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SUMMARY

[0003] A novel contactless analysis system has been developed that simultaneously
and in real-time provides the generation lifetime (GTAU), photo-conductance decay (PCD)
and sheet conductance (¢) measurements of semiconductor materials. The unique
combination of GTAU and PCD into a single analysis system provides a symbiosis that
enables the analysis system and methods described here to have significant advantages over
the prior art. This includes, but is not limited to, improved SNR (signal to noise ratio), the
capability to measure shorter minority carrier lifetimes, and the ability to self-calibrate. The
GTAU measurement is advantageous in that it is has superior SNR and has ability to measure
much shorter carrier lifetimes. However, GTAU has a limitation in some applications since it
is a relative measurement. This limitation is overcome by combining the PCD measurement,

which is an absolute measurement, with GTAU. In this way, the (absolute) PCD
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elongated bases and a central post extending from each of the elongated bases. A pair of side

posts may extend from each of the elongated bases on opposing sides of, and generally

parallel to, the central post, such that each ofthe first and second parts generally forms an “E”

shape, said first portion including the central posts and the second portion including said side

posts. In some embodiments, the first and second parts may respectively include generally

planar bases, said first portion extends generally perpendicularly from said bases, and said

second portion forms a generally annular flange extending generally perpendicularly from

said bases and circumferentially around said first portion.
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defined by the first portion of the ferromagnetic core. For example, the radiation source can
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sample can be determined. The quasi-steady state drive current can be measured after
commencing and halting irradiation of the sample to find a difference between the drive

current under each set of conditions. This difference can be scaled and provided as an output.

[0013] In some embodiments, the sample can be intermittently irradiated with
radiation of a first characteristic wavelength and subsequently intermittently irradiated with

radiation of a second characteristic wavelength that is different from the first characteristic
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[ 0015] Havi ng t hus described the invention in general ternms, reference wll
now be made to the acconpanyi ng drawi ngs, which are not necessarily drawn
to scal e. wpQOlGjsBi2g. 1 is a bl ock di agram of a system f ecTpsedionza7sg
mnority carrier lifetinme neasurenents in a sanple of sem conductor

mat er i al wayebigth] i gomeZert®dinants) tieBhmple varche ropeatedlyiramusitioyedcach that 11 fetime

[0018] i fessnt il RSt RaGRae Beee dab el FRBPEOE AN gur ed i n

accor dan&ﬁomgdmaaoxex Thpdreveiitodicaiebd repda@AlShéds@red th respoiseigleadpect i ve vi ew
of the core of Fi &@l oned along plane p of Fig. 3. [0020]Fig. 5is a
par ti al | {FPeatss 1eeRs IOBB}%S SP9PReyi ew of the core of Fig. 4.

[0014] In another aspect, an apparatus, such as a tool for measuring minority carrier
lifetime in a semiconductor sample, is provided. The apparatus includes a ferromagnetic core
including opposing first and second parts that define a gap therebetween. Each of said first
and second parts may include a base, a generally annular flange extending from the base, and
a tubular portion extending from the base and radially inside the flange. A first conductor
coil can extend around the tubular portion associated with the first part, and a second
conductor coil can extend around the tubular portion associated with the second part. A
radiation source can be configured to irradiate at least a portion of the gap defined between
said first and second parts, for example, so as to illuminate a wafer disposed in the gap. The
first and second conductor coils can be configured to be connected in parallel to a variable
power source, such that a magnetic field generated by the first conductor coil is generally
aligned with a magnetic field generated by the second conductor coil. In some embodiments,

the tubular portion may be transparent to radiation emitted from the radiation source.
* BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[0015] Having thus described the invention in general terms, reference will now be

made to the accompanying drawings, which are not necessarily drawn to scale.

[0016] Fig. 1 is a block diagram of a system for performing minority carrier lifetime

measurements in a sample of semiconductor material.

[0017] Fig. 2 is a schematic view of a minority carrier lifetime measurement tool

configured in accordance with an example embodiment.

[0018] Fig. 3 is a perspective view of a ferromagnetic core configured in accordance

with an example embodiment.

[0019] Fig. 4 is a perspective view of the core of Fig. 3 sectioned along plane p of
Fig. 3.

[0020] Fig. 5 is a partially exploded perspective view of the core of Fig. 4.

[0021] Fig. 6 is a top view of the core of Fig. 5 with the diffuser removed to reveal

the underlying light emitting diodes.



[0021]Fig. 6 is a top view of the core of Fig. 5 with the diffuser renoved
to reveal the underlying light emtting diodes. WO

2011/ 08801 0PaTI/0882011/ 020783 [0022] Fig. 7 is a Cross seecirarsadiiweess of t he
core of Fig. 3 sectioned along plane 7-7 of Fig. 3. [0023]Fig. 8 is a cross

sect i onajoox2jew of Fid1€ iCHEr@sstkctiong. viedv oREEdrobEklg A @bgorRl aldeg Plafle 7 Fig. 3.
[0024]F|$IT9 Is a schematic view of a mnority carrier |ifetime neasurenent
tool con ﬁd%ped i n accordance with anot her exanpl e enbodi nent. [0025]Fi g.

10 is a mati c _crQss sectional view of
for ﬁ)ﬁgﬁ F?g. gsls a Cross sectlrz)nal V\{CW of tge co%e 81915 ig. , gerctilélgeed a?gng% arnte 898f a tool

of Fig. 3.

[0024] Fig. 9 is a schematic view of a minority carrier lifetime measurement tool

configured in accordance with another example embodiment.

[0025] Fig. 10 is a schematic cross sectional view of a core for use as part ofa tool for
measuring minority carrier lifetimes, the core being configured in accordance with another

example embodiment.
DETAILED DESCRIPTION

[0026] The present invention now will be described more fully hereinafter with
reference to the accompanying drawings, in which some, but not all embodiments of the
inventions are shown. Indeed, these inventions may be embodied in many different forms
and should not be construed as limited to the embodiments set forth herein; rather, these
embodiments are provided so that this disclosure will satisfy applicable legal requirements.

Like numbers refer to like elements throughout.

[0027] Referring to Fig. 1, therein is shown a schematic diagram of a system 10 for
performing minority carrier lifetime measurements in a sample s of semiconductor material
(“the sample”), the system being configured in accordance with an example embodiment.
The system 10 includes a signal generation module 12 in communication with a radiation
source module 14. As will be discussed further below, the signal generation module 12 acts
to generate a probe signal p, for example, in the form of an oscillating electromagnetic field,
with which the sample s interacts. As the sample s interacts with the probe signal p, the
probe signal is attenuated by an amount related to (amongst other things) the minority carrier
population in the sample. The signal generation module 12 may therefore include electrical
components (both active and passive) and circuitry appropriate for generating the probe
signal p. In some embodiments (discussed below), the signal generation module 12 may
include structures, such as a sample interface, for effectively coupling the probe signal p and

the sample s.

[0028] The radiation source module 14 may include a radiation source, such as one or
more light emitting diodes (“LEDs”), for periodically irradiating » the sample s. As discussed

in more detail later, some portion of the radiation » may be absorbed by the sample s, thereby
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measuring mnority carrier lifetines, the core being configured in
accordance wi th anot her exanpl e enbodi nent. DETAI LED DESCRI PTI ON [ 0026] The
present iwoenti/msg2znow Wi || be descri bed nore fully hereipaoaftSer1ned7is
reference to the acconpanyi ng drawi ngs, in which sone, but not all

enbodi mecdusing b chdnge inthe minopinscaatie psprdation i theé eanple t Mesadiatistesvuicons may be

enbodied in different forns nd sh Id not be construed as limted to
the. enbolPiniEmayalss fiefirle plsptemres forsoRaing e Sensith oo PEORP8vilFDyi ded so
t hﬁ;[) t hi ﬁle?frml @Sildéfni{ﬂdl in s%ﬁfelcsie% tﬁ@ﬂtdn@ﬁlbé @s&@@aiRw?leqxulrammsiumé_l ke

nu ers re (0] l el e nts.t I‘Q out ererrin to | ,

t herei n gd @%&wa&"@ & Aadiatiog indggis e&foranégfggwﬁ%%cwt& 5*3%%*}% ng mnority
carrier tdngRhéadbBfolRRasidiEMRAlaSons n fadSedioR irenSity2 f In S6ME 6QPEHIGERS (d'@%ﬁ:@éd al ("the
sanpl e")?ﬁthe syst.em bei ng configur ed in _accordance with an exa

enbodi nebfloWTHe radjatioa spuer madyle dbway %?c@ﬁavreﬁ%@rtatfa}caﬁatﬁﬁmﬂra@%gp e,

COMUNI C gyl dMdlcifedtive @Bk 0 Nthe QMK I aliDEd! bRbd Gignadp. Wi | | be di scussed
further below, the signal generation nodule 12 acts to generate a probe

signal pjood®r exammk Systdn16 IS0 MelLARsQf daditoR&Sibh bitd progesshembiwergneti ¢ fiel d,
with which the sanple s interacts. As the sanple s mteracts w th the probe

si gnal pS° kﬁ@gﬂﬁ@b@d@t’dﬁ gf temgora} ghapges inie BV“%W saspitiperHlationddhe o (anongst

ot her thifgsds tﬁfé dmar&enécwn &ﬁrﬂrb&gsupgmw@é 1608 irl Sonirhghi&AOPWah bdtAehssi gnal
generation rmdu e 12 may therefore include electrical corrponents bot h

active afignabaensrajien medule d2 pediihe radiatiop s meduler Iy angesas PECETSEhG 4 Pr obe
si gnal pmcfuamgg lﬁggqgé BN fh i pRdbe §%ﬁg sk %Q’)radlﬁtlﬁﬁl lsingﬂ@ér tcgﬁreeiﬁé"-t ion

nodul e 12 may i ncl structures, such as a sanple interface,

effecti veutputmb 0P aighatiaes ipdistfiveof e aningsity ptrieHifetiamel tbe %ﬁmpﬂf@dxz 8<}nrfhe

radi ati o, SOHr | QL Hedhwis one or
nore lig & %he%?tla% |1§r(121e;hlg !'%éﬁsﬁc‘%w ?6%23?1? |léc%gtp%y W (F?atl ng r the
sanpl e stheAgnwgsmn&imdnodulerﬁis withlptodé bigha genreration ed persticonenioff thehe radi ati on

rnmay be nué%{og%gthlgrygrcf lg%glrfgll tﬁ% %ffort !ﬂg{ rﬁlps¥ be?_%xggl@&é 't@gﬁlgrv&%%aﬁgﬁ shdh the

mnorlty on rn radi ation source nodul e 14
may al SOattdnudtmd}abemh@dHnEMgemsr for cont roI ling the intensity of the radiation
provi ded therefrom For exanple, in sone cases, the el ectronics associated
with t he[00a@]i at i oRefwting®e RipQuiherelidis steyvni atodlld fer meairaginpnoritncartist t y

sensor a b c(lg Cl rcui t.hat Lo et her [ r-Qus
fl uct uat F%Hg’e? eata bSP]ig(gﬂné‘(”r’i%éiﬁlsl? A 8 eWI% anofid gg%%%ﬁif eer%gc'ﬁ eggughged bel ow) ,
t he radi abl 122 isciudes @ résonknt eircidk imee ﬂnm mf@nﬁargmale:dmﬁatoa]smmavﬁlganl itate
rr n of th n ff n h
Ipr Oggl g;[ Bﬁa? grp12t6 agd a cggglcnorizgl ”?heemargﬁl%f oscxllato}J ﬂ4 is gon?'fgureg?o 50 leeat and the
ameasurement frequency f,, that is associated with a measurement frequency voltage. The
marginal oscillator 124 may also include other circuitry and components 130, such as a
voltage and/or current source, as discussed in more detail below, that facilitate operation of
the marginal oscillator. The tool 122 also includes a ferromagnetic core 100, which is

described below.

