnw@ltleragbwgsﬁegts ogbnprani ln(:pn@hotl@bhmmlmemc@cr@enmsommsl east
one side f a(ﬁ%hlaé)es dpal)rgfegalbiyl &L aé gg:glttm LIIQ£ e K/afef’i IQ)Blﬂttlglg%ll %: LI e lﬁpl\xﬁafet or
obtaining first~an secon drements of phot ol um néscence

gener at ed wiredvcisni @ soitreaferg ido geaditn bingx ciltemptively. W&vlefoem@lph@btaaln@l frgm the

processos fQun&al Gith & ek %%ﬁhﬁa&{uﬁ@t& Qfic AMBER istBisdorlid hGtmARdSHEON
measurenents, and for converting said intensity ratios into bulk lifetine

or bul k di feuefenddissdiom thsimaeral pr eabtosy hydbed wresdrted @alty inhaprogismmp. 5
[ 0037] Prefgrabdywardhie system according to any one of the seventh to

twel fth aspects of the present invention further includes: an optical
source eni tHOPHY Cicaﬁtngm fHeVaReressgehthe Srg@t nvAMiont e papravigeh? @fsteﬁ {f con
or of said @)ﬁmcﬁlogwmtal%s iz @Erho@hduc@ﬂdlaﬁrlﬂeiaﬁpiyﬁémfi&[udﬂ@%pﬁdtdﬂlgte&tﬁﬁ unit
transms |(;fn Sald1|l ht . thro h sai Lﬁcon or semcdgfnductotr m%tectiial.
[0038] I’ affy° 6%‘8“%?t EH “f‘s‘é‘%i‘éf‘n?r ‘EB"a’P PHTANPERES BT T HE B Belart o' s

i nvention, hmheaigphed opeteeet fod Aorklidiny the qmsze]ﬁrecr ptoloyunhifis tanckeigteasitg ivlith @gardaaner a.

Al ternati Ve\'/a}/iéltiotnp % tHﬁb Qacggg&nﬁ%%ﬁlggnde%my aC{”ors?sC slaldd sulsface andr}or a%z?lysmg%e normalised

photoluminescence intensity in terms of one or more properties of said material.



[ 0039] According to a thirteenth aspect of the present invention, there is
provi ded a system when used to inplenent the nmethod according to any one of
t he firstwbaoslioobisoaspects of the present invention. 15pBrisgf20i0@®a08ption
of the Drawi ngs [0040] Benefits and advantages of the present invention
wi || becone apparent to those skilled in the art to which this invention
rel ates fromthe subsequent description of exenplary enbodi nents and the
appended cl ai ns, taken in conjunction with the acconpanying draw ngs, in
which: [0041] Fig 1 illustrates the sawgg of silicon ingots into bricks
and wafers; 20 [0042] Fig 2 is a cross sectional side view of a silicon

ingot i1 usfphs '&90&1 gu‘i YRl al\?l’%”l ?rft;a ﬂthl(»)eQJnt %hfv&ﬁ%h' t}{é‘re P‘%lhéd)/a GRIH RF

lifetime; [0043] Fig shows a he side face a conventi onal
cast mul ti ciopduchnd dnrealpsis §fpesilispy ingeror brigkeseid qyeieml]clqﬂing phoipgisctian Ppit Pofrage

of the si deHAGRL atasCon@ihhider Yisid &lah b phodMkmifidskdn6OBenBraie§ romZ® 1daQQAS kigET 9

5(a) and 5(b) show excess carrier density profiles calculated for a 15 cm
thick silic8rt i@ sigron Jgoqior fEiFeninde R cPeesob ionaVErsing: Kdd (3t ngist ed by

the differ ephbtoaiﬁﬁ&b@@meq&ag&ﬂﬁhb Sdaf it t%])msaﬁldaﬁdﬁbnsdhftlfe&ffﬂm%ns%ﬁbﬂﬁﬁo&floﬂshﬁ bul k
lifetime; [0043‘]ﬁ 6 shows theoretical relationships between nornalised
PL count rafl SHie" BEIR Mihority carrier lifetime for a 15 cmthick silicon
brick (circdoes) [&ﬁadrdﬁth@Ql hif dsficC kf Ehblpr@an ikverh@dn, @S:E{:UBI’IES\)lded&Osy[SQQAfZ)} Fl g
7 shows plots,o nt.en

Tnrennei Pl oo Rk sp SweBuERLH Wik S8 et nsTuline' SulBodRioRuitre™ o
well as t heobltzmtl@’l:sllctayt gnatimage o[r(llﬁél&}an bf gﬁ)tcﬂl(rm)lestffncﬁg@):raleﬂ Iftogit 41 ddagt b gide
conver si.Qn P Si de f acet Qn br| ck
CoraChe Bl el A Sl biThAG OF bl S8 LBGSL: e ByBrbie 4 d DO BRLDK
a plot of imbehsitegcengtimegyarlgyscdpub kdehiify alefepterichdew Pllectjenendar édlkfmlofmt.‘a 15
cmthick S'Jah%?f‘fe@&é f%glo@/wﬁﬁ{\?saﬁf 1}:1%0%196}&1(9)(0' tation wavel engths; [0050] Fig

10 shows a |1 ne scan intensity frombottomto top of the brick
shown in Fil§034] Apsorigiag|to astenthesieal eluthatregiens fifvsptidny ghegtolsi migyidtd ris pysipm Br

[0051] Fig c:l-);]rddclnllg"a?nt Jn@l Q§0Mé’¥m‘%@n@ﬂo§ %a@ﬁalf M&”@yé&&n%&ﬁﬂ@eﬂ IRANRk &ion unit
encounters an optical |ter at a range of incidence angles; [0052] Figs

12(a) td3120H)Plaee %éﬁ‘(ﬂ%{)on% ignagsprdine pgan githplefuaninepeneegencaed g pfurigoepf said
intensity radmliA8gerdcakortthencteprnd aRcheaQiredpRlRGlifidséentd infeRditytif 8RE PSS ON
on incidence angle; and 00534 Figs 14(a) and 14(b) illustrate the

conver si on GFIGAMERCBIEISEY TP KaERipEy» Be HEAE FERTYETT HROT For ent
spectral regidonSaceFing fdidaysingt the Borfliskd |phbteltumiRsdeiitd @Radefor Ynel¢abdin)terms of

variations in the background doping density across said surface.

20 [0035] According to an eleventh aspect of the present invention, there is provided a system for
conducting an analysis of a silicon ingot or brick, said system including: a photodetection unit for
obtaining at least two measurements of photoluminescence generated from at least one side facet
of said silicon ingot or brick, said at least two measurements being obtained with different
detection wavelength bands; and a processor for calculating intensity ratios between at least two of

25 said measurements, and for converting said intensity ratios into bulk lifetime or bulk diffusion
length using a predetermined theoretical relationship. Preferably, the system further includes one
or more dielectric filters for providing the different detection wavelength bands, wherein the
processor is further configured to normalise the measurements or the intensity ratios for angular
variations in the transmission of the one or more dielectric filters.

30  [0036] According to a twelfth aspect of the present invention, there is provided a system for
conducting an analysis of a silicon ingot or brick, said system including: first and second
excitation units emitting first and second wavelengths for generating photoluminescence from at

least one side facet of said silicon ingot or brick; a photodetection unit for obtaining first and



Det ai |l ed Description [0054] Preferred enbodi nents of the invention wll
now be descri bed, by way of exanple only, with reference to the
acconpanywogodrawisngs. [ 0055] The present invention rel atessuraiodoyoso PL

i mgi ng neasurenents on "bul k' silicon 15 sanples (e.g. bricks and ingots)
prior to cutting into wafers. Specific advantages in relation to extracting
bulk lifetinme information fromPL i mages on bricks in conparison to wafers
are disclosed. The present invention details the follow ng principal ideas,
which will be described in nore detail apd in the same sequence bel ow
[0056] 1.) Using infornation about the background doping and its spati al
variation tQ.parfBbigfentOof By dmh{BOE. ABkrLOCLAPYANNA! haRLAHIAGERBH ©

quantitative information on effective or bulk fetinme variations. Specific
benefits of WPElengiiifgiapdy 2oriotsPIor KY/ ¢atryloting dvenpial ediog Getwasne pridriiss (ineé feqend f or
det er mi nat i @i @Emdil, knd fof E3nkdBnd FRGBSHsiGSABE A bufk fiRBmaBE bk ¥irtQoPRAAR N
bul k information over a much wi der range of bulk lifetinme values and at a
wel | def i netfingAjPEdeirrghner dipareticalielationsliel osed. 25 [0057] 2.) The rel ative
Vﬁrl gtl Esn qu%méPrabrablﬁttht%M acc@fdﬂ%ftdi\hr{yhﬁélbf tﬂ@gegalltn tS:ct\ﬂ@fth ﬁ[)ec‘]géaifﬂ@tpte@é]ﬁ of
t he backgroun s often sufficient to identi eci fic inportant
sanpl e featlﬂYeé‘E"“s‘gERg&‘sCiﬁdW? PRUISH SRS gl “B%L‘gl}ir‘fvd Maéﬂgnésl’s‘f"b%’é‘rh?‘bﬁng@ﬁsu ty
regi ons. [ O8p8} siBeoh obsf al searbidiabi 0nsidfandPh dierges hakeing urdanisndisfoher ent
experi nment al ‘ri tdt s .diff rené i I | um nation or detection

wavel engt hs saiglie %‘Iﬁug ﬁlgsﬁlﬁWoél TREHAELO RS e | uence of 30 dopi ng

vari ati ons,[0638] dWamgotdzl af elgt semmﬂrteltatlftmlaspeéts bfntlhepssdnymwaiubmShalxpttotoddﬂedubn

mat eri al, qual t|t e | kK mnorijt i £

it st dn | BRGHEG NPT bt TRt Al e plol @ Mo M an
(obt ai ned vﬁnGhAquaﬁlﬁler ent spectral filters in front of the canera | ens) has
been di scl i i

entitled H@E@%} nllgb ﬁ?‘ﬂgﬂgé‘??@g&egﬁa@%g?ﬁﬁe %Qpe'#] ﬁ‘gér“:“ip‘g tﬂé%rr e)r%ggcﬁ‘jls%%él%%eﬂ

| um nescenceed inighpiemeer tho mathed] atseidiigrio By prsf drtbhbet tostitk appede pf ihe Pegseht
previously ypdiige! osed advantages apply when this approach is applied to PL
I mages taken .on silicon br| cks or ingots. [0059] 4.) The fact that PL

i mges dp DepEIDg e DEgwingst ectjve |ifetine and background 5 dopi ng

enabl es onqom] gzaaheﬁtmrfarmnta@e ARRUrest R lidlehtod vaN basehpfafnvdrhat kiems ief t he
background doping within the sanple after normalising the measured PL

signal for Dart ot rhshis HveHien ﬁ‘?l?’i‘éf’rf}”‘?ri/thﬁ Spopgaapnt Fl?SF‘th’iOPrBf e"leﬁlplé‘ﬁ’eeér?bf"ih@e‘&tés es
an as- meas Udn@ theRppen0RIGR1i e @& i8 codjipotidnarith thédicosripahyinddrabiagy indaxihng
variations w t such ngrnalisation.. [0060] 5. e dependence of bul k
et o ot WAk 1 BP0 B SPnE iR ik RteRband BRG™ or P 50 anal ysi s
of bul k 28i | 08420 IS@A @sossREctiondgils vamweoftayfilicom gyt iffeastirgate wpich \apatonak |y
const ant |Ilfy natlon |nteptsl Y, SO different lifetime values within the
cclive mll’lOIl carrjer 111t . . .

sanme i mag e taken % SN ESh Vet er are reported at different injection

| evel s. The[0®43ﬂ LFag B@hpwssa Bluiqmge 9F Aglside dackf eraeamnvdngenal pdsemiliterystdisup-eipent s
taken on bu] ﬁgof?k)}tdkcon sanmpl es (such as bricks) under typical excitation

condi tions I magi ng. Such neasurenents allow lifetime values within a
consi der abl 80444 itie4 shywpe PL image of the side facet of a multicrystalline UMG silicon brick;

25 [0045] Figs 5(a) and 5(b) show excess carrier density profiles calculated for a 15 cm thick silicon
brick for two different excitation wavelengths (indicated by the different absorption coefficients)
and for different values of the bulk lifetime;

[0046] Fig 6 shows theoretical relationships between normalised PL. count rate and bulk minority
carrier lifetime for a 15 cm thick silicon brick (circles) and a 200 pm thick silicon wafer (squares);

30 [0047] Fig 7 shows plots of detected PL intensity versus bulk lifetime for a 15 cm thick silicon
brick, for PL. measured in two different spectral regions, as well as the intensity ratio;

[0048] Figs 8(a) to 8(e) illustrate the conversion of a raw PL. image of the side facet of a p-type
silicon brick (Fig 8(a)) to a bulk lifetime image (Fig 8(e));



15 nmeasured in a single imge taken with spatially constant illum nation
and at a well defined constant average injection |evel. [0061] The PL

t echni quewoabitdoelspr esent i nventi on have particul ar applpcrattzon/mamoshe
characterisation of silicon bricks and ingots prior to wafering. Specific
applications include determ nation of dislocation densities within a brick,
acquisition of bulk lifetine imges on the 20 side facets of a brick,

| ocal i sation and quantification of low lifetime regions within an ingot
caused by high inpurity concentrations, jgnd nmeasurenment of the doping
transition region in conpensated or UM5 silicon bricks or wafers. As w ||
be expl ai negodon PG SRl P EhAy AROULAE b ikl oDl €l RI%HAL BF &n CAN
for exanple use this information to I nprove the manufacturing conditions of
i ngots or ddicksibemnibriplgbydivo dibteranrycigptipelgatelspethfigot s, bricks or wafers. The
PL t echni qu@#s0fane 8 $OwER liREscEPHRANAinWhify ftorf BRbRdo top©h ik BHEShOHL gL bed
above) to provide nore conplete information about structural and el ectronic
properties bfs Bl ekl calgulgiedeiisgherdopaataridsy st em coul d conbi ne PL i nagi ng
and i nfrar e@os1 ang M $64uQARs hdv PNEmisO6] frdthal exetddtakiple Us@tht@h hh@icdl Gilter at
off-line characterisation or sanmpling or for in-line characterisation of
one or mor & BUFPLPESYE *iScks during manufacturing. [0062] Exanpl es of how
PL measur engod2$ Eign 1he) wsed)tand i1s@y eves(d)hidudian hda dridttionof @OPId idtdneinSraB® Of
ingots or as a futthngﬂ§orti9gl uipg {or bri cks. or mafegs bnclude t he

i magi ng of 'B& Sclt FERGPSOF ST ONET TPERSTIY 8 HEY e YIEEn ¥ bul k 1ifetimes
and conpensl@03d Higgli4Gnsndf4(tMBistate tk sonvalsioow agindeditg citiovmagedgi Rinsedsared e

di scard or  manuf act ur | condi.t i t lnpr.oved,. W reference to Fig
2, °F aver oy PRI sl B T APt R PRt 0] [T St P e oms
10 of Detailed Description

[0054] Preferred embodiments of the invention will now be described, by way of example only,
with reference to the accompanying drawings.
[0055] The present invention relates mainly to PL. imaging measurements on ‘bulk’ silicon

15 samples (e.g. bricks and ingots) prior to cutting into wafers. Specific advantages in relation to
extracting bulk lifetime information from PL images on bricks in comparison to wafers are
disclosed. The present invention details the following principal ideas, which will be described in
more detail and in the same sequence below:

[0056] 1.) Using information about the background doping and its spatial variation to normalise

20 the PL image and thereby obtain more accurate quantitative information on effective or bulk
lifetime variations. Specific benefits of PL. imaging on bricks/ingots compared to wafer
measurements for determination of bulk lifetime images, especially the ability to obtain bulk
information over a much wider range of bulk lifetime values and at a well defined injection level,
are disclosed.

