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sem conductor materials usi njrg phot ol um nescence S(Pect roscogy. BACKGROUND
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i nvestigated by photol um nescenge ] BeENGE Lt Phot ol um nescence spectroscopy
techni ques. In such techniques, a laser is directed onto a sem conduct or
sanpl e, such as single crystalline silicon. If a photon emtted fromthe

| aser has energy greater than the band gap energy of the sanple, then it
can be absorbed by the sem condBOKWNIGAL EIEIIDe el ectrons directly fromthe
full val ence band to the enpty conduction band, |eaving behind el ectron
"hol es” in the val ence band. Del ocalized pairing of free electrons in the
conductP8lband wiherressnigveniionrelates teAternyaig té«r qeadity pismiepndpetet r on- hol e

pairs. rh&tgﬂl?ﬁﬁﬁé’@{mﬁ{)h%ﬁé rg%fcr gﬁéc&%isﬁ@n el ectron-hole pair are sufficient

to cause Dbi nding hol e, an exciton is fornmed. At |ow
tenperatures, non-equilibriumelectrons, holes, and excitons can stably
bind into a plasma that can undegg@KQRMAMSPLi on to form an el ectron-hol e
droplet (EHD). [0003] Excited electrons in the conduction band can return to
equilibriumby losing their excess energy and reconbining with the val ence
band. TRP&]pr oceskheafcatdopttstroptuhndfer swaiiednductot mratcamhédni Heanvaotiggahbpe

st udi ed .t ield information,about. a sem conductor, s | e, .including

ot or et P GIRRES e e St PR EyBE SBnra ey ERERERn I Fitne Type of
r eConbitBetni (s, VB is EXCtddVntlE SaNicamtlicto? Gaiplenaich @p sidskWipstalindsifié e
lattice site (free exmtoqr;? and results in the spontaneous em ssion of a

phot on Ihavhefgn smigsdelirem dhalaghapeprsgidisater than e kand egp crarp g sampls,
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anot hervalgnpebaid toakosmhptyabhduction daid, [Edtngdebay dgt®heablcgnnethnvdacene
band. Delocalized pairing of free electrons in the conduction band with holes in the valence
band gives rise to electron-hole pairs. If electrostatic forces within an electron-hole pair are
sufficient to cause binding of the electron to the hole, an exciton is formed. At low
temperatures, non-equilibrium electrons, holes, and excitons can stably bind into a plasma
that can undergo condensation to form an electron-hole droplet (EHD).
[0003] Excited electrons in the conduction band can return to equilibrium by losing
their excess energy and recombining with the valence band. This process of electron-hole
pair/exciton annihilation can be studied to yield information about a semiconductor sample,
including information about impurities that may be contained therein. In one type of
recombination event, exciton decay and recombination occurs at a free lattice site (free
exciton) and results in the spontancous emission of a photon having a wavelength
corresponding to the energy released. The released photon is observable by
photoluminescence analysis, the spectrum of which provides information about the intrinsic
semiconductor.
[0004] In another type of recombination event, the decaying electron can become
loosely bound at an impurity that provides donor or acceptor bands that are within the band
gap energy but are distinct from the valence and conduction bands of the intrinsic
semiconductor material. The impurity band can absorb the energy associated with the initial

decay of the electron from the conduction band to the impurity band and dissipate it as a



| oosely bound at an inpurity that provides donor or acceptor bands that are
within the band gap energy but are distinct fromthe val ence and conducti on
bands of wbeoimissémsi ¢ sem conductor material. The i nmpurcrysbhand3man absorb
the energy associated with the initial decay of the electron fromthe
conduction band to the inpurity band and dissipate it as

a Wo. .
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can be qbseryed hot ol um nescence anal.ysis, the result. spectrum
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shape angracRESMSHL e Fh ﬁr'ﬂ?. POHAGNIS i OthaPeakd BRnsiReotBe ol diteh M ne the
inpurity density. [000%] At | ow tenperature, photol um nescence spectra show
di st i ngteak ezobised e detcypmion theampurityedsostty-nat i on of a bound el ectron in the
i mpurit nd with a free hole, .giving rise to a baound exciton,peak (BE
ponicy - B ccoms B GRPSATLS prdeYlideleh B shSe BB R ESDLRE R h et o
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that em ssion. Because concentratign .of an electrically active inmpurity is
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phot ol uhe mesbendeitemnaitligitie sagnpde thatver fresponebledor thatrenapsadty sBscaose | mpuriti es,
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the i nqhggﬁtanhmeak@@ﬂo@nﬁﬁin@s&ﬁ&édjn@%isewh&@&fﬁi@ﬁ&h&&fdﬁhdﬁﬁp hed, the EHD
can form Reconbination events within'the EHD give off characteristic
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peaks aften.involve varying excitation energy, S operating a | aser at
| over esv@rf?laleg WﬁLéhﬁe?Eia@ P, peakcn SR it L) BErPBE G S, use of
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conventional approach is to run an instrunent at |ow excitation energies in
or der tsbiftsi tnilewaentiyecsEHD mffeeghg ckotaauve mtertsiy sthapperbacirerbedernesmotee

signal -to-noise in.the BE and FE em ssi.ons, . ch kes it difficult to
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and the emitted photons arge collected fromthe front surface of the sample
by a cowhue%magw lfgﬁECﬂavi %%C%quéﬁgsa%% YrpyHieHn Q&g PHEDFSCEREOSEPEc e,

.



[0008] I n sunmary, conventional photol um nescence anal ysis can be
generalized as having four primary steps: (i) excitation of the front
surface oWoaosersBaonduct or sanple with a | aser at | ow t egcparsatiansgo2sai d

| aser operating at either a fixed or variable power to achieve resol ution
of BE and FE peaks from EHD peaks in resultant spectra; (ii.,), em ssion of
phot onsm‘ft%ﬁﬁ-t _ﬁ@@%ﬂé?ﬂ%ﬁ CHIRR OIS M@PHE KB e TP SIRiETisl VBl loBE,  and
EHD 1 eqoutil hinRBV A Soidifd ink AAY fCLLAR BRI Sodtamdfie front
surface of the sanple by colTection optics that are oriented parallel to

t he sampbwaclapah fd ahindraty fir sffgfiertlydestmgudngantmbems of samples.det er m ne

i nfor | about. the .j.npurities, Such.conventional nethods d appar at uses
are.hi R0 sansi tVa G AR o R T Py RIS § dBRUI o6 of I ow
part s- potdltirhnes@Acd arPfsisofaP Bt IdipBrstRenFi¥d idtruhRhisioperatiNe uRddrhel ess,
there remains a need in the art for nore sensitive techniques and

appar athiglesanipde exadierion fgrdigonsnehdoiaamict frynshernl wmpinuinente spératingyridspleduct or

mat eri al s. . SUWRRY [ 0009] Thi,s _need i t by various «enbodi nent f the

ot esent TR G Gy o0 PASES s Bod et by R S SERER AT Solleton:

i dent i fofieRgtt@nshotstdfdnh yiliogn sarpiled, hefein theSembrAdpaHeited atPpBitioal that i N Sone
enbodi nents, the provided nethods and appar at uses naé‘be used to identify
and qua@fqllﬁbt@aﬁﬁ@l@crl%eﬂqﬁ ds this orignkgtiond resilicor samplgris Hemieyebbrthisi ng
convent;, an Qllld {ﬁ%tepfﬁ Sl %Iﬁpdp Ecﬁfeldt%ﬂ.sfrong ﬁlgjfpdrf%‘gﬁ?a{cg'o?gletsgm\b%@pys

enbodi ments, provided 1's a photolum nescence spectroscopy system for

i dent i fopilogioan ensthaaitg & lgnfpcalmuntiat thedran sarfem conduct or sanpl e,

conprising:. (i) | aser system adapted to. provide a defocused col | i nmated
| aser ﬁ@ﬁ&ﬁ]capabﬁe SURARYa5Y fszyl‘ieslga&% m@m%ﬁ@%emgsafca& Eagmalgﬁd as

T um rh%kﬁ% fé%rﬁﬁeﬂ?‘é_ er g} Ex PRRSPLEHTL BRRE §irfach bi a OBfFicOFdUTRIr SafIlvRPduCt O
e si ng d dtob I

sanpl es, ch conpr first surface adapte e at least partially

i |l um realasd ablpvt tempdefueusadaicaoperabeaa cithesuhsedontvaakblg porechgwhaive second

surface, d a e t he i nt ection of the first.and.second surfaces,
She adqs it SRR piohS S el SR MR b Eeh bR uf SRR E adoh:

t her ef rigghh tiRNEmpld, iséi_d?_h&%h& B&ihb ORarh@ASstR A IBE) F&, hRNBHDACadmBIktdn at the
edge of a sanple positioned for analysis, the | ens adapted to coll ect

phot ol wreres@ertséccton shphkptorscamitipd fram thT renpyusince etths yamplnbiysobesifongur ed
such that. a sanmple | itioned for. analvsi S, its fir rface is
or T ont atieS 8RS oAERY FalaoRR TS LR shO T FARNR Srinl Feull ShecHio A0C 0
to a pakidringit ipfr@bliéd about tHeem@ahili&c tSueh cbenationd) @detllodis @ad dppgathies\wed | ous
embodi ments, also provided are phatol um nescence spectroscopy. net hods for
i dent i fiygHy sepvdivgead can Piriglly agsmiiy ngirity depsifiosiof ivapetsoper<a end ppt")

conpri Sa!t&lgs w(twn tﬂ% E@%} RgiR QeFQFUREd tt?egé FniBh &0 d AL InDRAR: QIO at least a
portion of aftirs urface of a sem conductor sanple positioned for
anal ysissnsitivxetestanplos aad apparstusey for idedi gy mgtandlqhiyntdyinh egematicssecond sur f ace,
and an egge at the intersection of the first and second surfaces adapted to
al | ow CEMOLENGHN BRCPRISt ol uni nescence emitted therefrom (ii) generating
col | ectabl e photol um nescence in the sanple, (iii) collecting the
phot ol um nescence fromthe edge cﬁsqﬂMRLﬁﬁqple using a collection lens, the
| ens adapted to collect emtted photol umnescence at a | ens focal point on
the edge, and (iv) generating data fromthe coll ected photol um nescence,
t he dat[ao@ar r espordi AgdlionabPY &idudRMHbotiimdntkedttthé Pres&a ipleatibryREHiEH Y
gquantity, or both. In practice of the provided nethods, when the sanple is
posi t | gheyd¢ sppraved ystheds prdsapppragyses {pr idppafying ard GHOEHIRSIMEIEICS h angl e of
23}’: 2tc'ts|8§1ri]c%¥ngirllést8{%§t%%ﬂs. th P8 difeh§ SRE Flovid dnARSdstandApPAEALGhay O the
be used to identify and quantify sample impurities at lower densities than achievable using

conventional methods and apparatuses.
[0010] According to various embodiments, provided is a photoluminescence
spectroscopy system for identifying and quantifying impurities in a semiconductor sample,

comprising: (1) a laser system adapted to provide a defocused collimated laser beam capable



[ 0012] These and additional features and advantages of the invention wll
becone apparent in the course of the follow ng detail ed description. Unless
st at ed otwenwiise34ibhe features of the described inventi ecTaseohe3wsed
separately or together, or in various conbinations or subconbi nations.
Simlarly, unless specifically stated otherw se,. nethod steps nay be

per f or rPé&aﬁl%n%araﬁlvfnémé?f{ scameRiidueion ip RheselugEncesr: (19 e m%%aerﬂlé%crworsm EF

ped- )
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i nvention and the ny eénbodi nents thereo Iy obtalned as the
sanme bebkbtmescdietdr dearmraabstaoodlyoyrthogbed spadtsorfadee afiddd algerngthdet ai | ed

descriptjon whe opsidered in connection w,t he .acconpanyi dr awi ngs,
wher ei TR 1S B TP R0 a8 Fetrteq & BENe oINSt r at o6 one
exanp! §hefol@nHREAR éRARY tIRAELGhUNINED GINEtRNGEHS IS HRPYIAY BcEIPoimwe! Vi ng
"straight-on" collection of emtted photons froma sem conductor sanple,

wher ei rthacdspifatsemalospoisdivncd torsnglesiv, thodcos adaptshiventlpamhdtobyeineseeneerid B
depicts raont . vi of a, sanpl e .bei L1 um pnated by a laser beam,w thin
caP o contdrbahin’ 2he PlavibeRaTRanaP Sl i 0 SHabY sRubBIShemERTH Yy

provi desaghe] i@ it LRCERGRiIcARACH bO SCAPINoEY St RFatioN oF ToRthbeXc0 RIJ0ORVIHf a
sem conduct or sanpl e using a defocused | aser and "edge-on" collection of
eni t t edeyiset toraosifien paraflciodbpealicstion kahemat i ¢ si de vi ew of a provi ded

SISCemgB ©,SSPASkR G i el oML BRIR MAMLORERSDY = Lover

one exappitmsodpyangpthodd fde tlcapfyiimgpdndsyahefying impurities in a semiconductor sample,
comprising: (i) directing a defocused collimated laser beam onto at least a portion of a first
surface of a semiconductor sample positioned for analysis, the sample comprising a
substantially orthogonal second surface, and an edge at the intersection of the first and second
surfaces adapted to allow collection of photoluminescence emitted therefrom, (i1) generating
collectable photoluminescence in the sample, (ii1) collecting the photoluminescence from the
edge of the sample using a collection lens, the lens adapted to collect emitted
photoluminescence at a lens focal point on the edge, and (iv) generating data from the
collected photoluminescence, the data corresponding to sample impurity identity, sample
impurity quantity, or both. In practice of the provided methods, when the sample is
positioned for analysis, its first surface is oriented to be at an angle of deviation of from about
0° to 90° with respect to a position parallel to the collection lens.
[0012] These and additional features and advantages of the invention will become
apparent in the course of the following detailed description. Unless stated otherwise, the
features of the described invention can be used separately or together, or in various
combinations or subcombinations. Similarly, unless specifically stated otherwise, method

steps may be performed in a different order than that which is described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] A more complete appreciation of the invention and the many embodiments
thereof will be readily obtained as the same becomes better understood by reference to the
following detailed description when considered in connection with the accompanying

drawings, wherein:



for defocusing a | aser beam wherein FI and F2 refer to the focal |engths
of the respective lenses; [0017]Figure 4 illustrates schematically one
exanpl e ovoaoprweilded sanpl e hol der for use in a provi dedTasect NBROPY
system wherein A depicts a side view of one portion of the holder, B

depicts top view of the hol der picts a sjde vi of one portion of
t he ho|[8§1r4l. mer s%auwkﬂkuﬁtr%te%?w@@? %fﬁopoevag&nemh%vf%ﬁwww of the

not der ETRRSGH, WL étyGvQ8kigh.or QBB Ghal chifed ShofbrRIRkAL UM nescence

spectrum deno ting t at edg hot ol um nescence provi des greater peak
i nt ensisemidoneuctst saaipih tvhoreip Aodapiaisra srélsmanc eide Ef&(\)&@ﬂ ﬂogpuﬁmlﬁal sysem,

phot ol ce._.s ectru denonst r at us sed | aser beam
o eadtl ERTTaoR TERL P HAE SHERR Tt Mot Corhpsrd WO REE col 11 mat eq
| aser heamdiRalyses; and has no correl ating decrease in peak intensities
for the bound excCiton (BE) positions of inpurities such as phosphorus and

bor on tlonal e@—m cW th the

col l'i na[?ggj | aser ﬁbgg% tec nilit%ﬁ(téIrce Q?(61 f i S&é%qe E&gﬁp oié&(E) m nescence

spect r pedssoost syaﬂenﬁgvolhatg eaxdigretonrof| prsemcLﬂouduMmsxaemdmuqmgwdcfesusgd émter peak
intensity , than strai m ne nc and re i.S a

phot ol Lﬁ?ﬁ et &° g ‘g rq(ir?{]ﬁtéﬁﬁi)‘ﬁ??%tw 't“‘dglde]ﬂgté %} Sg%ﬁélg‘ﬁ Fdser beam
decr ea%ﬁ§v1§éd &R, laRY B i&s Padkt Jidl %E\ﬁ Iswpm%ﬁlgqgﬁmfa% oW 4 Bs@ begthl | mat ed

| aser beam techni que, and has no correlating decrease in peak intensities

for thwlﬁunﬁdd@mld@rﬁyéﬁﬁy positions of inpurities such as phosphorus and
boron. Additionally, EHD effects are decreased when conpared with the
col I i mrd0@H]l aser Kigara 3 dlokimatguehematically one example of a provided optical system

for defocusing a laser beam, wherein F1 and F2 refer to the focal lengths of the respective

lenses;