[0031] Referring to Figs. 3-8, the ferromagnetic core 100 can have a first portion 102
and a second portion 104, with the first portion defining a gap 106. The second portion 104
may also define a gap 108 that is aligned with the gap 106 in the first portion 102. The core
100 can include opposing first 110 and second parts 112, with each of the first and second
parts forming at least part of the first portion 102 and at least part of the second portion 104.
In some embodiments, the first and second parts 110, 112 may be independent of one another

and generally symmetrical across a plane p directed along the gap 106 (and also the gap 108).
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[ 0029] The system 10 al so includes a data collection and processing nodul e
16 for collecting data indicative of tenporal changes in the mnority
carrier pspuebatdissiziof the sanple s. The data colTécti onpramasprionewss ng
nmodule 16 is in comunication with both the signal generation nodule 12 and
t he radi sﬁdhdrcoﬁﬁ)gumemmdtﬂuewlfér a gﬂ@leqﬁmeﬁmc@fsesWafhao Gadrpshed intié pap Ng

correl at th t robe SI a the radjation r, in order
to provi i:‘gﬁg‘ﬁlﬂ[] rﬂu‘f"é‘t“% V\fe?f?“"eg%r "B%B?m%ﬂsé’ Qﬁ F‘B@Fd]?ﬁearﬁflat?rﬁ ?ﬁaﬁ‘?ﬁqupf‘? carrier
i f eti mefrerh theWoratiTa kiR gabNTEOERe COERS) addiRnalBL 8r ARIdaBedly, B8 gadkil BT OCessi ng
-nmodul e 16 r;ﬁwbe at, least partjally integrated with the S|gnal generation

modul e 1241 sﬁmﬁ?tebéb@it@mgl%wéaeﬁFé?ﬁ@ﬁ&y%a@ﬁrp@mt 0%f "t he attenuation
of the praobe signal (or the effort that nust be ex ended to otherw se avoid
such at t B4kt i on) I%&%W@ﬂ%%@?ﬁwanﬁm%ﬁ%?im? hﬁ%rwe@twﬁ% t her ei n

I s shownjrgluti®gdnerhly plafsr VARR WA, NP4BT THRIfirétYoRkdh 10PMmal eXteAd s8Rsrally e t ool
bei ng confi gured in accordance with another exa npl e enbodi nent. The t ool

122 i ncl peedigulagdy frmfach phthe bases Hapnld 4bofhs §9F°‘%§1 ReEioy K94 maydenm 2 at or 124

havi ng ageneRdy ahdifar HaReeA1NE titat Gﬁﬂﬁﬁ'gtﬂ%rral%%ﬁrpeﬂ_dl@ulm BérRBhchQF el dagdsor 124 i s
configured to resonate at aneasurenent fre uenci fmthat is associated with

a neasur tifentl4baad alspeijcupderentipdly amyad the figst partiop 483 | Ingpgdyembedinggsis. a) so
i ncl ude ol REF e iiksk Wid §e¥orﬁlrlﬂrt§ ?fﬁ)@f@&fsénés:?tﬁ)e shaw&vaﬁt A c¥RbloRgeeRAEd o

current source, as discussed in nore detail below, that facilitate
oper at i ofe a5f “poteorerEhered ceptel nostrisey fro“rlqé’a%eddqte abis gyrecyndeddiyifdles a

ferr Omgﬁ?ﬂlla? ﬂ%@r € THODore YU $8uill thefl 8 ﬁdﬂe}hﬁgd (??ieﬁ’éf"m pd Ql?gildﬂ%%gﬁé pdtReres 0 Fi gs.

3-8, theferro netic core 100 can I rst ion 102 and a second
portion 1IB4yv1twtlteH'1rsthaertfanL§2 insbdirigghe etafralmiosts 120 @&QCYEL@GM I eorgeanskibie portion

104 may ? 6%9 ;%Et dn%4ant%%gn%tgg bés@ fatéée ¥ pp%esgldvﬁfet ;QmBlQre anlél%@)f gkt he first

portion osing first 1 second parts
112, wit bfthapdt cofes.t he first and second parts formng at |east part of the
first portion 102 and at | east part of the second portion 104. In sone

enbodi nefdwd3] t he fHaclsofthmﬂrssmn@bnpamttignﬂm, lwlcanhayorﬁ@uiedd@pendent of one

anot her and ener mretrica c the gap
106 (andreéli’eg Vef‘%%‘reg?g%‘e %’ﬁ?gamé%neﬁc %G@ﬁ Sfag{i’(’r?‘égggth% H%UC% ﬁ @oﬁﬂg sanple in
the for mmfglral vfltor 124 bepekhatipn Fod exampid) hegaincdd 626/\1lnay mcyndc)a'a lelishgpec| ear ance

for the |ons f .the_sanple th e la spac rt fromthe
portion ﬁéxﬁa% CIPfH'@feé‘ian;ghﬁﬁﬁu’%aty ’Efd?cfrf @2 éfnepa deﬁ’teergif:ar’ib\?’el y, be
general | yleétaﬂtaa&dllyssumﬁbinahaﬁx@wor@ordmlgl tudi nal axis a defined by the
first portion 102. [0032]1n sonme enbodi ments, the first and second parts
110, 112[¢v8y] respetetfért&ﬁgwﬂlgmtmdﬂaegmwrﬁblhyomh@nﬁndtmaﬁlabltﬂaie&ﬂ 114b. The
first portion 1 ext ener r pendi cul ar | h of the
bases 11%pyead i@&%zl’efﬁ%gngtéccrg%ngﬁftf? %62&}5@1 %‘65% Wﬁloﬁéﬁ%{(’é{n Fﬁﬂg"hnm ar

fl ange 1Magidno tficRIgeRdialSy @ﬁ@ﬂﬁ@labwsmé @aﬁimcllhaﬁdcyndpmremhn@fbet he bases
114a, 114b and also circunferentially around the |rf§t porti 102. In such

enbodi meRPiguied spayie dinget the magnetic feld.dp gemungtion %”tklﬁ’ﬁ 5t portiqa d °fhe shape

of what Rs&IHFPBNcolRE, eﬁafgeshctﬁu&ﬁneaaiw@% foRAlRsed DR, Fhéh&Vhbthy Post ri ses
froma base plate and i s surrounded é an annul ar flange. The cqre 100
F

woul d t héedigseorderagsstelg dirget thesfigd, butihe Sﬂndc?PcQ?Brﬁ’S@ioﬁmeb%Cté‘b?Pé%‘ figally  wi t h
the fi rsglr&feme' Ong%ewﬁwgme&e} e ne%nét{cqielmanén&%%e%s@a%na{cet he pot

cores and the se ortion 104 including t base pl ates 4a, 114b and
t he annulThe fifst ansgpeernd pertsotlﬂe h2rmaf berdeuplpdto asypeosting ms@]eea@twh@wn)tthfé first

and second, pqL hbi Ak thd %artslcg’tz,th&@d?e ifi Q)B[gdsgfdﬁ &lorleQnother. The supporting

structure may be formed by either a ferromagnetic or non-ferromagnetic material, and may be
either conducting or insulating and in any case has little effect on the shaping of the magnetic
field B by the core 100.



respectively direct therealong a magnetic field B established by the

i nductor 126 when the marginal oscillator 124 is operating. For exanple,

t he i nducworzotiagsoray i ncl ude at | east one coil that exteQWars2011/020783
circunferentially around the first portion 102. If needed, the coil can be
el ect r osfoassjcal | y Thbit@l d2mby funthértiacliderastdipiiont soome, s50&h as|ddO3dmBef erring to
Figs. 2- t fir ion 102.may tend.to inhibit. |ateral spreadi ng of
e’ ragnbbPt 5 it T5rRdst pa e carnevety TG ot HE Proviel lsghS psra ¢ o

di rect tne firgogibh ¢0X. i Eed FIBNSR ahi dxtehdithrotgh ohe JE bELE Sf the ®a@ap14k)614bThe

second portio 04 be confi gured as tq direct the magnetic field, in
conj unct {4 18P% 11?_5 el oy %ﬁﬁg B3 ot Hadeq e e s %m%?ﬁse,
nmagnet i ccdnifighidd td 1S radlaviey mtdr@ithey) K38 ittiNePFequehst NeFodkample, @Y bodi es or
forces act to direct the field, but the first and second portions may act

to speci Phezatiopof the LEDs 18hmayhg pentiotled Maand 5D pontigllerdidevhiehernsyppletic fiel d

woul d no%ov@r REMWILESs BXP & tRIEBre chRfolfihd ififen@Gnd BHMPA: Ptht Simbd Qhenlthe mMaY be
coupled to a sup(gortl ng structure (not shown) that serves to hold the two

parts of LERgaregnéaregot 4cHva o Buminasiant Bhedred sonstoHen134 rrpinglidper ting
St T UCt Ur &, iR¥niO% WK %&ch tof bichBlin@atthd HARRGL Slebtenty fsg%%hfﬂ?a'i fRITR@et i ¢

mat eri al , andnimay be el ther conducting or insulating and in any case has
littl e effaetivaisd a@méeas%‘e@pﬂdwgth@fswﬂ%nmgw% Whilsicqnisctign iselyebewn 100. WO
2011/ 0882 1 ECH MR8 L4407 553 dnd93mdsiint Iiﬁlf%gﬁ])l%%g sﬁrrﬁin %‘gﬁé@ig shoied pde a

radi ati on source, such as one or nore 32 can be
conf i gur empatent thatraldif dred EDs canldde gpuneptadiio thoLEResorjegilen 05 multiply BEP; r st

portion . hﬁ% an extend through one or both of the bases 114a,
114b so éo%@r%é;ggo |sp%nég§yeg'et ween the first portion 102 and the flange 116.
The LEDs may i ' Libtk. R a kil BB 5B the Bfst @
sw t chi n[;o})?‘r%equen?glle?%N&%??éqggﬁ%?%@g%%g&%ggﬁg%’i oﬁ 1o%ﬁt he LEDs 1%2 Smay be
cont r ol | pattitay1QsolED icradinte @l gensrally3ddialhsyeimetinarsaigpinygd thogar 1060 t he LEDs and
can thergfore. ¢ he.in i 0 i.m ! , i when t he
LEDs ar eﬁasr%&gf Z‘%Sn%? E%E:nta?\l}% énggﬁr;e[ﬁ¥Oué?rhnlg?Pia%&%gergﬁgaggﬁ?ég | eF 134 can