25 [0057] 2.) The relative variation of the PL intensity, even without normalising for variations of
the background doping, is often sufficient to identify specific important sample features such as
low lifetime regions and high dislocation density regions.

[0058] 3.) Using combinations of PL. images taken under different experimental conditions, such
as different illumination or detection wavelengths or both, one can eliminate the influence of

30 doping variations, allowing direct correlation of intensity ratios with bulk material quantities such
as bulk minority carrier lifetime or bulk diffusion length. While the use of different detection
wavelengths (obtained with different spectral filters in front of the camera lens) has been disclosed

in published PCT patent application No WO 2008/014537 Al, entitled ‘Determining diffusion



- 12 - an ingot are discarded during cutting, yielding a smaller nunber of
bricks but the bricks will be of better quality. [0063] Fig 3 shows an
exanpl e olvoaoRlwoprsage on the side facet of a conventi onacTearbiopobype
brick, revealing regions with high and | ow di sl ocation densities (dark
regions 12 and bright 5 regions 14 respectively), allow ng estimtion of
the dislocation density within wafers that wll be cut fromthat brick.
Usi ng PL i mages taken on nore than one brick facet, a nore reliable
estinmate of the dislocation density in_gyhsequent wafers can be obtai ned.
This analysis may be performed in conbination with application of suitable
| mage processlindr Aok LA ke M SAUALA! anflinldRORS QMG Shfficd AGRLS Of
a brick will "provide i'nformation about the position of ocation rich 10
areas and rﬁﬁwfeﬂ g Rraxip EY umﬁaﬁﬁl@ﬁe&@ﬂw@g@; apply Shen th%@P@P%ChIINP@hWaIPLtIVa%F ns

(1 ncluding @hﬁghgm&xn*@mﬂ§h@9¢y based on information from PL i mages taken
on the brick prior to wafering and_on knomﬁed e of the wafer position

wi thin the B934t Tirelortnhgyritatmases diaglavalbs d’“tﬁ’flﬁ\ﬁf(féfe%{”ﬁ/éllf%#menﬁ‘ﬁd%a%f%%r

w th rapkd dopmdRagtesaie ft@gash@ﬁkauqyatdut Yolatily® @6 4soicPlaribiifRg of @k mcisk@ad f acet
of a UMG sk{icogwgrlck IS Z@omn |% 4. The ﬁ9r§g$ nd 16 15 vi sible near
the top of 1RESREL EPllForaraiye dears ey ¥ jEriaigh 1Bt HEOTY i ck)
represents daher pfehmaelrt Pedifid yap@ dnraaighdutea Pl ri@gicomvanstimp@fahemtorm@ioy agei o

dopi ng dengi Yo v ? hnqg E xs be used to gain information quickly
about the poSI"Ei'GH o The" Wﬁﬁgn?a%)m?eglon al lowing that part of the
brick to deO(é)ﬂnﬁ\/)eﬂle(c&pamdelct bf blalnhﬁatlmben irgedort teverramjfnalnﬂedroenmf&]y foePIl. s)

and Sepgf, at In siS o ﬁ<yslﬂ%o s, bPT n-e PE ywa];ly Ricasprdd wJTbéth"f‘tuy onstaE

nodel | i ng, A pOS|F|on 0 ?W% dar Band Th 85" the gﬂ I mage "can al

used to caliduhiatt@ntifensitatsp dlf@fenddglmﬁgvaateemtmo r&@@nlm aago fsen g 4 filgcof el@&st ock,
as descri be [ at . of a
brick, and %%?ﬁ% tagﬁgg%tggﬁ%FQC&$; g?{%%&#%l &Mgahg&£ﬂghggggagg a
result of irn@alrrﬁrpfm@stakfaﬂmmbﬂl}kesﬂ@plm éftnml@ (thgh pgbri ymé?rdmméexcem@ﬂ cefditionf ency
sol ar cel | spor A 11%@1‘@1 SﬁbhFIh&séemén%V\éﬂobe I%ﬁIH@VJI%IV@ﬁ]lﬁl 4 Qo ARBERE IQ%EKO b a PL
25 image, so that one or several i mges on the side facets of brick

wi || pradvi deeastedinharsingls %%fak%rh%ﬂ%égqﬂﬁlibb FOTSFNG HBRINAE - 1 A aaW%lhéefé{‘ﬁ%I may

al I ow waf erconfidhRedb kgoli®veport wafers into quality bins (including a
reject bin) sinmply based on the information fromthe PL i mages taken on the

brick pri orl0PYT kel nigehesyeon! kKhowregye o iR ehaT RAIHBE atPP]d)Cﬁ“W t'hi et he
bri ck. [OOG@LraMseﬂionnanmﬁoaﬁtuﬂbﬁr shdCiagbtu peorb | dafdrink et $pEifit Ap@RSioasn idchae Si de
facets of bricks for efficient and nore reliable. process nonjtoring
bnd cont r ol SeFRIoG S OBLTHRE s VP A TS horhie ol ot PR B Ser Pt  ve
lifetimes. Bitlfkeelsiof @bridkelormbissicn ermemtarmﬁohtoaloﬁledr lifidtitnda r@ir;ns ofithinhe ingetdods

di scl osed her.e .can be use s an,R&D t ool roc t|n1sat|on 9
. 1%(1’1 lfnlp?l”lt%/ concentrations, an Jncasur ent. Of rans1t10 101’1 111 CO1M; Cl’lS
debuggi ng. J1 Imein orna ion o alne P reasur ement s

brick may alrdMGeilysebritke oswnitrswelfsevidl be mkmained 1ﬁ3nore dtdif l@tlce\ntrnmufacttmtsly 05| ns
based on thgi r. pAS dé ?&n‘%ﬁ 4}519%1% & R @Ema%h% i J&Oé B9 BB ?%@cﬁtm% t he

i nformation otalne romone_ rmre I mages aen on one of nore sid
facets of tHéndongons a Juengloybdting fuideifprangats briakapi waere.ahheallls elimeguessad abor

fast f e@gb%kco%infs@%ﬁ tirgﬁkedqgﬁmqh%'(described above) to provide more complete information

about structural and electronic properties of bricks. A new experimental system could combine PL.
imaging and infrared transmission in one tool that could be used either for off-line characterisation
or sampling or for in-line characterisation of one or more surfaces of bricks during manufacturing.
[0062] Examples of how PL. measurements can be used to improve the manufacturing conditions
30 of ingots or as a cutting/sorting guide for bricks or wafers include the imaging of dislocation
distributions, low lifetime regions, bulk lifetimes and compensated regions of UMG bricks,
allowing defective regions to be discarded or manufacturing conditions to be improved. With

reference to Fig 2, fewer bricks may be produced if larger parts of the low lifetime regions 10 of



[ 0067] The general concept of capturing PL inmages is described in the
abovenenti oned published 5 PCT patent application nunber WO 2007/041758 Al.
The basi swof20Rkoprsagi ng i s that a substantial area of apsami2e10/080908
illumnated with light suitable for exciting photol um nescence fromthe
sanpl e, and the photol um nescence emtted fromthe illum nated area and/ or
fromsurrounding areas is imged with a nmulti-pixel detector such as a
silicon CCD canera. As such it is to be distinguished fromthe nuch sl ower
PL mappi ng techni que, described in US pgbent No 7,113,276 10 for exanple,
where photol um nescence is generated by a focussed | aser beam scanned

pOi Nt - by POl iy ACLO%Re ek A LuRHE (A ng d ImBBQheS AGL B hAHoI! B be of
illuminated and i naged areas need "not coi nC| de; as disclosed in PCT patent
appl i cat i orPeNgy dPaify-AU2010/ 000577 entitled ' Material or device

char act eri s@b¢3pniys tshowioh- RO NS PUSEXChHE AL isRH fac@tf'tﬂ‘ al RERLRYMALLC-RBE €1 N
by reference, it can be advant aq;aous for exanple to illum nate one or nore

sel ected r&Yichnsveing regionn alh gl andeloysdigprgtiomagsitieh Elagkhesgigrufd Ak baght e
em tted frozic@ARYspR@RCl)), hiinpads@dlatiof OF 08 HisRSatdd ldbnsap withid Matdieht Wikt nat ed

regions. [006 PL 1 magin n be useful if one wants to observe the
t wo- di mensi %‘hg%m &ak?rg?bel %ﬁEBT‘agFSetélfeBroéén"Eeth?? Q&%%&‘sﬁ"‘?ﬁ’&é‘ﬁ“’%‘?f@ﬁ "6‘?{6
i mpurity ar«as dlﬁmﬁmefensﬁ fin bulk eenswe@tsrmnse SHteited 2 This lahdl anatyrueq)ksc)rﬁkd

© 9 w
|ngotS|trrayb ractic NPOSS e to gbtain a.single PL inmage
of e ar e gpmo P @b Beagizh of ShishfRERS BrSri R 8Bl 2k SF el b
t oget her t Wnlagﬂ’s ormireelde gty bﬁuaﬁckmrnm@sldt ofdrontnnabao Npgekitié of miasgeatloSmlclln
stitchi na nec ar i l.abl.e i SQULGES) have
hsur 11 O entoin i Pl SRSA ey S BUATRG el bl Y AR Gl BEEG B
intensity, sanply fbamdgmemfcslpatqnaﬂrom é’éoimg¢soiaketnh<atn tﬁesbrpbssiiobltce wialetilmg ans pmgl e
i mage is regull i H @ @8 1bhi6. | TRORdrhadcd MECHSSALVAL Q@ wakfn the
sanpl e andelglh{)v iy (l)Jthl %%ﬁoh? ggt evgl'?l%n sylstem rerelit |atv0e r?% eacll?lr ‘\(;It erW%
Possi bl e ZSTHW@F\WGF\W%@PM%WW@?f?é@fod(g‘ﬂ%p’ and image', where a snall area
section is mﬁ@geﬁpﬁf}gag%low%e 08 o8 3TRUE sififontthiEk IR m'f$g ﬁTD’l‘l?eddaQﬂSan ﬁ@e
next section; "scan and inmage', where the imager neasures a fixed
area unilf bytibl 8eag BALPLAIF JIaeh <%ﬁﬁpe?f‘1r§/teérﬁgwg ngrs e Lo Uredyiehn r?%ffsé.‘t“i % to
the sanpl e;p-gpe oSG PrdntBG RBon wHIETR TP zRX P Reit) | TR PINBGEY cah gys bl |
wi dth of the sanple is noved | engthwi se relative to the sanple. The

stitching n‘ﬁ?/d Besaripioaring gyckn a'%?Ht Qe POTHeRiot the Syl Y%O‘hé‘]ik?‘@“gs@?ttpé‘ﬁloé
i mage processbidg. o %&tmouaﬁ(dmbmu t;hm& wpeal b ingathaie sd_slhtecen.@ rafd Rphaghn of PL

i mage' thus includes both sin i mages.  and site i e r.at ed
fom t o or YHOTET HAPY Akl T Geem b ot RS BrBPT B SEREPETS |
may be annethes?isammget ocanp k@b usedt moeattulaente onial ole.opinlg’Bzg(ﬁn choentexdamspinethe f  t he
gquantity t o b(fetorr%s esm%e&/be[rll es significantly in only one direction, such as
t he dopi ng densi Ina siticon brick or ingot, a PL line scan w | I of ten
be suffi ci elf965] Mﬂbrslthanareswﬁroaathe thett@e qud topcbifaobrickx amiph@ers nhag centmgllev f r ame
wth alin 0 i r e
surface i n R Saur st RERRPn? pED MpRUIRR: Be SRERRSARRAIIRS, 1 o
PL measur enferi¢r aifi¢i¢ncy gflfuj ells. Ao shasuaindii 3t bwolttahnregionallb pppge dadaiour BL of a
quant it %50V, ﬁ{agea s& ﬁ{aI é{enor%‘::%@al Ptrlmtag}gys D3RG F.6RL bfoznbrrlcjﬂewﬂl ’])Y&'fﬁe' ifformation
principles are primarily described with respect to PL area i1 maging, but it
shoul d be uREErst BSHOr RatMPUARYICAIASSs dgrYy AleWotdRe mapeifereis o pirt wafers into
nmeasur enent gualidy Bk UedRGng d AR RiSnpRWhs&ll JAGhEinRSh AR froﬂthelﬁL fRbarddenah i on
of bulk lifetime in bricks and ingots fromPL inmagin 0070] Bulk lifetine
i mages of bP§ k& PERdO Wﬁ@ﬂ"t‘gsanét"%k?%‘t e alfhg Y’%fﬁﬁﬂgff“‘i’“rﬁéi‘g%%t f Hi¢he fol | owi ng
sequence: [m@asl]wéfer) miRASUESs @nflke biTRGRIimE Aok of ihe kidCPRVEOF biidke forRASGE T ed
PL count ratf nt ensj ];Q i n each, (P] xel into g hor mal | sed count
icie t an more relia process monitoring and control than is possible with variations in
uncalibrated or effective lifetimes. Bulk lifetime measurements obtained with any of the methods
disclosed here can be used as an R&D tool for process optimisation and debugging. Bulk lifetime

information obtained from measurements on the brick may also be used to sort wafers into



15 rate (or intensity) PL",,, that is normalised with regard to spati al
background doping density variations and optionally also with regard to
vari at i onwoio1measur enment paramet ers such as exposure t iPaE/Atrbroaoodos nni ng
(i.e. the nunmber of pixels binned in the X-direction nultiplied by the
nunber of pixels binned in the Y-direction), incident light intensity and
collection optics efficiency; 20 [0073] (iii) Convert the resulting
normal i sed i mage into an absolute bulk lifetinme i mge using a predeterm ned
theoretical or enpirical relationship. [;8Q074] Step (i) has been descri bed
in the abovenmentioned published PCT patent application nunber WO

20077 0417 58yifh ey Ay A WS ROESH Bldkih 1 1Pl CHRA bl Faf BRRS bifnPL

i mage by stitching together two or nore ina en on erent parts of
t he sane safpreationpbtaiped fram opQEByre By ipages fa enmrpne er et hasets ¢f thh mgot
experi ment af hedﬁfk%fgti(ﬁfe i DEna0@CdE LR ATusEORE 12104 relapsk b fe@distock t]uaﬁltya baC kground
dopi ng den5|@¥ is sufficiently predictable in production,

bas

t heor et i cal 08471 ehhsigpncrhrongept of captiring Pr{gwg%i)@a“@el linélafr?bmenemloae@l WBShﬁﬁ‘

B t)épe s'sljlrg(om_pataagappmaﬁ@i H&n&ﬂ&VOEZﬂ)W@ﬂZS% yae ohe 8pi fgPRtiAMIing (sh@at a

ackgroun i ng densit e.obtai n romresistivity neasurenents
usi ng tabul Séllggﬁmgé’feé 0? & Biaet g 15‘?“ Slé’itag]ftf?roeﬁ%m%ﬁﬂo IR L B R
conver si on o sadfple ﬁﬁlitlset;ihvsiotuynme@deﬁcedaﬁmdag‘rodﬁnsill’umma{maedi £flios trbiistuyoudding be
measured by several t ods . inc enents four.