[0017] Figure 4 illustrates schematically one example of a provided sample holder
for use in a provided spectroscopy system, wherein A depicts a side view of one portion of
the holder, B depicts a top view of the holder, C depicts a side view of one portion of the
holder immersed within a cryostat, and D depicts a top view of the holder immersed within a

cryostat;

[0018] Figure 5 is a photoluminescence spectrum demonstrating that edge-on

photoluminescence provides greater peak intensity than straight-on photoluminescence;

[0019] Figure 6 is a photoluminescence spectrum demonstrating that use of a
defocused laser beam decreases silicon intrinsic peak intensity when compared with a
collimated laser beam technique, and has no correlating decrease in peak intensities for the
bound exciton (BE) positions of impurities such as phosphorus and boron. Additionally,

EHD effects are decreased when compared with the collimated laser beam technique;

[0020] Figure 7 is a photoluminescence spectrum demonstrating that edge-on

photoluminescence provides greater peak intensity than straight-on photoluminescence; and

[0021] Figure 8 is a photoluminescence spectrum demonstrating that use of a
defocused laser beam decreases silicon intrinsic peak intensity when compared with a
collimated laser beam technique, and has no correlating decrease in peak intensities for the
bound exciton (BE) positions of impurities such as phosphorus and boron. Additionally,

EHD effects are decreased when compared with the collimated laser beam technique;.
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WO 2011/ 153410PCT/ US2011/ 039028 DETAI LED DESCRI PTI ON [ 0022] Feat ures and
advant ages of the invention will now be described with occasional reference
to speci fwo2enbegiiment s. However, the invention may be echastedozw2s
different forns and should not be construed as limted to the enbodi ments
set forth herein. Rather, these enbodi nents ar rovi ded so that this

di scl osure will be thorough %E%hﬁﬂ%ﬁgcgﬁg fully convey the scope of
the invention to those skilled in the art. [0023] Unl ess ot herw se defined,

al | al an i(f. t ani ng as
corrrmnlc[;b/&%der st ?ogﬁ’llr)gs%tgge o?&t% g% rflgir%qgv%}%ﬁwug eeadr%? rfo%%l{ﬁgh t he

i nvent |cmlaslix&iabmjaenthe sp@:ﬂf‘@ ﬂﬁb@;gmeutsedlolW@véxheledemleMagrbemmdmdl1ﬁ for
descri E}lf‘}g t| cu odi nents only and. is not intended %o be limti ng

As use fhoglstos hea%ﬁt%%éﬁh@&e@; [t mbp g8 gLIoah heatits  a,
"an, " gifihe tﬂﬁ@se eﬁ‘ﬁlfod'lrﬁérﬁgl r&@d cf‘é‘d teenishesdils }Jf@a\;fﬂﬂcﬂgtﬁﬁroﬂ h@@d Lom yﬂ@ﬂeess

the context clearly 1 ndicat ervm se. [0024] The terns npur i t
"i npur iandes] lfu]@scweﬁtﬁeacepmofethelnvnnmd@dhmw skled in t’rmm ties within a
tal lattice re ca as,.an .electron

Gomor CaBbENon: ToohEs iR Gehhet ok sr R R SeRai RS Y s BRI conce

anal ysitfe sdid @OMBRg ad BnhERITRINAES0bA LY BHEHS &ﬂauﬁnﬁgmwﬁletm t9tand @pal
inpurities, as vvel% as intentional dopants. In some enbodinents, the

met hodsnmoaybplana& u%temlgebgb@sledﬂ@ﬁ despmptidrehaugiads foo dpssaibingeartiealar
presence b d rg%n?%?lg ﬁi rfquLéqllltglll ’t%gr ?n{%tmg 1l1Jsre| § Iur | tSP%CIﬁf mljlla,?l tions

t her eof® t'he Shti ed and

quanti fdppéh@a%lamls aré @ﬂ%ﬁlﬁloﬂdih)ﬁg ron;ahesphas uasfe iREERAIE incBiid tad plitanum
[0025] As used herein, e term "sem conductor” is intended to mean any

nat er i afp%wﬁ@l ,anless teconigal clesshdndicrios PICPHEE i s bet ween that of
CO”dUCt nd an pp§ t%p@“tgﬂ Bﬂﬁtln{ﬁn@?ﬁ% 1%@8“11?1%%1 zﬂ% R0 U726 thely

photol n scence anal ysi s hni que anpl es of suc erial's I nclude,
but ar ampatitiéd withiach steﬂuco@ldhcttomystglelama thamareqapeihleldf atisgnk decleatneh Si | i con

carbide, In sgne enbodi nent rovi de ds. and ap at uses may be
used t SIOPAEH ??Cg}m&ﬁﬁcmnﬁ‘f@elieg%ﬁEi?tte?té'%le%ﬁf NE‘ f%ﬁe%cﬁﬂﬁﬂ %’é ¥S8uch sanpl es
rey. ' Né%@?e@ﬁi@‘?&hﬁ%@% FhterlBd Rpéaesﬁ%bﬁésainhﬁt&amm hgﬂl iticR0QefIXRt al i ne,

doped, oped, fromfl oat-zoned erials Czochral ski materials.
I n sorrsnemwwildepm@ Ih hemp cowbdiettnie theoughadsdind ppparatusssefeserebyediveransed f or

identif quant i f urities taX| al ers.of a silicon
sanpl e THOGBFH 0 TRy e dhotrrratd Bl Syt e din Vit BidiSnef hods and
appar atdé%ﬁﬁnaftl@ﬁs iR i ¥ §dtghlanth duaimiodirnents, TR hfirRRs iden&8Ed &RNAuct or
materials. In sone embodi nent's, such nethods and appar at uses have

part i culuantifigsedrobeleesed frami kpeon, |ph9$phgrvé narseuiannd flpnngum.

[0025] As used herein, the term "semiconductor” is intended to mean any material
having an electrical conductivity that is between that of conductor and an insulator and that is
capable of being analyzed by photoluminescence analysis techniques. Examples of such
materials include, but are not limited to, silicon, germanium, gallium arsenide, and silicon
carbide. In some embodiments, the provided methods and apparatuses may be used to
identify and quantify impurities in silicon samples. Such samples may, in some
embodiments, be polycrystalline silicon, monocrystalline, doped, undoped, from float-zoned
materials, or from Czochralski materials. In some embodiments, the provided methods and
apparatuses may be used for identifying and quantifying impurities in epitaxial layers of a
silicon sample.

[0026] In various embodiments, provided are improved methods and apparatuses for
identifying and quantifying impurities in semiconductor materials. In some embodiments,

such methods and apparatuses have particular usefulness in identifying and quantifying



WO 2011/ 153410PCT/ US2011/ 039028 inpurities at |lower densities than

achi evabl e usi ng conventi onal nethods and apparatuses, such as at densities
as | ow aswbnomviabaut 0.5 ppt to about 1.5 ppt. Thus, i nprPsoras2@msemzsents,

t he provi ded net hods and apparatuses may be useful in identifying and
gquantifying . inpurities as densities of fromabout 0.5-0.6 ppt, 0.6-0.7 ppt,
0. 7- 0. §Mpyitiertdovyerglepgjiics @?@a@lw fstusing @nmﬁwﬁﬁﬂtr}wtﬁ?g& andapppatuses, o 1. 3
pRt, L. clcitadtaRRhsitids fidw B AR aRRM0 SHBPINAOLONS phlICTRAT iyl B0

s
enbodi ments, the provided nethods an ppar at us provi de a substanti al

i mpr ovemrodiroees, tiooproened orgdlodsend apimirangs apydratseses. 1dg@0RingAodor di ng to
various enbodi nents,. proyi ded is.a photaol um nesce spectrqscap tem
or | dmEngy s rig iabyaerhpen el o APre L Tio pra L it oo S e
conpr i Siphd; 9-4iolpR 1.658r piyslam gelapbads ba. Provi g, a4des peused col | mat ed
| aser beam capabl e of causing an i1llum nated sem conductor to

phot ol weimbeatiens therepf.i In sone embadinents.dhe pioruigd nnthasiaapd epparatngel pewge i si ng
afir Sta ss rt]Zm (i:a? i adra ter%dntto% P eona\‘ft ntli eaaﬁne&[aor g ial?‘(i algﬁ)a{raltlllsugi nated by the

def ocused Taser bBam & substant! a y orthogon second surface, and an
edge at[ob2rE | nt ers&etdigftodfarioeehbsdimeandpdecionis sphidtaiatsnadckapted to al | ow
col l ection of photol um nescence emtted therefrom and (iii) a collection

| ens haPPHEPSEONYesyStemoenidepaivig and quastifyingemprrifes drfpicarigraslugton praeple.or

anal ysi ] | I -211] 1 i d
Focal - omitfie E1% 1ACRELEH baEal b 3roEM bEGRUISOBITNGSTEORT Blabh? ¢
posi t i afedudins ammhlahysitsd santisorfdutst tephot@amincscact, &ii) edk drantke at an angl e of
devi ati on . of frong%ggﬁt 00 to 90.with respect . to a ositiong&ghallel to the

col | ectSPBHFAEHLOT ] PP ISOMETISRE GdiTeace 148 bF aelgad padetys copy
SYSt em AERRIA RS e LABEEsCH HCCHEING SINSARINIE ORRBLSHaNGofnd Lifloc] £R%t haL

collects and focuses a collimated input |aser beamto a | aser focal point

wi t hi n adge adbt oderseatign of stedimst anddseeorslsudicesiadasted traallovotdlkection aind magni fi es
t he focys | aser beam at .t he. | aser, f.qcal int tg formas an output, the
def ocudla LunfRvePete T UCe oS Togaaror B3ied ero el RENPHRAY! ded
spect r ah€ 8t cTUShAFCHRIIRIONSE foranklgtidttablds sddpdEohelis@en@@r i sing two or
nore projections radially configured around a central post, each projection

adapt edhotolipingsegneestiseidrides poimnt.s Ahpproyided sygiemjiveaniigndaucle thahwheya
r ot at ab| in ition for.anal iS. 1ln so odi n electrd c
ot or RSl BeBAdd Bl ai A YR sy ST ERA TE M PRSI © |

of caustdig ab@it @b k@M Ok ith Reped kel posi{i@iOphlld ts thiveotediddilgmnt s, the provi ded
system conprises a conputer_ in comunication with the electric notor, the
hol der ,[0 t he lgseme gpbediments, equppdediPCErOgPRYIESE™ oppYscgalasst t he

el ectr 'd‘ede'aEiﬂg s#rs%rfl 35@%&&@ Q! 19&%@.%)%&&9 Qﬁc% %cﬁéema'c‘éuﬂﬁht@d B@Bﬂ &1 on
hol der 1s posFtione r analysis, (1i) direct the l'aser systemto

i 11 um rate tat lhseasicabpgnrwition tlof ddfbmisinigrsgitemuafdacecofid ichetmaoglcetspadi t i oned
for anal ysi. jth the defocused | aser 2011/ 153410PCT/ US2011/ 039028 beam
(iii) dndiosd ?F%B%qddﬁsea Rt e S%@evgn?&ﬁtﬁ% RN e (S REBRA

sur f acgAfmitb@l3&hH positioned for analysis, (iv) direct the electric
notor to rotate the holder such that a sanple on another projection is

posi ti dAeP]f or aralsymi smbadidnahis) thegpedaticdspepisoscppy systom) compriiides alrbtatdhepl es

have besgrrrllpfleq?ollé{ezr%gmprising two or more projections radially configured around a central post,
each projection adapted to hold a semiconductor sample, the projections alternately rotatable
into position for analysis. In some embodiments, an electric motor is in communication with
the holder central post, the motor capable of causing rotation of the holder.
[0030] In some embodiments, the provided system comprises a computer in
communication with the electric motor, the holder, and the laser system, the computer
programmed to (i) direct the electric motor to rotate the holder such that a sample on a
projection holder is positioned for analysis, (ii) direct the laser system to illuminate at least a

portion of the first surface of the sample positioned for analysis with the defocused laser
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Edge- On Col | ection of Photol um nescence [0031] I n sone enbodi nents, the
provi ded systens and nethods invol ve "edge-on" collection of

phot ol uniweeamnse+ibr om a sanpl e, which differs from t hepPcorosesniiiosras

techni que used in the silicon industry. The conventional nethods and
instrumentatjon used in in for collecting emtted pho onsfrom

sem corf§a®: gH) %15%9%%60?1%8? %gteaphg&o}lama?&cewfg qr%élrﬁﬁeawo Fephthehe front
fa_ce Ofsaﬁl tﬁ)n(:dl fdt-anal fu%&e[h Elle!:'t'ﬂ‘cQﬁ(ﬁ@ﬂto@%ta@é‘th@ﬁﬁld‘é@édcﬁ@hdt%Ser) i's
ori ented t a position t para e e collection optics. One
exanpl eauoipleaorcamoiten proomﬂon ispcrsancgieti fordhalyst awh (v rapedtissips & e@v ) untiFalur e 1,
wherein a oII| ted lasef beam1 illumnates the front face 2 of a

seni cortdtf® Stha‘éegﬁﬁ“@n%l %g shown, area illumnated by the beamis
approximately 20% of the front face 2. The front face 2 of the sanple 3 is
config . ol um nescence signal collection optics
4, andLﬁt(ﬁ% ?g(@ﬁmg@?ﬁ#f%ﬁ(g& .ﬁgﬁ%og ection optics 4 is on the front face 2
of the sanple 3. The di stance between the front face 2 of the sanple 3 and
t he col[bext]i on orlhisclsleénibsdihﬁ@tssaféq)raﬁdé&gzsfeﬂmadndlrﬁmmds itvgdie todeloat) of

the collection o s 4. [0032] When a sem uctor sanple is illum nated
by a |§§§Fctw@|(@°@5 ﬁgnmﬁsqew& frcrmar?ﬁwa%eewhh‘@ id iftery figm thg ovwsmtieptduct or

sur f acetea{nﬁu%%&é& &AnbYi Mﬁ dgagﬂ éoﬁé&{tloﬁgﬁﬁ%odﬁﬁﬁqgaﬁuﬁ&%‘atghql sbd & Of
t he excitat m as

on power o a Gaussian distribution (1.e
bel | - shaqhe,d'y(futr aadlectingemitted pbotors Femeseni @addictort mmarmmﬂmhﬁ:'tsu*alghonm‘s from

regi ons .differi.ng excitatiaqn o r.densities over the beam area. Thus,
whan' RSP a1 S s B et Byt e AR A SSRGS BT ect og

from t hesehyigoticdd &t @pdﬁtl&ﬁhﬁ&ltﬁ@ﬁﬁlaﬂel?to 'ﬂ%moﬁé@cmnsop@l@s apge @%nﬁé of a
phot ol um nescence across the spot size (i.e., high power) o