i ncl ude etanpieywachibaset id4ayi 1t1kb any dsdide LEDs A3 thei dniibtadiagomof & degaigwi t chi ng

f fr h the L tiyated d tivated.at .t h
L P et B Sonadt oAb al Bl Bt o
cont r ol | gfie Bhddar@nadigichiaeécond wabeengthls erhd2d Somvthe LBDEt@ntaifkd in theshoul d be

apparent that al] of the L C d connected to.t ED controller, or,
Tt ol oo KRS, b Dt ARG BHRC HOOS e RO be

arr angegpmft@xdie@?éaanhellﬁ iemvaagl_eﬁ%allgs, R e, Torodx e pid, dd&%a%i}?sterslp&tibé DED%oz S0 as
to irradiate a genera radially symetric area around the ga :
Respect i that ‘?_“EDE‘%?QQH ﬁ‘a“ﬁ Beng 8365084, Y%Y.Fl?“@theaﬁ‘fi l?her"(aﬁ]Eﬁr éﬁec}j’ﬁs ’E‘?Fpeﬁ\q‘feﬁeé]gsnt

vavel engifisemit RidiaBsR B tRird SRCoRAS Raveldhdih. RbgirdRBYofiwHelhdElebdsEPMal 32 t hat
emt radiation of a certain wavelength, such that radiation of a first

wavel engd i igcludasLERy 187 emittinga wfosn vanelenatvef pdatinneorgyadetal r adi ati on of
a Second \Wauel aROhIL B &l d:inddidf el BRrhERRtoBhihdedhihibiigot her base.

Al ternative %{gﬁghcﬁ Eage 114a, nél14b. may i ncl 3%2 .respecgtai ve1 LE(l):)S configured
to emit Fadinde byinterteaying radially syamelrie nigshef LERscA diffesant wewglengibsnpl e, one base
has respective LEDs that emt radiation at a first and _a second wavel ength
and the 1082k basdniemse ebgsimenty sequemially fzadiaging @ saaple with sdiationaf t hird and a
fourth - Wagt ] Anidpgirifiss LEDs
132 em %ﬁ%ﬂggﬁﬁ‘.f@% 21@\%\%'\1@ erSIB{aK of %ag%]}t%te?g%ﬁg%&ngﬁ%éﬁeﬁf of wavel engt hs,
t he LEDs vwauglergthsamaypenestitesosanpletto dfferent deptlisa lFpycasgsrwhere iadiatieropeactiaies, f or
exanpl e, -t Vi Lhal Iy S G [ . of _di.fferent
wavel engtr ‘ﬁ%tf\}e{g'éig%ﬁﬁ’nﬂlg%ﬁ@q%k oe(gfl)é<r:rte(>r€'?;{s£f1 Bt{g%gtb@nt{%?’gﬁeﬁ&heﬁ%@??{' ? lrtl%3 a sanple
wi t h r adisatplosurfate wdbadtoi beddsy sighiffit @t erith respect keethe tdted nreasurdraant thaswant ages.

For exampl e adi.ation. of di.fferent el engt h . r a. sanple to
1 11 or enEe R pRAE isnPelicl ey ey Ao A et B Y Faltodind “doep 1 nt o
t he sanphaiiatioh &reiichectanallod fer dhadacteming tha slrecyefisahdpie. r adi ati on and t he
sanple surface will tend to be less significant with respect to the total
measurenent than in cases where the rgdiation remains relatively shall ow.
As such, utilizing LEDs of differing radiation frequency can allow for

characterizing the surface of a sanple.




WO 2011/ 088021PCT/ US2011/ 020783 [ 0038] The core 100 and/or radi ati on source
may al so include an optical diffuser 136 that is disposed adjacent to the
LEDs 132 wodoiwnssdze space between the first portioh 102pramdseéa/obd7ange 116.
The diffuser 136 acts to receive the discrete outputs ofthe LEDs 132 and to
em t nor @osglat i al ITye dore 100 Bad/@dadistionRourtOMaPENinoReE &t dpRidal diffiseni3eori ty

carrier |ifet] sure 12 n be confi d to.receive a sanple
S Sueh 8 Soigied BT g IR At B seare Seep B St IR A Y ¢ he
sanpl e i the ﬂaﬁgzqaedlm diffuser 1 8@ a@e1d rdRfve thetdidchitSomaits ofthe TERIMER32 Gind toel d

est abli shed by the inductor 126 of a functioning nmarginal oscillator 124

may ext eﬁﬁlta’éﬁeﬁpéq‘qu“ﬂ’r@%’famaf}oﬁ hrough the portion of the sarrpl e s di sposed

intheg ere el ectromagnetical]y cou |l e into the
mar gi nal | %ﬁéél Il at jog, the miqgr ﬁ*?“é‘ dﬁ???‘?rﬁ’&e‘%fm‘gﬁéfg le s into the

osci | | at gnfikedd to%@bsvet@sahmmc SucRdsly wafer bﬁém&ohdh&dﬁha‘ﬁ@ﬁg ls& thavdrpsitiore ddy
currents dissipate energy fromthe oscil]ator 124. lfigstgtﬂggu eOt of the

eddy cur Pidht @mpleds dispemed Mitgindhrgagyl 0po lthis Way e ‘P%gr’éf‘%ﬁe Betivity
o- and thycdsrass ofaﬁfncﬁ&ﬁngs[ﬁapginel SscilliBh £y maNGustigvhdraly@ifdings to the

product of the density of all "of the carriers in the sanple and the

nobi | i t ythesugh FPertioaot F}@rSQmPIFGGZFBTSFﬁ@ the gap Wssthgreby plectragiaghgiistor i ng t he

| osses e&ﬂ?flﬁgetﬂsgﬂnﬂ?é/ intd e ARFIitAI %&[at&z‘i’his @le%gﬁbtld’@ﬁﬁhngld? e case, the
vol tage across th rginal oscillator 4 (e t he neasurenent frequency
vol t age smplcheintpghe esgilatdr i24tendrcte lrﬁ@t&fm’éh Cm’ﬁnﬁﬁtlé ﬂ)@ samgleywhich eddy.  8) can be
moni t or e t dvlclQits dndd
necessarﬁrifeg{sﬁg%%%tg%hgg%gé@etﬁ&ggg?g?4 ﬂ@dﬁ%&éﬁiﬁ@%ﬂﬁé&% B,C, blﬁ di scussed
in nore rsbe\tlamg edemyém)semﬂfdwtedletoon@&pﬁbw anddhicknens ¢ @lﬁhefﬁia@lpb’frﬂ whigh paj nt ai n
the vol t r erein
somet | e PFS Y B8 (P S APLABE G el of B corbthn BAREE kP o
source amohht&cbftlv:eecarrwrent source.” The output of the current source is
therefore representative of losses in the oscillator 124, and this quantity
i s nonit [H0éel. Mor &helamdiilnsallroagefcvrdnmgonhetht haseas wxpemigrged iy Iﬁ@ asgidpfor

measur e S are OVI ded in ler et al.
thecont ERTGR <ol Par 18 s b Sy o iRsg M Wi oifucrnai P b B0, PG

[ 0041] Th meﬁtﬁWehyﬂafuemnymrtagewr d&rvrolt@eshﬁfmertch betvaerppaints x erdy o igaddul at ed

usi ng the LEDs i of
f requencﬁa“éﬁd%(?mtf’@d(g?r Vﬁf‘@‘?‘?é‘r I‘E‘ ﬁlZﬁas?ﬁ’lglemaéﬂ &% ﬁéﬁ}ﬁﬁtgglawne%fsstagg’ég&b% 2

EI ect r ongurfehPsvutdagndt shGNCia Fm@rsdbmarsaissectlhmobamlgaqar)lcnniﬁgméwo sappihtct i on

and ("above bapdgap” radla t her eb ener at, | ectron pairs in
t he sarrpF“‘é’fr‘m‘m’grn ?’Eg‘é‘ﬁ&‘éta@f &gge éﬁﬂqstﬂ?%ﬂagmﬁlﬁsflﬁlﬁtggw Stcé"rf'ﬁt ¥ ncr eased
conduct i Yérbin séﬁl&flﬁésrr@férréd)to%g a ‘g AEeRCUal thélabsochtedlutrdit sqadalsa. At the
onset of irradiation, the conductivity increases nonotonicall and upon

cessat | oldrife CHRen PUES ¢ on he pyfgutah Hglf@{rf:q;ls?lyce is therefore representative of losses
in the oscillator 124, and this quantity is monitored. More details regarding the theory

underlying such measurements are provided in U.S. Patent Number 4,286,215 to Miller et al.,

the content of which is incorporated herein by reference in its entirety.

[0041] The density of minority carriers in the sample s can be modulated using the
LEDs 132. The sample s can be illuminated with radiation of frequency equal to or higher
than the frequency required to excite electrons from the valence band across the band gap
into the conduction band (“above bandgap” radiation), thereby generating hole-electron pairs
in the sample. The presence of these additional carriers results in increased conductivity
(referred to as “photoconductivity”) of the sample. At the onset of irradiation, the

conductivity increases monotonically, and upon cessation of irradiation, the conductivity
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exponentially decreases to its value in the absence of radiation (i.e., its
equi libriumvalue). The increase in conductivity follow ng the onset of

i rradi at iwo 2mmske1descri bed by Aa (t) cc px (I -ém (1) pamarseoiAn2i783t he
change in conductivity of the sanple brought about by photoconductivity, p
IS the senpopdntibineddiftases &nids wllwch (HRRbseabd dfirkdiftion (i.4., itsSeqailibtitm velmest ant t hat
is equal to the effective mpority carrier Jifeting, . an is the time

el apsed SHSVBECSEhERGUEH Y %ﬂ’l‘f@t&%‘f pnsplof adiatiop qap b“adeé‘aﬂ’éahét simlar
equation governs the decrease in conductivity of a sanple follow ng {he
cessation of irradiation. [0042]%@) ?CONUIZZ)Srm‘y be configured so aéf)t 0
enabl e several different nethods of neasuring mnority carrier lifetinme. A
first mevheeApds theghangs ingnadustivingelchs spapiseenght shop) by RhetarpidiRtities sanpl e

bei ng charach Gl drtgtholSadd bl MbBiltidsY t islal thiil doRbeH tik fsq@h19y e RARIGGED.
radiation. The intermttent illumnation can be provided at a sw tching
(i.e., ominsfify)cafries dfptimeyarid ds thp sime ielapssd singetugtiageen Ge LEP- |Ibinepted hgha t he

i nverse i Sl RGhd YRrdALdIRhAdicARtly dr§sarhpit BlioNBng themredi at el y
after ea%&neyggtssgrtﬁ{%%%aﬁg?‘gr aéllﬁ‘sgt%on,r thecdec?ea{sye irslac%ndué)ti Vgl ty ci of the
sanpl e sceasatign plliredindm. of tinme can be neasured. By fitting an exponenti al
decay to these data, effective mnority carrier lifetinme can be determ ned.
[ 0043] ThI90#RID net Abe task Rineysbe doafigiedia asitaenapleseara differgnsmethods of