probe) and NSH-cORE ac‘fmhn%ér%ﬂtlr %ﬁ%ﬁf?‘r}?‘ S“& asu ?18‘11%‘{“ é%mﬁ‘ra ét%&“" i PCE% E?
surface vohhaggyﬂmahememimmmnkmmeELﬁmm@nge@mheeQ&mﬂ@ﬂlmUﬁwmdm}ﬁﬁaﬂﬁaﬂ6y
resol Vqu nffonExrzrl?‘nE) O\rx]/hear‘bol%‘loﬁohgnl’ﬁ% sdf% d [ er(lje%ag }Mc]:uss P se rnEd dnfd & 1ntcbannl ng
node or Dby using for & t han T5'-° Orve sens oCat 31$?ere t
positions, mmﬁbyoaa@@mﬂﬁwaﬁp@nHSMEk@vﬁww¢dmr@dubenmﬁeaméa&uméwenﬁw@ime a
two di mensignalse disSfdcioRkit h0SRARLR Sl ARAA G301 TSP ARRS Uyl N
coar se spat|21 ?egg%ﬁfgoﬁ'q&%|é”:P§mt%Bn use oﬁﬁeg§%5|sg tﬁ g?nﬁbe
af ter suit alshiee fharastepwlion W@hﬂ@rhoemqﬂa% xithdm’ afd IBW@Odere@d)a(rrefee@qﬁalﬁ al
'nfornat'OﬂmQQQQBQ&Q%OQ@%kg&RMQQOﬂ%&mﬁ&<Q€%§h&%sh§d§1§§£&hﬁh%@&pk@mﬁﬁ@y
practical cases since ng range resistivity variations are nore typical
than snafl %€ &ngse éhr?d’fﬂ?“’li”%lﬁ’@@e% emiiefl §ag nerporpsiillympingedysgipnsap yell psdranhige case
of side facatgin@fdicmgpts or bricks, one or nore |ine-scans of the doping
density from op, to bottom may be suff|0|ent since the strongest relative
vari ati ons 1§08k PLoimagigsican At Pﬁ?ﬁllr‘lf A1 YA6n'8 Asrectr Swo-digegsiongl GiBYor o t o
the top of fazli'turbsl"lgﬁﬁ addisldhficl or High {nﬂﬂﬂ@/]arda{l Anedvhehr atgk @[Beﬁﬁtehélﬁcﬁ heasilmeasur ed
dopi ng den vari at.jon na an ex ected theoretica

roP it Ponen: tebesrgrec Pk fepragiabd ot aie theT D g e VhoTae i< 2P bs t he
entire QanphEmaraﬂlmhgnmﬁabEMéa&eﬂmyumu&am@mmmxebofmmﬁnmhahmqugknﬂhnnThe
te\)l(\gea: gg;lalonqula}‘)%saitetlrr}lg‘ée fé%lcﬁn sutléhe br%%% ge necestszll}ﬁ f(];rl etx;[HIn qg 1fct€e avalel\ab(fle h%lt sources

single rreastwwemsﬁﬁcupm pmes tca;liimomste tihecqired a@evltthuéﬁclentf 1hugesnteze>r qfdllghhespamal ysi s
of noise 15 i i i ta

s ther oby SuntRARHATPPAGHESIE ! ¥l KORAIHOR Fobih FURBAMIEILEL 190,

Eddy cur r entecgsgsehiviseprahaamele andthaiivmingdenddefeptiqnisgstenp epativeld cpdhgithst. |Rp|S&1'3}e near
the Edg@§ ofad &iRvds {nliudd Gsl?ep%g %ﬁagteh%/h%g%gﬂaﬁ%f& @éotlgﬁafs %XQH LG4 LUt ©
correction of these artefacts or extrapolatlon of the data tTrom regions
unaf f ect ed BYPiEREDEitaErHE IeVCdSBIRENFICE PG aAEn @XtimagsoIVaricdit IPBgt MaEycar e

therefore reguikg il @HAYbuERSEnstad®y MARNBh sihdd Mg’t)acﬁrzlﬁci Reh r@ddve k@t kahile; NO
measurenment of the doping is perforned at al F and the variation of the

dopi ng densf't YVGR Ao niVREY [ grarge fr ligyn imagen dsy fafl widip Fehatampishiprysd from
SL atisti ca: 1é@mmﬁ§el Ielahveptbagaeﬁﬂpm Tat @tch{n@%?a@] be\lﬂ’i@teﬁlgﬁéd BRXpesuldiRnt alshion
theoretical nethod IS used to erm pe the I.n ensi t that |

| or et ort S PGl e PRRE Rl I LN U e R R Aoy Tnbrstodang
vari ations ﬂamkebﬂﬁmh@&ﬂﬂahhg@nﬂﬂ&MH@dmeﬁm&ﬁd@h&&dﬁ1hﬂnhhﬁmiﬁ®kdﬂﬂtﬂuﬂ
illum nation |nten5|ty and collection optics efficiency if required for

i mproved accu?acy, is used to convert the neasured PL data into PL"orm The
resulting normalised PL data is indicative of relative variations in
effective mnority carrier lifetinme across the imge area. [ 0080] Step
(iii), the conversion of the normalised PL intensity PL",,, into bulk
lifetime zbuik can 30 be perforned based on an enpirically determ ned

rel ati onship PLnorn=fenp ( incal, rbulk) that can be



obtained by calibrating experinental normalised PL data from one or nore
sanpl es against bulk lifetinme data obtai ned on those sane sanpl es by sone
ot her neawe.2ofigobrsbques (such as QSSPC) for measuring t reTaft2emidoves
lifetime, with known relation between bulk and effective lifetinmes, may -
16 - be applied to obtain the bulk lifetinme data. These other neasurenent
techni ques nay be perfornmed on a calibration sanple after surface
passivation for nore reliable results. Alternatively, a calibrated PL i mage
t aken on a passivated sanple nmay be usedgas the reference bulk lifetime
data for the determ nation of the enpirical relationship. As discussed
above the Sohddi A thiRn skl iNAsy B0 ubTRRLHAR oHhdiP ARk BchlifhaPH inbdef Gk M2,
so that calibration of dat a versus any ot her technique needs to be
performed vixeRplpdk the rﬁEﬂ%lWr Enenmesyed yHiss %Wéw@ﬂy 41 ARly ne idifgedien.isveh dsedel .

[ 0081] Apardopink ggﬂshif"fh Pl don %h@l@&r'l%t ang, it 8c ARl BEeRNS c}nt. tASLMHBE fan

vari abl es af?ectlng t he detected |ntenS|ty from an unpassivated silicon
brick are tH8P8afirarelopfopelctt asinge e veiding cang2 SpEEFTIRES F OOt f ace
texture, srefdRctansplandrdenti Rd.cs auedibi.y TRie §3\4ish gnuaa&uqﬂﬁrewmga@ﬁ

damage. In practice the rel ati onshi nmpi rical (
Thul k) may 'BESHSBHE! f”&r ‘Bﬁ?‘iegﬁgf’f%[ﬁ <li mtaﬁé‘V%ﬁ‘?ém@F‘ﬁ%%Pﬁ ?Paﬁtl%roésﬁiﬁﬁ‘ccf‘it%
l'i ne, Sincemﬁb&nﬂm&%aﬂﬁmﬁm0m6ﬁ®hﬁﬁeﬁ@ﬁqhﬁaﬁ%ﬁﬁﬁh@dﬁkﬁb@ﬁwﬁﬂ&ﬁkﬂH@BLb&a

simlar. However Sepa onshl S y. hav o] det er m ned
For i ngot o BFY Bk TER hd b BRSPSt fed S i B B o MB T e
ver sus as- auﬂmhmﬂnkm@heﬂmbmgbbmhm 15 In productlon the calibration

correl atjon,R speci fic processing
st age mag hnlz;\}ie’?&? Mﬂ;[m‘?ﬁﬂlu&ﬂ @gﬂ"(ﬁ%l;['&gl a% a%lo[l ar eg)t%lg%g%%si s. [0082]

Conver si on 00700 Hdulinbfehmé isases FLbrickst anr diigots arnebtaitpd|ffoni P @ndgpeinghmfoldwiog be
perfornmed b @%8 on a predetermned theoretical relationship PLnorin =J

t heoreti cal ul k)-Cal culation of this relationship is based on
analytlcalliwﬂﬂ(ﬁéﬁﬁﬂﬁ%afﬂymﬁalculatlng t he dept h-dependent minority 20

carrier de r{%‘)’iﬂ (A%(M})verWhE Ifﬂeﬁulteh @L%@Jﬁp}a% (Bﬂﬁteﬁl&ﬁtyﬁﬂ eich lpH;@T 1%%%@1’%3@1%@5&& ons,
where y is the distance fromthe surface. Figs 5(a) and 5(b) show carrier

profil eddi rfalg @Bm&ww il emsthatii gprmatyed Wlfholfeg%ré\éo dratiplebaskarounp <loping idgpity

coef fi ci entarififont REd YEdnhiRt LIGK with Gobard T RhBG &I hEREERAEN §ofaieREsl @eh ko
wavel engths). I n each graph the depth dependent carrier density is own

for three VAPUEE 51 PiKg PBng Grfy H‘BPF’P?FY 851?1F‘?1%1Plnr}eflf‘b‘thi: Ffedlreqtﬁﬂll%‘ltﬁ’llicbbﬁ th? s
(plot 18); nuabkKof pikO® higned fh ahe ZO&lrecﬂcﬂld, ihbidédt 1ighil QQéhsitsS afPleOilec@a) optOuich 25
cal cul ation g.can be perforned using anal ytical nodels for the excess
carrier denSi$§“%r nuneri cal nodel | i ng packages such as DESSIS or PC 1D.
The det ect e[dO’B[L (i’lﬂ'[(bnﬁ:anhet ﬂfemldgeloﬁaihemﬂl ishgdintoyaniahtob gy @tlk HGtitb éndgaieinoh
spontaneous QFESSIO r t he th'?eﬁﬁmm of the sanple and over the em ssion

K& 1
spectrum tR |n8mﬁﬁ(f%&%%or?mmma sor P?on within the sanple, the

sen5|t|V|twﬂwﬂlﬂh@)dbhac&@mdamdmﬁheth¢ah&wn@$pmﬂ1@®hﬂmdP@TSMwQSMw@gmphbed
for exarrpl € ullﬂi])erTWOTiddp/6$]]758 Anf 4&1?&%650 Ihe ?S)ssﬂﬁ%F ancréaﬁf?? 2 g&l%oklfenPlpﬂnaigf I COI’]

quaS| st eadn state phOtO um nescence neasurenents on crysta I he
Jour nal of SApmng egePppnygd esmdrd Onagerg S8 pn (P a)partPel e prnplaradece.

cal cul atj orrgois@rs@ GRS Bl d BEERberREnk ddid B ihEBackabEHRSo h%_@é’f{émp&%t 0
cal culate the theoretical relationship PLuortn=ftheoretical
the background doping density is sufficiently predictable in production, based on theoretlcal or

empirical data. In singly doped silicon (i.e. p-type or n-type silicon that contains one dominant
type of doping atom), the background doping density can be obtained from resistivity
measurements using tabulated data for the mobilities of electrons and holes for the conversion of
30 resistivity into doping density. The resistivity can be measured by several methods including
contact measurements (four point probe) and non-contact measurements (e.g. inductive coil, Eddy
current, surface voltage). These techniques (among others) can provide spatially resolved

information about the doping density when performed in a scanning mode or by using more than



- 17 - [0083] Cal cul ations as descri bed above can in principle provide a
quantitative relationship between the normalised PL count rate (indicative
of the efwecbimeoisbfeti me) and the bulk lifetinme. In practriaazotvmoeser ,

t hese cal cul ations generally provide only a relative relationship PLnonn=C
*fthe oretical ( rbul k), because of uncertainties in assunptions that have
to be made about 5 various hardware paraneters and sanple properties. The
scaling factor Cwll be constant or very simlar for different sanples
(bricks) at the same processing stage, _hyt nmay have to be determ ned
separately for bricks at different processing stages. In principle
therefore. f@L.BasuLE med’ffféer@ BodAfcnCleS b Soddlk AN hQBrako HR AR RN ARGSST NG
stage (e.qg. af t er pol 1 sh |ng cal i bratlon of a neasurenment s sten1on2¥
needs to betupfeuaftw ﬁwnm@b lﬁtﬁbut@wﬁé@udppleg Hetsixnare bs (psasaiesl wathchdtsgiratiah 10

practice thesdhdibhbhakh Q0 KQULEIDE fRRAAL afk . MeQM | Ak: lsﬁliaﬁllévﬁl %otaﬁomw tor
and conpensate for drifts of hardware conponents for exanp

det er mi nat i GHarofatien Pk thselagag r Greagrespatigl dfomptign gyt Be befégfemdb@wl%%ﬁ}%ty iy

conpari sen yffickendie nlddy pladdick chdef @lide M g Gtk arctiet vl Whr@6hsfarcand s PR alQkdAS Mall

t echni que. Alternatlvel C may be determ ned by conparison wth another

cal i brated %ﬁeﬁﬁﬁdWﬁﬁvﬁéEWEWI A single data point is sufficient for that
cal i br at i onootsuit Alfeatativady, én thekisabl add s dsfSngoh;eor bhclay@ie ag o link \Wenn® bf O €
dat a points fro e.or

cal | brat i or“BBRSTRRE iy Tk R TEPRY Re L SRS shitest BB Srllif oeite o
hi st ogr ans @édolnidaktly mfoelty|on@d1teatkcmne Qfiroortetten e epbfa:men@t @n‘br]skl i con bricks.
[ 0084] e consik st asurenent. techni.ques descri hat
eter wi rb a1 PAFb S Sl TREBELATER LESITANES BERS BB he AU o1
condi ti ons erxaﬁftedlth@rdﬁleal usletebnshap ¢ad- ithyr Sdheil tem@tthO 39§’$ltee¢ﬂpmg0/@8€1]0ﬂ Rigss6ths hows
exanpl e thegretd 6ol Jf8hRhIARRLPS, PRLYREN AR IABLuSRS. Rhe COMARef AL
(indicative of 5;§@eéf?6e nggt%ne gﬁbmrﬁglﬁ?é?a' ﬁkgtﬂﬁer%tca %&2%ted
as descri befdmabepesis dfdhe fahnampé?ssltwﬂleﬁnswabrmpt Hiopk oI HphscRs & RVEOgist ¢l es)

and for an &@B@&%ﬂe%%&@%&&@en&hm&rﬁé é‘cl‘os§lh|: LEfle. Vﬁe@ﬁﬂ&%%ﬁ&%myﬁ@&%@me

rel ati onshi ps are EC% non- | I near, |nsgect| on of the two curves
hi ghl i gHf's 125hf‘aﬁ1PPH’r$ paEtden purieifibie tﬁ‘fexp?l”lfﬁ‘?é Sdteriersbyavarsdk B addlids such

as bricks ofomkNgQkEem&GO rmaﬂil%@ s tsQeht B MHOEIEddS IURER SehHig e @SncHP A% Fdckahede
waf ers. For the unpassivate fer the normalised PL count rate saturates

for bulk | |IP‘E§‘tS‘i‘rFfbre§}§1Vﬁié§eaF Q‘FQ‘%ES P?FQWPIF%JPR“CthSCE fhe exRiFmpFraal claip gouldpedup i ok
it conti nuesrt@iowar meﬁlagéﬂacftt Grad&trhgblaﬁbn oad dda g&ﬁ ek kindffeéted bye WadfAeS,

with no saturatjon f ne val ues o oten mlliseconds. The
saturation Qbr’segil\}’@d‘n??f‘trtaﬁ%at\?/ﬁfoé‘?lnﬁs§re ﬂéﬁiﬁ%fga “‘@;‘)“?dﬁga‘m usi on length 30
becom ngol 0¢8I 1h h@lnartohﬁr tlinekness rhasurdudnk of i ebpingss grfeabarattalamd-he | AS,

in which cage furth I ner &asl e dfge tljnlélzll ksE)lefy F(Erh rgetheoretlcl"ll relaqons 1lpIS(I)rO l ength

does not i n\&a%"laetéogeoft f)%{l% enélat rrer densi
statlstlcal/emplrlcal production data.
[0079] Whatever experimental or theoretical method is used to determine the doping density, that
information, along with the measurement time, pixel binning settings and variations
25  (experimentally measured or modelled) in the incident illumination intensity and collection optics
efficiency if required for improved accuracy, is used to convert the measured PL data into PL,,p.
The resulting normalised PL data is indicative of relative variations in effective minority carrier
lifetime across the image area.
[0080] Step (iii), the conversion of the normalised PL intensity PL,,,, into bulk lifetime %, can
30 be performed based on an empirically determined relationship PLym=fumpiricall Toun) that can be
obtained by calibrating experimental normalised PL. data from one or more samples against bulk

lifetime data obtained on those same samples by some other means. Techniques (such as QSSPC)

for measuring the effective lifetime, with known relation between bulk and effective lifetimes, may



the sanple. A common description of this phenonenon is that the effective
carrier lifetinme becones limted by the surfaces. In contrast, for the nuch
t hi cker bwockigmppbe the di ffusion -18- [ength remainspematzomomopmsed to
the thickness, so that the carrier density within the brick keeps
increasing with the diffusion | ength and does not beconme surface |imted.
An inportant consequence of this is that in principle PL signals obtained
from unpassivated bricks can be reliably converted into bulk lifetine or
bul k diffusion [ength data over a nuch _wkder range of bulk 5 lifetinme

val ues than is possible for unpassivated wafers. [0086] Cal cul ati ons of

nor mal i sed {RLodpLLRS bhin 3fe Buk UEHHOBaRT ARK ohbif RELHEMESUERN AR ABS e ShOWN
in Fig 6) show that the actual shape of the curve depends on the spectral
sensi ti vi t ypegprmeHeomppaebitrtfionysapla @ftefe Astace RapeVapen o redic | rghﬁ&wé?sallta y

determ ned RiertalGe1pRCGlisrAbd BERMSAk ideh ¥n Qhadiife® aBIEmANE db@ad hARSMRSI ON
of filters in front of the canera. Enhancing the spectral sensitivity at 10

| onger wavet¥ntiehise dafy dasha ddePingay of Gt eapery rﬂ@ﬁ’éﬁ‘éﬂsnéé digfustHerbir Hal i sed

