METHOD AND APPARATUS OF Z- SCAN PHOTOREFLECTANCE
CHARACTERI ZATI ON CROSS- REFERENCE TO RELATED PATENT
WO\RRRI@ATY ONS [ 001] The present invention cl ai PGI/US2009/034045
priority to U.S. Provisional Patent Application Seria
No. 61/065,528, filed on February 13, 2008, entitled
" ZMNEETH (D ANIRA R RARATR IS0 F'Z-561A0% PRr@TVOR EX1al CHANGIE
application i s coOmOHARAGCTERIZATION he assi gnee of
the present invention and is hereby incorporated
herein by reference in its entirety for all purposes.
BACKCREINIR EFRIREACE 1S REIVETEDPATRAA APPEIEATIENS
invention relates to photo-retlectance
aracterizatjion of sem cond structyres an re .
[001] ;Q}et ﬁ)rgfﬁng}t}v)% 1?%0161[%3( %r.l?rétﬂt% gfgg%rgvlgbogﬁf E%S% gﬁ)pqicaggn Serial No.
profiling techni ques, The present invention provides )
61/065.52%:ndU iy Esppirat LsedlS prittiedr nfb¥am BP‘%}PﬁFﬂ?FéOfB?tGT’ which
phot oref |l ectance |ight beans and to i ndependently
provisiensh satcrt appiicaioniiy eoramgnbirseieped oehe awsignea ebihictpressnt invention and
occurring in photo-refl ectance neasurenents.
is hereBaakgporated hefeii be rdfeneeed indis chOfdy} fdriafipusned.tivity
measur enent techni ques are required for process

control during the volghekeagoiagyure of electronic
devi ces. One of the nost useful techniques in this

. ' n optical techni que known as
Fleldo%ﬁ%ﬁl{%‘%}gﬁ?l@ct ance, which may be used to rapidly,

ndestructively and precjsely.characterize very snall

[002] gﬁtﬁ RIesey; laﬁ%t]l?%e@ﬂgﬁl tor Blaoti)-égf%q,%ang? &Sharagierization ofs semiconductor
properties of sem conductor_ nanostructures. ) )

structurph ¢hé- mefd patigwady.t ecrheteririlecspec pear ispefia) niefeling tpchniques. The
measure differential changes in reflectivity smaller

presentt inaenteme ppaaides p@ethoild land rapph04Es Iten peofiov@nbéaomgirofiling of photo-
phot o-refl ectance, a punp | aser beamis used to

reflectaBe¢ 1igei eahdsyandad Uh@penddhely GasdsiRl reeftsict ahdi dbs@rptive non-linearities

sem conductor sanpl e, and hence nodul ate one or nore
occurriﬂé‘)ﬁsﬂlﬁ%-reﬂectance measurements.
Background of the Invention
[003] High sensitivity measurement techniques are required for process control during the
volume manufacture of electronic devices. One of the most useful techniques in this regard is an
optical technique known as photo-reflectance, which may be used to rapidly, nondestructively
and precisely characterize very small optical signatures related to the electronic properties of
semiconductor nanostructures. Photo-reflectance techniques are routinely used to measure
differential changes in reflectivity smaller than one part per million.
[004] In conventional photo-reflectance, a pump laser beam is used to periodically modulate

the carrier density in a semiconductor sample, and hence modulate one or more physical

quantities (such as, for example, near surface electric fields), thereby inducing a periodic



quantities (such as, for exanple, near surface
electric fields), thereby inducing a periodicvariation
wo poovhe2on®ef | ectivity of the sanple, which is tPERUS2009/034045
recorded by use of a coincident probe |light beam In
general, the photo-reflectance signal nmay be witten:
variatiodRh Rherefldetivity bDd2,satnple, whhesheis rthdRfdRoided thiyenso @f medoieédbnt probe
change in reflectivity, a I/Rx( R ei) and b |/Rx(

light bolfn. 68 )gefdrel, tﬂaq)ﬁbﬁﬁfe@e&hﬁb af hialy ®@BtittenWhi ch contain
fil mstack information, d i and De2 are the punp

i nduced changes in % ﬁ% ngglnary parts of the
conpl ex dielectric unctlon espe iver [B 0]
Seraphin and N. BottKka, "Field Effect of