"sel f -ca}nkdggﬁaga.ﬂ%g@m Reahie Aﬁéﬁhétﬁooqppa‘t BefotsbibctRigcdmPbpy are not

relative, re objective neasurenents of carrier lifetinme.  However, this
met hod r mquliichethe sempdalbaimgeheractesysttie imtdroittently dluminatedovitheaboxe Raadgapf ast

conpar ed_t.0..t he.s feti. il.e: od is readily
appl i cabfagla%l%n'?%heea}%g{"gﬁﬁh ﬁla |lg%ﬁ)8 %P?@?@%@hsﬁgw&? @gr’?lmggfnfguct or single
crystal framensy fartct Bronsienptie st halewarcthan the inareise of the (eapestast) £8estivee ni nority

carrier bttt Bl S, SRS RLTRE o2h s OlmalB Sl ane Bl 00 Lends to

Ve mnority carriér i mes in
sanpl es tdhdudtivith clofitheahrhgle tsiay & fumicthar dftiynecan bé meashiefle Byfittingsanr el ati vel y

ot oot B By RS Rt
R It i RS A A T R A

4, 286, 21mehfind b Fdselks dbtailddldsing this Methedat @bt relafivapbitciie olgedtineor por at ed her ei n
by reference inits entirety. with.the P met hod, this netho referred
to herei We%rWQtS'O%?WrﬂthtF%ﬁ,ﬁg‘?’W@b %%@e@ﬂ%ﬂqutaé’ﬁétafw?m%t S‘éstt%f chi ng
f r equencynfch$eshbiat is verPasticompred ey th®fantple lifotivaes. tAxancH, vhile theCe of t he

(expected) effective minority carrier lifetinme, irradiati the sanple s
wi t h abowethed iFgadily paplicable gnihe detgippigation of hftet"ﬁ‘é Indfige) Sﬁ%tcﬂlefg‘,gtof pasle

conduct i ity iBe R addis W@av%ﬁ S lBRRHORLe fRkivd nfREit dater AftinkUbgequent to
an actival;yi onl %ndaa des C ivati(ggrai1 gf the LEDs 132 gy a tinme which |§s | ar ge
P

conpar ed o e prderpbl Gisrrsararely the imsthod dindg ok dess Mesdu I dprameaseingr Sieees f ect i vel y
steady s Bﬁﬁo‘%nﬁﬁdgﬂ&?ﬁ%ﬁ%{é& 'iﬁéfigés ifWhich kérgeRaive thifd iy Gartibr Iffetimé Re

conductivity Ds are emtting radiation) and for a
noni | | unirelatively sbort (ecar kahoutld ut dince typicadlp dherserstivity oFpushs@ERigt ison (1), it is

appar ent h{sgﬁtgiﬁhﬂggrg{@ ;ne%gé})qﬁ)lé)ﬁéﬁgg@n&gqaﬁ_eady state conductivity in the

illum nate arkene tates”I's proportional to the product pr.
carpl o wil gy moraticoaf ftd BEREKEhLalrks BB BA M ARIeP LEEET 2 he ' 7
decr ease confignodds describadyaboyroin thatdeseritied in G1S. Patend dNuartbien$1 86,215 to Gabriel

L. Miller, the content of which is incorporated herein by reference in its entirety. As with the

PCD method, this method, referred to herein at the “GTAU method,” involves intermittently,

at a switching frequency f that is on the order of or lower than the inverse of the (expected)

effective minority carrier lifetime, irradiating the sample s with above bandgap radiation.
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[ 0045] Under appropriate conditions (as di scussed above), either or both the
PCD net hod and the GTAU nethod may be used in conjunction with the mnority
carrier |wbebiwmssemasurenent tool 122. The dat'a ‘acqui si rconsand/opr7eEessi ng
conponents 138 can be configured to receive data fromthe margi nal

osci | | at Howéhdd i 81 TS mathotl 1B Contb@ivitPh of the smBplé A gamaeiired for tikes thar gi nal

oscillator, i.e., the neasure t f.regue | t , or the nmagnitude of
the dri va¥© SHhSTauRRe tp é’%]ﬂﬁt‘?’%tbontaﬁgeﬁgf?ﬁ‘&?t%ntoﬁﬁ%&ﬁ&silsggﬁa(t}fned’gkf‘fh P& ¢ons of the
osci | | at @mpatedthe MidoRddctian® bdinhadasurtd BredRiréfo kGt tHiely stadRREepr OCESSI NQ
conponents 138 can al so he configured to receive data fromthe LED

cont r ol | gndyctiyitien, fr an flfupringizd sigte Cien thesenqustdRVRER R HEIRY 132 &G eBITRE of t he

LEDs 132¢,3iMidn)@hd 0@ H6niflahmateddr RRrn&hQrethtd Rispdcaidy. Boad E’cﬁiaﬁorpq’l),litsiﬁd to
provi de outputs to a _user regardi ng t he conducti vi té\ of a sanple. [0046]1n -
© B

some enmbywaieitha the dilfersngehevesn theylepdy state sandpeibity it we dlminetkandi n t he t ool

122 such d dhibd 8HRPortRARID BRDrofuct RERRARRARe, MLintte SR IS e dbAtvich 8 9ap
bet ween ﬁﬁlg%%v% thaI \?gdsi" gf t he fZ)Fri %e/ptpot coree 1061.n The conducltvitgi ty of the

sanpl e sthe guisdief iradiatieniefasample veill @pymnpsesissily arpreash a steadshiate ¥al @ Withe dat a
acqui si tthH%c?ébge Brcgﬁ&ﬁm@?u@ﬁqpég&%tﬁir;laﬁglﬁg@n be configured to receive data

regardi ng the novenents e sanple, I1n addition to the conductivity

data, sufgegjhat mU?ﬁ&ja&% opkie béiditlont B dIBusS@NbB) ChhELd- Bo@idnd Pcopat i al
t he sa ﬁ t

position w thin o create a mnority cCarrier_lifetinme "mp."

[ 0047] Asmetbed arsithelGEBSmethed maybe wsedhin qgnivaetion vithdbomingribecaiar Hfatie above-
descri be ' t ol JREDst | plsdagybstantial ly

uni form Ige%%glgg@ﬂel%ggy%&eaﬁ%gg&tt)lgh %Iﬁlgér??ers st pordtoiﬁ%lﬁé of jtahe core. In sone
cases, t infigwrag torrectinalatafeons thesnargivdl ogcidori2d {wek apan igdicgioagitheng of t he
sanmple w thin th ngd T, ' j ' Lrst portion
of The oot Be 1T e RaBA DL LE. R RbARHnPRERLAD Clude Bt Lot h the
GTAU andmkgiRudeatihe dnvercrrontréypited tormaintsinitigd amplivede of asciltatipned the ovi ded i n

enmbodi nent s, confjgured .in accordance with.the V. i .on,ixhas
signi fi c%sﬁﬁlag’é ﬁtetk‘?{l%mmﬂsa"@m%?)og@cﬁ%%%ra v uésrlt',iontaﬁgg%é% &%gﬁéﬁﬁgdgﬂﬁalgga
rel ati vetan assompe coitTgufaifo seive Satalrbm theol B astroderst3drindicative nfithe tngensigyr r i er

lifetimes when conpared to t P d. wever, the.result f the GTAU
measur en®is¥itghiae ‘aue%vsﬁﬁhﬁ ]2§D%§2[ [@@0@3@5%%%& 8%%% S@%?Cﬁfoﬁ F‘geﬁ %?atsrX/S?s of

Al t er nat j13¢@ky/protibeolipilds iRt iethegatiing theleondigtiviel dftaiswply. poor in both SNR and
ability to neasure short carrier lifetinmes, is an absol ute neasurenent. As

such, t hpwasiet hods seadleriidaadnp, thesmhple y mayibt iteratheclPEPositidnad th thetosl ng t o

calibrate the GTAY nmethod.results and the GIAU net had then providing high
qual ity MPaah dakdifferenigortigagp thﬁfaﬁ’&}’ﬁ? 1y g@ﬁ‘?steii é’rtg?tg?pgtieit‘?‘r%eﬁhé{)‘@’ﬁﬁ‘éﬁﬁef erring
to Fig. 8ftht Reieipbt dofe FISOWAe Borldatvits 22 th @EmpIe .5l betgmBasoRdiféricactar ri er
lifetime, the tool being configured, in accordance with ang%%nganpl e

enmbodi mefPositigning fdhe samley dbs dafa aefuiitioR|and BOFESFIRE GPmpAgnts n i nduct or

226 and g, fiRRRE S RbeivlSitARParlig ARMHIVGHERS of Be AT &ddRiondo ERASUr ement
frequency fin that is assoCiated with a neasurenent frequency voltage. The

i nduct or capctivify dpfe, swehtheginetitysarrigs lifeme g8 g qopeldied |t sratiglPegiHet i ¢ coupl i ng

of a Sen\wﬂg@gg&%ﬁfgh&@%@a%nih@rit&@ﬁ*ri_@ﬁ'ﬁgﬂ.irﬂél‘m >ci | | ator 224, for exanple, by

bei ng disp that magnetic fields produced by the inductor extend
into thegaaple. T, fofiedlddBve, 3%odl LETiERAh AROMEnceSNMARE SovENe

el ectromagnetic coupling of the sanple™s into the nmarginal oscillator 224,

[ 0049] Thdeseribagi embodipenisiniayttend to diteqt 8 magrsticifield subgantighy unifopin agepss thegul at i on
circuit

gap defined by the first portion of the core. In some cases, this may reduce the sensitivity of
measurements to spacing of the sample within the gap and relative to either portion of the
first portion of the core. It is also noted that the capability of performing both the GTAU and
PCD measurement methods in a single tool, as may be provided in embodiments configured

in accordance with the above discussion, has significant benefits. As mentioned earlier, the
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240. The voltage regul ator 240 may i nclude a conparator 242 that outputs
the difference between the voltage across the oscillator 224 (as output by
a rectifiwop0d4)88@nd a reference voltage source 246. Thecoaispat/ote7esn t he
conparator 242 is passed to an error integrator 248, which controls a

current ) GOAUGReth@l Ighs b velativalyr sapdrios SNRC@) il tb easitrstorter minorigrardea drive
current

ntended to nini i fference bet tage across the
i nduct orh%f e%\glaento%lp?rgrﬁ E’rnhﬁggb\}’&?tg(ﬁig owsyeTe the sopn! S‘%}é&é}réﬁbod?mnt s of the
tnrlre]lr tgl Pal me&Gietents l@fe %eébslame gmaw dipeRdARBERpsitf QLItRRgieclfhePOPar ed to
a or pre usly di sc] ose sem uctor mnorit rrier lifetine
measur en’@ﬁ@ogg}"&‘ lg bging pelptively ep ig bo rﬁ‘gﬁ?m{ gy??d?eaée';'ﬁ\ﬁﬁ%cai“heﬁr oved
si gnal - t Rrefifbs & ah%'bédl’uté ﬂ&E@uréﬂi&h eADS6h,thedt Bletholifdda b Thaplinaitard ddthal so
i ncl udes one _or nore in conmuni cation with a LED drfwlretL 254