PL signak oORjelidhKevil fa€tuh nﬁpona{tllﬂyucn@ {Blc BRK BfcBf6 o ak® cABAVEK 6 NIRS vdilus
intensity into bulk lifeti [

. This is visibleint aphs. s omn in
Fig 7, whi ¢y cifpd ?Cémfl‘?fe“eégsgé’c{’eeaer\f}’é?]?cgf”ﬂtl}H’O P MBS GHS &Fo%f“& o el

regi on of anjt&ioamvtihi ck silicon sanple as a function of bulk lifetinme for

two differ e ect' v th | erva ., 950 10 and
1050t ( sl AR SR iR, FRILC shD BRI GR el e MR wP ity ke o7
wavel engt hsdearics €5 ubexsajufrem lao ngﬁsmmﬂ eih rhk amtbdomrfadm)rmmes eff thel @mgpiet y

deeper 16|S| CCIftIC %haérgl)lrtgce(textgre reﬂe ance )a%d \f/]\/ﬂ% a dm%:§/f§r1t SEII’]Well’l Vlar‘lghllcl%él op,.of the
excess carrr 3e¥15| ty occurs For 1 ong 1 i'e co re ki (:%))

In pr act i cedatriages IIo rpgacti@y ek esagt kenpeiesli telamoﬁsylpehha,m#@mmrbuznayaybbe awddl ved

ei t her r)C| g, the relative | o go vel.ength sensiti N BV qdum ng

into the de 1'on syhse em Tt%elnp SS BF's W eﬁurc?ff’pmﬁemve engP?lCEed

20 1000 - 1@@@ffm¢nulsangéar dlowigyer @maamnmglcamlaa@smpwm@ hayntp hvadeekemnet fmr
sensi tivit meXs/Mﬁké“Q d?f ege?ﬁ ﬁr%hlﬁ%{lo& Qggtes e . ga{sﬁedstﬁﬁgé $e|trsY1§ asactut h@ﬁg&l‘ed bricks).

wavel engt hs, “for exanp I nGaAs canera I nstea a silicon canera.
[ 0087] An elnamﬁh@oofthet dalebr@tmn\perr@ﬁt@n o] o Ble) forpagerles gt a sigailik pracéseing ne

i mge w || i fer Figs 8(a) to 8(e). Fig 8(a)
shows a PL s:%gng%ﬁégdc&tﬁﬂ?% ClaltEe(r?lleE g&gﬁﬁﬁeaglfgacet of a p-type silicon
brick, and [995@}] Si%yersmvﬁs}hfanméﬁﬁ%@m@mﬂmﬂ@|b91ﬂ<r11|f€l§im€i09fnal%b€dlferf@¢‘r@d pased ype
dopant ( borgn) i eyscal efepre opant
concentr at i(gln N ?ﬁ%d@%%g%ﬁ? %%(gt% r %ﬁﬁrfzg %%Orrllgggslgié’é sy )?r oréng%gﬁgcugﬁ?lg
equati on, wklationship ismhscednom addpically oo nemeicaliyt i:wlazsg alte denpth-depgndoft miheithri ck.

Beari ng bn J&%&Qdﬁ@f?} A BBt RO ?%fv@& ety ﬂmaco GitidnTBGRd $is U flgR.0ed by

t he pro UCt (0] Opl ng concentrati on an eCtIVG mnorlty carrier
30 1ifeti merom He spfack.nfige Se1 ard Yh)sbery cargermfﬁm hous chythicheilighogais for two

di stributiofgfy Ei)sgrpﬁgrpc)oeﬁffeie}ﬁis 6f @le L Ration light (implying different excitation wavelengths).
In each graph the depth dependent carrier density is shown for three values of the bulk minority
carrier lifetime: 7,4 = 10 ps (plot 18); 7. = 100 ps (plot 20); and 7, = 1000 ps (plot 22). Such

25  calculations can be performed using analytical models for the excess carrier density or numerical
modelling packages such as DESSIS or PC1D. The detected PL rate can then be calculated by
integrating the rate of spontaneous emission over the thickness of the sample and over the
emission spectrum, taking into account re-absorption within the sample, the sensitivity of the
detector and the transmission of filters, as described for example in T. Trupke, ‘Influence of

30 photon reabsorption on quasi-steady-state photoluminescence measurements on crystalline
silicon®, Journal of Applied Physics 100, 063531 (2006). Performing these calculations for a

range of different bulk lifetime values allows one to calculate the theoretical relationship

PLnorm :ﬁheoretical( Tbulk)‘



normal i sed PL image 30 shown in Fig 8(c). Intensity variations in Fig 8(c)
are indicative of variations in effective mnority carrier lifetinme. To
convert eWDeottoseisbi fetinme to bulk lifetine, the nornmal psedhitBhioioosge 30 i S
corrected using the representative non-linear relationship between - 19 -
effective lifetime and bulk lifetinme shown in Fig 8(d) to produce the bulk
lifetinme imge 32 of Fig 8(e), showing variation of bulk |ifetine across
the side facet of the sanple brick. Note that in this illustrative exanple,
the particular non-linear relationship_.ijp_Fig 8(d) is a sinple cubic
equation, used to represent an actual enpirical or theoretical relationship
of the tyPaostpuibikibiiCal idkliftla SEMCLESin! b8 fiovid) o FLAIALELALEAROT

relative |nten5|ty variations in i mges on bricks/ingots [0088] Step ii)
in the abovEtesrams|nernaghipridi Péactqu@trfate (m@caﬂtvhéf the chestive Bfciipn a4 thpbulkdieiime at e

wi th regardpt grabdekasaued @deRi BIILOR téndlS QRIVIdeNBAY Ya VRLLAL | 1 9RSonkKdp
neasurenentdfaraneters g not be required for some specific applications,
&

wher e absol {fredClmtir@es depese of veeciginter ) dompsorseths kNe viie Medppbivtages

are anal ysedibiy Hafva® pafameRRGhd tnpRASRIRS e sEabh@tdcde C\all baldnQRS or TP
exanples are the identification OP regions wth hrgh dislocation density

(as shown ismifyr doraliffegint gapplep (Raicksd Aifhe W@%P&@F&@iﬂg Plager Py ayhayedids fqte@mingg

regions at dhealdi@por dribes Hatfam ﬁﬂ@ksgulfgest@edelnv@inb@eqﬁeraoﬂarﬂoﬁ krc&relB@obn ( @s
shown in Figs 2 and 3 for exanp rithms pay be

rocessing 0
appl i ed toIHFE%ﬂ%éﬂﬂgﬁmgu%hm?éﬁ?ﬁﬁ?%ﬁﬁfgh? °t e Fﬁﬁg@@ g %hf%@%@?mf@h?ures
in the i rrag[ﬁeas&éne{dag&&]n ohlyencelissd BE@fomeddaastot a/s;@&iﬁenaf@@hm £y s, dltag@sn of
vt or s it RO PRET OB Lico A 8 ST et BTl 1§ B bis ey S dnts | "
d|slocatlonﬁimmmhmmomhamhsmﬁkxaaﬂa TMHEmnmnm@h<mehgbﬁﬁmmahmn1mmﬁnbm&@k.

That |nforq§ used .f or uallﬁx) gdq4(1§ortkpg of wafers.
These esti nmates. mﬁﬁ% heConE aﬁ%?ewhccdyﬁtg y conb I ni SEN?%G I'nfor mation from

PL i mages t@MQNUQnAMEm@VﬂﬁQWMMMeddupmmdbfgummsmeWﬂaoehgCdﬂﬂm¢kPEmm¢n@ck.
[0090] Sim Jgﬁ&h)’ ‘A Qing 1k dhdB98 Quftic %?QF)OWI%I? %%hbpjtlo&‘ R c&'ﬂn&é‘?ehl}ﬁ% ‘ﬂe’%ﬁl@s ho

identify the positio expanse eti ne regions at t
bot t om 1éncPVPfﬁgﬁs@fnfé’0(%i§@§e tkr'ﬁ@pcsiltél Eomaing o1 mgrajamples lr.r@h bameddy Jios ewmplle the nore

accurate i fcaﬂgrat'idﬁa&ﬁﬁang)fma%@ %et%m&dod}econiﬂglst)ﬁ) oft krlossf SQH{OI’I§ 'ofjﬁstt)ggﬁg of QJIP
conmbi ned. PL images taken on the brick may be al so used to predict the

lifetine d|lsfﬁtffilﬂdﬁlfepﬁﬁo?erf’rw“‘\/@a‘fe@roéSl&%ﬁ“bflﬁlﬁmthat brick; for exanple the |ow

lifetime regoga A0 sGHakis@ki @RhsulichhEchhiq@ftacabg el eh@fdctcRnd RADSLEROWN i N
Fig 3 wll result inalowlifetine reglon near the ed e of mafers sliced

fromthat péit FYRPIORHE iBpges lkeppndengiferentgpaditines gyay alsp 3&8%‘“’5 OfaliPgots may
al so beusegstt@. gui de the cutting of the ingots into bricks. 3) Cbnblnlng

Idg?ggts i E)ﬁkmq/%ﬁl gzeﬁ?gtﬁl kflcfwesr gxrzllgnp %?:(l){{:tlecgfe ?élatl((:)gsrf]lgplstllae(t)\xrflf%n nonglq?secp Pfo count rate
(indicative of effective lifetime) and bulk lifetime that were calculated as described above, for an
unpassivated 15 cm thick silicon brick (circles) and for an unpassivated 200 pm thick silicon wafer
(squares). These relationships are highly non-linear, and inspection of the two curves highlights

25 an unexpected benefit of PL. measurements on bulk samples such as bricks or ingots, compared to
thinner samples such as unpassivated wafers. For the unpassivated wafer the normalised PL. count
rate saturates for bulk lifetime values larger than %, ~10 ps, whereas for the brick it continues to
vary significantly at much higher bulk lifetime values, with no saturation for bulk lifetime values
of up to ten milliseconds. The saturation observed in the wafer is caused by the diffusion length

30  becoming larger than the thickness for bulk lifetimes greater than ~10 ps, in which case further
increasing the bulk lifetime or bulk diffusion length does not increase the total carrier density in
the sample. A common description of this phenomenon is that the effective carrier lifetime

becomes limited by the surfaces. In contrast, for the much thicker brick sample the diffusion



[0091] In the abovenenti oned published PCT patent application nunber WO
2008/ 014537 Al we described a techni que whereby at | east two | um nescence

i mages arwotakignowsvt h different spectral filters nount esdcrmathomminoms t he
canera lens. Since |ong wavel ength | um nescence has a - 20 - higher average
optical path length within the sanple before re-absorption, neasurenents
wth different filters in front of the detection system allow capture of

| um nescence emitted fromdifferent depths in the sanple. It was shown that
the ratio of lum nescence intensities mggsured with two different filters
can be converted into bulk diffusion length. Conpared to 5

el ect 1ol UM BRSERRGR; bk cohFBIEH RO ALS G thaS@l Blnil ey whihinlIASHRE§RpSMOWN
that this approach has the advantage t | ocal variations of di ode

vol tage, ndpsreising \plﬂbﬁ@n@lffawq k@gtELanrlnﬁh@i» Mgt berowe| Jugaceclipigd| é@t mipﬁrtftnhe
l'um nescenc@%née@ﬁe%&sbft ﬁl’nsrlé-ttl'lz@ i rlﬁcﬂﬂé Ptrkegnhlgtogﬁﬁb(i Yrofn&!t%@ssi@flte& ¥cks can be
uncal i brated i mages provides t ffusion | engt solute units. %0092]

The basis f6liabbHioavered Rduikdifetmng orppik difpigp i@\l}%ﬂ? g3 PYE R myeheidenrange of

across the friikdnessnef is pOsidleIampLsichangess. W th the diffusion | engt h, but

this netho ones. insensitive to variations in di n length o ce t he

di f fusi on Id@ﬁ@ﬁ glafjors ek RofHEseq g‘rg‘&?m’t“h%a tHEIYh I’ kt11 tl&?rfé‘g:ié “same

ar gunent apqnbwlesn if) 61 dnew aliein the it tuDfshapp pf yit Bgvadspets ba Ithetsﬁ@hﬁll sqruewttga o]bﬂhl: cks
that are typic > it f usi on
ongt h bet e e wongnes s P Bt el et Pl p Rl Py St

w der rangemokmmmﬂmeammnm$EnspEMI§m¢@hmyﬂk@mnahlEmmanmgmaﬁmmaﬂumsuﬁ6sz

|nterest fq» con Var atl E % E ol QQJbuI fu3|on
(0] Cl” WaVC Cl’l? ? auses a S r?ef steg Cl” Cl’l CI’ICE O he Nno ma ISCd s1gna Ol’l
Iength t ve an uence o Ence 1 nt ensi rati os®over a nmuch

wi der r angehf@tfmebtallwmg f atorqrmcignte l@uﬂl\krSd)nfOlf IS intpnsite mge hulkléllfqnles iThishaffegkis t han
I's the case;fiQL iWak ?faﬁhsoéim&r?lrﬂ Hg 7[99191%0;@9{%' Hd e&&ﬁvaﬁ?&‘ﬁq PELRAY Rfn a

cal cul atlng I nt ensi Yy rati os of I mages t aken w dentical excitation but
vari abl e detke®d saioe @hdilbicandick adicenvnipterns f'p@oﬂom pf Bylk yifetigng dpraipvosiféerest  t he

backgr ound &Qc%p\kzﬁgleﬁ‘ﬁﬁ RS v, l95(') ckioas ﬁme('sdu'a}eEbaatnﬁcilf)f(PﬁHl Qeifdles). NMEIRNGbHY
rati o; and secondl e ratio of two uncalibrated PL i nages, each in

rel ati véS unihslivitg )éﬁlerﬁéa%ﬂaéa‘ IRRgeR Ve TRENERREriseh Bfcdeh tongpighitvelepgtanpieythand

each nor mal dagRe déiy dddfer GRIR M ﬁiﬁ?@szy 5.6 BricE wiBd nis16H Ry ariRfi VirdiRSext &€
absolute bulk lifetinme or bul k diffusion Ienglth wi t hout a need for. external

cal i brat i orf2™[HeRIAY °PRY"S [nina Sek M mpR(caprrs Bg Y5 1B PiRgiks thinisng wyskspelst ep
(i): neasurﬁnﬁt\Wy Rinhindagas n&MytH’& idnrv&aa’eO by Sehmnblag tlhel kemuﬂiwmdrigomamlaﬁgmm ty
but with two di grent wav e th detection ban

maasur ement 2afbiy 5 BRos R fus I iR SR Rt e diers PR e e
|nfornamoonum@ewnomhm1@@@[bebydﬂnmmmgﬂﬁeamﬂm&ﬁmgnmnﬂm@mrham&wthenﬂaﬁathe

second neasure er wav hot here ng the average
car i er  corsiry AP R SRR EAOLP R TS 1SSl SFASHS, BRst RuBR 77,
optional |y silermedniese each i nage W|th regard to the carrera exposure time and

bi nni'ng, - ang $7€| AEEER ﬁf%r% o ({oneEs?&an% he. f@ﬁ&%éé TNl #%tirﬁ? ﬁﬁa‘éé ‘?‘x{j’u Bw be
nodel | ed variations | e illTumnation intensity and/or the~efficiency of
t he col | ectixphingptwibgelefca@9ay FigsBep tq $@) )Fig fer showe h Pbi ivage Hadcauifedtiont the
Intensi by radd chef 5O ERE sy B}Qfg%h I Qb)| FBIER re re'sc%ilatﬁ/e distribution 26 of the p-
P P
type dopant (boron) across the side facet, the greyscale representing the dopant concentration. The
dopant distribution was calculated from the Scheil equation, with the maximum dopant
concentration 28 at the top of the brick. Bearing in mind that the intensity variation in a PL. image
is determined by the product of the doping concentration and the effective minority carrier
30 lifetime, the PL image of Fig 8(a) is normalised by the dopant distribution of Fig 8(b) to yield the
normalised PL. image 30 shown in Fig 8(c). Intensity variations in Fig 8(c) are indicative of

variations in effective minority carrier lifetime. To convert effective lifetime to bulk lifetime, the

normalised PL. image 30 is corrected using the representative non-linear relationship between