Gaussi aensénsionilsstreightesrt systeinos ilbstiated imRigumed, \ahmlghl @éln‘rgatw latser kol t at i on

but do not. ren ent - ho eneous |tat| o) ent conduct or
carpt 0.t Gt SR RE RO R o SR E RO Rt Ros kB, ASReb paR M FipA TS

sem COF’[H@IB@M 1s%?[3ﬂix@mat@lyfm of @ctivpt fak 20f THORont Fidead @fthe implt 8GHINI que,

conf ounds phot ol um nescence spectra and has been shown to hinder

sensi t ispnfigured o brepaselql émthemhotpligpmesacaen sighnl eellachpu ppiigsel apdthefacd anpl e.
For ex 4t ienf.| a r

st ruront SR PR offBe i 2 AUGF bl 3T TN AR IEE R Ber,

t ypi calth@'frnmtfaee:h bethaBh@ple3 angl the oM &otibw opticstdeis i e s th@ocal length (not

2011/ 1534 Jg}'/ USZ 11/ 039028 [ 0033] I n contrast to t he st andard nmet hod,
enbodi ﬂ%ekF@ prticwdantics dventi on utilize an "edge-on" technique in

whi ch thﬁ%ront 5&%5@5F-Trﬁ’lfcoﬁ&h%to?%Q&l@%qgﬂ&hﬁﬁaté@??Ll‘?askls cReRbd AR to be

non- para to the collection opti sald position being a suitable angle
of devnﬁtlmurateaivatidrr afith¢ kamipandictog lsufasiaré orrited balthcwcitont lewst bergy.on of

Do o RERSREG0R She SiREEE oY dhind Pl Fisel Giiiren BTl (o bl act t on

of ph otsﬁhw@ RBRG A0AEdsEAT LBRrAEY S AL sERRRAII®omed fiIDATR RADOFHIMRARS, @
sui tabl e angle of deviation of the front surface of the sanple nmay bé from

about COctaicamyuer donsitiasiovertbpbeam arsaa Thosiwheonhgstaighebn't wchiiguaoipt i cs.
205" S8 i EROLSUBLA S TR S ISHAL BT L0
55- 60, £Bragd of Pirtdlminddcentdabrodd thcBPot siddOr. 8 Migh powerd of the Gaussian-
distributed excitation beam 1 and has a high density of excitation but does not represent
homogenecous excitation over the entire semiconductor sample. Among other things, this
heterogencous excitation of the semiconductor sample, a feature typical of the "straight-on"
technique, confounds photoluminescence spectra and has been shown to hinder sensitivity for
detection and quantification of impurities in the sample. For example, while sensitivity may
be influenced by factors such as instrument type and scanning time, detection of impurities

below 10 ppt is typically not achievable using conventional techniques.



40 90, and conbinations thereof In such orientation, the emtted photons
collected cone fromthe edge of the sanple and the observed | um nescence
repr esentwoaniiasesiage over the entire exciton density proftidseoifiosvoeont r ast
to the "straight-on" technique) since all paths fromthe excited portion of
the sem 8onductor to the emtting ed%](le are simlar. Thus, when the

" edge- o3 tlechni diieonEaskifpihgyendard methadhrrbedialiel Wbt HAs 4PN oner

densi tytﬁf?ifze G O deRldn® RochARyue {fidhd RodNGriad! SahOMmiOthdukRE RthAIWGs Among

ot her things, this has been shown to Increase sensitivity for detection and
quant i fpos@ipnedhtodfe nomgparaliel &sthe wolldvéios aptdse saiGpositiorebeihg 8 shitabée mgnofobt ai ned

wi th an, angl e of deviation.of 45  For angl es betwe 0-45 and 45-90

hot of v R af e TG e o8P EcresRiondy Nap FuSBHEOns AP el BR<soskiMEsi ons
from t hge EARYf tRdhage (straight-on effect) and the sanple edge (edge
effect). The greater the angle of deviation away from 45, the |ower the

si gnal [Pe¥Hdonse wheamplsotbotlumnite eamels dfslepiatign sehpeantte gravidmihe highssinpl e
edge. The. above not wit hst andin selectjon, of the desired angle of

Gevi at 195y dReCBE PRl e R b iR AR BB e e ng

t est ed.enttdireasal saitabib egls anidveégioarof thd fbntWwWutficd @ahas@mdlamagibedioneul ar
surface areas and have a defined thickness, an angle of deviation of 45 may
pr ovi debpHe) da sbew P0s mathdpsnceisip grisitin daradlal 1 thappfices Asprdpedy-tiidsned by t he
provid I . i i arst <M hd (heGegnizzast hat when
sanpl egcgﬁge\?}gﬁ%g%l {‘%rggﬂ%lgéﬁgg\tel?ﬁcﬁ){rﬁlh Eﬁf’éﬁe‘%ﬁ é?\t l&s)airlrgl ggﬁgédgps’r}gre used,
an angl2s°o5°eB7| 30°H3, RA°hEN°, 407a40°485%H)P, POBYI°851-66°, deS65ed55T7eman°-

response, [Q035] cangrast to the conventional technique, sensitivity
bel ow 270 #st i@éﬁ?e%%f%,%dm Snatiogy Ecgp!- Ik R oRA S e,
det ect i Rtk cb TR donfSirdh tHediklr 8% s%ﬁlgllé)é!ﬁdakﬁe bbRMANEMInedc At 0 about 2.0

ppt may be achieved wth the nethods and apparatuses descri bed herei n when
an " edgepresehty acdveragaeversthesetcte ewdtdan0dehsitbpd HilROT(wd26ttd/tS'Shakhf-00'36] | n
addition . to greater. sensjtivjty, .becayse the curved surface at .the sanple
cdge o PR LSBT HHPFES kmdhe Pisi L BB Ao TR N EbirdOe Fr AR, ac
conpar gl SighiRr.f TR whae theotdidIen"s@imliQic 15BMBloydd tRERGAAGR @ oBBGOEV R4 When
t he met hods and apparatuses described herein are used. Thus, a greater
si gnal alewabdensity at ¢rsitation, @s gpmpgred dpidiet'steaightyonh écchaiguey ddnamgtotharhe
provi ded. net n ratu ..C ar . tr tained fromthe
oty a gro R A BERRIEHESS: W SRTR RO IRERLERERAAT) rmy be
achi evéghphyitieoirhdangplé.h Good dgito Ravd ieehpbaiedWrittharfar ghs6f dcdieitios s 15y
techni que. [0037] Referring to Figure 2, illustrated is one exanple of a

r

provi de’ prgevbeimreedcenciddser pBetepyniagssensh difteiodesicd mag sericehbddi nent s,
| i ght | I b Sqdir f.r face 2
of "2 s of Ghlss R TGE 6 fon| ABECE Rl OhLAEFind e iinleZaB . 70

ot her |(bddetefteri)t (Thograeritieanpld dfadelhvatibonwge iened i nthedbeatthorighdl e pairs in
the sanple. As illustrated, light 1 covers approximte]y -70% of the

sur f acdoEoBs Bher FSTGpEicStages Pn bRl st drony _BljrSé@gn?eoﬁrdggﬁgse@vgr ea

cover agRrfistldny, SQRURNRIF At ElbsirEPinddX 8N vEatioh imdySh ORRE £ APIRL 66 phdiatn t he
beam may illum nate 50-100% of the surface area of the front face 2. In
sone erthoshape nf samples hanglesticd abbiecxampde wdren asmpigs hrediat whith regsngudampl e

surface.area as i s practjcal ause .illumnating,a.w der. syurface area
exci t eI AUGT ST ST Afe IR A HUTCE Meksciuat drnar aisliongingy it tis

i npuri tife daiRd k?ﬂ&l 1eSpohSPWRSEH @bdnyRePire HbEtiSRNYd Uyaht pilvidasemele H3g@ar dl ess
of the degree of surface area coverage desired, the provided nmethods and
appar at@reef skilw| theamp o8l ricoaniag thahwhen sampleslvc2 differehiesheperpr ehent o be

non- par t ol lecti optic . sai it eing. itabl e
gt 6 oSl el ol SR EOndRbls T oty B S B ASSuer BREIRATE L Che
"strai ghtir@sigiatedspopee. For exanple, the angle of deviation of the front
face 2 may be from about 00 to abqut 90 wth respect to a position parall el
to the [Qgﬁlﬁ]ect i orfnGpRirass to the garnEel grchpiquc. BB Yi by |2é10 Rt iYgevi at i on
chosen, Gl 5 he .C i i ] ’ of

t he san%He%@%gl?at ea?l t% ené% ?\%C@Irﬂﬁlr?t@ gce E‘ Q’I%P%scggrlgoélr%@é&%se%\t{%}l gi? %%asgr ont
face 2,loedgérof atmut botth abewe 2dbpptshegche dchicsodrevithitotictiledt snd dpperatusont f ace
2, edge, 6, .or, both are etched. The depicted systemis configured for

"edge- difscribsf harei whepn x&?‘ﬁ??@dteﬁﬁ’?}% §.u5?‘id1e phot ol um nescence gat her ed
with the collection optics 4 may be gui ded through a spectroneter

(di spersive or fourier-transforn) designed to collect spectroscopic data
bet ween 1050 to 1150 nm and detected %y a suitable detecting system (not
shown), such as a CCD array, solid state detector, photodi ode, or any other
suitabl e detecting systemor device, and the spectra are processed to

o . o o o



[ 0038] Good results have been obtained with the use of dispersive or Fourier
Transform PL (FTPL) spectroneters and liquid nitrogen collected IR

det ect or swoGondisaasul t s have been obtai ned with di spersipee/Uspaatsmo®et er s
such as THR 1000 (Jobin-Yvon ) and SPEX 1000M (Jobi n-Yvon). Good results

have al een obt a| ned wwth FTPL spectroneters su as a Vertex 80V
(Brukera&fa cs, HARAgitionfo grsatsr samptbiyit web?pguse\xh*f‘ewrg@r%%f:%@“ ¢ apler si ve

spectr oigt %ﬁo&&&o%lﬁm%és%ﬁc@?o Psch%é f&e tH@ée‘ﬂﬁ?o%d%@Qr @é&ﬁ’@é?&s arddN& a
aperture-val ue should ow, Ssuc fromft/7.5 to . I'n sone

enbodi rfemtt $acewlighe weipbs tmomg hmuﬁaslébnq‘eas ob@&fednwltentth@mpﬂmdis aetlappetdtieds and
appar at yses, resol ution scann quency shoul d, be consi dered. For
e AR5 RO ¢Sy B bR Bt SERUAC A oh 4 op B BT LR SROGR B0Em 1 and
scanni N@hfveAwanene Rbvild@ ntRRES bAd Sffacithes [ Qé&bhﬂ%d%%e&mlﬂ&ﬂﬁ% when
selecting an IR det'ector, responsivity (a neasure of conversion of optical
to el eche 's¢aighépat @ybmlamj NEPoing cmbadimentre gteatst semityetyinmyt reaciisved bor chi p)
shoul d b%lbclzonrlls;hdee,regg d'}& eu'_seuvlv1 Peslgre deursll o C%l 1n%d with detectors
corrprlsmglfnlum 1P u Seniae? (4 Cdaa C) bhot odi Odes (e.qg.,

El ect r qoQpt]i cal Syahelmig)to Fhdre Dﬁﬂl@sﬂh&&pﬁﬂﬁqb\ék&ry{plaro(ﬁd@ﬁo\@deﬂ X 10A10 VIW
within the region of interest (1050-1150 nn) and NEP of 4 X 10-15 WHz 'A
[ 0040] IMROKMWBINSHASBER TASAHERSCOMhESLON HihelisEY B spmespledpmst, digh kfrgmelight he

det et Qule sl dftchah Oy 3R {4 LlendOurkiahr LGy 0! G5E Hns! 0N
may be sequence e chopper requency e |nco ng | aser
beam atsoarct &aainaeHzlamj,cdlede Goofher Bghttdnstthauevice emtabﬂﬁ foir geckratirtgelectioR8 10

anplifier Stanford ock-in-amplifier

2011/ 1594 Sﬁr%t%fﬂikéi{ £ oveds gparerimaiely 6‘%&9& thesrdish any
one of AV th@?r%nptfacé:?Waihgﬁglégt‘?&s%?gﬁﬁace%%rveﬁgé &, a%rgohfélmg)lg@& For

acqui sition, Instrunent calibration data processi ng may

acconplaxslhnphb uiss enptamsletet Weat éhesyes ey Bluotinats 561160 Perfitine surfage dataf dor i pti ng

SN e R S S S B e S T

used, td& £1at BrilAtal Bodadsd BlubdifmiEalwRer §utfa@c Ared %f(@l‘ll@ra%r@ﬁl‘éka&ﬁm@%f ¢he
oPUS/ | R) that can also operate the acquisition and control of the

spectr cm@mf@nduakorsmaﬁep@h ang rprudlg imimpusiiy Hataghas irercpishenatieradyhBegire tesiray  al so
be used_f nt cal i progessi ng of
t he spec{n%[e q?e@% i{ﬁa t]hggfgeﬁree o& surface arca covgr g% desuipdatﬂg ?ow e,ld 61}}8%0(% anH
quant i fappaaiuees i@lolvepoditiéniag tHerfrant sﬁmzl o, th@salnhﬂ@s it®@Be Aén-phralidltvmnescence
at 45 fromthe edge of a silicon sanple is known to be useful in the
pr epar #oil 6ﬁl%fontlﬁ§)ﬁ,rsatdyp%mom&em§ onitablgapgle ofdeyiationeardy ey thapaelidley et
I f P " e P and
cond ot P AR v ol OGN SRS PP GRS BlalCBARELDH oF
t r ansf ahafrepefate bmgxp»y: ffonSeldut 0N th atat 90 Tethrspect B § pEBTIn Abalicl 6bthel t i s

not kno however , ol | hot.ol umi nescence from the. edge. of

sem corf@Ugstsm @&ﬁﬁ%@% legs fﬁ&ﬁ@?@ aBgle gd (Ru i oyChene- &téf‘af}‘?f’ﬁ%&? 5Oaf