conf i gur @8 PER eeshed 56?"“%&1‘@ cglgg?tgfhecﬁl%lﬂ method rgspits angibe GEAURG 954 can

receive ﬁrowdﬁg%kzghfc{uglmymag&&héd@opgho%ﬁn&w RartibAtfefidiés. SWi t chi ng frequency
fs of the LEDs 232 confornms to the frequency of oscillation of the

osci |l | at gjThe LRPE 0§ 9bBerdinl iy SHdwRY thd1222 ¥¥Pmeasuring minority carrier
2011/ 088 21 CT/ US2011/ 020783 LED driver 254, for exarrpl e,..at a swtching

f r equenclfetime, thg topkhsingrsanfigiredip@cqgsdanpe with anothes examplg eaRAdieRt-The £ ol | owed
by five g 1hélﬁ@e§grﬁ¢a§gm8fo§cxhatox[m%‘lflhg'a@ﬁ@ﬁ@&ﬂﬂﬂ and Daph&if)r 22@2ndBy be

configured to receive a sanple s of Sem conductor material, such as a
seni condesnfigwrediprresonats gbhmedsaremenkiraguersy d » that Bjagsoe st MeasiFPenioupl ed

into theg %H?J'é&ty%ha%e Gk bR Oor iz%lkaﬁ’ sctddn %ﬁx’efi‘ S &lto Qac'ﬁﬁ@t@ dleBtfdiMgnéticequency fm

associ ate asurenent frequency a the oscillator 224
t r ansf er souphieg qfia semicondustor samplk e to tbhmamnab@scd for ém forexamplentithedng) | y

adj ust ed n‘%’os%({1s%1c13{ Bl 1%9@10 ? ﬂé’ih?{)lﬁgucéé‘ Qy the Gn. %to St 1%%@%919[&5 t@Rtok he

measur eng requency I scusse ove, the drive current being
suppl i ed1dyad discuehed ubpvcmhms the @legteorlzd&@etwyomlmgﬁ émsampl@é igp thehe sheet

conducti vi t | e being neasured. [0053] The sanple s can be
i nterni t?‘gﬁ#qaposcppg’ri ‘ng wi th above bandgap radi ati on.

[0049] The marginal oscillator 224 necessarily includes a voltage regulation circuit
240. The voltage regulator 240 may include a comparator 242 that outputs the difference
between the voltage across the oscillator 224 (as output by a rectifier 244) and a reference
voltage source 246. The output from the comparator 242 is passed to an error integrator 248,
which controls a current source (a drive current source) 250 to output a current (a drive
current) intended to minimize the difference between the voltage across the inductor 226 and

the reference voltage source 246.

[0050] Embodiments of the marginal oscillator 224 may provide enhanced
performance as compared to that for previously disclosed semiconductor minority carrier
lifetime measurement systems. For example, embodiments may show an improved signal-to-

noise ratio (SNR) ofthe oscillator.

[0051] The tool 222 also includes one or more LEDs 232 in communication with a
LED driver 254 configured to control the operation of the LEDs. The LED driver 254 can
receive a signal from an oscillator 256 such that the switching frequency f; of the LEDs 232

conforms to the frequency of oscillation of the oscillator. The LEDs 232 can be driven by the
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The intermttence can be at a switching frequency fs that is on the order
of or lower than the inverse of mnority carrier lifetime for the sanple.
For each wormamserment and cessation of irradiation of tireTamoqi@2E831t he

conductivity of the sanmple will vary, as will, consequently, the |oad on
t he osci LERUfiver234,. for‘l’éxiampmhamgmﬁclﬁng Gaghendy f;lo€(nosndllypt0OrH224., fivd | cause

t he anpl de of .t h SCI|| ions.to tend,to decrease, and the drive
current @Bﬁﬁeﬁ%“dﬁ Qvdy, Vemlg’is?‘f;oms ng) stabilize) the measurenent

frequenc | t age_ acr oss ona uif constant. The_.drive current

or ovi ded B he dP?%eraéWr@ﬁ?mL% e S SRR AR Pt on tor a4

order t Oseﬂﬂécﬁﬂnﬁﬂtcﬂ&ndté}eﬂ ,Sa¢Adsa semtwnmmov Wwiafer,a06h that thkedagipls is ef t hﬁr te romt he
|tor|n of the drive

mnority carrier et| he sa 0

current ?:‘595”?‘%&‘]‘%‘8@ ysctoB&fgﬁﬁltO% \‘Rﬁ"l‘l}? ggﬁ%’gq 8&%?% PHCREYi ce, drive
current fejudndds ,asdodiatelivath OhedsireBe@TqliddCy scslﬁge Af the becilldh2232 (e.g., the
intensity of radiation emanating . therefro dzsureh gét frequency

vol t age %ﬁ? fegy cogrep dntp espuely the Arivesrentds ¢ ‘PP’WC?IILV‘E Frovvke Wlirsent dat a.
The dri Vl%gﬁlh't'bfm sdBMo RRINANPRAnthe MessartRleft fifuendyNaltades ARidgb@ked han t he
inverse of mnority carrier lifetinme for the sanple thereb%ﬁal I gvm ng for

suf fi ci ethovedhedrivgicpaent being suppHerhpy fée fieYs %‘HFV@O‘FPF? #3048 repErseRte fhcr ease i n

conduct i yi tee! BSHERIEbYhe SdnSile g‘g@gsm%uﬂearadl ation. For exanple, the drive
current can be digitized by a high speed anal og-to-digital converter (e.g.,

provi di ngodfi6 CONVGE $AnPHIS s BAbeSRERMIHNtly lifadsAdtEw RITEKSE aamg@ raildgors anpl i ng
rate for drive current data may be synched with the oscillator 256 such

that a hikinsemigenasgan be @ ajswi Byeanarfothitisene e of pplopprhantie ¢ e
turned 0@ ggkd h rltg'agrri@r HRUWRE f MEBLnPR. Fat &ch SortPceyest afd cQbih of | MES.

VO 2011/ 088021P ? 2011/ 020783 [0055] The data collected by the tool 222
can be piradiatieniofithe sempdg §, eyonductigipysof thessamalearill gpiyvas willy saspraueibathfay be
[t Dy ERUALE B8 ofchla @4 ThE AR EBHA B0 ofRlatdrB84 ARFANisOfhe mgnﬁwnal in
order to obtain mnority carrie [ fetime directl y for time

sanpl es. offthé ssciltiprsfte tand to degrease, adethe GO e source %@eﬁcrsltg magl}am (ie,
Alternatlve i r nal to
i mor ¢y R R iRl St e dhict Bho RGN AR SBORL DRRUROTR.
anpl i fi ecurfent lbrbyxded loy. the elrwmkrentmoampzs(raaatbe symtinhoushi mendtopddtin ordeetoosci | | at or
256) so as to i dlca arrler | T ferred
to as thg Eﬁcond W%‘? togﬁtglf"ﬁlg?{hg %’8‘?‘&% |8{é)§lty Iérpegglﬁ E“St"?v' ty of
t he sarrpthesérﬁplem vvhl ch the GTAU out put was derived") can be reported. This
output is referred to as the "sheet conductance output,” And is cal cul ated
by usi ng[54] ngl e Matiptieg of ke diwe ciredtcac twbide ttarigg perhépsivaithrodaged t hat any or

all of these.outputs can be sse tlaII Si.mu NeoUS for a
singl e sAtfyfsiiion ﬂ%“eﬁt‘»%?’vg‘ief’%aga w??‘?é’ 01(1,8 el e 8{5@8 Bncl%éz with the
above- deggs | themhienbiost rﬁﬂiﬁtldia cifRiatihg alidrefront)e The asasussient frafuesyvottageduct or
mnority carr| rolif from.l ess. than on amcrofsbecondto

mi | lisec8iysal S° eﬁorg‘g‘it ﬁ‘é?ﬂ?ﬂ"@l‘?éﬁtt "t%[R’eﬁ{jmiﬂ*ﬁﬁéegf‘%@f"eﬁﬂﬂﬁlr’?&‘g 4 second.

Measur err@d}ﬁ(%emx sB8ple edié %ﬂ'@ @llgu&i théh thd RvEDL MBI BRE cadidr lifoem&ToAtheTet hod,
with the P met hod provi d inherent_ calibratiaon _and the GIAU net hod

facilitasimrie.hesehy aI“PWE‘tglbeq“ ieatdatpealiediondy e i Ay ve-fifingydhesNR.  Sheet

conduct apEgedh BhdR (PSR MERQAiAaH aﬁé% ans gtlﬂ%&xa?noﬁ I P8R hiplehth€ BriveRasridhte ment s
(PCD, GTAU, and sheet conductance) e available to a user.

[ 0057] Refastbei digjtized biaghighpeed %}éb&twdlgﬁalwmﬁt%@gg weariding 100 caaersianst i onal

view of a per second). In some embodiments, the sampling rate for drive current data may be synched
with the oscillator 256 such that a high sampling rate is employed around the time the LEDs

232 are turned on and off, and a lower sampling rate is employed at other times.
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core 300 for use as part of a tool for neasuring mnority carrier lifetines
(e.g., the tool 122 of Fig. 2), the core being configured in accordance
wi t h anotwenroexmsqiie enbodi ment. The core 300 can T ncl U#eTasp@ionayss i r st
310 and second parts 312 that are spaced apart to forma gap 306 confi gured
to L ec](cai wr?sa]f waf erThuOcliﬁmrcouéﬂéearbyrthmblim cﬁtﬁbd’fbreﬁdéd ﬁxatdaﬂ&yioswhylzsl. be Imaasur ed.
Each o e | f and secon ar.t 3 ave a gener pl anar
base 314 T8RO Gl ERErY o Mty DAt £y Eakgton s and prebieiza ity 1ohetiaf hr ough

t he base oBthd sigid ndblﬂSMS%Bﬁlrﬂﬁfnbh@rcarrieﬂ%&hEﬂﬁé’btlpQ‘(Bﬁloﬁgll@etuﬁé2an€;ﬂé"s al so

i nclude a res Egtlve t ubul ar portion_360a, h that extends fromthe base

314 and 181545 fsged tp as4br dGL) oytpeT (hee Bie- ?)heA‘ltFF‘éHbeéy ;gi\@n the the @il ar porti ons
360a, BGQaTmmo@ﬁaﬁdna@ﬁ@%ﬁeﬁal Ttd)mlrioﬁﬂ'tcaﬁ‘f& lifefifhe P¥e bt dubEBlt iBS2cdne t O

what ever radiation is used to irradjate the wafer w). For exanple, the

tubul ar PRFPRTEHRLY FBpHiedSBih ey Ipek- m@mbﬁerévn@rqm@ﬁgﬁfart@w%%h@g 279

mat eri al sofst@@rﬂﬁdéfétr{‘?ﬁ]on@‘éﬁﬂleﬁﬁfeﬁmw Tﬁis% @tls Fé?é?reﬁ%o £4tht €GTARAUMRM: t he
tubul ar portion 360a, and another conduc such as a wire 326b, can be

coi l ed Asetithanothes atarpiivartheemndnesivitg ghihe samée ({fonewhigh ghe GBYGRuRBVasher ef or e
formi ndu&m&g Ms&eﬁgﬂag%ﬁ%w R r¥BidAB |a§th9@¥lﬁ5t c%ﬁ&’tfc%cc( H@butdgan) . The

W res 326a 6b can onnected in parallel to the power source, and may
be confi gﬁﬁab@dla@d(bh usinga sinkls sampjaefknewn sheetropfusinee dit iynotsddhat any e alll i gns

witht hato Eé%q}d not Hybé B’SVQEJ'?S% tlhp}’ §1ﬁhﬁan‘é@l¥s fohe sinpgRghpie. fields can

supplenen one er t 05|ng ne another. In sone

embodi me the w Je?ﬁl gg%?em %@gm@@}ﬁ Eor. @%ﬂ&t&bﬂﬁgvéﬁ&cﬁ&apeﬁ Ive

t ubul ar ort%ons 360a, cations c ose to the gap 306, thereby
i ncreasi nlgbodweluﬂmfdy)pmblqﬁh@)meQSh@nEg@fégalcendm@h@mﬂ%ltyf gastied liftimss.dfram e gap.