[0098] Step (iv): for each pixel convert the calculated intensity ratio
into bulk lifetinme using a predeterm ned rel ationship. [0099]

Al t er nat iwel2g11/@9rsenbi ned nornal i sation for variati ons ipaTiArRoioldoosws nat i on
intensity and/or the efficiency of the collection optics can be applied to
the intensity ratio, rather than to the 5 individual imges. The
predeterm ned rel ationship fromstep (iv) can be determ ned enpirically by
conpari son of experimental PL intensity ratios with experinental bul k
lifetime or bulk diffusion |ength data, jgr. obtained theoretically by
calculating relative carrier profiles for a range of different bulk
lifetime / Qfegtfv\il%ke%ﬁle aﬁ(pg}llbhf\é%yﬁﬁwﬂlﬂ?ﬁ%%{f%ﬁ)l ﬂradugé th@i:ﬁﬁ?[lfeﬁﬁl: lﬂag%i Qf qu

common nodel 1 ng program (e hen using the carrier
profiles tog(%)a@@mnﬁtV@l@tﬂh'éOﬁ lﬂ.fﬁﬂf@%(@ﬁéé% el Slﬁ%@%ﬁ%@e PImplafriskhs Npfe gt mdhis each
bul k 1ifetijmBuhi dhié,an ﬁa%f&gfahn&ﬁltdéﬁﬁrelra@dﬁls Tﬁld 121 Q(cﬁ@scapéfifﬁ})lerc@bl@-@(ﬁﬁﬁcﬂlt Ion
and the spectral sensitivity of the sensor. ese cal cul ations are

per f or med sl@ﬁdawd%wntf@racwﬁﬁewwab@ theprgical relptipnshin 9 the dypeppoympy Asifilgd r at i o
is calcubah&dbggmﬁgach bulk Iifetinme / diffusion |l ength, and an anal yti cal
curve or kup tabl e i enerated fqr the infensit t|o as a function of
a1 0 et | AP S BRI 28600 SO e AR o) At cd dat o f or
t he detecteMOQM5hqi©nﬁnhqmﬁﬁeammmncﬁpmnumf1bumknhmﬁehnﬂ90ﬂnLamﬂﬁrﬁmwnM|ck
silicon sa e, ef grri g 5 eoret | cg PL
intensity a 6| Ped R SorEd ens% Oﬁﬁ?né E%Hraé?nsr“éﬁle%s‘“e?e‘blP&fatmé a8 i1l ed
squar es, whuh@eUhmmmh@nhenbca&mRLthummSLNmmachﬂmedomnuma>&65ﬁ:mamday
plotted 18 d fl lelnegI Cli&! FE 'imR%]; %:reralna seEl(?n Eeli]r% bt Q(Elflc T A ls[iv tlons al so
shows the rafid Y%e WO signals as a un tlonp B k= Tife ?lne (open
triangl es), T\&n@ampletaﬂthbéde@ﬁlcs@@mf tdgans witlehigladislatationdansityt(reshpwit iedsd 3 fprrati o
allows dire t. t

R R P A AL

val ues, resubidkrmg ingat (3p oy in e g %ng 3rf8t pemples  Enagpiprreesdiag elgotitbagy may ke f r om

this SpeC'fﬁ@h&ﬁ@&@ﬁg@@hM@N%Eﬁﬁg%hmhﬂkﬁ&%éLﬁmﬁ@@mﬁ@ﬁh@@ﬁ%klmggexper'”Enta
condi ti ons nodel [00101]If an InGa canera, an IR sensitised

phot oel &ét rl89§9ﬂnﬂh€|dp§|lqceta¥l| dsppity jobseese i Bhéﬁn%% Pl side gty plapricksrappe fied Ho

si gni fi cantcsgRAE teAisiRAMRIdbhsit] iywhbrs th8roll@R bric 300 (W UNIK AP IR VWRAE dused W th
appropriate |onger mavelen%th filters, one coul.d detect variations of t he

carrier dendidfslpeefioanuphip fheibgek tsrrgvpstipe R hofghiw Y he REH i Tt PioamHiee &Y Pon of
di f f usi on hﬁﬂgﬁhqvﬂﬁyBmmﬁ@Sm]ﬂmﬁgkﬁgm%ﬁ Ofhesd éstilmatBd ghieecethd fusi DeurdieBgt hs.
[00102] The |%tens %>rat|o curye. in F 7 sho t hat thz varl tloni in the
intensity r8fPBIE R BEEHOB NGRS HRSH; YR SIS PHeten® Gt ade 1gs thlt the
met hod ray teekparticularly useful for measurements on the side facets of
nonocr yst al .bricks or 4 aces of

mul 1 e yo PSR P RESSS B B et BT ot Pl B b i o1 o
wel | suit edexpanst bfdowéfeaatir@ipn@ﬁt thld fop.drodeorm, At HV\mzelcmgthh sidamdls;, Apsmavske of
their shar pang ?Ees 1 QL n?o'ljé aé% IfateV\@\Isﬁll %ts Q)f mov: thg rl&'ahlfg sficfeofg%_?lty :QQ to

| ow t ransmi ss mever e transm3ssion o r|c filters has a

st rong angmomblnd@p@nmé%takWrt@bVCKh@ydoatalsemﬁeém p@ﬁlf:t thalslian dishibuippds t o
Shorter2%a“$£9@QahﬁmwmhhxkEQ%ﬁééb@QtﬁﬁBQQﬁQﬁmﬁeg&§i@&ﬁ&ﬁnanﬁﬁm@&ﬁﬁﬁkd”EEdS
to be considered in the present application where, as shown in PL
em ssi on 40siderabtheamagsshaivie disshyyi result 3o alowHifeignegegion neaighe soge et W%?rs bque(ék

i Mpi Nnges OoNgéh ﬁlﬂaﬁJoﬁﬁ)hrof e Bllldkt (28 1lﬂélgem)faﬁ@§de| fﬁbefs'b@ﬁ‘l%ot@fnai & demgi 0 GuiGSHET a 46
at a range of incidence angles. Clearly this will affect the PL intensity
dlstrlbutldW“WEPﬁPﬁmﬁﬁﬂFWﬂﬁﬁ§1 PL i mages, and therefore the intensity ratio
and the anad)YsubidieSinlages (@ valiéadittersht theab@emu@ton@iiénspr onounced if a
dielectrjc :02%?10 gass g % fllter is used to obtain the | onger wavel ength
PL i mage’a mcin Jopeva Spass (SP) filter is used to obtain the
shorter wavieb|mgh hhePJboi/ermgﬁaqnecbeﬁ:lﬂlulsaa H(}Tepmg a;ipaéaudepernldsem(e 2008/01637 Al
cut-on/cut-off 8 n th ha @ﬁ te.e ects on lna S, ag ui J?ﬁ& 9ugh
LP and SP 1§ ters “to°e mpﬁ’i"e iy sHi f‘?" “ml?eh"ee“%eu%maén/ cut-of f""Wavel engt h
to shorter spavel Bagt mMeunwidtin fuomtco‘felaescramgraalagl it lingoraddaga earsectddibs a PL

i mge acquired through an SP filter will have relatively reduced 15
intensity in the off-axis portions, while a PL i mage acquired through an LP
filter wll have relatively increased intensity in the off-axis portions.

[ 00104] There are a nunber of means for mtigating this problemthat may be
applied individual ly



or in conbination. Inspection of Fig 11 shows that increasing the distance
between the canera 46 (and the filter 44) and the sanple 42 wll reduce the
range of woebdemesvangl es, within the 20 constraints of peystiemoceaiogn and
the inevitable reduction in received signal strength because of the

approxi mately Lanbertian pattern of PL em ssion fromthe sanple surface.

[ 00105] Another nmethod is to apply suitable corrections to the | ong and
short wavel ength images, using flat field corrections neasured for each
filter to take into account the angul ar. o,gependence of their transm ssion. A
flat field correction for a given filter may for exanple be obtained by 25
acqui ring tERHGN. f0&fiddl bk 18RLwtiREE QhpR tRiANAHSkIdY, ARRACLYR! Al 1 ne
silicon wafer that can be expecCted to have uniform PL response across its
area. The fdillgretifdiery igdranket fherdeterind geemvalgwwiapireapisigmingicersg tenfignd fmher

non- uni f or ndifed &% dbfihd ifeneSYRPRMI WA sRA ihGiUhSfaid BELARIWLRL ifleRRRIRRLE 0T the
efficiency of the collection optics. Because dielectric filters nmay not be

honogeneous™ it r¥e sditfeety filkgra£an j e geRyerids intp dutfe dHBSIOR ylepgh- N 58TPESE He 1 at
field cosregdcirOlimineicee SIMEGInhdcE of FihitiRH s@hd RN, AthhOFsen Hdvansht ik dppioadnaian t hat

orientation during subsequent  acquisition of imges. Wien cal cul ating an
intensity rfp a‘nget‘{L}j\%? C%a‘ij‘é‘%“‘\ﬂf Pﬁthﬁflf"fl‘é?"éﬁﬁe’ flf"i“t%ﬁ}l Qfes%‘hé‘“@ér?ie‘i‘riaﬁ% %
correct eachll,mmge demhahelualecah@tinttrgity o k@thiaOthe GtenCiGr HECHE tivb @ndanbratasi t y

rati o i mage _usin C ihed flat. fje correction. - 23 - [00106] To

il lustrate THES p%&%?%@%ﬁ“%%@ﬂ‘ﬁ? S,Ol“%uélgs‘lz(a) and 12(b) show PL i nages
of a silicdio®dl B bedd for hsoutithod ds thatttlie ralagvd dagiondGED @ofilaycrésk rpuigtknass OO0 nm
SP filt and a, 1050 nm.LP filter respectively..Fig 13(a).shows_a.profile
of the B el sl Tt B LS KERPRE LY Bulleq SLOA NI RUBN 0
whi | e Fi g 18(ipjondbmibsorich éhechifyseagonth ing fpr difrics brdepthan e sEingle 1ig¢knyssi fhage.
The 5 i ntenght YrE0filh§Rs SNAVSHEANf PHEMS  Fmnif£ HcRNGuAE nAD thPWe GRS tY
regi ons 50 supel}gi np(;;lé on a gortrb-.?fdiﬁgslpgtét e?ln 52 ¢ ﬁsegqﬂittaheer?g{‘a y
fingers, ardOlgwhichtlgnsiarypogghdensdigan efatis didfubyn tehgh beise baglst thpn thgisppplpe
seen that tfeklcieRfiled oOf: o B&hRid: le%%@%f Vo), niohBGecificily k@Rl plaC@Af Yafues
reduced in the corners, which |s%€part %/.du.e to the filter angul ar
dependeriée Yd¥eFibEdilihpyaiagnnettee bHatilcime of Hednli difjussm lenel frpgharo o)
(LP) inage ihfucdtsSeh BEMERHAcd Richfi® GRNSESa ndtlch RAUGHade® R hRSIEBImE Xt Bk t han
10 for the SP inmage; this is because the effect of the filter angul ar

. g 1S
dependence,dlmoélﬁe“ﬁg‘ﬁ’ﬁlé‘est%bflﬂ%Fllé‘aégéh"tcﬁ‘ée Prvdfs PSS n the corners, is
out wei ghed [09930t Aylyif the fiose slbd aScalciRtianigishad raRpenmenaaaleh wiladentical

collection opti.cs, The i e.shown.in Fi 2(c) Ls.,an intensity ratio, of

The i mges SR P vl Botu Biiors oy Po bt bRudCesteRoRa et

i ntensi 2y pdophni laerosd ©hgckaardichigidmad fromos BL Seatsitp mtioagal Rcahligwhagatia of owd - of f

in the corners. Finall Fi 12(d). and. 1 show.the flat field corrected

15 1 ntens (geanpe ol d BE N EAORAT gE PR WUE bt St RIS

i s clear thatnithendrgblnamalieddndéncenar tabact timasndbienng)gmovdd the HG107 ]

Al ternat | Vel RSO BLAANNL o [G0E 8K €08 HSEdhQuBRlRE! the different

wavel engt h ands. Unlike diefectric FiTters their transnission has

littl e depef@Rdhclhisonethadanafbgbreliof asifpllivdence, however their absorption edges

are | esssst [@@%ﬂl rs‘%%_u(li)t. nBBude b Bf. 8HARQE wRANH s36d BCLLARITGIEEDE ARnsidGul R 08]

W note that the Fig 12(b) inmage, of |onger wavelength PL em ssion, is nore

bl urred t haiot Hidermitgvapicagih ideiggfon trls Hreemly aus enesfureprat bkt bats obpit i on

of I onger waxelefAGHdIdnk 3Oicld Rnishéed GABmaliGABLNGhd QrricPdBEi B neSTRATIDGirtd hi N

the pixels of the silicon CCD canera. As discussed in published PCT patent

appl i cat i onVINEENBeEEORS PR lpggy ey avelfteariolqny thasihy meapEiipnthe aerascc e

enhanced bydeag@luy idspacitih@pmer incddmpk. experimental | y nmeasured point spread

function fo g.optical 25 detection system [0Q109] An actual .

ot erronP at BT G PhodRs YRS RS BEEREE FES T dc PRE G FRE S 49 a)

and binning, and if necessary with regard to experimentally measured or modelled variations in the
illumination intensity and/or the efficiency of the collection optics.

[0097] Step (iii): for each pixel calculate the intensity ratio from the two normalised images.