' nmpur ' tth@@olle@ﬁ&h@ptﬁ%mk 8n tV& 6'6%fttll[b‘~‘sa%ﬁﬁé)k Sath& tﬁahct'hE %@nY\faEQZalrgﬁ‘JrQ& used
i nci dent | aser beam Def ocuse§ Laser Excitation of

embodiments, the front face 2, edge 6, or both are polished. In sorne ernbodlrnents the front

face 2, edge 6, or both are etched. The depicted system is configured for "edge-on" collection
of emitted photons. The photoluminescence gathered with the collection optics 4 may be
guided through a spectrometer (dispersive or fourier-transform) designed to collect
spectroscopic data between 1050 to 1150 nm, and detected by a suitable detecting system
(not shown), such as a CCD array, solid state detector, photodiode, or any other suitable
detecting system or device, and the spectra are processed to generate data corresponding to
impurities located in the sample. The generated data may comprise sample impurity identity,
sample impurity quantity, or both. Processing of the detected photoluminescence may be by

a microprocessor or similar device and may include a software program to perform spectral

-10 -



[0042] I n sone enbodi nents, the provided photol um nescence spectroscopy
systens and net hods involve using a defocused | aser beamto illum nate and
excite a wenooissuet or sanple. This is in contrast to ceavarsteionadozs

phot ol um nescence spectroscopy used in the silicon industry, which invol ves
a focused | aser beam gei ng di.rected onto a pgrti on of the front (Lace of a
si | i cor?uB%aRsIons. speftrag degogyelutionseprmesyeemens At spegtal neak 2i5as 19 PSGATHUYRH wi t h
the | asgy peame W r@to%!s%_@‘f‘p?&deysethb %Jc%?@x%?féﬁ bPPNPLORRLfvarctb@l | nci dent
| aser power 1s used, and wth a Fourier transtorminstrunent, |ower

i nci dentclbdes dnt power limgedive GR AHdieSpectrosspmcofavare §Ghlacmglntngredot h
instrunent types suffer frominterference be n the BE, FE,.and EHD
peaks. TATBOHRER ROUESST. GURHEBRGOTUER B RElec 0 sstgietiity Fovol ve

varyi ngictddfor 2adBl &it e dr dlchRAtsITehIYhotb1ARHRL MRCE @p&t@mgglspﬁah or faytoe
present invention allow for enhanced resolution of the peak wi tﬁ respect
t o t he sEpiaigdickn pihcuelcmgnts of Bfcoysised Thepbptobwaimescgncd dpeeindsaeny ontest at

| east a0 ROE kBN oG] 18l 58, RlndRe SETSANINE Lo 8R! o |0 some
enbodi ment s, the der6eiséd A¥er beam excires from d560158- 100% of t he
front frweelehinchensasmteoscédpron disaigply, Foi clasnt@nhiesipicat @dy itvaidetahe
illumnated surface area of the front face of WO )

2011/ 15B8sploperendonvityadyghspdaipephoioksmenasegicp dater Hyamte heldsofos seppogmgs 0o,
60- 65% - 70% - 750 = 809% - - 9004,. 90- 959 - % and
conbi na{t%liggar?zs[g ?/’hoélrgg)éz@ {% 8%%&?%5%1%&‘%5@%%%3?52% I%@graggvlé?lg\%gn%g@% educed
exci t atsugable nempynentst Howdme bmbodiettntsptheagde®stapyi sgetain doageiscpovstem ford at

| ower ed, exci tation energy,. the BE peak t?n. s to be r’rgira]?a rom.nent in

spect r 4/ THRANP R ECEHS Pk diaRSHE PHEE Brsame UM BKRALRBNY IGR 21 AN BETERBICR peaks
in the ;FPBANAN FESRLA W ré%‘Pé’Ut%/ﬁ%é'Lq{ﬁ E@Q@wﬁﬂodt@l@éﬁe@ﬁ% UikySir 80Rke t 0- noi se
rati o occurs wth the reduction of the EHD peak strength, gnd t he defocused
| aser beadegdaser pevaper ati ng at hi gher incident |aser power relative to a

- def d | I n_additi ' | d Ltation densit
ennancdBOLSl T br acrend aanbats S e YRb AR SpaldRRRSWFpf b o'
phot ol urrAes&e PE§FTPE} JpdbRdthStesiang &iqaRl diké@inl @NScto$ IR detb@BA! IGdodirssulltgt | 0S

of the BE peak to a reference FE peak becone non-linear at high excitation
densi t ihage atained Figpdpeensiviiepenitosnctsrs seahtas THROAG)Udebiof Y eorndedndcused

| aser i i nbodi ment f inst.ant inventipn.di rs from known
vee of TErOLRE FERESORE G shiiR o 0F b0 b AP Bk ThEr Bl Seer 1 s
to incrspaises a Vet YEY (Brukar ©ptienIki)l iI6 eomwaiBodinatspahén cdiagar tuni ng
techni ques, ;as described in Trupke et al., "Very efficient |ight em ssion

f r om buliRPCEYVEsPastrmeeisior pecowith thegpevidgshipsthodepidagppagpusepdhe apgrtusyg7 (5 May
2009) . EiiSGledby. JERGL hBM 77 5 RPEE. I OREAGEAREANG, AAALILANOL KEPL

i ncreasi ng SP1icon free exclton @m ssion off the front.face surface y

i ncr eadbngsel vaisietheipkdwidedatthods ardegppamhsese irgsolution @aas echnhninigfrigqneddyshoaldea i s

achi eved by defocusing the laser. Unlike the technique of . Truypke, the

met hod eaﬁ‘?ﬁ“&ifﬁg-r E?R@%?PB? 89?%@8“‘@?3&3 RESThe! t@aeiwath%mé@ loéloqlfﬁ)dz- eRcli t on
em ssi opg sE&indld ﬂ@qu%&c;l&!ellf()rs?&t%%r% em ssi ons, and sinultaneously
decrease interferences fromthe electron hole droplet em ssions while

mai nt ai[A03Y a fi Hedomasmbogowats, whhuscleasg anflRalcthefacrgsimasivity €a micasure
enbodi nents of. the instant invention i s increasing efficiency of
oo | 63 BRIk LT B B R e b S B RSSO it A el £ er en
t 0 behajtRtor@hiph KIRRIIE¥E bRMLIM. BddNSsultbhade benIbRRASE ©lh Bxteétbe observance
that FE peaks in spectra obtained with the instant techniques show little

change spmpiisingdpdivm-galligpedrsenids pingiansphpdpdigdesd e Al¢ctioaPriicat Rytenes .
Mor eov 0 e tn Tr j er n e in - [ f
det ocusnf EVRSh Gl ROR Y & SN Rl ERE Rlh 8 RUGPPIED AT B bl que
for identdiNBR et Xnd 'qwamtz’fyi ng inpurities in a sanple. [0046]1n sone
enbodi nents of the instant nethods and. apparatuses, a .defocused

[0040] In some embodiments, when a dispersive spectrometer is used, the detector

data is sent to a lock-in-amplifier so that the detector signal may be sequenced with the

chopper frequency that pulses the incoming laser beam at a 10-15 Hz cycle. Good results

have been obtained with a SR810 amplifier (Stanford Research). The lock-in-amplifier
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| aser is used in conmbination with "edge-on" collection of emtted

phot ol um nescence. In sone enbodi nents, a defocused | aser nmay al so be used
i n combi naoi2zon/MsB41 " strai ght-on" col l ection of em ttedprphaiSediumsgvescence.
Regardl ess of the collection technique used, defocusing of the |aser beam
may be, but not required to be, achieved with an optical

2011/ 1%@@&@&%@%9@/%@@% threr gL g %fﬁs‘ia@ﬁﬁyeéﬁﬁmmnﬁ@tlan FEEt | ens
havi ng %ﬂr&ﬁ%telvé’cfdtl%pld%taf& GisitloR Nkl A0 caﬁeﬁ&{lqn& g %%mgg Ray sgond
vari abl ocal length ein the first focal I'ength |p l ess than the
second dcowaplished gslhg aGniwercayptm, sfchsisohe pernopinigclata ssyiptimgusisg Atrayst r at ed

Fig t h first. | 7 that col |l ect
ond { odiisabaBT T Debd Tl M ALER BaRes ufipb RAVS SRR ooy wifierior n
9, sai dnfsemalemPoliien®, Rabnd F@P‘Lasﬁ)béﬂkﬂin‘i‘et&eiﬁlg&é&l {eletcto? Mufah@trhhshsitted €NS 7.
In some enbodiments, the first lens 7 is a plano-convex |ens having a

subst arnnfos SOf/t“@mm@kaea (@ e P BPAR htheticanaligr apetdiethic r@pqulsmge end m@rﬂl gf and a
substagﬁé alel %m%l %p S 1% 11 op ossulC Le thelrlset OA%gd gll ent ea ﬁ e he f ocal
poi nt The™S ﬁ@o gé’rﬁ%l 8e8'°5 "3 8Lond ¥ ens” fnat” &6F %8%

magni f iRs ﬁatnamflg;cimeﬂldnasafbrmﬁm@tdattehproteyslaﬂg dvehd¥pcbird.0 form a col I | mat ed
def ocused out put beam 13, said second |lens 12 being a_variable length (F2)

from t H804ldcal potltough nprused wpndusiafordpicstion #e werwhicrtiones lrn@ritsesal

pl ano- cQo 0 S, i B Ld rd the
f ocal ;(:;)aoslqn rclgl %n@ﬁégp%t fug mtc%%%\?@% S?@L%T%édc% Ogglsghéoﬁﬁ @{egﬁg%o

or i ent ad bt avefudintthepsparplien éf‘nmpuﬁhpm%ratfﬁlnehﬁim‘ ag issederthet puCoblepenal3, whi ch

i s used, illunm.nate a sem conductor. s | e, has a w der dianmeter and

r educeg Cefibietiet by M ehofl yERC R e @aastuamg% aﬂguﬁl BBEGHIEIOSHRp] e
Hol der JiQ0ehbikoAN U ST TER Sier Er%fmyﬂe%gscépé;? t §pRiBRd et hods

i nvol ve col l ection of photolumnescence fromthe ed a sem conduct or
sanpl e, T eaxtmrlel ("il9t8ﬁ)31$7ahqzﬂ elt issna &halvi,rhosvegors ia ¢aihctfpimt<ﬂwaityes¢eg0¢)ijrom the ovi ded
sanpl e o r t hat {fers 1fronjilconventlfﬁ?g (g I N " h
phot ol %&%180% o SPEPIelBhAE PERGYER § Brran gﬁﬂ flgt 1H%§88%ées in the
spect rC&%ﬁ@[k\/vdh@re‘irhﬁie%hﬂlplé%eid’n‘éa%ﬂlya ddRyQIs¥EmciRAUSiRBe@dn] aser beam onto
the front face of a silicon sanple held in a cryostat, wherein the sanple
is oriented parallel to a cryostat w ndow t hrough which the | aser beam
shi nes DRefdcused duagér Biditationrod Salgilel um nescence is col l ected by collection
optics that are parallel to the sanple. In contrast, sone enbodi nents of

t he present invention utilize a | ti-sampl e holder that is adapted to
al | ow d0%dge of IpReMS SMAPEINHL, Ehe BRI AR MARASECICE SRECEPYORY AYStEinhdow

throug ihnﬂ@h&ffb(ﬁq%w@urglﬁ?é GEBEE HRY PG af P! 1ﬁﬁﬁ1ﬁﬁteba)ﬁdce9k1{t§§ Eén?i@o&ﬂltc{o‘f s. The

sanpl e holder also orients the front surface of the sa e under anal ysis
SO thatsamlmﬂ@hlbs n chnumsn@toedvdayloaallmaﬂurbeamene@.smcmscem atedomtheei ng from

about 0 to.a . W.th res ect osi.tion |l to the oIIectlon
opt 1 cs s date Tunbgal S St Boralamis bRl daadue b hRa sanples
W t hOUtfr&H%&%‘?h'sﬁicoﬁ%érﬁbl@ Pbr &iaﬂﬂﬂe HESSthO Froff faE@m%?%e $RMRInGted WithS OMTe
enbodi ments, the provided hol der may be i nmmrersed %w d helium or other

sui t ablthe @sgrd@em WVith q@n&pelfse{ednfra/@ mmrpmlasmn@m’mghem zmda@@pawwusm n the
cryostat., ts e hel d W|th|n a
cryost abedult S ETREE Mty b BRI BT st B By LRt b

spectra resulting from both instrument types suffer from interference between the BE, FE,

and EHD peaks. Known methods of overcoming such difficulties typically involve varying
the sample excitation energy.

[0043] Various embodiments of the present invention allow for enhanced resolution
of the BE peak with respect to the EHD peak by using a defocused laser beam for
illumination of at least a portion of the front face of the semiconductor sample. In some
embodiments, the defocused laser beam excites from about 50-100% of the front face of the

sample. Accordingly, it is contemplated that the illuminated surface area of the front face of
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[ 0049] One exanple of a provided holder is illustrated in Figure 4. As
shown, the holder 16 conprises four projections 17, each capabl e of hol ding
at | east woeosaispiie 18. It is, however, contenplated thacrasbalde246 coul d
have fewer or nore than four projections 17, that each projection 17 could
be capabl e of hol nore than one sanpl e 1 , onbi nations thereof For
exanp! 4he Fmils Tas e dr At SO Rats 2O R0 bl CEh St o oVB. Wb o