[ 0059] S%%gai aﬁ}egtagtﬁ%m,?crg g%ﬂh?c dstdp a{axﬁgaguganmk oRfssi bl e

whil e main principle ene e measurenent system
descri bedrdeeofehalf&faeseooﬁdcMehgurermdntsenaydimpﬁrfomdﬁlsggl thetR@hmethpd arvkthe

| ot oad-of AFmEBRToin® EEPTTiodPrHarns BREEH e AR e L EURIARR “Tre™
aﬁpr oprk |e Fctinging S?derﬁ Islf&ﬁﬁlg n(eamleéma:ngnem)i pt;j\\/zgilulrjg;tatg(rjowed SNB;) Gheat nbmiubﬂam}[taﬁear e
it n&ﬁgt i vé‘agé‘[?ﬁl £ Ff-‘@"'i“b‘IE ?’PfLOL& aﬁ?v&erm%aéwsinaﬁts {’l@ ﬁ“ig%% t@ of the light

sour ce, @&(ﬁu&tﬁ&e?ﬁhﬁbéh@aﬁl@to&l @geal s arising fromany seni conduct or
materi al outside the desired neasurement area. It is nmmintai ned here that

the splioosup cor ere&Ferbig toEpL10Mhyrediia blotvnackehoiiaig @ Poswbdctionab sipeatfa t o one or
nore of thes Fey ar arre%ers

s conpared to alter ative confi
Ther ef or &°T€i Sﬁ’értlﬁ’ a&%? B YIRS MHPLICY GRStk %lr‘i‘éesz?‘% 'i}i‘SfO%nﬁb(gol i mited

to the speghf, ke R r&ﬁﬁ@réﬂ iBGt@s@ecanith ifvtier BReipld @ﬂiddﬁﬁ’léht amnigt ot her
enbodi ments are intended to be included i.n_the scope, of hggappended

clai ms. APER8YEH ig¢luds qnpesipgfinyg3 Waad é‘f?ﬁ’l“m’f’éﬁ b het g Slf%%,apartéo B¢ in a

generic %aﬁsaﬁ%ﬁﬁ BE MGeEBRICSvIN W R MUicARindrdy caHENTERSe Rfto bd Mbdsateton. WO
2011/ 088021PCT/ US2011/ 020783 THAT WHI CH I S CLAI \VED: 1. An apparatus
conpri si figeh of the first and second parts 310, 312 can have a generally planar base 314 and a

generally annular flange 316. LEDs 332 may extend through the base 314, as discussed

earlier.

[0058] Each part 310, 312 can also include a respective tubular portion 360a, 360b
that extends from the base 314 and is disposed radially inside of the flange 316. The tubular
portions 360a, 360b may be transparent to light emitted by the LEDs 332 (or to whatever
radiation is used to irradiate the wafer w). For example, the tubular portions 360a, 360b may
be formed of a transparent plastic material. A conductor, such as a wire 326a, can be coiled

around the tubular portion 360a, and another conductor, such as a wire 326b, can be coiled
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a resonant circuit including an inductor and a capacitor and configured to
resonate at a neasurenent frequency; a ferromagnetic core including

a first psotzorssizat defines a gap and i s configured toprdirmseaiivkeseal ong a
magnetic field established by said inductor, such that |ateral spreading of
t he magngbin the @belaosdrtidnBE0Df TBaizvﬁes‘s'mﬁs tszﬁbiﬁaiymréf&eifahi hiicsts waad to

direct the magnetic . field ener uni f 0s and

a secondCOBBer"E %6ﬂac‘,’6r|1ﬁb:l SQ“(SC %E?W?)hggﬁﬁéﬁ%fi6é’ f%éncan g‘?‘l&“@%“&f‘ﬂ& and, in
conj unct pdlleMotthe Sowred sédrée? bndasy beﬂﬁnﬁgtﬂéd)s@h eHapthe chab i fieRI ioduced by a
radi ati on sour ce configured to irradiate an area proxi rrs,llel&so the g

def i ned yh wie glignsath theiprodypeddy tasothers & thisiayn e maspgic can 2 The

appar at Ugppltm&htdh8hdotheMRRRe tihn SPpShing bl Ghdter] npéouféeéﬁlbaanﬂeﬁ@sﬁle emes coi | that
ext ends ci rcumc erentially around said first port

appar at u268{326b aianbe WoHpG e G FeSPICHER ‘HP‘FIETrP%"EﬂEP é@“% %6‘Bt?r§fl?°6'ih‘|’r’éd to

| rradi at foffo fHe Gy %@H{%ﬂ:b? MRrQSiRg E@%Blﬁ&l@mtaﬁg&gaﬁ@frﬁ?&u@ ﬁleraragiowdl nal
axi s define y said first portion . The apparatu Claim1,
wher ei n theage.first portion defines a longitudinal axis, and said

ferromagnetic core is generally radiall ¥ symetric about t he | ongi t udi nal
axis.  [0059]5  Théeegalternefiyesmboginients of thapvertion may be nosdhla s sour ce

i ncl udes, }mlng;?@;l ?M\Qlﬂlésg(gﬁd ﬁéﬁkﬁt&y &%&h@ﬂﬁém&&@wtaya@s@rlséa pd.t radiation of
respecti ve ent” wavel engt h he apparatus of Caim1,

wher ei n &mﬁcalbfr pltsreative configuistiens qféhqfa@@nwe@fsqomgmw inghudey ¢ CBBYE parts,
said 1l r@t {]fi-?sfl eagor@g: 1Aste§§5ftﬂ§6éqo@1fn?§ﬂltqdﬁ £drS HesBfibkdSRRONA pOr tions and

sai d secon east said first and second portions.
evaluatmg the approprlateness of these (and other) alternative embodiments there are three

key parameters that need to be evaluated; the tightness ofthe inductive coupling to the
semiconductor sample, the uniformity of the light source, and the shielding to signals arising
from any semiconductor material outside the desired measurement area. It is maintained here
that the split cup core embodiment may enable advantages with respect to one or more of
these key parameters as compared to alternative configurations. Therefore, it is to be
understood that the inventions are not to be limited to the specific embodiments disclosed and
that modifications and other embodiments are intended to be included within the scope of the
appended claims. Although specific terms are employed herein, they are used in a generic

and descriptive sense only and not for purposes of limitation.
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WO 2011/ 088021PCT/ US2011/ 020783 7. The apparatus of Claim®6, wherein
said first and second parts are generally symetrical across a pl ane

di rect ed wbang/uskeigap defined by said first porti‘on of peaius2dieneasngnetic
core. 8. The apparatus of Claim6, wherein said first and second
parts resTPATIWHEIY IS OCAUMEDel ongat ed bases, a central post extending from
each of said elongated bases, and a pair of side posts extending from each
of said el ongated bases on opposing sides of, and generally parallel to,
said central jpost, .of said first and second parts generally
forms an "E"]éhapéf%ggggﬁgﬁ%gﬁﬁp rtion including said central posts and
sai d second portion including said side posts. Egaratus of

di ng ) ) ts i 9. The a
Cl aim 6, wherein &apsgnantpigquitipgdudingngdysinread ¢ eappeitor pydeapfiepes tte general |y

pl anar bRs&se 8 &hdadutdnidnt RYuth@”n extends general |y perpendicularly from
sai d bases, and said second portion forns a generally annular flange

ext endi ng gener al LYeReERE8H S iélhding r om sai d bases and circunferential ly
around said first portion. 10. The apparatus of Claim9, wherein

said second portion defkpegorflopt doffias d gapahd Breffigdrddio diect grpeatbdfi ned by
said first portion wherein i

. ) 11, The apparatus of Caim 9, id
radi ati oﬁmé‘%?l%@eli“ﬁétP‘El_th%dl%i’ saidgpductas ek %‘@t lﬁF@H@rTﬁé{’tg_on{eé%etﬁﬁei‘ﬁgh one
of sai d hag&soand firs pditoR 2SRFILREL WREB df8dtthe thdehbtidMd b@RraMpdnFahdy f | ange
formed by said secong portion. 12. The apparatus of Claim9, wherein
sai d radiaess 818 ggBade | ncl udes at least two |ight emtting diodes that
extend t hrough respective ones of said bases and are respectively disposed

between said first porpsAdpItigrsaaigyrad i thpgagiptic feld the § portion.

13. The ARPABMRRh by ARACHD s [oBfi i on sour ce i ncl udes a
plurality of li'ght emtting diodes disposed circunferentially around said

first portion and,exiganglisBgtcd nPeeRd RNfraBihite 3R hida BRXARAl RethweaNdeTRed fir st
portion and said flange forned by said second portion. 14. The

appar at uby sid ispasian! sei deredmpesetickoreadi at i on source incl udes anot her

plurality of light emtting diodes disposed circunferentially ar%und sai d
first porti ord and Tagepnertwrrfihinulg WhersBisaigrindyctos michdpsat deastnmE GRItHas ai d

first pogtl ; | . sai d second portion. WO
B e

3. The apparatus of Claim 1, wherein said radiation source is configured to
irradiate an area around the gap that is symmetric across a longitudinal axis defined by said

first portion.

4. The apparatus of Claim 1, wherein said first portion defines a longitudinal

axis, and said ferromagnetic core is generally radially symmetric about the longitudinal axis.

5. The apparatus of Claim 1, wherein said radiation source includes at least two

light emitting diodes configured to emit radiation of respectively different wavelengths.