14(b). One side of a p-type nulticrystalline silicon brick was illum nated
with -1 Sun of near IR Ilight froma diode |aser array and the PL em ssion
i maged bywe 28i1/0@039canera firstly through a 1050 nm LP fcirtaanosvwdomecondl y
through a 1000 nm SP filter. The intensity ratio of the i mges was 30
cal cul ated pi xel by pixel, and the resulting ratio inmage is shown in Fig
1l4(a), where the ratio ranges from1l1l in lowlifetinme regions to 3 in high
lifetime regions. For each pixel, the intensity ratio was then converted
into bulk lifetinme using a theoretical _ngl.ationship, with the resulting
bulk lifetime i mage shown in Fig 14(b). We note that because of the size of
the brick TondRSufeRESRAKn ixePbniert AeAGAUALLLi NGy TRORS Wl BreBACH b bt er
and stitch themtogether; the joins in Figs 14(a) "and 14(b) are i1ndicated
by arrows. freGEmeped glagjgnshippbe appreci ated that using an optical filter to

sel ect the pogogl aratahvdi2Ag6mBhed dondnkadg 65883 RSnd iR ehel il BiRSIoh Yo @kinf 88/0PL
signal at the canera, Eotentlally i ncreasing the image acquisition 5 tine

and sl owi nght RECiRthdhe suisetimprPPEcs, & e PP '8 dhisfRaSing 1o JRBFT hifalPetPengt h
and | ongswap@liangtihagtl. THHgakcahifedeltbnkRg fvint epr(Biugest &Rahinal cri@saliyt i on,
but w thout, conpraom sing the siqpal tQ noi.se ratio,,. using ?iéej bi npi_ng,
and the two™i BESBr YoBELHEHY The LT el BUR SoRYrergl BHE A ™ prebitited
spati al resdffukidnQéngthrageor@btainb@thbatttkcally ByahictitingAelhi g Ratied e&OEsUbi DangdRlof
image, i.e. . wthqu i xel brnning, is then acquired wthout aptical

il tering. iy HagBilRe o bURPalred B ar v s i dmer ot st CoRmPhage
of the bul kmbdeflag ipp@ranThi.s HASKRIIRGEDY, th@qusingetde tcheerapgfiles o cabmlaef tha tévdi r d
PL i mag but y he f er. because th iltered i es. can be ui.r ed
rore oy ary e At OR Sl RRER TR Syl O TR R G 1B OIS
intensity ratiuot iermhgpeptin tull pspeeifal bangidty dPlthej sempge Base @lcslatidne agpedorimgd
obtai n i nfof.nRll 0%, AR WEpPAGKAL O RIS, YRR LRD jsWalclaa he..SRPRE €. 15
(b) D'ffereﬁg?%ggy?ét?aﬂ)aave%%ngtﬂgmgfoéall I#1§I§?nﬁlgf fagh§6ﬁ, absol ute
lifetime / ldpdpasisdidpsitngarptih apd an pabyiicdl shse enleolbe itk i gsesiated optherHriersiiy i o of

PL i mages ta#en .9thcREd G681k ieinld9Qlrdsivh fehoth.dent i cal det ecti on wavel engt h
bands but with different excitation wavel engths that create excess carriers

at di f f éf enfPOWW8Ptin S shae Raleplatstedadphedetesied PD indgpsifisasaenchiopgtbalkdibyigs in a
intensity ratdnpmlRtinesRaLME. RicikinBeas: 10lhaieskid 10 Medreddl R0intMityhiGikred
silicon brick with 800 nmexcitation and 600 nm excitation, as a function
of the bul k¥ih 3 &0 1A% prGrersy! range s metish et fpdsaares. whilewhs Beosiinel Pl eyt

shows that dchiifed apR-0asDhnpis @uitteess fales Gilkdise Referring to the right hand Y-axis, Fig 7 also
shows the ratio of the two PL signals as a function of bulk lifetime (open triangles), and it can be
20  seen that the variation in the intensity ratio allows direct correlation with the bulk lifetime. The
fact that the two filter combinations yield the same PL count rate at low bulk lifetime values,
resulting in unity intensity ratio, is a coincidence resulting from this specific choice of wavelength
intervals and the specific experimental conditions modelled.
[00101]If an InGaAs camera, an IR sensitised photoelectron multiplication silicon camera or
25 similar sensor with significant spectral sensitivity in the 1100 — 1300 nm range were used with
appropriate longer wavelength filters, one could detect variations of the carrier density deeper
inside the brick, thereby enabling the detection of diffusion length variations in a regime of still
higher diffusion lengths.
[00102] The intensity ratio curve in Fig 7 shows that the variations in the intensity ratio are
30 strongest at high bulk lifetime values, so that the method may be particularly useful for
measurements on the side facets of monocrystalline ingots or bricks or the surfaces of high

lifetime multicrystalline bricks.



lifetime or diffusion length information only for short diffusion |engths /
lifetimes since the ratio of PL intensities taken with different excitation
wavel engtwe 20si/doarsgel y i nsensitive to bulk lifetine 25 wamiaakbmvsodosr

val ues larger than 10 1.1s. For |onger diffusion I engths the excitation
wavel ength has no significant inpact on the relative carrier density
profile so that the PL intensity rati o becones constant. However sone of
the sane benefits as for measurements with variation of the detection

wavel ength range still apply, in that vaniations of the background doping
across a sanple are elinmnated froma PL intensity ratio, and the ratio of
two uncal i b ﬂmﬁlscuwﬁﬂé?é me%ﬁﬂ%cﬁﬂk (Val Ay ?o R0 sé{&'n&? 01( &ﬂf&@mfﬁtav%wel%ggtw th
t he sane |nC| ent Intensity and nornalised he canera exposure

ti me and bll??ﬂ‘ilsn@ca‘ﬂf?d\‘?lﬂ&@sSh@fhéma%’s@I qalt eff mwqurhf@t ﬁh?etrwthmfrwn dighitadevon

I engt h wi t heMtmigidheetodQkr @ tRhNAsidaadri di@tricoM iers( G aQtIfofl§5@gmar dglegghion and
excitation wavel engt hs - 25 - [00113]It is also possible to determ ne the

bul k properVhedy e gt-eyFyol pgveleasth myvishle e fevelsnetha il iBfreasing 2pgle ichmges
i n whi chsbohfiadnbe BxGitahb@n aRdodelRa il B paMelpFNAtidiSyRiLaNas ™ HRetiveen

the two i mages atively the t pproache e conmbined so that
t he intensi err“’éil?‘b%?m "ul*/F‘ﬁ Sa{nﬁl?e‘ﬁ ?%Flf /> & ﬁllc‘é“r }é{(ﬁg T ebiactifthees on 2
wavel engt hSdld:l&:tr&:l’fﬁieyﬁéeldadedﬂmr fegt @nis indagifle Fingka 46[1& Krahgdf (Eﬁﬂcimnceﬁnglhsi k&aﬂhe

rati o of i t e EeXCi atl din
ot one i TRERR S e D G oy B Sty B Rt S AR e
in the bac klguemamdaud(apd thg afaBEik tethlt. The effedt mv\bmerampielpmbuman adlelectrlc long

parti cul u ngot torcoul d. iin

aopi 1 cd o Rt BFL oL GERPLP BT Mo RIRE PP B0
10 neasur edilRL isgisgh®lobjag the dport Vonkhgth 81.hotdy. bdreusefticaogilaralcpinflare ﬁ%thand
the backgroy S‘n/QfPBff%v%éﬂ%ﬁ{ ﬁa¥o OJff%BE b[ﬁﬂna QS%{;] &B%Q@ﬁ‘ﬂ%ﬂ&'@ﬁ AAQP] EQ
density can eotalne ynor |5|n d PLintensity wt

regard to |dxpletn; the shifiin e F\ﬁr@g/cmfé%wve@ngﬂmt%h@éq@af@éﬁl@gmﬁ vith ingeeasigaangleefrent .
Speci fi cal lﬁf@ldénb@rﬂgﬁkhﬁzgsa ﬁ]@%ﬁ%e%@ude@ tﬁr%ﬁ:éh' 5}{]Sﬁ)flll@lbglﬂﬁhﬁllelI&Wl\gﬂfereh&e@bt ain
the bulk lifetinme wthout the need for calibration. 15 [00115] From any bul k
1§ fetimdSvapieatty dh lfapliatineodtise Sthid andr ader segripl thr?ftgér%ll kR gy Villt 1ash can

then be cal guiliaiydctL@michty ithadi-ashinbet ween normal i sed PL count rate
and bul k Ilfﬁlm as shown 1n Fig 6. The ratio between a neasured PL inmage

and the PL [Oft08hdesejaps ‘@%&é‘b‘tfé‘efa%scf&rolf”&ﬁﬁ@‘g%s prARies (hakmpy peaapplind iggiyifualipen
gi ve the redrat tdﬁ&nrﬁlﬂ(}m N@spel@ios bf Jig \t BEHoE iMANin&€4s0§ Shet diansalgph&@n topeaid eal |y,

thi s approach Y | ied using.bulk lifetine d bt ai n dfr he 20
ot hods. dect Bedich SR8 B SFrBas el Fiet fies RusE PHATHE o Binbe one
of the two aonmamsdiﬂajsteHLdehlgmgelshet iads@blyvetliction inhrereiveld §ifef ﬂmhgthleetcews'e bbthe
wavel engt h ra‘rr(]) Lmate rLa(rjr{bEnftlgr{ § f:mi,\k| g]nnrs?sf’:}gr{ fo om Wa\sélenll ?ensgl tjzﬂllce or a third PL

i mge. Al tefhatively,I'n ere’a separat e measurenment of the

ef fective |00ES] Amthesmpbmd @ltmmily saltz;’BLe qorrafglenqthahe lpi qnd shvad weeldngth tnmgesegar d
Lo eff ect i Vidud iofydid B lch AR08 FDERN AR EBRIT:R0 Ao BY G g%gmfeﬁée%%' ve
dopi ng densi t§ vari ation. her way, S at ve opi ng nsit

vari ation atbfrlbg@nsmiﬁew@arfpﬂ@ MC%@CMI fohp Vet f‘ iltett may for zsample e Oa@pjr«Chgy
density 2'5 rnggmhlfl% tﬁfohgﬂ%e hﬁ]& a%ﬁln@@: #4 rﬁ%l}\hqﬁalﬁ'}; mgﬁ@ryglgfhﬂé s19€0nt\xg€er MUELAYE

dopi ng density o he sanple i s khown englp to sanples with simlar
surface propertalds hiwﬁ uptgaUdt fegntcHeoahiBAEcac hF@Ptafﬁl%?PﬂieﬁtOB Uats slenet &' lopi ng

density mMayaddQborle fIORRS S ohifOfMhiQ%8h Yhe SR, 8 pAiGliR AL, anglhﬁ RpHBere@bi g at i on
const ant may be ap &Iled to different sarrpl es Wth simlar or substantlally

i dent i cal 30GEEY elhe SUiFsise apsi-oPert dislcpsin SHeraapBitips herpraspaopisyoss their

[00116] I n cases nwearse bt Aecahd as theMerel thd @l ifibl ceagibefons SpureEd fMier henLesnst ant ,
the as- measur ed PL .
3 and to maintain that orientation during subsequent acquisition of images. When calculating an
intensity ratio of two images with different filters, one can either correct each image before

calculating the ratio, or correct the intensity ratio image using a combined flat field correction.



intensity variation represents an inmage of the relative doping density
variation, which again can be calibrated into an absol ute doping density

i mage i f wbeodopbrsg density in one point or the averageprcTXNi2010bo@iong
density of the sanple is known. An exanple of a sanple type where this
assunption holds is unpassivated wafers with high bulk lifetinme; in these
sanples the effective lifetime (conpare squares in Fig 6) is constant and
the PL intensity directly reveals doping variations. This can be used for
exanpl e to neasure doping striations inogonocrystalline wafers. 5 [00117]1n
ot her specific cases the doping density variations are so dramatic that
small vari dobARPrd Muhfie ol LAEEINSGEARL TR 190 3odCBUS Sy PTRhdsc S Atchat

my be |nS|gn|f|cant or sone applications e such Sp eci al “case concerns

conpensat edof calvaiwict el 2 sifiey €O grrpshidropghah &QOpunmﬁPr@@r ol & FSbnp-IiRAdEr t o

n-type the r‘él}ﬁ&g@l? i 1308 sﬁcfx&se(ﬁ%bﬁ{l@ ofl BRIPRAN ERAP hiol, Qﬁﬁgdhﬁr c)fosl‘s‘rs&'il%lﬂﬁtﬁ@'
revealed in deep mnimmin PL count rate. For ex le in the

i mge of a lim% B mage: SHYH1G 1 Risgows t&fﬁ)cqﬂﬁépoa%wwﬁ%éorl%e Hléa1r2<bt> weagf‘oah% hows
the exact p@aghdiy @Rk shdvehiblh ammbityl @fodseBi .0 lowNnich@tredidie 50 @qﬁnﬁqposg@mp@nsat e
t he PL signal f%ﬁallfe riatio iti

The ility to | ocate t transition
regi on qU|éw mﬁ?%%%%?%? y ‘ngaég%ﬂ&F@$RWhﬁﬁ¥% tSOEY ﬂ%ﬁlﬁﬁPfing
gui de to i dentirf wﬂlam:deaahit tMﬂfll@ﬁﬁyfof EhB"IFiQ’IE(zp-@B/)pﬁagetlﬁ agﬁﬁ&dnmﬁreamdd mrﬂhype

regi ons. The anal ysi s di sc ut t into
odount vararTonbich i HE I FERe B elif RpRlRE S TEE o, "G but B9
Ilfgtlne vanwamyoﬁﬁemg1a®eaﬂuﬁmgsmahbaﬁu&hanmthﬁmvaaMamynnskmureﬁ&mdmnve
Qoping QBNSkl Yie AORKEE] 010 HAUSHRAL S B ol f1RF Ly GRNMSLRIQN. ShidflofiRhd Lo
dopi ng en5|{y vari ations, kg 1%erence 10 the F1* hand
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[00109] An actual implementation of the intensity ratio method is illustrated in Figs 14(a) and
14(b). One side of a p-type multicrystalline silicon brick was illuminated with ~1 Sun of near IR
light from a diode laser array and the PL. emission imaged by a Si CCD camera firstly through a
1050 nm LP filter and secondly through a 1000 nm SP filter. The intensity ratio of the images was
30 calculated pixel by pixel, and the resulting ratio image is shown in Fig 14(a), where the ratio
ranges from 1 in low lifetime regions to 3 in high lifetime regions. For each pixel, the intensity
ratio was then converted into bulk lifetime using a theoretical relationship, with the resulting bulk

lifetime image shown in Fig 14(b). We note that because of the size of the brick it was necessary



species, and that both donor and acceptor atons are distributed in
accordance with the Scheil equation. Under these assunptions the approach
woul d worwoin1io08isei | ar fashi on for other doping atons poTsithdimmogsosuch as
gallium 5) Influence of injection level on mnority carrier lifetime 5
[00121]1It wll be recalled fromthe Background section that under quasi
steady state conditions the effective mnority carrier lifetine is
inversely proportional to the generation rate G and proportional to the
mnority carrier density, so that reff 34An/ G However the fact that
mnority carrier lifetime is also a function of injection |evel conplicates
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image can also be used to obtain information on the background doping variation within the
sample.

15 (b) Different excitation wavelengths

[00111]In a similar fashion, absolute lifetime / diffusion length distributions can be obtained from
the ratio of PL images taken on bricks or ingots with identical detection wavelength bands but
with different excitation wavelengths that create excess carriers at different depths within the
sample. Fig 9 shows the luminescence intensity ratio between two PL. images obtained from a 15
20 cm thick silicon brick with 800 nm excitation and 600 nm excitation, as a function of the bulk
lifetime.
[00112] The intensity ratio curve shown in Fig 9 shows that this approach provides absolute
lifetime or diffusion length information only for short diffusion lengths / lifetimes since the ratio
of PL intensities taken with different excitation wavelengths is largely insensitive to bulk lifetime
25  variations for values larger than 10 ps. For longer diffusion lengths the excitation wavelength has
no significant impact on the relative carrier density profile so that the PL intensity ratio becomes
constant. However some of the same benefits as for measurements with variation of the detection
wavelength range still apply, in that variations of the background doping across a sample are
eliminated from a PL intensity ratio, and the ratio of two uncalibrated PL. images, each in relative
30  units (each measured with the same incident light intensity and normalised for the camera
exposure time and binning) provides the absolute bulk lifetime or bulk diffusion length without a
need for external calibration.