WhereeréRﬂg ¢t isawrmalizsd| ghapes in pAgeiviteq = U&X@W@) ang B-=3 YR*(0R/dey)
(1965); J.C. Philips and B.O Seraphin, "Optical-Field

are the ESE@phinosocTiiviaahdivisch SadaihefilRotack ifddgastiorandd Ae; and Ae, are the
Saddl e- Poi nt Excitons,” Phys. Rev. Lett. 15, 107-1 10

pump 1@1&? chaﬁg& i AR Qtnd 19%%1n%§’ 85 €lof hd T8 le'xndlelectrlc function,
I con, Phys Rev. 1o- 1725 1965 B. O

fespectﬁﬁféfcf?éf SRR ARt §Pt%a SR Bt Of%lv IRLARLS S8 i

Rev. L%gg 8Q4 ég#séggfg%%b O(E'\r/g%qgihgts on Spect ré%;gOF)y‘thwl Field Effect on
Bal kanski, pp. 109 (Nort h- Fblland Ansterdan1 1980)

Thresh¢ldpnspaddéss Paigg ddpes, Fand, Sgisil¢-Baint "Emﬂqmsa’t iPéps. Rev. Lett. 15, 107-110
Spectroscopy of Sem conductors and Sem conduct or

(1965);NB.Cx. Sstaptnt, tiOes¢d] Hi¢ld Hafedbmokilioon, S€hy< Regut4®rs 17 Mell 725 (1965);
2, edited by M Bal kanski, pp. 527-635 (North-Holl and,

B.O. S&BhAr N 19 83kh, “Bameklrakud934alkis FOASEIcERI-RANECARE Studies,”

contain all the optical |nfornat|on avai |l abl e

Phys. ﬁé%ﬁﬁ%”%?%é@e(l?&@g‘ﬂ‘sﬁ a&y oy g%&ﬁ&ﬂp?&}peé@os&&ﬁl Lin Handbook on

ext er nal I ca anet er

semicofl EEVB dé'&i’%‘@qe ﬁyﬁﬂaﬁ?@%%%ténﬂ @ﬁo&tﬁ%ﬁw@anﬁo%&rdm 1980)

. rel a - 1/Rx ( R F)DF, (2) wherein F is the

(“Aspnes) 1e9c90 )i E H. |Pallak M@%atmﬁw%%om?f icppductapepndapriniconductor

De2 may be identified as: De, = ( e,/dF)DF, (3) which
Microsppuawicd8sn fledbaelkatii Senstingdulyetsndeh 2, héiteﬂal))}eM. Aallapskice. 527-635

response and the nodul ati on of the
(North-Holland, Amsterdam, 1994). (“Pollak 1994)].
[005] Aeg; and Ag; contain all the optical information available concerning the response of the
material to the external modulation of any physical parameter. For example, modulated changes
in the electric field produce changes in the reflectance according to the relation:

AR/R = 1/R x (OR/CF)AF, (2)
wherein F is the electric field. Using Equations (1) and (2), Ag; and Ag; may be identified as:
Ag; = (0ei/OF)AF, (3)

which provides the relationship between the material optical response and the modulation of the

external parameter, in this case the electric field.
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external paraneter, in this case the electric
field.[006] The presence of an electric field is known
wo oopnaxdere a redshift of sem conductor i nter bBETUS2009/034045
transitions. [L.V. Keldysh, "The Effect O A Strong
Electric Field On The Optical Properties O Insulating
[006] (Flwspakance df A cKetraty fibld Soktiostn Rhysiduse altedbhiB4¢{7 y)gmiconductor
788-780 (1958)]. This electric field effect produces a

interba®d) 8hifidHs! Ol']Lde.r K¥RGEHN eThe BTt OF A 8trbh€ Electric Field On The Optical
el ectro-refl ectance and/ or photo-refl ectance spectrum

L ) oo ¢ ot
Properth QIR (AR L NG dD AT P Gl P97, 788780 (1958)
. ot | ect ance signal arises fromt.he :

his <IBIEE el R AT G e r g PR GrohErR B wegbe sisspyefectance
to sem_conductor interpband transitions. [Aspnes 1980]. o

and/or phefpiretpgtance sPectapp|at dhe ipepitien QyHBE semeondegian perbgnd transition.
provi de process control of sem conductor electronic