6. The apparatus of Claim 1, wherein said ferromagnetic core includes opposing
first and second parts, said first part forming at least part of said first and second portions and

said second part forming at least part of said first and second portions.
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15. The apparatus of Claim1, wherein said radiation source is configured
to emt radiation intermttently at a switching frequency. 16. The
appar at uswof2oGlmsem 15, wherein said apparatus i s confi gecewstaineces ve a
sanpl e of sem conductor material in the gap defined by said first portion
of said ferraagnahé appacite oAthima, dhéraidisait ifitsd asdsecorl pasts a@engaltyed t o

intermttently irradiate the s | e, the radj.atian. bei canf.igured to
cause ph%’FM‘iﬂ‘L?ﬁr?s\ﬁat ng irgqy @Wﬁh%g@ﬁﬂﬁ?ﬂ%é’y%%tq‘gﬁipﬁggpPgﬁqﬁ%ncy bei ng on
t he or deferrghagictit eoper than the inverse of mnority carrier lifetime for the
sanpl e, and erein said resonant circuit is associated wth a nmeasurenent

frequency vol tage.and inclu .a drive current source configured to provide
a drive currént tﬂﬁ? appar ‘if'q%ﬁaé%lfigwb%relgg@ﬁ#ﬁ?‘ifeﬁ?qfqaﬁér %ﬁ&‘ﬁ%m&nt

f r equencyicM@d élagRted ®aRs,S Airdl poasoeadihg forh @athtofegid sloAgdted bases, and al7. The
appar at us , of

. Qdaiml16, further copprjsin dat a acqui sition system
confi gur & ‘ifégﬁ BPSIt%We“&Hg\#@m?: ?Prcﬁ gﬁ%%uc{é?q_égegg?sef P’?ﬁ%%p%glﬁg §‘88|%§n? o
comrenci ggedyl phralidl td) gaill Endei §st, ourhaliat bivh of saiplifst ind weond pahagentialy i nver se
of mnority carrier Iit(ﬁéri me of the ,sarrp(Le. Q[118. The gﬁﬁarat us of
O ai m 170omQhat & 1$hapg PGPt ing PR HidSratralopts s HErondditioGur ed to
col I ect grih¥igg 64 si@&posyl ues at a data col lection frequency that is higher
than the inverse of mnority carrier lifetine for the sanple and at tines

i medi at el y subsequent to c ncing and halting irradiation.of the sanple.
19. An appar &t us gﬁﬁﬁ?ﬂa&t‘f’?@?@gﬁpé Wg?Fﬁlﬁﬁ%'Q?J%St%‘?%ec?@aﬁta Fogeetively

a first pemad gaaextahﬁglaﬂﬁfbbgbe,%am fFapoaivd ekendqehdrgly @apendicdirle Gbmtshidr eal ong a
magnetic field established t%%} an in%a t or Ico' | ed air:)r(l)#nd said first portion,
such t habasesaandsaid sepnd RATHQY IMS AEENGRYARPTIRT F4n8P SIS &F8°BEY sai d fir st
portion hendnBiliRiy @dm sBlahalel afld EiRGnférbRiaMpeReid id fisl gbriganeral Iy uniformy
across the gap; and a second portion configured to direct

the magnetic field therealo an in conj.unction .w said first portion,
into a cl osed% oopghe é?ﬂfraé“sroggalad‘f&oﬁ'hQB'ﬁ‘rsﬁ Seond grrEPR ‘L}fnﬁf ?)g%pat?%t 15

fer rorraggl%tnia&wﬁﬁ)ﬂ@.gap defined by Gaid ﬁﬁep@p@ar atus of Claim19, wherein said
radi ati on source is configured to irradiate a radially symetric area

around the gap defjned by said.firs ortion.of said ferro netic core.
1 The. appant us 15F Sere o6 ik R s g oo S8t FHRTERM o o
| ongi t udimAdingaiéde tha BtefRitklofig Jre BAGIEbdses Mdniedibs@ebeendhsyid fiadi al | y
symetric about the | onfgi tudi nal ., axi 3 .
portion and said flange formed by said second portion.
12.  The apparatus of Claim 9, wherein said radiation source includes at least two

light emitting diodes that extend through respective ones of said bases and are respectively

disposed between said first portion and said flange formed by said second portion.

13.  The apparatus of Claim 9, wherein said radiation source includes a plurality of
light emitting diodes disposed circumferentially around said first portion and extending
through one of said bases between said first portion and said flange formed by said second

portion.

14.  The apparatus of Claim 13, wherein said radiation source includes another
plurality of light emitting diodes disposed circumferentially around said first portion and
extending through another of said bases between said first portion and said flange formed by

said second portion.
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22. The apparatus of Caim 19, wherein said radiation source includes at
| east two light emtting diodes configured to emt radiation of

respect i webyodiasgenent wavel engt hs. 23. " Thé€apparacuwased11/0kessn 19,
wherein said apparatus is configured to receive a sanple of sem conductor

material in tise gape dpfatdi@biityaimal, dhéleinshidR@idtioaRogte BabAkidupsdrtoemMEnet i ¢
core such that, said radiation source can irradi ate the sanple. 24.

The appa?aﬂ“afi%“ iptermyttgnthy ate SWHRRRRITFAUEASYd f err omagnetic core i ncl udes
opposing first and second parts, said first part formng at |east part of
said first and.seqhedpgaeitis FT3aimng, Ghdréin S£id apyhraddy it cordigiied o Rteilemst part

of said first and, second porit aratus, of Caim 24,
wher ei n ¥41A ie‘?f%?‘g’cco’é‘ﬁﬂt%g&fﬁﬂf ‘B%@PQ?@W&@&?‘&?‘R}P %Q{Wdcal across a

pl ane di fefGin@ghedl 6618 aﬁd@ug@alad@f d00Rd idBonfigirel ffollﬁtéltrmﬂélftlyl iendiat tzai d
ferromagnetic core. heaparat erein said first

and secoﬁ&lp&amegadr@goaé)ewg&@mf}gur%iéP ??@&‘?%H‘“B’a%‘é’%e sagiplean e post

ext endi ngmfcm@ﬁ%aﬁéﬁc%elﬁ@wthe bmgaﬁ&%mﬂﬁa theARvbr@ dIMihord} ctide posts
extending fromeach of said el ongated bases on opposing sides of, and
gener al |8fefalaﬁ Kty sample, %‘HﬁW%ﬁﬁd‘é@%@tcm%bsr?s%oﬁléfedé‘éi IBFASWEMEt i r st and
second PREuEnGSRREGR dnY ifcIdEBa @fve darrertigiREe co‘ﬁﬁgﬂecﬁ td bvilok BliRtukBgl udi ng
said central (gosts and said second portion including said side posts.

27. The tppardriiploto asitampintin thamspwremesbifeueneysoliageRorse BitIreprtls
respectiyel ¥ inelpde general ly planar bases, said first portion extends
general |y perpendicul arly from said bases, and said second portion forns a

general ly annul ar flange extendin gleneral |y perpendicularly fromsaid
bases and ci ridunf dheApnagtysof4iain Hhey compising,d H3tp gequisition systeng e

appar at Ug,@ urgiﬁié@llg&drlwafrﬁhﬂv%gttﬁﬁ&gﬁﬁeﬁ&ﬁ 10RBmARLEIREMdhalidg that s
aligned wt gap defined by said first portion. WD

2011/ ossmzsﬂmm Qfstmmxmge than the ingegse of ipineisy gareieretine i the fAMPIE: wher ei n
said radi ation source includes a light emtting diode that extends through

one of said bgses TRREppaated &mﬁﬁmb@ﬁé@@iﬁ@ala ahtd aéquﬁsﬁtonpss)ﬁt&mmaﬂa sai d
flange formed by said second portion. ﬁar atus_of Caim 27,

wher ei n ewifiguied i ellp@Wrise erreca Wg%@ataaqollp@%tfreﬂmcy Fh@ is higherthandle g odes
that ext Qsé H&Hgﬂr‘, ﬁi@pﬁfeheﬁ@ FRHRSsafd xnole%aaguﬁaémn@aﬁtegrs%geaw@%I vely

dlsposed et ween Irst portion and said flange fornmed by said second
por t i on. commencing and halting 1rrad1at10n of the sample.

19.  An apparatus comprising:

a ferromagnetic core including

a first portion that defines a gap and is configured to direct therealong
a magnetic field established by an inductor coiled around said first portion, such that lateral
spreading of the magnetic field outside of said first portion is inhibited, and to direct the

magnetic field generally uniformly across the gap; and

a second portion configured to direct the magnetic field therealong

and, in conjunction with said first portion, into a closed loop; and

a radiation source integrated into said ferromagnetic core.
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31. The apparatus of Claim 27, wherein said radiation source includes a
plurality of light emtting di odes disposed circunferentially around said
first porwoaniiznsso2ext endi ng t hrough one of said bases beCrnaspoigapaissir st
portion and said flange forned by said second portion. 32. The

alppar ?t us of 20l ai rrhaappam@rcﬁ‘iom@abdwhadhailheaahamummei i ebrifigatedanot her
pluralit t.emtting diodes S i erentially around said
Pl rst poleieh A e T g sk aredp S i radioe S ddoen sai d
first pofetropRgficlcsgal d flange forned by said second portion. 33. A nethod
conprising: providing an apparatus including a resonant

t I duct ed.
: moasur enenit £ eq iR Ae BRI PR S B P nE A PRl o Cage.

across t figs, aebanbRirofbgnetit t;ore & deRerhIBMAARY syenrG@fi€atontiht thingfudinal axis.
a first portion that defines a gap and IS configured to direct t hereal ong a

magnetic field es uct ar. eadl ng of
the magnetic 2% el éﬂgﬁ?psafg‘és gb%"ﬁ fYV esrf’mﬁ%?ﬁdba?llofl gour%%m&? lea Yo direct
t he magnkght emftiigy dodps edfigulaed tolBinft @adidtipn at regestitedhediffaent xaamdlengths.

a second portion configured to direct the magnetic field therealong and, in

conj unction th i 1198 wh k9
a radiation \gour cré[lﬂgoé#a?[ ag%sroggﬁ%dgq?? \vaéégl& 4ld SJ?P%E;?‘%G{L g"?’% F%gﬁo lrece“tmhe gap
defi ned faynpleef sémrcsmdupmr tniaterialah therpap flefined hngené first portipeof said

el ectro netic i.n elntot n circuit, a first
porti onn%% ‘Pﬁ%’e ‘é Féucglgé‘aﬁéggifaéibagg}é)dour% Fher g%ﬁe@%g n%?%lat a magnetic field
established by the inductor extends generally uniformy through the first
portion of tHd. safk epparatus of Claim 19, wlkreis sdid fereondgietic cotgrindpdes gpposing

resonant ﬁr%{ %%Ieéond %arrtga 'sarfd fl rsFl paﬁpt%%ﬁgtat l%ztl?pe[?@tssgld%r&}ld gercgrqdjﬁd?ﬁéﬁs\éﬁd tage;

and
said second part forming at least part of said first and second portions.

25.  The apparatus of Claim 24, wherein said first and second parts are generally
symmetrical across a plane directed along the gap defined by said first portion of said

ferromagnetic core.