Pr 0] @C1gs00 S5 RAE MORSDl 2951 14 TRM BRIbthalibAnbrcb® S samples, that the samples
on a projection may be arranged in a vertical manner, or conbi nat i ons

t her eof[004KH pr oj ddseiaddragiefocusdd latee aHowsiér rddiced exmadolablhqrgycmhmguh@nleedr ound

t at abl t St wh t at ft 19
Pt sarBrafes TR 188 Hontrant olofisd Rt Prertfnt PEHEP AR bt Puntenes
phOt ol Lﬂ%t@?‘i&ﬁﬁ‘ﬁﬁt 1ﬁ@§éd1§t't§atpt%6 WHD f)éake Moﬂcm@cﬁﬁ@rﬁéa@ﬂrcﬁfcnm tROBR sanpl e is

illumnate the | aser beam and resulting | um nescence is collected from
t he sargi Eeaé@get)he Tl%pmriocrtegwn twhmaldesm%amre@ee mchgral-tainemadiol y or by

an electric t S t f at| en .a _projection 17
of & natogus B REreiEHR RS BLE pdReHR O BRsp BT b Biffbce”  nox
| abel edypeoifing Aehigheiih€ddm 14ssr RS rtlativd totmmladef@@sbdllam&)eh@s ah ald@ieion,( not
shown) and the edge (not | abeled) of the sanple 18 is proximate to a w ndow
20 of alsmgwolgwated(eéCéatlon&eyti@t ephanges gpliAteN meyBSY erd clEamRgy beieRn t hat
edge | ction
optics f&%ﬁﬁ%&gﬁ% e f?rglrsl{trg Eﬁg Sl{ﬂEé Pegﬁ)tﬂatgogg%%gb mveg)f?t%&g)f?\%ér]?gont al
pl ane, paakeri rofatngel Pﬁtpcakdrecmnahomahemas highexeitftion [d8N60sl whaothe EHD

enbodi nment t he provi ded hol der may be manual |y rotated, noved

hor i zorﬁeélfg%ont%\%’die’{}tertl cally, or conbinations thereof in order to
Propergopgsi ti oAl dfocfl BRRHY Fhrfous LMpBaRenRAGAL Rk Siny LiinPr OVi ded
hol der may "be nechanically rotated, noved horizontally, noved vertically,
or contliffes ifions kndver ewfoftdafosugd lascrﬂar@me&ampybmﬁﬁekﬂoywmlotf aolkfosasydl es f or
anal ysi.s i n an aut oglﬁtgﬁ.d or sem -autonmat ed manner tral%l{)ost of the

hol der FHSY 38 RHCHE R FERANTER 18 rwstﬂﬁ‘“o‘ﬁéa%t %% nmotors,
t her ebydegdriRWin IripRe cMBIC h&!@bﬁ@mcféﬁnﬁ%m efdsiANrdif bukeydtdl BndBitieen, @Aght he
C

projections of the hol der. I't is con enpl at ed t hat any not or suitable for

use wi t/fyspeatter. é@c@@ﬂ 858'%917e(r5d\/lma8r0(1§é Usunde et dletlesgiibga bger thoingtéahniged t o
:g%oegﬁétgﬁédlvcs 1H§reatts? %51 1cot Ofﬁree’ cx%%tgﬁ i]s 1{8)% r?g@tég rfr%Pt %c? s%r% c@%e Iécngas n&y b

achi evegsebylluamingt@cdred, @vhmlotncmsmmmumem@hlam 1Mémc@dMnycﬁftﬁgﬁ§ﬂ&0r In
sone errbodl ments, the mecr o;%r ocessor may be in comunicatigon with one or

mor e oflaxheUsllctheitechpisiug of Trukes the srethods and pRpagasiyes BFVateddisEsia &1C6386R t hat
novemnme n of edge
phot of urPan el AxRln bl U AR OT Bk AN SRR oo Ak REhdAy

2011/ 15&4&@%1&15%&&5/ D@8 0RBe | batahdrol ey peu tmimions ahily niaéntaiatngtaefikedt preci se

interv 05 alysis. In so enbodi nents, .it i.s contenpl ated
that a eschéatf%r ?lws %ﬁﬁlﬁﬁ.@%&}%ﬁ I35F 1 G '@tﬂs@ﬁp (heipitagit invieRHom VARES  and

the |a%ﬁére§s¥1§ SRLIERYy @ﬁn{%’uﬁw?dﬁﬂ%%l&%&'(bh&&h%ﬁs@d%ﬁ@%r@ ﬁ&lo‘il Aind Qat such
a sanpl e contal ned on projection thereof is suitably posi PI oned W th

r espectindiffecl todghvinr opfréacs:citon elamsaioylm $hisfis wgertephbbt bk whiaresce e FE(i i)

| te th I th th
def ocuduets Bogreratiais ST By B baie [REEB MRS fom ¢ he
edge ofgpbiify SMTREEusiANEb niveNlonaPlcaliBqidie MBI &, Mt@% inSHapkd 1@ater@a§>arrpl e
hel d on anot her projection of the holder is suitably positioned with

res pecttemlugotrlsecgeisw ot fefacysed lageralsgd inscambiagipa Wwitben! adgp0as eeltrsEon and
(v) re Y | 1. ired to be analyzed have
been aﬁg ug%gfldgﬁaxﬁél %Tl‘gglgaﬂt fﬁf}% m% HR&S i adsgl%lp[ ay al so be in

communi [0@46]on W tIh sbfie eabbl@eintsst tepinsaat mbﬁbh@dﬁd a[;@@ﬁﬂdsétc aQeticnged o

vari ous enbodi nents, provided are nethods for identifying and quantifying
i npur i tIRE 1S %%%m@aﬁmc%b ‘elgpene coliscHen ghemisied phe htstnn@%@ém‘ﬁr d0i ded
appar ats‘dﬁl%semﬂoguﬁ&i?? a%t%Po%ﬂ%éEﬁ%e?m UG t%ﬁfs@&’ﬂ?co?ﬁtﬁnaﬁ abe sahi@epRT ating
data correspondi ng to sanple I npur ty identity, sanp e I mpurity quantity,
or bot h:oileamns:tirephmai evo lnminesgrmee.t Reghedissst dfelse adlekiban ashﬂlqmmhout 0.5 ppt
to abo p hus, the vi ded net hods a tuses al.l ow for
anal ysi deresig H%FI@H?%B?WP@gbﬁtblﬁé%’%‘?ttri“@’éregfto e R optigg ppt
0.6-0.7 ppt, 0.7-0.8 ppt, 0.8-0.9 ppt, 0.9-1.0 ppt, 1.0-1.1 ppt, 1.1-1.2
ppt, 1.2-1.3 ppt, 1.3-1.4 ppt, 1.4-1.5 ppt, and conbi nati ons t hereof.

[ 0052] I n various enbodi nents, the prevdded methods conprise: (i) directing
a defocused collimted | aser beamonto at | east a portion of a first
surface of a sem conduct or sarrpl e p05| ti oned for anal y5| S, the sarrpl e

. 2 a0 o o o o o Y o o, M



[ 0053] I n sone enbodi nents of the provided nethods, the defocused collinated
| aser beamis formed by directing a collimated i nput | aser beam through a
first | enwoand/&a3aecond | ens, the first |ens coll ectingramistaansiong t he

i nput |aser beamto a | aser focal point and the second | ens collecting and

magni fyjng the focused | aser peam at the |aser | point to formthe
def ocu goob‘élégnsyqt?fn§8W§rlélﬁﬁéé}%ﬁg?ﬁsg‘a"t%ea lis'?‘fﬁ“L Erfgcyl dengt i‘%seé ex |ens

havi ng t r beam and
MRS A G S R R S T ol
second scemsl ﬁosaleketmtlan@n@@mvrmte bensh havphopl ayserbst dnstracd yn garead. 46 de

oriente rd the | aser faoca t.a stantl al nvex. si de

or 1 ent oo Bl av3FE aRBPEssaaret sfet Mt ol PRSPt ST B BBoai men s
of the RLAVS F66 aMBIRAHS fochNSoiBITRAIE fb&al BEInd9 BYing aRphBIe1ddh @f1) &ohPthat abl e

sanpl e holder, the holder conmprising two or nore projections radially

conf i gﬁreﬂe@ﬁbumoalwquanembéhe fiestitens Prisog QI@tlwﬂn\a:démSé@Vm dold a sanple

and alte ate Jotate info. t he, .ROSI L.k on f SOIE od| ment s,

the hol ra%tleanl Vef)(osé |sorller11l tergetg ar?llt t(izlglm a elrnl c%tsé andasutbﬁtantlal n‘q Yic

not or - Gadealll épobitCRtdighd dloatddaswerdd th@%chpﬂ)(ﬂﬁ‘tm Tm@féﬂehﬂalﬁocmnlﬁmbgdl ments,

it is contenplated that the provided nethods are inplenented by a conputer

i n comaraedensol? thet golleets apd g@gmiﬁ@s thetfepuscq Frscrrhspnedt thefgal poiny &t@ o
t t
?ﬁge;?eg {b%llﬁl!&%d H@Eo&gs%a%ﬂt @’BS«‘J 2§ 30d d%?cﬁgdﬁl%ﬂ?%ﬁggméﬁ g%mq%ﬁl%%) droli Tec

c notor toro tet rojection
i's posnhe toeeldpdint9. almabmlembo(hme)ntsjnheegebortdqlengjléz rscaqﬂmb mllva 1513 hdwhgaer beam
to illumnate at | east partion of theflrst su he sanp
pOSi t | éﬁhﬁawlwﬂvmawﬁg?“ PPF%’S tvyaed thedgeal petnt 8 wu 1? CorveN B 15

phot ol ﬂﬁpﬂﬁ%%&%% ddMhRE 1$CHAML S nDJlé‘ﬁ%tt Aowd)e T%@@Efo%ué%ﬁ%‘u?ﬂu@ BE&Mn 19T

anal ys direct the electric o rotate the holder such that a
sanpl e winclamotshdato 1[ﬂu0111®¢¢ i mmllcencbmmrtsaropledhafsarwminadilymﬁm aghebdpeed r epeat
steps (.i} %1 ,gy % until a gs have een nal yzed. [0056] 1 n some
enbodi rH% YR gwé’Br?'b%aél"OWngg B TR t| on with and programed to
direct a suitable system or devices, such as a CCD array, a spectroneter,
or any %_nﬁtgéfﬁﬂ&&abl e detecting systemor device, to detect the collected
phot ol . The detected photol um nescence may be processed by a
m croprocessor or simlar device to generate data corresponding to
i mpur i tf0e47]l ocat dd variodshenlsaimbes, the pﬁb&ﬁl‘eﬂ Rgstahs hdematbecinedlve collection
phot ol uni nescence to generate data nay per f or d by.a_ sof tware program
The ge rpatbf@ﬁlrﬂla?%?ewyfr%ﬁ&ﬁ?d@é o am&opﬁh&wﬁ@w @’Hﬁﬁeﬂ/theééfﬁﬁlleés h?\lﬂurl ty
quant | ty o 1QGiiBRSana W0 B3 SR ORETL HSAOLA,OARORE: X ANRIE S L ORBIE The
pr esent vent| on w | etter understood by reference to the
used in photoluminescence analysis.

| owi ng

[0048] Conventional photoluminescence spectroscopy in the silicon industry involves
focusing a laser beam onto the front face of a silicon sample held in a cryostat, wherein the
sample is oriented parallel to a cryostat window through which the laser beam shines and
through which the photoluminescence is collected by collection optics that are parallel to the
sample. In contrast, some embodiments of the present invention utilize a multi-sample holder
that is adapted to allow an edge of the sample to be located proximate to a cryostat window
through which edge luminescence may be collected by collection optics. The sample holder
also orients the front surface of the sample under analysis so that it may be illuminated by a
laser beam, said orientation being from about 0° to about 90° with respect to a position
parallel to the collection optics. In some embodiments, the provided holder is adapted to hold
samples without substantial strain or other stress on or to the sample. In some embodiments,

the provided holder may be immersed in liquid helium or other suitable cryogenic liquid held
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exanpl es which are offered by way of illustration and which one of skill in
the art will recognize are not neant to be limting. Exanple 1 [0058]Single
crystal |l iwe20ilissan sanpl e slices of approximately 14 necaivsowti®sorand 1 mm
t hi ckness were imersed in liquid heliumlevel and then exposed to 200 mW

of 514.5 nm | aser excitation (froma_ Lexel Argon lon Laser).and data was
col | ect™8th1BheLryesisie Isirac pRBOBMSRInbS @&Y&%ﬁﬁi ‘Wi‘ﬁr Mrhe%ef‘gﬁgg‘]“%ﬁ%taé ver e

col | ectfgh usddigh BN LI LRIt gRAIALLAgrconf I gurations. First,  a
collimated [ aser ‘beam of "about nmm Cfl ameter was shone onto the front
sur f acd0049]t he sdomd exaspic phoprolidail heldeein cdusivasdeco Figot dd Assshngnathkens

nount e rallel to the sanple slice surface.w th t sanpl e surface

oot | b 36 cPmativesd ANt MBIt ReheartBet B Pent ke 20BN SE 185 hrrat e
| aser hRAMVEL caleMbladedTHAG IR 96 WA Hl & &G 2Er hatOthaR faRb&adticieiocusi ng
system conprising a first lens having a first variable focal |ength and a
second tharescthpipjastjom 13 eedd de vapabiboiholdoamoareign ane pévepleilB, athe first focal

| ength dod gt Snl IRRek "Fossaantt, g Blnbshald n Gl AP el eam Xl fing. the

def ocusing sysflem R4 °'diameter "or'aro - an FESHONB ' SNT'S The front
sur f acenét prdjectbanibach pfitleddion helyisl MBERENGE Wasl&otHaeticeampRs 6g aa | ens
nmounted parallel to the sanple slice surface with the sanple surface

posi t i dHeIgctan mpebe yeaigep b mcigraliprngp jor sempigationsibereqhyThg prejegtinsilifat ed

| aser i g / ofec t he
sanpl etbg?}ge Ig‘ﬂ%‘??]%hhtrfﬁ ﬁaggggfggdg gﬁ%{ga% ol ﬁ%%? gtg'&B%;Eﬁgtrélrh%gﬂgf?‘thte%wg(g&gogsﬂrft i oned
t 0o pl aahe tdrerabpge 19calishetisanmppl ot hiprofeetah 1P rtatofo érdfeormalposicibhan | ens.
Finally, .ahcol | i mat ed | aser heam of .about 2 nm di aneter S. d{ rected into
an opt i 'HFh BRAtRlUTERGIGenSy SPEIE B8RRI dicn dheaPasitiontal D anamnigisd lpmpnate

var i ablyg hofRbr dSRAMA Bk RAEANECERSCIIRMEE rofh HESARAIcXALL AN arlRH

| ength, "wherein the first focal length Is I ess than the second focal

| engt h.thTheldéraemap baachesict inmegualhe odef otelsitrig meyet doghaldesa ofimathetief of

about 7 di amet er and h onto the front. surface of the.sanple.
Bhot of (RHREEHEe il Rel TLef it Thy® atotins bonioREioP SELRs Seito. pi ace
the edg@rfRée (belaBABY) F tRS sdnkife 1 9 &AdpecR @S Nfundhatidherycab 1861 bam (BNshowny al |
operating configurations, the photol um nescence coll ected through the

col | ectangrihd edes (netdalichesi) o€ thei sampleal 8Ji praxivgigrio TMRNd®D0 Spe etvosieieed, usi ng a
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absol utgyiit ensi t N8 okttt $H i hratd 20 3 n d the
| lytot:
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TABLE ]holder may be in mechanical communication with one or more electric motors, thereby

allowing for mechanical communication between the motor and the projections of the holder.

It is contemplated that any motor suitable for use with spectroscopy systems may be used,

including but not limited to servo motors, brushless motors, brush-type motors, and stepper

motors. In some embodiments, it is contemplated that movements of the holder may be

achieved by an electric motor in communication with a microprocessor. In some

embodiments, the microprocessor may be in communication with one or more of the electric

motor, the laser, and the collection optics such that movement of the holder, illumination of

the samples, and collection of edge photoluminescence is automated. For example, the
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holder may automatically be rotated at precise intervals (e.g., 105°) for analysis. In some
embodiments, it is contemplated that a computer in communication with the electric motor,
the holder, and the laser system may be programmed to (i) rotate a sample holder that such a
sample contained on projection thereof is suitably positioned with respect to collection optics
for analysis of edge photoluminescence, (ii) illuminate the front faces of a suitably positioned
sample with the defocused laser, (iii) collect resulting edge photoluminescence from the edge
of the sample, and (iv) rotate the sample holder such that a sample held on another projection
of the holder is suitably positioned with respect to collection optics for analysis of edge
photoluminescence, and (v) repeat steps (i)-(iv) until all samples desired to be analyzed have
been analyzed. In some embodiments, the computer may also be in communication with the

collection optics.