[4sprepd 88&r Paléd 199401 Theephmaongflectanoei nignal siridesp Endlethie dectromodulation
certain constraints, including (i) the ability to

effect fostobaivavd bestinedartsud sapioatd@tdrin@ant it@hdtioms. [A@nes 1980].
region of interest, (ii) the sensitivity of the probe

[007] tOFFERRR gﬁﬁliéaﬁofl e pabeGkfbGartdeab Hro@Bd ptdckds) cdnld®] of semiconductor
practical realization of process control criteria,
. hi-gh s . e il.it . .
ctectof A3 i o BRI AP B rph ERES) Bkith Wy BB nctuding
LS instructjve to consider. | ndustry. accepted .. e
the abiliy &3 BOGU Bt BrrapPRT At o RGRHIobiom aldkiatece (i the sensitivity
Hi storically, ion inplant nonitoring in volume silicon
of the prpjoqr@ncmaggqsunith@ chagtsic dtebd r@pﬂi(gﬁé]@p pacticad realization of process control
phot o-refl ectance techni que using a 488 nm wavel engt h
criteria) suiskrs pighpndasaemicnt spoey, uerehiabiityispbt Sze63B. nm | aser
probe. In such a process, a punp | aser beam of severa

[008] T hppredists thee Comsaans, s angfiubti @ toSddasid @ ndinghidtiyCBepted process
waf er, produci ng an induced charge density on the

control%??l%ati%g 8?‘ gf&tgffeﬂé@?%ger ?ﬁﬁaﬁt@aﬁﬁrgbdéﬁﬁ{tﬁ%agﬁ 21&%?9{1{1 ﬁ?}f&lgﬁle silicon

I con ectric nction tion o

Dr qﬁ.carrier | asma term and thr a | | .
1 maplIESE s QT Red Sl T oo g e gusing @ 488 o

) ul ated optical reflectivity" signal arises from
Wavele@gr{gﬁ?%%pu@ﬁ;}@@am cnjuctian withyd 633 nay Ragt BrebRi &t el pprocess, a
tenEerature and carrier plasma density - and therefore '
pump larey bgran gé prareed! Inyillivadie lie Bocbyed tR/aRmierq spRt off psiticen (wefr, producing

N) DN, wherein T is tenperature, and Nis carrier
an induced charge density on the order 10'%/cm’. The presence of carriers modifies the silicon
dielectric function through the addition of a Drude carrier plasma term and through a small
temperature rise (approximately 1°C).
[009] This “modulated optical reflectivity” signal arises from distinct physical effects — the
external modulation of temperature and carrier plasma density — and therefore may be generally
modeled by: R/R = A(CR/OT)AT + (GR/ON)AN, wherein T is temperature, and N is carrier

plasma density. [J. Opsal, and A. Rosencwaig, “Thermal and plasma wave depth profiling in

silicon,” Appl. Phys. Lett. 47, 498 (1985) (“Opsal 1985”); A. Rosencwaig, et al., “Comment on
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pl asma density. [J. Opsal, and A Rosencwai g, "Thernal
and plasma wave depth profiling in silicon,"™ Appl.
wehoog/1029¢9t . 47, 498 (1985) (" Opsal 1985"); A.PCT/US2009/034045
Rosencwai g, et al, "Conmment on' Spatially resolved
def ect mapping in sem conductors using | aser-nodul at ed
‘Spatialijner msoletd ectlefocte, "apppry . iRhysemicetductet?, 3d€hg ( 1886)modulated
Jon Opsal, et al. "Tenporal behavi or of nodul at ed

thermoRPlettaide, ’7’6461) 2 CR/AH, CEeti 395301 CIO86); Jdn O er &TNYTemPdral behavior of
240 (1987) (" Opsal 1987")] Each ternthas a di stinct

modula%&ﬁ:ﬁt@@[%ﬁe&%cwg 11%819t’ 58151 p}éfsgﬁ 324@ ( %fpiﬁl%gr’)] Each

ation contribution’i gen ter the

Dr ud t and |s opor.t i naI t the squ e of t

term g b isiaci PendRindel e SRR by eyt *?fren fRhsray Erodularion
Dr ude plasna di spersion effect IS suppressed at