26.  The apparatus of Claim 24, wherein said first and second parts respectively
include elongated bases, a central post extending from each of said elongated bases, and a
pair of side posts extending from each of said elongated bases on opposing sides of, and
generally parallel to, said central post, such that each of said first and second parts generally
forms an “E” shape, said first portion including said central posts and said second portion

including said side posts.

27.  The apparatus of Claim 24, wherein said first and second parts respectively
include generally planar bases, said first portion extends generally perpendicularly from said
bases, and said second portion forms a generally annular flange extending generally

perpendicularly from said bases and circumferentially around said first portion.

28.  The apparatus of Claim 27, wherein said second portion defines a gap that is

aligned with the gap defined by said first portion.
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intermttently, at a switching frequency, irradiating the sanple in an area
proximal to the first portion with radiation configured to cause

phot ocondwmotzowssazit he sanpl e, the swi tching freguency lperng2@n/ordres or der
of or lower than the inverse of mnority carrier lifetime for the sanple.
34. The |m91E hay. of fTﬁbaﬁpr?rﬁl&,offquimm[wﬁaaiggiiairar?@tidﬁtsﬁfrdéﬂ' iﬂ?lﬁ%sa_lighﬁ;?lri 5\% _
carrier lifetip or the sanple. . . The .met hod o aim 34, erein
sai d det ERifng; @eéhaﬁﬁﬁsﬂstﬂgfgg@rqf?é?f sqiq asey ar?g ig %?P%Webeé‘%i??ﬁ%ﬁifﬁ% udes

measur i NgortifieardrshMelagsd fofiéd Bkl sebund @oftibhadi ating the sanpl e and when the
sanple is not being irradiated. 36. The nethod of C aim 35, wherein

sai d neasuri the,drive current further i.ncludes sanpling the drive
current at a DanpiT8e ARREASEECIHID 377 WheFn st Fdiaisn solpe Leids hirb Mg y
carrier [ight eitfiy diodestide egaipth@uginetspectitd s off saitdiadtafd y¥re S¢HpERRIEIGNT T O

commencing angd halting jrradjation, t he sanpl e, said nethod further
conpri si ﬁ‘gf"’d eﬁisﬁ‘a f Stﬁ’ﬂ’f‘i‘@f’%‘ﬂ?ﬂ“?é?ﬁﬁ? g‘%ﬁn Y %0 ¥ RSy al  dri ve
current data nmeasured after halting irradiation of the sanple and within a
ti me equal t @1t he Theugrageusadf (laim@7] Wiereiaksid eadidtion edurereinélodes alpburdaypl e.

37. The ngthod of {.aj m.35 erei.n sajd nmeasurj the dri,ve current

i ncl udes%&ﬂ?ﬁgﬂﬁgﬂ%s %%@F%fcéﬁ'évefﬁi%( ama‘?qs%d fgrgtrproéth(fn af S W rrenci ng
and hal t ihR@igh bhieek saidibases bbtwichiesaidfifst goriich dnd Bald Baslielfbeediyaaidledoad bet ween,
further conprising scaling the difference and providing the scal ed

di f f er enp&H an out put. 38. The nethod of C aim 33, wherein said

intermttently irradiating the sanple includes intermttently irradiating
the sanpl e wiah r gt appacatusadt CGlaifni ¥1swherbiasasid raliatioh saurvaiudhdm ghdthand

subsequently intermttently irradiating.th anpl e with radiation of a
second cﬁ&'ﬁaﬁ?t ‘gﬁlﬁ tt‘in},‘%t%ﬁ%%é‘é%‘iifﬂﬁ’s?‘ﬁcértcmggered’?‘?l?ye‘?‘r}g?ﬂ% Sﬂdcﬁ}f? ttpﬁglop iapés)t

char act egit&lding tMRVE fdgHehof said basesdGtwedh@idBiistyaeicf andlsaid Madgd, fofmedttyer
conprising repeatedly repositioning the sanple such that different portions
of the sHpIEOMROMAsHosed in the gap defined by the first portion of the
ferromagnetic core, and wherein said nmeasuring the drive current includes
repeat edl y nessur ingethbécshhpristhgcurrent in response to each repeated
repositioning of the sanple. 40. The nethod of Caim 33, wherein said
provi di ng an apparat u® i ncl udre 3 prc?vgndi ng an apparatus including a
ferronmagnetic cor @ NAMGY BRAGEE MEMst ~and second parts, said first part
formng at |east part of said first ar e i ! cond
part form ng at | east Bgfsfmaél cHtyn cfhil rm%ta%e{(rﬁl fsé’églgd;l%éag’gﬁoﬁons%ﬂaﬂjerr(gi n said
first and senandt pacissremespieaencglaysotiatet wite agenarahdny fiphweney vidages, sai d
first portion extends.geperally perpendicularly fromsaid bases, and said
second p&7P§e rF%?Pﬁ%tCHg‘ﬁgneral |y annul ar flange extending generally

perpendi cularly from sai.d bases. and .ci.rcunferentially around said first
porti on. 41. The FeTREE B c&fea{f’?hl(ﬁlbg, wherein said providing an

apparatus includes providing.an apparat i ncl udi a tadiati,on source
having a plurality of Iight ggfﬁt P?rﬁﬁrb{hgtidglﬁ%css acﬁagﬁ%(ggﬁo%f;%uéeﬁﬁ%’glrr%cﬁti ally
around s geebafong & imapadticifieli atadliswd bythe iglutthr, outhitha heeralf speeadidg béshes bet ween
said fir %agx?e%rctﬁleﬁinou?s?d% o?etal{e%rgtlp%pt%% isf igﬁilgﬁgd, ng t%%llrgct lleecn?ar]gcriletﬁ)g ttu;[lcli on.

generally uniformly across the gap; and

a second portion configured to direct the magnetic field

therealong and, in conjunction with the first portion, into a closed loop; and

a radiation source configured to irradiate an area proximal to the gap

defined by the first portion of the ferromagnetic core;
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42. The nethod of O aim 33, wherein said providing an apparatus includes
provi ding an apparatus including a ferronagnetic core having opposing first
and secomdoparttmssi2hat respectively include el ongated ba®es/Usaoiammi7sanl post
extending fromeach of said el ongated bases, and a pair of side posts

ext end: Ing f r om eaekcwdmepaeticatty ongiihed sdagaemtohe ARMRST diguB) st Pitionand
genera arallel .to, said central post, such that h,of said first and
decond pihBEssGuncheine e ia Hirpep pen il inats efrsebiiged By bR Hdfepla ng
sai d cengit@lds pastatly apdoridy thr&gs ardiri@oltican tleGhmpleng sai d side posts.

43. An apparatus conpri sing: a ferromagnetic core including

opposi ng first anddjasi@rdirivacifent bbthe fiedrantcidu@ apmiikamecoagimgen, each of
said first and second arfs i ncluding a base; a generally annular flange
ext endi ngeasPsmearquency ¥oltagsfd ¢ ubul'ar portion extending from sai d base
and radially inside sajid flange' . 2011/Q88%21PCT/U82911/020783 a first
conductor coil t hAteratenb APElirtirss Mo UL PIP T PGB %t ed wit h

sai d firghbxigal fo;the first portion with radiation configured to cause photoconduction in the
sample, the switching frequency being on the order of or lower than the inverse of minority

carrier lifetime for the sample.

34,  The method of Claim 33, further comprising determining a minority carrier

lifetime for the sample.

35.  The method of Claim 34, wherein said determining a minority carrier lifetime
for the sample includes measuring the drive current both while irradiating the sample and

when the sample is not being irradiated.

36.  The method of Claim 35, wherein said measuring the drive current further
includes sampling the drive current at a sample rate that is higher than the inverse of minority
carrier lifetime for the sample and at times immediately subsequent to commencing and
halting irradiation of the sample, said method further comprising determining a functional
approximation for temporal drive current data measured after halting irradiation of the sample

and within a time equal to the inverse of minority carrier lifetime for the sample.

37.  The method of Claim 35, wherein said measuring the drive current includes
measuring the quasi-steady state drive current after commencing and halting irradiation of the
sample to find a difference there between, further comprising scaling the difference and

providing the scaled difference as an output.

38.  The method of Claim 33, wherein said intermittently irradiating the sample
includes intermittently irradiating the sample with radiation of a first characteristic
wavelength and subsequently intermittently irradiating the sample with radiation of a second

characteristic wavelength that is different from the first characteristic wavelength.

39.  The method of Claim 33, further comprising repeatedly repositioning the
sample such that different portions of the sample are disposed in the gap defined by the first
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a second conductor coil that extends around said tubular portion associated
with said second part; and a radi ation source configured to
i rradi at evat2oi1@msizia portion of the gap defi ned bet weenpsaiu$2diiinzt7sand
second parts, wherein said first and second conductor coils are
fgnz | gurptﬂticsrmfblsef Eﬂ?ﬂg@gﬁeﬁdcdrél, agagmbﬂeml sgid?nﬁsﬁt&rgitl@d)drﬁlemﬁwt ihudece, such

at a magnetjc fiel ener at e sai i rst conductor, coil .is generall
al i gned WB?aFF LG tge e Cd‘rrﬁ%tdéfezi?‘&‘de fo\Pachyepeated asrasitioning ot rgcoi . g
44. The apppleat us of C aim 43, wherein said tubular portion is transparent
to radiation emtted fromsaid radiation source.

40.  The method of Claim 33, wherein said providing an apparatus includes
providing an apparatus including a ferromagnetic core having opposing first and second
parts, said first part forming at least part of said first and second portions and said second part
forming at least part of said first and second portions, wherein said first and second parts
respectively include generally planar bases, said first portion extends generally
perpendicularly from said bases, and said second portion forms a generally annular flange
extending generally perpendicularly from said bases and circumferentially around said first

portion.

41.  The method of Claim 40, wherein said providing an apparatus includes
providing an apparatus including a radiation source having a plurality of light emitting diodes
disposed circumferentially around said first portion and extending through one of said bases

between said first portion and said flange formed by said second portion.

42.  The method of Claim 33, wherein said providing an apparatus includes
providing an apparatus including a ferromagnetic core having opposing first and second parts
that respectively include elongated bases, a central post extending from each of said
elongated bases, and a pair of side posts extending from each of said elongated bases on
opposing sides of, and generally parallel to, said central post, such that each of said first and
second parts generally forms an “E” shape, said first portion including said central posts and

said second portion including said side posts.
43.  An apparatus comprising:
a ferromagnetic core including opposing first and second parts that define a
gap there between, each of said first and second parts including
a base;
a generally annular flange extending from said base; and

a tubular portion extending from said base and radially inside said

flange;
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a first conductor coil that extends around said tubular portion associated with

said first part;

a second conductor coil that extends around said tubular portion associated

with said second part; and

a radiation source configured to irradiate at least a portion of the gap defined

between said first and second parts,

wherein said first and second conductor coils are configured to be connected
in parallel to a variable power source, such that a magnetic field generated by said first
conductor coil is generally aligned with a magnetic field generated by said second conductor

coil.

44,  The apparatus of Claim 43, wherein said tubular portion is transparent to

radiation emitted from said radiation source.
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