Methods

[0051] According to various embodiments, provided are methods for identifying and
quantifying impurities in a semiconductor sample using one or more of the provided
apparatuses. In some embodiments, such methods are capable of generating data
corresponding to sample impurity identity, sample impurity quantity, or both from samples
having impurity densities as low as from about 0.5 ppt to about 1.5 ppt. Thus, the provided
methods and apparatuses allow for analysis of sample impurities at densities of from about
0.5-0.6 ppt, 0.6-0.7 ppt, 0.7-0.8 ppt, 0.8-0.9 ppt, 0.9-1.0 ppt, 1.0-1.1 ppt, 1.1-1.2 ppt, 1.2-1.3
ppt, 1.3-1.4 ppt, 1.4-1.5 ppt, and combinations thereof.

[0052] In various embodiments, the provided methods comprise: (i) directing a
defocused collimated laser beam onto at least a portion of a first surface of a semiconductor
sample positioned for analysis, the sample comprising a substantially orthogonal second
surface, and an edge at the intersection of the first and second surfaces adapted to allow
collection of photoluminescence emitted therefrom, (ii) generating collectable
photoluminescence in the sample, (iii) collecting the photoluminescence from the edge of the
sample using a collection lens, the lens adapted to collect emitted photoluminescence at a
lens focal point on the edge, and (iv) generating data from the collected photoluminescence,
the data corresponding to sample impurity identity, sample impurity quantity, or both. In
practice of the provided methods, when the sample is positioned for analysis, its first surface
is oriented to be at an angle of deviation of from about 0° to 90° with respect to a position

parallel to the collection lens.
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[0053] In some embodiments of the provided methods, the defocused collimated laser
beam is formed by directing a collimated input laser beam through a first lens and a second
lens, the first lens collecting and focusing the input laser beam to a laser focal point and the
second lens collecting and magnifying the focused laser beam at the laser focal point to form
the defocused beam. In some embodiments, the first lens is a plano-convex lens having a
substantially convex side oriented toward the input laser beam and a substantially planar side
oriented toward the laser focal point, and the second lens is a plano-convex lens having a
substantially planar side oriented toward the laser focal point and a substantially convex side
oriented toward a sample positioned for analysis.

[0054] In some embodiments of the provided methods, the sample is held by a
projection of a rotatable sample holder, the holder comprising two or more projections
radially configured around a central post, each projection adapted to hold a sample and
alternately rotate into the position for analysis. In some embodiments, the holder central post
is in mechanical communication with an electric motor capable of causing rotation of the
holder.

[0055] In some embodiments, it is contemplated that the provided methods are
implemented by a computer in communication with the electric motor, the holder, and a
system for generating the defocused laser beam, the computer programmed to (i) direct the
electric motor to rotate the holder such that a sample on a projection is positioned for
analysis, (i1) direct the defocused collimated laser beam to illuminate at least a portion of the
first surface of the sample positioned for analysis, (iii) direct collection of emitted
photoluminescence from the second surface of the sample positioned for analysis, (iv) direct
the electric motor to rotate the holder such that a sample on another projection is positioned
for analysis, and (v) repeat steps (ii)-(iv) until all samples have been analyzed.

[0056] In some embodiments, the computer may be in communication with and
programmed to direct a suitable system or devices, such as a CCD array, a spectrometer, or
any other suitable detecting system or device, to detect the collected photoluminescence. The
detected photoluminescence may be processed by a microprocessor or similar device to
generate data corresponding to impurities located in the sample. Processing of the detected
photoluminescence to generate data may be performed by a software program. The generated

data may comprise sample impurity identity, sample impurity quantity, or both.
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EXAMPLES

[0057] The present invention will be better understood by reference to the following
examples which are offered by way of illustration and which one of skill in the art will

recognize are not meant to be limiting.

Example 1

[0058] Single crystalline silicon sample slices of approximately 14 mm diameter and
1 mm thickness were immersed in liquid helium level and then exposed to 200 mW of 514.5
nm laser excitation (from a Lexel Argon lon Laser) and data was collected on a dispersive
photoluminescence instrument.

[0059] Spectra were collected using four different operating configurations. First, a
collimated laser beam of about 2 mm diameter was shone onto the front surface of the sample
and photoluminescence was collected using a lens mounted parallel to the sample slice
surface with the sample surface positioned at the focal point of the collection lens. Second, a
collimated laser beam of about 2 mm diameter was directed into an optical defocusing system
comprising a first lens having a first variable focal length and a second lens having a second
variable focal length, wherein the first focal length is less than the second focal length. The
laser beam exiting the defocusing system had a diameter of about 7 mm and was shone onto
the front surface of the sample and photoluminescence was collected using a lens mounted
parallel to the sample slice surface with the sample surface positioned at the focal point of the
collection lens. Third, a collimated laser beam of about 2 mm diameter was shone onto the
front surface of the sample and photoluminescence was collected using a lens that was
positioned to place the edge of the sample at the focal point of the collection lens. Finally, a
collimated laser beam of about 2 mm diameter was directed into an optical defocusing system
comprising a first lens having a first variable focal length and a second lens having a second
variable focal length, wherein the first focal length is less than the second focal length. The
laser beam exiting the defocusing system had a diameter of about 7 mm diameter and was
shone onto the front surface of the sample. Photoluminescence was collected using a lens
that was positioned to place the edge of the sample at the focal point of the collection lens. In
all operating configurations, the photoluminescence collected through the collection lens was
focused into a Jobin-Yvon THR 1000 Spectrometer using a 1200 gr/mm 120 x 140 mm
diffraction grating for dispersion, then focused onto an Indium-Gallium-Arsenide photodiode

detector (Electro-Optical Systems) for data collection. Spectral analysis was performed using
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GRAMS Spectroscopy Software (Galactic Industries Corporation).

[0060] Table 1 demonstrates the effects on peak absolute intensity at the intrinsic
silicon vibration (1130.2 nm) and the transverse optical vibrations for boron (1134.7 nm) and
phosphorus (1135,5 nm). For all samples and all impurities, the spectral response was
measured in Millivolts at the sample peak height positions for the free exciton (1130.2 nm)
line for silicon and the bound exciton lines for the transverse optical (TO) lines for the boron
(1134.7 nm) and phosphorus (1135.5 nm) species. When using the edge-on technique, these

intensities increased by about eleven orders of magnitude with respect to the straight-on

technique.
TABLE 1
Sample 1 Sample 2
Intensity (in Milli Volts) Intensity (in Milli Volts)
Intrinsic Boron Phosphorus | Intrinsic Silicon Boron Phosphorus
Silicon (1134.7nm) | (1135.5 nm) (1130.2 nm) (1134.7nm) | (1135.5 nm)
(1130.2 nm)

Straight 19.23 0.96 1.34 24.17 0.63 2.72
no lens
Straight 16.51 0.89 1.41 20.55 0.61 2.59
lens
Edge no 175.96 10.37 15.64 257.60 5.99 33.42
lens
Edge lens 167.82 10.65 15.95 254.34 6.37 41.39
[0061] Figures S and 7 demonstrate that, regardless of the laser beam diameter used,

edge-on photoluminescence provides greater peak intensity than straight-on
photoluminescence. Additionally, the use of a defocused laser beam on the sample surface
showed enhanced spectral quality in the BE and EHD region (1130-1138 nm). For the
samples that had their photoluminescence collected from the front surface (i.c., straight-on
technique), defocusing the laser beam dropped the silicon intrinsic band (1130.2 nm) peak
intensity by about 15%, although spreading the beam intensity over a larger section of the
sample surface eliminated the electron-hole drop effects (Figures 6 and 8). For the samples
that had their photoluminescence collected from the edge (i.e., edge-on technique),
defocusing the laser also decreased the silicon intrinsic band intensity and eliminated the
electron-hole drop effects. Additionally, the combination of an edge-on technique with a

laser defocusing technique showed moderate increases in intensity for the boron (1134.7 nm)
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[0061] Figures 5 and 7 denonstrate that, regardless of the | aser beam

di anet er used, edge-on photol um nescence provides greater peak intensity

t han st ravghbtions3qhot ol um nescence. Additionally, the ugserafs2aidsefoecused

| aser beam on the sanple surface showed enhanced spectral quality in the BE
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2011/ 153410PCT/ US2011/ 039028 CLAI M5 What is clained is: 1. A

phot ol um nescence spectroscopy system for identifying and quantifying
inmpurities in a sem conductor sanple, conprising:
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a |laser system adapted to provide a defocused collinmated | aser beam capabl e

of causing an illum nated sem conductor to photol um nesce; one or nore
sem conduwwoaniisEsqabes, each conprising a first surface adajtsed 1toevode at
| east partially illum nated by the defocused | aser beam a substantially

ort hogonal second surface, and an edge at the intersection of the first and
second surfaces adapted to all ow cchEéEMson of phot ol um nescence emtted
therefrom a collection lens having a |l ens focal point at the edge of a
sanpl e pasi;tLaned for analysis, the lens adapted to collect enmtted

phot ol um nescence Ptom sai d focal poi nt; wherein the systemis configured
such that when a sanple is positioned for analysis, its first surface is

oriented AQhb®haindRe@RGect@scéiSMydlcmoRr @fentifyip @IQan@QidOinffrivk f 4 espect
to a position parallel to the collection lens. 2. A photol um nescence
spect r osedgondusiet WMpAs coM@rifget o claim 1, wherein the laser system

conpri ses a defocusing systemconprising a first lens that collects and

focuses a collimated i t.] aser. be to | aser cal, point within the
ot oouei g Sy et ST AR LRG0 R ATk enflibtied R o PRI 1ELl: he
focused | asefaulig@mm atuntin@ed aseicolRed)r tdphdtbluhindsed;m as an output, the
defocused collimted | aser beam 3. A photol um nescence spectroscopy

system according to claim2, wherein the | aser systemis adapted to
i I'lum nate fanemr alpotscriiodnduotor 60%ples, chttecdmprstingafifstswfask adamgedrol e at

positioned for analysis. . 4. hof ol um nescence spectrosco system
ocor di ng.t dott By Hiimipdlid, Oy s ePot e ERE PGS BRShB OB Rhe B e havi ng
a substant i akbohdxRHMEX afd B c@d £ MidtckR¥AasHof the firARHY sdcda@EurbRaTu@Eda
substantially ﬁl anar side oriented toward the |aser focal point, and the

second | ens % gllawspHemsion oh phstolvanaessendersgniticdiisefgnti al | y pl anar si de
oriented toward the | aser focal point and WD 2011/ 153410PCT/US2011/ 039028

a substantially convex side oriented toward sappl e posi t.i.oned. f or

analyei o & coflofRRER R e leht Dol B LRyt B B e EnRR etk ARG L o cf ai m 1,
conpri si ng ankRtR! @bl&s %@e?@&&to%'ll@&renﬁ@é’ﬁ)ﬁh&blﬂﬁliﬁéé@e_n‘éé fHOR QidPFRhESInONS
radially configured around a central post, each projection adapted to hold

a sem conductor sanple, the projections alternately rotatable into position
f or anablystis the §stem plrondgured nebdkaioeies pesemplesis ppyitisysit fenamdysoy, db figstt o

| aim5 | ectrj tor i icatiopn, with the hold
cent r alupagt > of et B SelneledrOp Rlon PrETE T i Pl ¥ieh fepefid, ©"
verti cglosiiloM 9aRMEL toQhe BAlcESNteat. movement of the hol der.

2. A photoluminescence spectroscopy system according to claim 1, wherein the laser system
comprises a defocusing system comprising a first lens that collects and focuses a collimated
input laser beam to a laser focal point within the defocusing system, and a second lens that
collects and magnifies the focused laser beam at the laser focal point to form as an output, the

defocused collimated laser beam.

3. A photoluminescence spectroscopy system according to claim 2, wherein the laser system
is adapted to illuminate from about 50% to 100% of the first surface of a sample positioned

for analysis.

4. A photoluminescence spectroscopy system according to claim 2, wherein the first lens is a
plano-convex lens having a substantially convex side oriented toward the input laser beam
and a substantially planar side oriented toward the laser focal point, and the second lens is a

plano-convex lens having a substantially planar side oriented toward the laser focal point and
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7. A photol um nescence spectroscopy system according to claim®6, conprising
a conputer in communication with the electric notor, the holder, and the

| aser syswemmpitrisesiconput er progranmed to (i) cause the elceaiseoia/opweor to
rotate the hol der such that a sanple on a projection is positioned for

analysis, (ii) cause the |aser systemto illumnate at |east a portion of
the fi rastubsiantallycopyex ¢ %raff%frdetowam%wéap?wwﬂépwaévsw th the defocused

| aser beam (iii) cause collection of emtted photol um nescence fromthe
second $§u - e IS e

ol octris Aarapint e SRR BRI AR SO SpopilingBHREabE

proj ectsampld ol gbinpasiag tfobr ﬁmd mj jestiomnddiaiy cmﬁt@méd abeqba Cdnitdat pose,) unti |
al | sanpl es have been A phot ol um nescence spectrosco system
accor di53gh Peigetign ?ﬁaﬂpteéﬁfggxoﬁﬁa f%mica@mowaraﬁla BERHYFIPNS alﬁ%%te erﬁ@i;%% es at
den5|thgéﬁﬁgnmgqb@§m§&8n1about 0.5 ppt to about 1.5 ppt. 9. A

phot ol um nescence spéctroscopy systemfor identifying and quantifying

inmpurities in a sem conductor sanple, conprising: a |aser system adapted to

provi des. aA phbtoluitihexdendepptctiodsayy sys@ni acaoldaped ot usinpgsisy st elceionpr i si ng
a first lens that col]ects angpfocuses the jnput |aser beamto a | aser
focal pBPAE INGoHNwIcHwNFEthyhe Spkigr espdirbpgst: éhﬁmgtogée%a&ée PGSR QPC 0| | ect s

and nagfeaagfe ??tat'itﬁl fe%isEHoY ’io?%@ﬂk(ﬁﬁal?ﬂ@veh%?%ftﬂ@ﬁ@{depo' nt to forma

def ocu |nate output aser beam ocuse aser beam capabl e of
causing an illum nated sem conductor to photol um nescence; one or nore

sem corug phstofimmptsesnceapediros cap3r dystemacaordidgsto oﬁamféae@mgﬂaﬁg edotputee at WO
2011/153410PCT/U82011/039028 | east partially illum nated by the defocused

| aser QB&AMORINGGHSR wihithg ¢lgctee ﬂ%‘&oﬁlﬁl holder,sind t]%fi.ﬂi%f‘éé@Stefan@eéﬁm@H‘@é at the

| nt er S%ﬁfy% QB 1 K@ chust $iic é@&nﬁﬁﬁ)@d}% Fothiat léél%ﬂél?ﬁ:la’é&’sﬁﬁﬂ@%%o' lection

of phot'olum nescence emtted therefron a collection lens having a | ens
focal pwoojetticatis q)bﬁtlemhglefooanadiysm i) cmuqmdhﬁ ﬂasenmdteﬁnﬂo i}slmtahytm a ,leashaapcbmms
adapted to coll ect tted photolu escence oi n wherein
he sy <tidi 1St ubfier GhisacsuBrosharchREA s S ans &lptsre Fofrdfrorofii

anal ysi@ysd éoﬂeét!dnséf e%Hfté@ﬁl?otd)lﬁm%és@éHc@@ohﬂh@%eé&hd@ﬂrf@d%&f@h@ianﬂﬁé’ iation of
from about 00 O with respect to a position parallel to the collection

| ens, amltlfon@hfoalaleSIM%)tcwsmlm%lmtn@ ot tp sotatsiihé beldenrmygh Bt p baraplcwat ed by

the defa%ngséF 8r03 &&his posH.l oned for analysis, and (v) repeat steps (i1)-(iv) until all samples

have been analyzed.