contribyffgy s genealhe I‘T&‘i@{éﬁ@ﬂﬁh@let%ﬁ%gﬁ% 2R % DropREipnalyp thy sguere of the
carrier nodulation is preferred at |onger wavel engths,

probe waratherath. [[Qsalkex il @psal W 98k Tear tHeRDrude plagmamispersign effect is
changes in the real part of the Si dielectric function

suppres3¢® ass bigitict iveablength® 20d thétcfoUe heaiur e tA@NORde tdafier modulation is
photo-reflectance signal then sinplifies to: DR/'R aDe

preferred alt'lor?ge} W&'vgl@ﬁ%t%: 0&H ho ’fOIt BEmpRY, AP Mhe&QBE f Web8Nhml 8nly changes
roughly a ~ 2, and the change in the dielectric

[ plasma is Dei ~
lnﬂmr&ggﬁ%)gﬁwpro &%j%gﬁggﬁ QE%ﬁ% edlhbutlon to the
hot o-refl ect ance S|gnal of R-IxIO4. As it turns
[010] olatsucmeatuﬂeﬁ@@cwﬁle A @tﬁé?ﬂ%ﬂtartce sienelrtheppawlifies b gR/R = e na
nearly cancels the plasma contribution, resulting in
typical edxseriv.atlc Segphinscoofficidne isorodghlylaxk @50 6,r arldeths chdn@osakhe diclectric
1985]. Notwi thstanding this circunstance, this
functioR ldRE @8 'tl%albr% Waﬁf@ rgbtla;gtﬂaqg A%f ~! I'39<t1 ol ggohﬁﬁhgﬁﬁgagﬁﬁ%ontrlbutlon to
prOV| asl c no go" inplant’ proces nitoring
the phoéos ‘Rlﬂ}gt T I nUf a]fgﬁw N it gﬁgse éltl?téﬁeag I%ggﬁfn a therrnal term of
_opti cal features in S|I|con the probe has no
opposits ergmi iteiaxly toyndets thatpdasmal copirgattipn,crefulengls alrsdrved signals on the order
i nterband transition energies. [Opsal 1985]. This

1x107 b ndamenkal / PPN amitayRlifs yhis tiddnsstidee, tiatistbAies Smpfementation
t her mo- modul ati on and carrier nmodul ati on measur enent

of phot%&ﬂ@c%ﬁtce [34 Hovllfe%aelut%sac t‘%b@n@ nneélgfl u@%%?sﬁ %Somtorm% capability in

us 1 s con

IC rnargt? réfaﬁl.f q?o%r%ra} fdétghty 'fgl ég}t%regg F%gtﬂ 6Pelng far from any significant

_ phot orefl ectance . ) ) )
optical features in silicon, the probe has no sensitivity to internal electric fields and/or interband

transition energies. [Opsal 1985]. This fundamental problem severely limits the usefulness of
thermo-modulation and carrier modulation measurement methods.

[011] Ideally, the photo-reflectance apparatus is configured in a manner such that a given
physical property may be determined in a straightforward fashion. For example, a photo-
reflectance technique developed by the Applicant teaches the implementation photo-reflectance
in a manner effective to characterize strain and active dopant in semiconductor manufacturing.

[U.S. Patent No. 7,391,507, issued to William W. Chism II on June 24, 2008, entitled “Mecthod
-



techni que devel oped by the Applicant teaches the
i npl ement ati on photo-reflectance in a manner effective
W@ 200ghepvdct eri ze strain and active dopant in PCT/US2009/034045
sem conduct or manufacturing. [U S. Patent No.
7,391,507, issued to WlliamW ChismIll on June 24,
of photd@68¢ctant i dhhexdtetibdgtidmoctOftrqin @hd-acedd depiaan e semiconductor structures”
characterization of strain and active dopant in

(ﬁwmp§@ﬂhqgngyg? feehédet ures” (incorporated herein by
reference)]. [012] In that photo-reflectance