(c) Different detection and excitation wavelengths




generation rate. In lifetinme neasurenents on wafers, An and G are comonly
cal cul ated as nean val ues averaged over the sanple thickness. However as
was poi ntwo 20ut00p159t he abovenenti oned Bowden and Si nt onPppapanroioidoo®s
approach is not neani ngful for bulk sanples such as bricks, because
relative to the total sanple thickness, significant excess carriers are
present only in a small 25 volune near the illum nated surface (conpare for
exanple the carrier density profiles shown in Figs 5(a) and 5(b)). Bowden
and Sinton described an anal ytical nethodal ogy that overcones this problem
by defining a weighted average carrier density Ana" and an effective sanple
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principle also be applied to wafers with lateral variations of the doping density. Since the

10 measured PL signal is proportional to both the effective lifetime and the background doping
density, information about the background doping density can be obtained by normalising the
measured PL intensity with regard to lifetime variations measured in a separate lifetime
measurement. Specifically, the methods described in section 3) above allow one to obtain the bulk
lifetime without the need for calibration.

15 [00115]From any bulk lifetime variation data the expected normalised PL intensity variation can
then be calculated from the relationship between normalised PL count rate and bulk lifetime as
shown in Fig 6. The ratio between a measured PL. image and the PL intensities expected
according to the bulk lifetime will then give the relative doping density variation across the
sample. Specifically, this approach may be applied using bulk lifetime data obtained from the

20  methods described in section 3) above. In this case the PL. image can be one of the two individual
PL images taken with either different detection wavelength ranges or different illumination
wavelengths, or a third PL. image. Alternatively, in cases where a separate measurement of the
effective lifetime is performed, a PL. image that is normalised with regard to effective lifetime
variations then represents an image of the relative doping density variation. FEither way, the

25 relative doping density variation across the sample can be calibrated into an absolute doping
density image if either the doping density at one point or the average doping density of the sample
is known. When applied to samples with similar surface properties in production the above
calibration into absolute doping density may not be necessary on every sample. Instead, the same
calibration constant may be applied to different samples with similar or substantially identical

30  optical surface properties (such as polished bricks).

[00116]1In cases where the effective lifetime can be assumed to be constant, the as-measured PL
intensity variation represents an image of the relative doping density variation, which again can be

calibrated into an absolute doping density image if the doping density in one point or the average



graph the intersections of the rectangles 40 (shown only for the rbulk =
100 1S and rblk = 1000 us plots) with the axes indicate the val ues of

Al l ay, amtoleéfifoooBenpari son of the rectangl es shown for peTsttanto/oososel engt h
excitation (a = 700 cm1) in Fig 5(a) shows that the main variation in the
carrier profile with increasing bulk lifetine is in the effective w dth,
whil e the average carrier density is alnost constant. The sane conpari son
for | ong wavel ength excitation (a = 3.5 cm 1) shows that the average
carrier density (related to the averageqgnj ection |evel) scales strongly
with lifetine. [00124] These observations are consistent with the foll ow ng
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taking into account variations in the lifetime; it is thus assumed that effective lifetime variations
15 are much smaller than the variations in effective doping density.
[00118] To illustrate the direct conversion of PL. data to doping density variations, Fig 10 shows
(with reference to the left hand Y-axis) a line scan 34 from bottom to top (left to right) of the PL.
intensity in the PL image shown in Fig 4, and (with reference to the right hand Y-axis) the fitted
theoretical effective doping density, i.e. the absolute value of the difference between the boron and
20 phosphorous concentrations (dotted line 36), each calculated separately according to the Scheil
equation. In the absence of variations in effective lifetime, the PL intensity is expected to be
proportional to that effective doping density.
[00119]In calculating the theoretical effective doping density, the segregation coefficients k. for
boron and phosphorous in crystalline silicon were taken from the literature. The only remaining
25 fitting parameters were the initial concentrations of boron and phosphorus in the feedstock, Ny(0)
and Np(0); these parameters were varied to achieve the best fit between the effective doping in
relative units 36 and the as-measured PL intensity line scan 34. Variation of Ng(0) and Np(0)
results in variations in the absolute effective doping and a shift on the X-axis of the minimum in
effective doping, and these parameters were varied until the minimum coincided with the
30  minimum of the PL intensity 38.
[00120] Fitting of the relative effective doping density to the PL intensity cross section, as shown
in Fig 10, thus allows quantification of the ratio Ny(0) / Np(0). This approach is based on the

assumption that the feedstock contains only one major donor species and one major acceptor



[ 00126] The choice of near infrared wavel engths around X = 800 nm for
excitation thus has the 30 added benefit that for typical bulk lifetinmes it
resul ts iwoaniigwersage i njection level in the brick that pci/aAi20t0/006v08€ery
close to the injection level that would be present in a typical finished
industrial silicon solar cell at the maxi mum power point. Variation of the
excitation wavelength or of the illumnation intensity (or both) allows
fine tuning of that injection |evel as required. Measuring lifetine data in
this injection | evel range also facilitates the analysis and avoi ds

i naccuracies associated with 5 injection |evel dependencies of materi al
parameters SUGh &% hSoRAESbE ind BRI SR £ akPullH ALbYSE SEANHY §aki on
coefficient, which vary significantly only at higher injection |evels.
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Wi t Ih shost [ogune jnaﬁgutﬂa rﬁ;&l@e@dtﬁ_@'&ﬂ tﬁ@B&ngrblﬁﬂdﬁkc_ﬁiofﬂﬁlﬁt Lalaaltqhm st&a:a_p @tﬁl@&}iﬂdﬂ%ns the ;
inmplication, in that the injection level is then al nmpst |inear pendent
on the il | UHiSHEET BHOTMt ET4T ¢ UMy iy CSEy P aiort il e de AR Maghs (gfa“? he
same brick @émaidabitio Wet Hindlit tariandendidy] whthdiad,l 0 Anicnt I@dvedvEd (BS fadd th@Wsinority
measurenent of the injection | evel dependent lifetinme for _each point or for
speci fic arB98T iiffifRes fFRagel vl F dyrige Y hiompPER Sy ABP AL Iﬂ%s‘trﬁgem
measured i neg@arus tAy diegasdint0 Boiaen dnll RIA Midtb0 Meldbmintbig@ifiGinteyin silicdnl 0l by
conversign of the intensity-nornalised PL cou i nt o, bul i fet] e
Carter dBnegr s Wl P S B d Rt s PR i sby & Lok

aver age i nj@ea7) dor the@8sPQ sciri@pdbit ¢xamale, lifotinhd datgemebeatcp@rd rcaliee & comftanch i s

| tsel T propqrbiandlk il he. LOGLASA LLGRL ] DEARSH @, TRESHE ey gl dent
light intensity can be tonverted into a aver age irﬁ ection Ievel “Usi ng eqgn
(1) or eqn lif)me (@F privcacarrund ex Poimdgks pnreiges), tafoe pongiit hnj&oiog icf fleggeivalent to
illum nati e ion. . de f

lifetine ngﬁpd[rﬁ{&ge@l eﬁﬂ(e:ta ei:{j)f gtg g%&gﬁgg%ﬁ%ﬁng%g*gg g‘ﬁgg@gﬁ%ﬁ Peg hg‘;reggo%lr&ngl £Si ngl e
pi xel . [10012ghatRbyy soorharte somin secifipiifdivresiatges cithes 4trph| iiseioe lofel iopjager i on

I evel on @ﬁﬁ&ngﬁﬁl%ter@fﬁg ?)}(@Jﬁﬂlt@at %ysﬁ)ageiif?lg!or n&r@@vqﬁb{%%_o&%@%loﬂElgar_cgpm €
tester', re[ﬁ&rts bulk I'fetine as a function of injection |evel. Line scans
of the estilR&t2@Hnispnuest we Bpvierprrgfiaely &yad theta spela Pbomagcata ilketibdega seEplt i er
25 densi ty, («&ARORBKk) AlowAncdsurometit &F thellidiiEithe3at aSbMEA! BuRm@Rs 183Nhalal ght
source is used in this system .a sinple analytical solution is no

PSS bl e, ACEUH G PHIMEFIEEF OISt el DB it ool pakLIeg s ¢ Sfdepapte
condi ti @n ahis<codntérSnthithd kdshietrefed Butdasitidsf e demSiohi sTauvsage EaBrier aAGkith Mand hi S
range the ag\é:ggraat 0?1 rate. In lifetime measurements on wafers, An and G are commonly calculated as mean
values averaged over the sample thickness. However as was pointed out in the abovementioned
Bowden and Sinton paper, this approach is not meaningful for bulk samples such as bricks,
because relative to the total sample thickness, significant excess carriers are present only in a small
25  volume near the illuminated surface (compare for example the carrier density profiles shown in
Figs 5(a) and 5(b)). Bowden and Sinton described an analytical methodology that overcomes this
problem by defining a weighted average carrier density 4n,,, and an effective sample width W
We adopt those definitions here and use the notation of average excess carrier density accordingly.
[00123] Using the analytical model described in the abovementioned Bowden and Sinton paper,
30  excess carrier density was calculated as a function of position inside an unpassivated silicon brick
for two values of the absorption coefficient (a.= 700 cm, corresponding to ~800 nm incident

light, and o = 3.5 cm™, corresponding to ~1100 nm incident light) and plotted in Figs 5(a) and 5(b)

respectively. Note that the excess carrier density is zero at the surface (position = 0) because the



injection level scales with the bulk lifetinme according to eqns (1) and
(3), simlar to the usual case of |ifetine neasurenents on wafers. Wth 1
Sun equi wabenti/dobisam nati on intensity (N = 3*1017 30 cme2@ubproaockosa = 3.5

cnil we calculate dna, , = 47* 1012 CM3 and Allay, = 3.7*1013 CM 3 for
Tbul k = 10 1 AS and Thul k = 100 ps respectively according to eqn (1). To
achi eve the commonly reported average carrier density of Ana, , = 5* 1014

cm3, an incident light intensity of about 100 Suns (N = 3*1019 cm 2s-1)
is thus required for rbuik = [ Ops. Shortgr lifetimes reported at Alay, =
5* 1014 cm3 - 30 - would require even larger light intensities. Note that
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this des@ripuon. [00131] Al t hough the pr esent i nvention has been
described with particular reference tg certain preferred enbodi nents
t hereof, variations and nodifi MlWﬁﬂf—t he prese(llm)( i nvention can be 15
effected within the spirit and scope Bt T he fol I owi ng clains. -31- W
Caim 1. Aviieet hidthealiffidn thugth) M ghe diffusibatytHicienOlV, @e pl@ind R ditclingthd@nglc) al ,
said met hOdanld r&Ci ea (lialsoqgtlotnrc]:gefﬁ cgignQSFogde >> 1, i.e. for short wavelength excitation (or long

lifetimes) eqn (1) simplifies to

15 An,,, =_21; : 2)
a

implying that the average injection level becomes independent of the lifetime. On the other hand
for @l << 1, i.e. for long wavelength excitation, and using the relation 7= L*D, eqn (1) simplifies

to

An,, =T )

20  implying that the average injection level is proportional to the lifetime 7.
[00125] Turning now to consideration of the influence of injection level on PL data, we note that
PL images are typically acquired with infrared excitation around A = 800 nm. With the absorption
coefficient & ~ 700 cm™ in this range, the condition al >> 1 is fulfilled for L > 100 pm, a
diffusion length equivalent to 7, = 3.5 ps in p-type silicon. Importantly, in the most relevant
25  range Tug > 3.5 ps, a single PL. image taken with laterally constant illumination and with A = 800
nm excitation thus yields variable lifetime at an almost constant average injection level. With D =
27cm’s™ and N, = 3*10" em™s™ (approximately equivalent to 1 Sun illumination), eqn (2) yields
Angy, = 8*10" cm'3, independent of lifetime.
[00126] The choice of near infrared wavelengths around A = 800 nm for excitation thus has the

30  added benefit that for typical bulk lifetimes it results in an average injection level in the brick that



(a) exciting said material to produce photol um nescence; 5(b) neasuring the
intensity of the photol um nescence emtted fromsaid material; (c)
nor mal i siwg 20homsasur ed phot ol um nescence i ntensity w trlhTraagarohodws
variations in the background doping density of said naterial to obtain a
nor mal i sed phot ol um nescence intensity; and (d) analysing said
nor mal i sed phot ol um nescence intensity in terns of one or nore 10
properties of said material. 2. A nethod according to claim 1, wherein a
substantial area of said material is exopted, and said nmeasuring step

i mges the photol um nescence emtted fromsaid area. 3. A nethod according
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silicon brick and wherein said nmethod is appli | east one side facet
of said i ngstl abthe Fragigrm Hweupqxntne‘f%@naéé@rwmom (vya‘z;ﬂlsng@r% Obfhetﬂlhémmﬂé@edi ng

cl ai ns, V\h%@hsﬂy%&lbgthpﬁfékvgh%ﬁﬁnQQﬂlhﬂ%;&ﬁ%He){ ad &qdﬁ%@SME;%dm@m&ﬁﬁer%ﬁtl@' ly.
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10. A net ho conduct an anal ysis of a silicon ingot or sald
met hod i ncl rg@plﬁgnqnh ef te gp@;tl@lf level dependent lifetime for each point or for specific areas in the

image. This can be achieved by normalising the measured images with regard to the illumination
15 intensity, followed by conversion of the intensity-normalised PL count into bulk lifetime, the latter
conversion performed as described previously.
[00128] Since the average injection level is proportional to the generation rate GG, which is itself
proportional to the incident light intensity, a measured incident light intensity can be converted
into an average injection level using eqn (1) or eqn (2). From a number of PL. images taken with
20  different illumination intensities, the injection level dependence of the bulk lifetime can thus be
calculated and plotted for a specific area or a single pixel.
[00129] For comparison, we now consider the influence of injection level on QSSPC data. An
example QSSPC tool, the Sinton Consulting ‘boule tester’, reports bulk lifetime as a function of
injection level. Line scans of the estimated bulk lifetime are reported at a constant average carrier
25  density, commonly at An,,, = 5%10" cm™. Since a broad band light source is used in this system, a
simple analytical solution is not possible. Assuming illumination with 1100 nm light (oc = 3.5 cm’
1) the condition al. < 1 is fulfilled for bulk lifetimes 7, < 3 ms, and in this range the average
injection level scales with the bulk lifetime according to eqns (1) and (3), similar to the usual case
of lifetime measurements on wafers. With 1 Sun equivalent illumination intensity (N, = 3*10"
30 cm'zs'l) and a = 3.5 cm™! we calculate Ang, = 4.7#10" cm™ and Ang, = 3.7%10" em™ for B = 10
pus and 7, = 100 ps respectively according to eqn (1). To achieve the commonly reported
average carrier density of An,,, = 5*%10" cm™, an incident light intensity of about 100 Suns (N, =

3%10" cm'zs'l) is thus required for 7, = 10ps. Shorter lifetimes reported at An,,, = 5+10" cm™



(a) exciting at least a portion of at |east one side facet of said silicon

ingot or brick to produce photol um nescence; - 32 - (b) obtaining
at | east woeoimmgsyof the photol um nescence enmitted fromcsauwdomtoobmast one
portion of at |east one side facet; and (c) interpreting said at

| east one image in terns of variations in the area density of dislocations
in said silicon ingot or brick. 5 11. A nmethod according to claim 10,
wher ei n phot ol unm nescence i mages obtained fromdifferent side facets of
said ingot or brick are analysed to obtapn an estimated area density of

di sl ocations wthin wafers subsequently cut fromsaid ingot or brick. 12. A
met hod acCaigfidali e%nqa#%erlgm BRARL NG ke LRASE QG ARLALUnGsGence
image is used to regions of said ingot or brick i nsufficient
qual ity forexagf S@?thﬁlr é‘ﬂlﬁ@t it ﬁle Hght 1gensityprtid bot theemdewes H@Waﬂlataﬁéaeybghs of a
silicon i ngn@fes Bl ggllﬁyrall§Q&(¥AlrE@ﬁ1h§Hcal Q@é#@b@&u&ﬁ@nt@&%@ﬁex@fmm = 5%10" cn{ @)
exciting at | east one side facet sai d | i con I ngot or "fck to produce
phot ol um neBeamligght intensities are unreahst(ctﬁ)r @Bye&fupﬁah@laatcel} @p(i)g@atlglpfesn;cm%; cells arpe
phot ol ung ner%ﬁzﬂgl%p@[me& teshefduf r&pﬁ@dlglt Alunli@ASt afNg ad 5pc§z§tﬁi§ pf)ﬁpfﬁtét’ re@3bk the

(c) |nterpret|ng said at | east one |na9e to identify |ow effective and/or
bul k mi nor i t¥ficE Sppityeipsifly he ppisploraagius Hal Wotlh Phachisy e 'c}t RGO ursUngsri opRn Cirpyit o

met hod of ceRdu&k NYfcame Qﬁ@r}ﬁ&irt@d 0dr @nsSEMUBARAUET Qins MR @6k 3lave @Y dinfi®d hod
i ncludi ng the exciting a portion of said nmaterial to

ste
produce phd?%WﬁﬁVﬁé%@Eﬂﬂﬁmg ations- (1) easuring the distribution of the
phot ol um neBEBONR tRMeickipGbnl fr@ided AkdinPAInek @8 specific details are set forth. However, it is

10 understood that embodiments of the invention may be practised without these specific details. In
other instances, well-known methods, structures and techniques have not been shown in detail in
order not to obscure an understanding of this description.