8. A photoluminescence spectroscopy system according to claim 1 adapted to identify and

quantify sample impurities at densities as low as from about 0.5 ppt to about 1.5 ppt.

9. A photoluminescence spectroscopy system for identifying and quantifying impurities in a

semiconductor sample, comprising:
a laser system adapted to provide a collimated input laser beam;

a laser defocusing system comprising a first lens that collects and focuses the input
laser beam to a laser focal point within the defocusing system, and a second lens that
collects and magnifies the focused laser beam at the laser focal point to form a
defocused collimated output laser beam, the defocused laser beam capable of causing

an illuminated semiconductor to photoluminescence;

one or more semiconductor samples, each comprising a first surface adapted to be at
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10. A photol um nescence spectroscopy systemaccording to claim9 adapted to
identify and quantify sanple inpurities at densities as |ow as from about
0.5 ppt twoabouts3#o5 ppt. 11. A photol um nescence specPCTASEMY/03903%8 €m
accordi ng to clain19 wherein the first Iens is a plano convex | ens having
a substantl con sLde iente he |np | aser heam and a
subst anti al | 9as pHHa ygkuaénﬁ? Ehé’diﬁ’(fj a%qﬁ e@%sﬂe& fgaty! iy Htheeondnd t he
second | ens Jogo BHANOAPRY Eded % NRWLGoRoSHPEATRY Abia Qﬁmg adhlf
oriented toward the [aser focal point and a substantially convex side

ori ent ed t ovarbow celeqtioe op pbotblunmeckctmme canttd/gicesfront2. A phot ol um nescence
spect roscopy systenlaccording to claim9, conprising a rotatable sanple

hol der conprising. t nore prQjections configured around a central post,
each proj ecti @ie %ﬂhatval%leas &C@@ﬂll&%&ﬁ&%? Og AABTRIC PPHEORIDIPECE i ons

al ternately 4,0fakaRl fonls Al OPR) cto'llgft eﬁlﬁftecﬁﬁ@téflﬁhﬁnesc&l%e ﬁ'%np%ﬁ‘?& RJcHi On@[scence
spectroscopy systemaccording to claim 12, conprising an e ectr| mof or
comuni cation with the hol der central post t he notor capabl e of cau5|ng
one or wiré€inoiie $yofcat is@onfipetd suvhltharwerenhmply is positidosdt fal anabwtyyentiraf the
hol der. 14. A hotolunlnescence spect roscopy systemaccording to claim 13,
conpr i SUHACHS @H%ta@ & bs 3 sRment dsyirBen 9\ﬁs fremiahedtd) de PP withsesBFct to Ae hol der,

and t he, @361 aﬁﬁ'l%ﬂt%% } Fécﬁ&m%ﬂ&,%ﬁdl%%é b8 1009% st LfacehRGtric
motor tO rotate t er such that a sanple on a projection I's poSitioned
f or andleyiBumjnafadiby tte defotusctidaskals@mm.systemto il luminate at | east a portion
of the first surface of the sanple positioned for analysis with the

def ocused | aser beam (iii) direct coIIectlon of em tted photol uym nescence
from thHd- e%l@’éOtalf‘m’tlﬂ@C%Ié?ﬁﬁP@“ﬁé%qpb’l sypier aceprdinggp 2@1@/9185191&% Eorcugyed/ 039028
analy5| \ t ' uch that a
oDl o B B R Lo oy B A oS epoat

st eps (||) (iv) until all sanples have been anal yzed. 15. A

phot ol urti. e pEeokenisgeaice ERRYcEpy oM a0 tordthgnd icfayrn 99 wasdiroha fitrit flatisig
inpurities in a sen conductor sanple, conpr|5|ng@4a | aser systen1adapted to
provi det Rlancronviericay havipge snbxartiafy sanvey sdecsteniedtowerd thy ingyslessnb %ﬁpn si ng
afi rs"anh%%ﬁb&ﬁﬁfall(}ﬂl}a{nﬁpgl ¢ BRChELRURES tHe ek gaQprdn?tS @%‘é‘éofnﬁ 1éhsligger

focal polnt I'n e de ocusi ng system and a secon ens that collects
and magriarfo-@sivthent bevisgd shl&%mialbgalmarrsﬁdn drivmtddatownrd the ddsepfocaltpoims ahdr m a
def ocused, col Limat ed ou er am the defocused aser beam capabl e of
causi ng® RRSPIHA REY B! Eosibioee a%aénli%%?%‘il?ﬂﬁ% %%%Pé‘ YSiherein the first
lens is a plano-convex | ens having a substantially convex side oriented
towar d Hhe |l toward
t he Iaé%% B Pﬁg%ﬁ%?&u@%@&%ﬁ@&g@c2&%§f%ﬁ%h?1tXcE%%%%E%%% %£§gﬁ§£ﬁQV|ng a
subst arshimald holgdranaiprising éwo bt sotepofcotiansdtconfigulcd asrunfl acahtrgd giont, cahd a

substantial Ly conv oriented toward a sanpl.e positioned for .analysis,;
proj ectl% dapteg ﬁolﬂ a semiconductor sample, the prOJrggtlonspa ternately rotatable 1nt y

position for analysis.

13. A photoluminescence spectroscopy system according to claim 12, comprising an electric
motor in communication with the holder central post, the motor capable of causing one or

more of rotation, vertical movement, or horizontal movement of the holder.

14. A photoluminescence spectroscopy system according to claim 13, comprising a computer
in communication with the electric motor, the holder, and the laser system, the computer
programmed to (i) direct the electric motor to rotate the holder such that a sample on a
projection is positioned for analysis, (ii) direct the laser system to illuminate at least a portion
of the first surface of the sample positioned for analysis with the defocused laser beam, (iii)

direct collection of emitted photoluminescence from the edge of the sample positioned for
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two or nore sem conductor sanples, each conprising a first surface adapted
to be at least partially illum nated by the defocused | aser beam a

subst ant ivbl2g11ors8410gonal second surface, and an edge at pchmastorti®@®egti on of
the first and second surfaces adapted to allow collection of

phot ol um nescence emtted therefrony a rotatabl anpl e hol der conpri sing
two or FRBhels @jdé@@ifaﬁgleetsmm@tewdg%ﬁ%@ﬁgwﬁle&w?ﬁ gt ap%@ip{]e EHWIET o) ect i on
adapt ed, b @i d p8siBETECBPAUTH, a8 @[T r&cal HERLINES hibiANS BRI MAtEbKk
rotatag¥é fnt&'gogition forq%BéFyS| fagﬁd %mgéﬁ%eztion | en ﬁaving 3 | ens

f ocal pobBhredt the edge of the sanple positioned for analysis, the |lens
adapted to collect emtted photol um nescence fromsaid focal point; wherein

the systemis configured such that when a projection is. positioned for

anal ysilo; 4 RROtPIUNYRCSEEIIcE sRREtIgpCaPy S Y Siem feblrs*a%f{ymg @érﬁ&ﬁ%ﬂfg@gdntpﬁe%wﬁ % 5
orientqgnﬁgmggnggyﬁﬂﬂ$gg&@ﬁﬁhgdeviation of from about 00 to 90 with respect
to a position parallel to the collection lens, and WO

2011/ 153410PCT/ US2011/ 039028 from about 50%to 100% of the first surface
may be il | urd lagdr gty atifiredefoovided chbhiseitcdiapnn laset 6eandy phot ol um nescence
spectroscopy system according to claim15 adapted to identify and quantify
sanple inpurities at densities as |ow as fromabout 0.5 ppt to about 1.5
ppt. 17. A Pt Jripsiyies sstie cCoppidtings Ebyyens ylat éﬁhl%wdofgﬁgw thedn@itm 16,

conpr i si ng G}Qseg}oé’é%ﬁ gd' £12088 8L a1 ! Bin‘f%Riﬁliﬂ{‘ih%%Efffo%{}sﬁ[{‘%gﬁte&ﬁl%nﬁ%'sggorn]dclé’x{httﬁ@t' post,
t he notor capabl e of causing Sne or nore of ro I'on,” vertrcal novenent, or
hori zont al rYestenid dhgiifies thelfeleised ladd.bedmrah eHeunich Gsakbpsiat HFeth LOoScopy
system according to claim 17, conprisin%ra conmputer jn conmunication with

the el ect ri defstend colliypatsd pugut lagg dermethe detocussddasshbeanh ganaglenicaysing
programmed t4 ifiluhiflidiqehnidBubeighbolfiical 0 TOtAte the hol der such t hat

a sanple on a projection IS positione or anhalysis, (ii) direct the |aser
systemto illumnate at |east a portion of the first surface of the sanple
posi tioned for anahershshamitshlechhB dshmcosedx las davibgarubdtntia)ly dofietside
collection of emtted photaol um nescence fromthe edge of the sanple

posi tioned for arficpiddowrdyhe gippilagerbramandaspbstantigtiyplapgr sids i@tede

hol der such t hat r. LRl i i ! r.anal ysis,
and (v) repeat st Dy i ToRakRRerdl Rl SEAPLn! i DA LAREE 1yrhalRE Y57
phot ol un nescence spaantialyqdiar st oadnttd towate ftei lhger fgpabpaingarart i f yi ng

inpurities in a segicon uctor sa directi f ocused

| e, conprising: ad
col I mated | aser HESHEHYGORYY MoRercatgddp i SHPAS BeRansA Tzl Bl anar
first surface of a sem conductor sanple positioned for analysis, the sanple
conpri sing L ad I &ﬂ@; 2nd t he
intersectioﬁwﬁgpt(29%??§%M%%g&§%%g%§(?ﬂfgac gﬁ%%%gggguto gﬁﬁ%gﬁggr%%ction
of phot ol umloespaneky dhintibacd b dreefefamuped laser beam, a substantially orthogonal

second surface, and an edge at the intersection of the first and second surfaces adapted

to allow collection of photoluminescence emitted therefrom;

a rotatable sample holder comprising two or more projections configured around a
central post, each projection adapted to hold a semiconductor sample, the projections

alternately rotatable into position for analysis; and

a collection lens having a lens focal point at the edge of the sample positioned for

analysis, the lens adapted to collect emitted photoluminescence from said focal point;

wherein the system is configured such that when a projection is positioned for analysis, the
first surface of the semiconductor sample held thereon is oriented to be at an angle of

deviation of from about 0° to 90° with respect to a position parallel to the collection lens, and
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generating col |l ectabl e photol um nescence in the sanple; collecting the
phot ol um nescence fromthe edge of the sanple using a collection |lens, the
| ens adapwedotioiseabl ect emitted photol um nescence from &cirasgoifiosmwbs poi nt
at the edge; and generating data fromthe collected photol un nescence, the

data corres ondlpg to e_inpurity identity, npl e ippurity quantlty,
or bot Hrom téé%r tfé@ﬁf fiesp ourfacs Jeny s @ﬂr&t?&m@ﬁ defogussd derdgag.

positioned for analysis, its first surface is oriented to be at an angl e of

devi ation It - qto the
coIIect?5ﬁQFgﬁégﬂhggggke%g?%gﬁ&g?%%&gmlﬁ8gﬂﬁ%ﬁg?h1 %g%%g?gﬂ@%%hgﬁératlng
t he dat@aﬁm@mnm@tmhmnhamm@nslmsllb\y adérrom iboms 0 apt avebast f.5@pt.about 0.5
ppt to about 1.5 ppt. 21. A nethod according to claim 19, conprising

directing a collimted i nput |aser beamthrough a first lens and a second

| ens, tlHe 4 phefpluminescensiispeationepPamstEBaGsH i atin 6laim gt caneingerstetac a
Iaser f p focused
| aser 5058} infpthurtfich \iuRE Aol E¥aFRoss 16E IR AU bR Rue B, (o

col i mrehe@d of astetion) €arical Mavenfenieir hotz@tgdaneiengnt of bt dbkke21l, wherein the
first lens is a plano-convex |l ens having a substantially convex side
oriented toward the input |aser beam and a substantially planar side

ori ent el& tfwmtalwn@esmyé SPEBOATOPYSYHEM agerrdingdo slgprd. ¢ampyising computer

pl ano- ﬁlun?cgﬁmtﬂaf e QB&HQ ﬁ{o%}t h%lho}/depla?lagl{i dlékegr%y%%r%é%te Wg&é\@r d the

| aser foca ol n a su |af convex a sanple

posi ti qﬁegkalfnﬁtedaﬂ &) yea the aactné\nmlrhodotamm hbla¢r dudh tHadh BardPlcohar ei n t he
def ocused. col |l i mated | aser bean1|s directed onto from about 50%to 100% of

the fi rgpieetinrfigpasigpnadar anahysise (iHlglifect Badasct Histeahie) Wlumenate atcasha Ritiged
accor di jgnd f?rs‘E%lﬁlfa% 8§uhe‘%‘& Fe'ﬂ?)s{t gﬁeéfwﬁhaﬁ LS Wil Bfolhshl ws&%ehﬁnglﬁﬁ a

rot at abl e sanpl e | der, conpr S|ng two or nore projections
r adi al Ic;xrecbcm‘l]legnmem:f eazmtteth;ihcaokuemmﬁrsaéncp(ﬁ@m theadpe of thp emnplerpoadamdeﬁirt o hold

a sampl e nd r nat el rotate into the position for an Si s 25. A
ot non BaB b sl B anogr o e LBRRT s thaéﬁt%ﬂfep%g%mt@r
mec han'ﬁ%@j'@ct‘t“cﬁﬂg‘ﬂﬂélﬁéﬁéd%r 4k 201 9L R (5 7RARLE A RaUaY DkcAne or

nore of rotation, vertical nbvenent, or horizonta anenen of the hol der
analyzed.