[012] {RGRAY l&?o-re?f%?t%ﬂ%é t%f:ﬂtﬁ&ﬁeﬁ?ﬁ@to%ﬁ@&aﬁ%@}f)?&mﬁmeﬂﬁbﬁgaﬁﬁrby strong

strong optical absorptro I'n the sem conduct or

. .struct.ure.arge utilized such that the phot.orefl ectan

optical GWQ%IO%% i éﬁe PO ‘t’ﬁ}?ra?’%% Sﬁ?‘CtPf*?ea fu P%lg%:e &Y cﬁl’a? ghe photo-
field (el ectronodul ation). In particular, this ]

reflectangg: pign#asisgt fiaMhEodplatien of itheysurface fglectit fighd (legisemedlation). In
properties of Si nanostructures by using a probe

particulagv dhie ntgchninear attains "sEnsitivitt épbalnd actisnselestomi¢ nprsperties of  Si
whi ch occurs at a wavel ength of approximtely 375 nm

nanostrhftutdd ebyv ugih@iat probé vedelengtht Aicnshé BN, irfth®and dusgdon in Si, which
changes in the dielectric function Dei and De2 nmay be

occurs W iat §,8018% 11 BE appRditdtcl9T 38 himeeLE M LRMiGNST Q)ehdR Fradsition, the
third derivative of the sem conductor dielectric

: nction:,De.= 3(w2e)/. WBXUF, ,wherein UFE is free
induced Yl P R nRigTeoNF FEGiRE Rih B0 RO PR Bae bt yytuct of a frec
~and e is the conplex dielectric function e 1+ z'e2.

carricr [(e@)y Fhdsa tbhd deagonrcfor the|semijonduatore digledtienynptior  As =
the probe beamat 375 nmfor Si lies in the sharp

& (o’ e) RS LVl WN@eih QU ks b Fec RairicaBAbrBe 20 isTthE photon frequency (energy), and ¢ is
el ectro-nodul ati on conponent then becones: %/R X (I%
FYDF,.= Rel (a-_.b)c 3 e)/ew3)]cUF, (4) wherein UF =

theConggﬁfggfgfkég%?oéSf%é¥%%;electronic charge, his
Pl anck's constant, Fis the electric field, and mis S

[013] tHuscens icasondpr sdeqtipg theayavelengthsoldha pppbgderpat i nmdpppi lies in
is large only nearby strong optical absorptions in the

the shapedurivatiduoto foban dnd ey CTher dectancodulytidrecansgohentthen becomes:
nmeasure the location of interband transitions with

great preqiRkqpr/o Aﬁziﬁe[('wj}g)o@z@xﬁa& U ()

phot o-refl ect ance techni que ecl sel'y neas

.Strain i anoscal e strained silicon |ayers, for . .
Wherel%@%@ﬁzéa P frie ths pstramicelires: S Ehichy SmuiangBds the clectric
known shift under strain. Nearby to these strong

field, aggbmy ig ghhe carrier effective mass. This sharp derivative form is large only nearby strong
optical absorptions in the semiconductor band structure, and may be used to measure the
location of interband transitions with great precision. This is what allows the photo-reflectance
technique to precisely measure strain in nanoscale strained silicon layers, for example, since the
Si E; transition energy undergoes a known shift under strain. Nearby to these strong optical
absorptions, the amplitude of the photo-reflectance response also has excellent sensitivity to

electric fields. The electric field of Uy is the near surface electric field. This term is typically

proportional to the surface carrier density, which may be understood from the (approximate)

-5-



absorptions, the anplitude of the photo -refl ectance
response al so has excellent sensitivity to electric
WO p@bde949The el ectric field of UF is the near BUF/US2989/034045
electric field. This termis typically proportional to
the surface carrier density, which my be understood
Poissorf fetitioh N <( @ phReX iwhetct) Roik sieofurni@l d@hsionV N tie BUIFdh 2eNace voltage,
wherein Nis the carrier density, Vis the built-in

Ois the permttivity of the
and8°&&ﬁéfgﬁitﬁg?%§g?’Pﬂ&%hg wavel engt h range of
pr oxi ma 360- 380 nm
10141 Ycile A slenety Bege @ ﬁpﬂ@ﬁggat?lwe@nﬁ minefl}e g‘F%fHE dield modulation
response of S|I|con The t her no- nodul ati on and/ or
effect dorpinptep the dhbtoricdactamst raspense qfssitiepn. helhe thermo-modulation and/or
phot o-refl ectance signal are typically bel ow the
carrier chetielatioocodtfibationsto theghpluetefiectefideasigraheare tayipatyalbdisw the detection
Mor eover, because the photo-reflectance signal is