[00131] Although the present invention has been described with particular reference to certain
preferred embodiments thereof, variations and modifications of the present invention can be

15 effected within the spirit and scope of the following claims.



(c) normalising the neasured photol um nescence distribution with regard to
variations in the effective mnority carrier lifetinme across said portion;
and WO 2011/009(5d) anal ysi ng t he normal i sed phot ol um RPEeIERCB/000908
distribution in terns of variations in the 25 background dopi ng density of
said material across said portion. 15. A nethod according to claim 14,
wherein said material is a silicon ingot or a silicon brick and wherein
said nethod is applied to at | east one side facet of said ingot or brick.
16. A net hod according to claim 14 or cl.ajm 15, wherein said portion is in
the formof a line scan or a two-dinensional area. 30 17. A nethod according
to any one Qf gl s 14 to 16, wherein said nethod is applied to an ingot,
brick or wafer of upgraded netallurgical grade silicon. - 33 - 18. A

met hod accot-di ng® methed eficardpFting\gh aradysis of pEenpeesilucios mastial esaidinprithed ciuding he

di stributiofe @fpsspi d photol un nescence is fitted to obtain the ratio of
donor and acceptor concentrations in the feedstock of said upgraded

net al | ur gi cal grl@daciing jagdgppterial to prpduck phelplBPesseRssT di ng to clai m 14, wherein
the stepsof nor ngl m&kigg WetiledsRParat ghowMatiheadch@nsni®dirpnahliestdve |ifetine
is omtted, and the photol um nescepce djstribution is interpreted . in terns
of background ddpiTy 3sPe B msagred PRgORINGICEiE 1 REboY rﬁ%j‘“ﬁB Ve “181?

wher ei n t hebaplasdunil O6piaf dedsigrioNdafiLiiatérial ®abdinphoinadliskdl pheshene e etbe Siténsipyt i on i s
used to identify the position of a transition region fromp-type to n-type
in upgradedmﬁetallurgical grade silicon. 10 21. A net hod of conducting an
anal ysi s of a si(Hiaalgsingrgaitnoonalibydi phofolg@nacanet ihoakity nctbwdiofgnetdneost eps of :
(a) obt qbnipr}gpe%}esgtes% t 4o, phot ol um nescence measurenents of at |east one
si de facet said stlrtcon’ingot or brick, said at |east two

phot ol um nescencempthedyradvatosldyail ngheodin asubeehtinl ar¢a ofl sid mpterd isgatiedtandn

vavel engt i BaNswh2(B) infalGh AbhRGul AR hka 8H Q8 RET Ween at | east two

of said photol um neSscence nmeasurenents; a
3. A method according to claim 1 or claim 2, wherein said material is a silicon ingot or a

silicon brick and wherein said method is applied to at least one side facet of said ingot or brick.

15 4 A method according to any one of the preceding claims, wherein said background doping
density is measured experimentally.
5. A method according to any one of claims 1 to 3, wherein said background doping density
is determined empirically or calculated using a theoretical relationship.
6. A method according to any one of the preceding claims, wherein said normalised

20  photoluminescence intensity is interpreted as a measure of the effective minority carrier lifetime of
said material.
1. A method according to any one of claims 1 to 5, wherein said normalised
photoluminescence intensity is converted to a measure of the bulk minority carrier lifetime of said
material using a predetermined theoretical relationship between bulk lifetime and normalised

25  photoluminescence intensity.
8. A method according to claim 7, wherein one said theoretical relationship is applied to
multiple samples of said material with similar surface preparation.
9. A method according to claim 1, wherein said property is the area or volume density of
dislocations in said material.

30 10. A method of conducting an analysis of a silicon ingot or brick, said method including the
steps of:

(a) exciting at least a portion of at least one side facet of said silicon ingot or brick to

produce photoluminescence;



(c) converting said intensity ratios into bulk lifetinme or bulk diffusion

| ength using a predeterm ned theoretical relationship. 22. A nethod

accor di ngvoeoolmprsn21l, wherein said different detectionpreaaai2engbiwobands
are 20 provided by one or nore dielectric filters, said nethod further
conprising the step of normalising said photol um nescence neasurenents or
said intensity ratios for angular variations in the transm ssion of said
one or nore dielectric filters. 23. A nethod of conducting an analysis of a
silicon ingot or brick, said nmethod incliyding the steps of: 25(a) obtaining
at | east two photolum nescence neasurenents of at |east one side facet of

sai d silicon i ngef ,efinifl b kst oBJ’&%aQJ’kQR}%'pHE’EbB%ﬁ?c@E& elnﬂteé%ﬁll sl af IBRSIne t WO

phot ol um nescence neasurenents being gener at ed wt fferent excitation
wavel engt hsportion of at leasi(dgy sigglagaiaad i ng i ntensity ratl os bet ween at |east two

of said phot ol U%ﬁ&%@%‘eﬁﬁ@saﬂﬁﬁ%&%@%& in@els 3AbBdiobOR IR FdaREhsHRHM | Ntensity
ratios into bulk lifeti or bulk diffusion |ength using a predeterm ned

t heor et i cal difleqeder grelspicomingh opfiichod according to any of the previous
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used to inpdimbaudnlaemﬂmwfeaec@usrequbgﬂpéutﬁbrhlsﬁmrmghroteﬂﬁ& or |ngots 26. A
net hod acco nf or mati on.obt ai ned
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production sor ers in qual
steps of:

(a) exciting at least one side facet of said silicon ingot or brick to produce
photoluminescence;
(b) obtaining at least one image of the photoluminescence emitted from said at least one
15 side facet; and
(c) interpreting said at least one image to identify low effective and/or bulk minority
carrier lifetime regions within said ingot or brick.
14. A method of conducting an analysis of a semiconductor material, said method including
the steps of:
20 (a) exciting a portion of said material to produce photoluminescence;
(b) measuring the distribution of the photoluminescence emitted from said portion;
(c) normalising the measured photoluminescence distribution with regard to variations in
the effective minority carrier lifetime across said portion; and
(d) analysing the normalised photoluminescence distribution in terms of variations in the
25  background doping density of said material across said portion.
15. A method according to claim 14, wherein said material is a silicon ingot or a silicon brick
and wherein said method is applied to at least one side facet of said ingot or brick.
16. A method according to claim 14 or claim 15, wherein said portion is in the form of a line
scan or a two-dimensional area.
30 17. A method according to any one of claims 14 to 16, wherein said method is applied to an

ingot, brick or wafer of upgraded metallurgical grade silicon.



28. A nethod according to any of clains 1 to 23, wherein the information
obtained fromsaid nethod is used to obtain feedback on feedstock quality
in the prwouetiomsef silicon wafers. 29. A system for eomiRbiongowms

anal ysis of a sem conductor material, said systemincluding: 10a

phot odet ection unit for obtaining at | east one inmage or |ine scan of

phot ol um nescence generated froma surface of said material; and a
processor for normalising the nmeasured photol um nescence intensity with
regard to variations in the background _dgpi ng density across said surface,
and for anal ysing the normalised photol um nescence intensity in terns of
one Or 07 &I ODRh6PacBlra@lohifil Slilein dop o SYiith ATl AlincCRAMEL] F9 an

anal ysis of a silicon ingot brick, said system i ncludi ng:
phot odet ect Sia@ri’hatﬁiutmffeﬁﬂemﬁb%féieﬁ frptai thy et pf doner Perergeptgreonderietigesan hef

phot ol um nefg&gt@ggofgga%@cgglm&ram@g oB8a8ticoane side facet of said silicon
i ngot or brick; and processor for interpreting said at |east one

phot ol uni ne¥cencemehedpecyring f %Féal@éémheﬁmtté?w Bronrahiing VigseqhlorvRétigiea

density of idicmtcacalift@nsis biit®aiadd G bhEQiminBgetce Bktribitos k. intd@redl ifkeiissdrem f or
conducting an analysis of a silicon ingot or brick, said systemincluding:
a phot odet e'?f‘flfgb‘flr‘nﬂlﬁ?ptmgfvé“f‘a%’ﬁi aining at | east one inmage or |ine scan of
phot ol um nexxencemg@oeicabreidg forduemmaQ Wi st thoRLitisn o hiabein iakaisai d si | | con

i ngot or bric rogessor for er retln id at |east
ons_ phot ol di hiseRsreac o Pl kIR bor Rlih Pl RIEHERoF Fefe ipg o
effective andb@mubgt‘adedmemuungtcylgmlelsiiliam [ifetime regl ons w thin said ingot

or 25 brjc 32., A t con an ana i onduct or
mater' ' st a <y SRR R Ehol BuRa RN TR, Py BeSER AT o
| east one |M§jef or line scan of photol um nescence generated froma surface

of said materi al (a (ﬁ)&%l% atp fegsq ﬁ&ﬁﬁ%to ug{lnelg&fl%éamrﬂ'geéﬁs%?atq&%lﬂg 9?@ facet of

phot ol um nescence I ntensity I n eac art of sal Image or l1ne scan with
regard to vaidisdicpmingotionbrickesaidfaf lagst Mpe)hﬂﬁolrwamieﬁoync@ameﬂﬁueqinemswﬂg phiaiggdvads sai d

surface, ang0f sanaby $ht@ntfGafa@r Ml i sed photol um nescence image or line
scan in terms of variations in the background dop |n% density across said

surface.l533. A syskHpfinginelHytEes trhyeamalderal s pssairhglolpinessserei ngot  or
brick, sai dnsystsdnd ael uding: - 35 -

(c) converting said intensity ratios into bulk lifetime or bulk diffusion length using a
predetermined theoretical relationship.
22. A method according to claim 21, wherein said different detection wavelength bands are

20  provided by one or more dielectric filters, said method further comprising the step of normalising
said photoluminescence measurements or said intensity ratios for angular variations in the
transmission of said one or more dielectric filters.

23. A method of conducting an analysis of a silicon ingot or brick, said method including the
steps of:

25 (a) obtaining at least two photoluminescence measurements of at least one side facet of
said silicon ingot or brick, the photoluminescence in said at least two photoluminescence
measurements being generated with different excitation wavelengths;

(b) calculating intensity ratios between at least two of said photoluminescence
measurements; and

30 (c) converting said intensity ratios into bulk lifetime or bulk diffusion length using a
predetermined theoretical relationship.

24. A method according to any of the previous claims, wherein the photoluminescence

measurements or images are used as a cutting guide in wafer production.



a photodetection unit for obtaining at |east two neasurenents of

phot ol um nescence generated fromat | east one side facet of said silicon

i ngot or Woiz2ekijo0sEbd at | east two neasurenents bei ng obtairnadowidboos

di fferent detection wavel ength bands; and a processor for
calculating intensity ratios between at |east two of said neasurenents, and
5 for converting said intensity ratios into bulk lifetime or bulk diffusion
| ength using a predeterm ned theoretical relationship. 34. A system
according to claim 33, further includinggone or nore dielectric filters for
providing said different detection wavel ength bands, wherein said processor

I's further gonfigut@ty fLofiak [IPaJny %Fcl-ﬁl% f JRAS - STRP ‘ir?for%u&ladbgudeﬁ‘ hERShil Y

rati os for angul ar vari ati ons transm ssi on said one or nore
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37. A system accaﬁ{rgye&gr thPnd ?Igﬂlsf?l@gle%ea&,llr Aspﬂ&ol%gn&e&er?b@nnté/}{@ﬂ @ftﬂ‘re%a@accor di ng

phot odetection unit 25 includes an canera : syste
to any one Gfiatnginike trokerend dopingttiensly aeranised wﬁ@f%a@tf%@i&l@ﬂnﬂhﬂ? poriplisedides a

silicon CaW&&%hmn&%mmé1&&%&%Hﬁ&ﬂ§%f&§%ﬂn&&;h%&h%ﬂﬁ@&dhﬂéﬁﬂ?thOd accordi ng

to any one of clains
15 30 A system for conducting an analysis of a silicon ingot or brick, said system including:

a photodetection unit for obtaining at least one image or line scan of photoluminescence
generated from at least one side facet of said silicon ingot or brick; and
a processor for interpreting said at least one photoluminescence image or line scan in
terms of variations in the area density of dislocations in said silicon ingot or brick.
20 31. A system for conducting an analysis of a silicon ingot or brick, said system including:
a photodetection unit for obtaining at least one image or line scan of photoluminescence
generated from at least one side facet of said silicon ingot or brick; and
a processor for interpreting said at least one photoluminescence image or line scan to
identify defect-rich low effective and/or bulk minority carrier lifetime regions within said ingot or
25  brick.
32. A system for conducting an analysis of a semiconductor material, said system including:
a photodetection unit for obtaining at least one image or line scan of photoluminescence
generated from a surface of said material; and
a processor for normalising the measured photoluminescence intensity in each part of said
30  image or line scan with regard to variations in the effective minority carrier lifetime across said
surface, and for analysing the normalised photoluminescence image or line scan in terms of
variations in the background doping density across said surface.

33. A system for conducting an analysis of a silicon ingot or brick, said system including:
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a photodetection unit for obtaining at least two measurements of photoluminescence
generated from at least one side facet of said silicon ingot or brick, said at least two measurements
being obtained with different detection wavelength bands; and

a processor for calculating intensity ratios between at least two of said measurements, and
for converting said intensity ratios into bulk lifetime or bulk diffusion length using a
predetermined theoretical relationship.

34. A system according to claim 33, further including one or more dielectric filters for

providing said different detection wavelength bands, wherein said processor is further configured

to normalise said measurements or said intensity ratios for angular variations in the transmission

of said one or more dielectric filters.

35. A system for conducting an analysis of a silicon ingot or brick, said system including:
first and second excitation units emitting first and second wavelengths for generating

photoluminescence from at least one side facet of said silicon ingot or brick;

a photodetection unit for obtaining first and second measurements of photoluminescence
generated with said first and second excitation wavelengths; and

a processor for calculating intensity ratios between said first and second measurements,
and for converting said intensity ratios into bulk lifetime or bulk diffusion length using a
predetermined theoretical relationship.

36. A system according to any one of claims 29 to 35, further including:

an optical source emitting light with wavelength longer than the band-gap of silicon or of
said semiconductor material; and

a detector for measuring the transmission of said light through said silicon or
semiconductor material.

37. A system according to any one of claims 29 to 36, wherein said photodetection unit
includes an InGaAs camera.

38. A system according to any one of claims 29 to 36, wherein said photodetection unit
includes a silicon camera.

39. A system when used to implement the method according to any one of claims 1 to 28.