19. A photoluminescence spectroscopy method for identifying and quantifying impurities in

a semiconductor sample, comprising:

directing a defocused collimated laser beam onto at least a portion of a substantially
planar first surface of a semiconductor sample positioned for analysis, the sample
comprising a substantially orthogonal second surface, and an edge at the intersection
of the first and second surfaces adapted to allow collection of photoluminescence

emitted therefrom;
generating collectable photoluminescence in the sample;

collecting the photoluminescence from the edge of the sample using a collection lens,
the lens adapted to collect emitted photoluminescence from a lens focal point at the

edge; and

generating data from the collected photoluminescence, the data corresponding to

sample impurity identity, sample impurity quantity, or both;
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26. A nethod according to claim25 inplemented by a conputer in

comuni cation with the electric notor, the holder, and a system for
gener at i lyotzhe/defiocused | aser beam the conputer prograowas2aio/osqops di rect
the electric notor to rotate the holder such that a sanple on a projection
is positioned for analysis, (il irect the defocused collinmated | aser beam
to il uisEpevhep ﬂilf‘e%%gtp)f%lswfé%?ﬂ r a{lw%i%ﬁgétssmfﬁ%lé OFFEhE Wathile

posi ti onef Jroleviafidl ¥#rSm abbid 0 +d QPe%thQ&?E&% 'agesi_%n gyﬂaﬂ&ﬁg the collection
phot ol uninescence fromthe edge of the sanple positioned for analysis,
(iv) dilemct the electric notor to rotate the hol der such that a sanple on
anot her projection is positioned for analysis, and (v) repeat steps
(ti)-(iyv) until all sanpl es.have been anal yzed. 27. phot o| um nescence
spect r e dpirethodriserpe a@wﬂ?m@‘f%&e&a@ﬁpg R dodp fﬁ%&ﬁm cadayIpg o

sem conguehiar Jaimed & oGt bWl 0% §RES hight 3 Gk 1 mated input | aser beam
through% fﬁ{st | ens gnd a second leé}g, the first lens collecting and
focusing the input | aser beamto a | aser focal point and the second | ens
col | ect2IngA archodageirtinigng clahe 10peumsgthingadiasctibe aoolimatdienp@dayer beeal poi nt
to forma defocused cal limated output |aser beam capabl e of causing an

i |1 umi riafoggh & disstdegndae eorcand ke ths) flin nsdsetang adlidrfgefsmgth? HwuBsdcused

I i f . 0 . i |
col i maj.ad %qgs‘][er gﬁg@%ﬁ?@tga%& tﬁ@@c@ﬁ’tpf&T é&%’cﬁﬂ% %ggﬁgilgﬁn%mgﬁaaﬂ&a ?atk%{y pl anar

first surface o uct or sanpl e posi nal ysi s, e sanple
conpr i dicag a tieubst doral pdihytodpirh egamnabtpste tenttfeusddamdlimaind laer Edge at t he
intersection of the first and second surfaces adapted to allow collection

of phot ol um nescence emtted theref r,orrl3 generat,i n]g']écol | ectable .
phot ol W rfe8rEndaceqidingdo gkip2d; Wherindge firy lanp s HRGRSTAMICK dSBdREBER om t he

edge OfublignRATRLfy S orfer &R b &G RO iR Rser iEm! FRS ARGy bugPlbect
emtted phot ol um nescence froma | ens ocal point at the e gz, and
gener atarregteddowarfirteriasdrdocad pbmt tand tighetoldiikhnssiqeameconvhe lalahaving a

correspondi ng,to sanple i.npurity identity, sanple i rit uantit or
bot e - RHBSHEHSRHGRBHC pHETebiopteat 18 Tt fnDuR e Dyt oM dos ot
sur f acgyriefite@tb RIS abPI Lo stlondd fNGhSsQf deviation of from about 00 to 90
with respect to a position parallel fo the collection lens. 28. A nethod

according to claim27 capable of generating the data from sanpl es having
i mpur i t33. densiltodescadingawchsm flPovheadbn tte df&eupgt cdliomated ltselbdanpptdirected

onto from about 50% to 100% of the first surface of the sample positioned for analysis.

24. A method according to claim 23, wherein the sample is held by a projection of a rotatable
sample holder, the holder comprising two or more projections radially configured around a
central post, each projection adapted to hold a sample and alternately rotate into the position

for analysis.

25. A method according to claim 24, wherein the holder central post is in mechanical
communication with an electric motor capable of causing one or more of rotation, vertical

movement, or horizontal movement of the holder.

26. A method according to claim 25 implemented by a computer in communication with the
electric motor, the holder, and a system for generating the defocused laser beam, the
computer programmed to (i) direct the electric motor to rotate the holder such that a sample
on a projection is positioned for analysis, (ii) direct the defocused collimated laser beam to
illuminate at least a portion of the first surface of the sample positioned for analysis, (iii)

direct collection of emitted photoluminescence from the edge of the sample positioned for
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29. A nethod according to claim27, wherein the first lens is a

pl ano-convex | ens having a WD 2011/ 153410PCT/ US2011/ 039028 substantial ly
convex siwe2orivesiied toward the input | aser beam and a eulvaisantiioadory pl anar
side oriented toward the |laser focal point, and the second lens is a

pl ano- conyvex ha |n a. substantial ly planar s de oriented toward the

| aser fa@eaﬁlsp@rffﬁeah e& cstilsJPRART fortaje rw@r gicid %ﬁi%ﬁlp@ooq%&rea a sanpl e
posi ti i&{ BabiyidSt HafBHNG ALG n% Al ? nahep&hn the
sanpl e%l?s lsgy 5 pr olog%t ?}Z)S}l gf gb %%ata Sctluzg' e haol de esth oI der
conpri sanakaedm or nore projections radially configured ar ound a central
post, each projection adapted to hold a sanple and alternately rotate into

the position for analysis 31. Ane according to claim 30, wherein the
hol der ‘erft P]é?tO{B‘H&FeSF%ncieﬁp?Pé@ﬁ%ﬂi’iyé%?ﬂt‘Q‘g Bngn "caﬁtl %Wél&“r“ie% Thot or

capabl rotation, vertical novenent, or
& s%hu&ﬁlldﬁ&tegsa%gt? %niﬂ"i&l §er

hori zontal novenent ‘the ho 32. A nethod according to claim 31

i npl enented by a conputer in conmunication with the electric notor, the
hol der, and direstiisd € tolfinitegan@urt ddseneanhtr@gdhla firgt leds amtpadecbas Rhs, heafiist t he
corrputer prograrmed to (i direct the electric notor to rotate t he hol der
such that a S3rfollectyte mddpasethempuslapgsremdnadisebiocainainisind thqsoegndyi rect

the def ocusqgns%hlkﬁewzsagﬁp 1-{1%%@%'111%9[?}9?& sédh'aéé?‘o@ﬁ%t @k 1d EERkalpoRS ik of the

first surface of t sitioned for analysis, |||

col l ection cafde&mnusecécblpmaitedloutpunbasadnam dapabie bﬁeiuenhganolﬂumimeteslarrpl e
positioned for. ana éSIS g&\ﬁa direct the electric notor to rotate the

hol der such SERUONAULAIG REOIIBINGITBYS: pr of ecti on is positioned for analysis,
and (v) repeat steps (ii)-(iv) until all sanples have been analyzed. 33. A

phot ol um nesgg r?g&B%%fo&&&ﬁ%ﬂuﬂﬁ&rﬁgerfb%m'dﬁ%‘hb&y gﬂgt S 1AV, ioF i ng

impurities in a sem conductor sanple, conprising: directing a collinmated
i nput | aser slubamttaﬂiyqugﬂar first surﬁtceloéaseraicdnduwﬁcsamﬁld rengiontdborfanalgsis,| ens

collecting a S|n thel S beamto er focal ,point and the
cecond 1 ons BoMRaY FugPEnE ragnerye Y kbR decut 1226 eaRel t e [ser
focal point jhQrdetidn & tﬂ@ﬁ%@ﬂ%é’ec@ﬁ’d birREELHA ?téhnwau&)@%snec%ﬁmcapabl e of
causing an il lum nated sen conductor to photol un nescence; wherein the

first |ens irhotolphmesscoonereittetl drgethemi ng a substantially convex side
oriented toward the input |aser beam and a substantially planar side

oriented . . .
generating collectable photoluminescence in the sample;

collecting the photoluminescence from the edge of the sample using a collection lens,
the lens adapted to collect emitted photoluminescence from a lens focal point at the

edge; and

generating data from the collected photoluminescence, the data corresponding to

sample impurity identity, sample impurity quantity, or both; and

wherein when the sample is positioned for analysis, its first surface is oriented to be at an
angle of deviation of from about 0° to 90° with respect to a position parallel to the collection

lens.

28. A method according to claim 27 capable of generating the data from samples having

impurity densities as low as from about 0.5 ppt to about 1.5 ppt.

29. A method according to claim 27, wherein the first lens is a plano-convex lens having a
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toward the | aser focal point, and the second |lens is a plano-convex | ens
havi ng a substantially planar side oriented toward the |aser focal point

and a subspantiEbily convex side oriented toward a sanpl ecpamskaiiiosmeds f or

anal ysis; directing the defocused coI | i mated | aser beam ont o from about 50%

to 100% ubstanti al | | anar rst surface of a sem co tor anpl e
poSi t i oﬁqﬁﬁarf yaﬁawsﬁ@e %Eedstawm dethe Syt laé?rﬁvgalg @d@sﬁpamr}%ﬂ ﬁ@@onm

d d
Secon o?{éh%gg?\gafaﬂﬂe ﬁﬁr%&ﬁ int, L8 tlhe"ste?&?tﬁ%ﬁé 3 r]ﬂﬁﬁnot s h%ﬁ gecon

surfaces a to allow co ectlon 0 tol um nescence enitte
t her ef rsobstanvtbadly elamat hide eaﬁpbdatoimrdléiedasby fm:abpq)ptam;ilacsmbmnttallwabavmi® sanpl e

hol der, the ar, onpri sin re projections radially configured
around OéleB@HR?‘ﬁ?r Fo8t’P ee%oéﬁlogfér%@flﬁlgﬁlsadapt ed to hold a sanple and
alternately rotate into the position for analysis; generating collectable

phot ol gy %ﬁfé%ﬁ%cb&dﬁl%% SR '29’ whgh necﬁé kddgpIL %%&@9& Q?@%é@ﬁﬁ%?ﬁ?@tafabfém the

edge of the sanple usifg a col lection lens, the lens ted to col

em t t ecsapiptet lodldari tﬂlebokelﬁcaarﬁprmmgt\xtmsncbr@qmbjegmnmacmllﬁ d’wﬁgul@d -aramd a
generating data fromthe co hotol cen t he

corres p?ﬁﬂ‘g’i‘erQStt gachipicenq Pﬁe ﬁﬂ]gr‘?‘tsiaf“}’ tﬁalafﬁfabml%tﬁwamqwn or
bot h; whesimiRighen the sanple |s positioned for analysis, its first surface
is oriented to be at an angl e of deviation of fromabout 00 to 90 with
respect to a position parallel to the collection lens. 34. A nethod

accor dixig A metiodi antcﬁaingapalaire 36f wge*niﬂrthe hmlgelt ctwtrellapoat ifsrim meshampdabs havi ng
irrpuritLy densities %c q from a%(ﬂ E 1.5 pvpt. 35

met hod QEEBHHFANGN 8 heang ?ﬁt%%mo%ﬁéf‘% %‘@“ﬁ& qer Ol’c@ﬂ’fer Irofgher vediqal

mechani @l ent @S RbSASHAMmNhnsr tBE BSIES. C MOt or capabl e of causing one or
nmore of rotation, vertical novement, or horizontal novenent of the hol der.

36. A net hod accordi ng to claim 35 irrpl enented by a conputer in
comuniXatA mthmidtalocctrti'mg tekckhoh 3il (imptﬁnmntedt‘dyea domhpoer, in aodmansypsoemith olie

generat i the co ted i nput ser beam _.the conputer dto (i)
O oot PG the hBEe Ang B Pern R onaaribe ekou oy fekt B eH:aratan o

pr oj eCtdoﬁﬁ)u’te‘f’ p%%?érhfn@ﬂle(d(lj Gikecr iRl A&iti$o rn6tdr)to Ht4te Gte Hd?&er@ﬁélpﬁh!tséaﬁnﬁﬂ’é' i mat ed
| aser beamto illumnate at |east a portion of the first surface of the

sanpl e quosprojeshiedisirositianed o asaly%w,l(n) digkot detdetasiubasiorallomated laser heaasdto

phot ol upi nes e from:the.ed 0si.i.i 0 fo sis, (iv)
Girect THATRRETIFHLS REVP St BEGy et T AT rd  BBufofRE: APdufio R o
anot herdiReoddiettichofl &nlﬁ@@pﬁdt@m&ﬂnéseéncarﬁ@hyﬁlle%dg@mhé Vamplepesitiosddes
(ii)-(iv) until all sanples have been anal

analysis, (iv) direct the electric motor to rotate the ho der such that a sample on another

projection is positioned for analysis, and (v) repeat steps (i1)-(iv) until all samples have been

analyzed.

33. A photoluminescence spectroscopy method for identifying and quantifying impurities in

a semiconductor sample, comprising:

directing a collimated input laser beam through a first lens and a second lens, the first
lens collecting and focusing the input laser beam to a laser focal point and the second
lens collecting and magnifying the focused laser beam at the laser focal point to form
a defocused collimated output laser beam capable of causing an illuminated

semiconductor to photoluminescence;

wherein the first lens is a plano-convex lens having a substantially convex side

oriented toward the input laser beam and a substantially planar side oriented
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toward the laser focal point, and the second lens is a plano-convex lens having
a substantially planar side oriented toward the laser focal point and a

substantially convex side oriented toward a sample positioned for analysis;

directing the defocused collimated laser beam onto from about 50% to 100% of a
substantially planar first surface of a semiconductor sample positioned for analysis,
the sample comprising a substantially orthogonal second surface, and an edge at the
intersection of the first and second surfaces adapted to allow collection of

photoluminescence emitted therefrom;

wherein the sample is held by a projection of a rotatable sample holder, the
holder comprising two or more projections radially configured around a
central post, each projection adapted to hold a sample and alternately rotate

into the position for analysis;
generating collectable photoluminescence in the sample;

collecting the photoluminescence from the edge of the sample using a collection lens,
the lens adapted to collect emitted photoluminescence from a lens focal point at the

edge; and

generating data from the collected photoluminescence, the data corresponding to

sample impurity identity, sample impurity quantity, or both;

wherein when the sample is positioned for analysis, its first surface is oriented to be at an
angle of deviation of from about 0° to 90° with respect to a position parallel to the collection

lens.

34. A method according to claim 33 capable of generating the data from samples having

impurity densities as low as from about 0.5 ppt to about 1.5 ppt.

35. A method according to claim 33, wherein the holder central post is in mechanical
communication with an electric motor capable of causing one or more of rotation, vertical

movement, or horizontal movement of the holder.

36. A method according to claim 35 implemented by a computer in communication with the
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electric motor, the holder, and a system for generating the collimated input laser beam, the
computer programmed to (i) direct the electric motor to rotate the holder such that a sample
on a projection is positioned for analysis, (i1) direct the defocused collimated laser beam to
illuminate at least a portion of the first surface of the sample positioned for analysis, (iii)
direct collection of emitted photoluminescence from the edge of the sample positioned for
analysis, (iv) direct the electric motor to rotate the holder such that a sample on another
projection is positioned for analysis, and (v) repeat steps (i1)-(iv) until all samples have been

analyzed.
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