limit oh 'tlﬁhbh(otﬁﬁé‘ﬁédtdn‘é@ dpParki8. NEREco¥F, fReusel @6 tphoAleflectance signal is
fields, it nmay be used to preC|ser nmeasure activated

e 1
iahly S9RAR, LS pLA0RHEL AR TINES: pBLL LREPRYRR s
tribu ns.fromthe change in refraction and
actwategbcﬁomtep§h9fe%3é%0féaﬁlg ¥n (1), above), it was not
ssible to independently determ ne the changes
[015] ri%ffﬂa}lwetaﬁ ph@@rfﬁ@@%}?eaﬁ#@ahtﬁhps Hhedprmaes drsy onfr@tlons from the
what portion of the photo-reflectance signal arises
changef monefaitioor aie absépdon disagl §quatiber €)] sbava)eedwhorna possible to
nmet hod and apparatus for independently deternining the

1ndeperfd%f1ﬂ§aﬁétbf~f§m@'ﬂ% @ﬁﬁ%&sﬂh'n\éﬁhﬂé&@[’&ﬁ}%tlbﬁ gte B6hlinRar absorption, i.e., what
p oto nodul ated refl ectance as well as therno-elastic

- ues, basged or
portlon of .the Cliahqtoe %qu'eflance %1gna? aB%%s%C At% i %%n Aacrcgr %%ﬁh%re is a need for a
OVI de sinple. neans to neasure spatial beam

methoddﬁ%ct SPRATHHS cf% indspersientinelgkcrmaring diy Gefraghye 2hd ohseipgpe changes
of materials. [M Shei k-Bahae, et ah,

induced i nhlotsmwdilatedirecctaicags welh eaftherBo-whasuefrment s .
Optics Lett. 14, 955 (1989); M Shei k-Bahae, et ah,

[016] "ZoRah? ityednideas badest thef prdntipleabf Nenal beatididtesiobsirdgnown to
a Single Beam" | EEE Journal of Quantum El ectronics

prov1dez§1 180 &ah®A8) meduft s ?ﬁia@ ‘belin efdtortibe a8k o NAdrIRRarO efraction and

bound-el ectronic and Tree-carrier nonlinearities in

absorpt{b?]ggjé‘) %@&WS'VIn 3 S Egl _a nggeafn c?} Nfzﬂa t“ngQ-%ensﬁ‘{nlty, ?mgléo%eam n2
measurements,” Optics Lett. 14, 955 (1989); M. Sheik-Bahae, et al., “Sensitive Measurement of
Optical Nonlinearities Using a Single Beam,” IEEE Journal of Quantum Electronics 26, 760
(1990); A.A. Said, et al., “Determination of bound-electronic and free-carrier nonlinearities in
ZnSe, GaAs, CdTe, and ZnTe,” J. Opt. Soc. Am. B 9, 405 (1992); E'W. Van Stryland and M.
Sheik-Bahae, “Z-Scan Measurements of Optical Nonlinearities,” in Characterization Techniques
and Tabulations for Organic Nonlinear Materials, M.G. Kuzyk and C.W. Dirk, Eds., pp. 655-

692 (Marcel Dekker, 1998)].



Shei k- Bahae, "Z-Scan Measurenents of Optica
Nonlinearities,"” in Characterization Techni ques and
waamahexouons for Organic Nonlinear Materials, RCTAIS2009/034045
Kuzyk and CW Dirk, Eds., pp. 655- 692 (Marcel Dekker,
1998)].[017] Refl ectance "z-scan" nethods generally
[017] [iReflascthacpeiztsoanti miptiselyugteenllyf irchfdeeptrfaniimg esagudnge of reflected
nmeasurenents with a highly focused | aser beam such

intensity hadasuBlchts veiRs b MEsh1P ESE& RSertREmSABP kigit SYI-RESnES occurs as the
passed through the focal reglon The i nduced phase

sample SHANa8s g%g@# P@ru tﬁé Schl R0 fThterlﬁdLLc%Ii :Begs'é%ﬂa%%\%‘%aﬁlal distortion)

causes ti a I nt nSI t asur e

erture fixture t far f|e d of th obe
of the f?ﬂ%cte%é%aﬁl s §RirERpef i oS b opstrg pPRSRNRBRR Gutured in
ful to nmeasure nonlinear refraction in opaque
the far glglﬁl-l o dhgipiebs lbgamwﬂ"gﬁ e aRETy qp@rtugenﬁpﬁlecgﬁg ZtSGpp contiguration is useful to
reflection z-scan may be utilized to nmeasure
measurapeolinERi vedranoen imersuiie sansicamdictrs, tterens -ted awallcaperture” reflection
surface deformations. [D. V. Petrov, A S L. Gones, and
z-scan @Ghdy Be WiHizAd ] Mcasurefabsdrpiicn ndnBigAaritite @hdiof URerh@rclastic surface
nmeasurenents of optical properties of surfaces,” Appl.

deformﬁ%ﬁ% [B-61 Petr&2:A.§96 GohR8 Qad 18D . delA Mu ]IOP eREﬂé’o‘uon Z-scan technique

Refl ection Z-scan techni que for the study of

for mel\R Rl AR@Gs oﬁtgi f%%rp%ﬁlq%”o‘i&?%{?{jgt PR g 9%9 Lsétf‘%§§1067-1069 (1994);

ace a

D.V. P%@Dgé n%%tﬂ%c@l%?%)a? fe@E’ 196?1f0%%§62 nzﬁd»@m 18??35? aC?}fqg ag%ala?@fpﬂon of

sem conductor thin filns," l¥ Stat. Sol
a singlejipgrrippg agp BB hitm,R/A0pEape el B Nbridd hd4p8 (bﬂ%éé‘ ‘tPetmv 4R RA.
nonl i near absorption of various nedia," J. Opt. A
GaneevPurdeA ApRyasn@ptsky, 7 R eTledtH B3 s¢a200 s ufch@atsesfopd @b Senjiconductor thin
Z-scan techni ques have been used in both transm ssion

films,” aPkls! SkdreSbang e2020NfA0ILI5A( 20035, ROA MERGEEE ‘NUHlinB&afcfraction and
optical coefficients. SUMVARY OF THE | NVENTI ON [018]

: »[ (S R “
nonhnegggoasregﬁﬁ)ﬁrg V'aﬂéf %@gdé}ﬁt %‘/zﬁelfzfg? % gpﬁgqcb 6733 (2005) (“Ganeev

2005 )Elég‘éaﬁlqe%g&%gé%\é@nw %8@ b %%th%agémgélgrqgnﬁég efctatenge G igurations
char%gterlze photP refl ectance signals which arise

to meayuFRRMAIRCI APEEH LR8I TICE 9 hant nonl i nearity. The present
i nvention provides a neans for the independent

SUMMARY OF THE INVENTION
[018] The present invention relates to a method and apparatus for independently determining
the electro-modulation components of the photo-reflectance signal. The present invention
provides a means to characterize photo-reflectance signals which arise from an interband
resonant nonlinearity.  The present invention provides a means for the independent
determination of eclectro-refractive and electro-absorptive nonlinearities during such photo-

reflectance measurements.



determ nation of electro-refractive and
el ectro-absorptive nonlinearities during such
WEbwvoomid ect ance neasurenents. [ 019] The net hoRCEOB2009/034045
apparatus of the present invention substantially
departs fromthe conventional concepts and designs of
[019] tTe protlord amd appardtus rofsthedaieseat ipvavibn esibstantéplyad@tans from the
primarily devel oped for rapid and precise

convenfibidd] aGh &SPt ahd QBsifhs BOMhd PASF aRPhAE R B RPRS, tirESidef an apparatus
sem conductor structures. [020] In general, in one

primari S B hon B e S S B Wb Rlinarc el properties of
. Sérthﬁé%' The nethod includes the step of (a)

SCTICORPYCIRSHEE TS an area of a surface of the seni conductor
structure using an amplitude nodul ated punp | aser

[020] HaagpneiphdPens Bpectplippnyeasian fertuies 2raethad of grscpp pligto-reflectance
one wavel ength with energy greater than the snall est

charactgmgagivhafid stmatesidtdtonsteargy Thé netlwdninclodeiutbt step of (a) illuminating
material within the sem conductor structure, thereby

an arcal ¢fIGurfigctdftRe pahicotditadhangese Lsinglag ehrpbinide abaged pump laser
density within the sem conductor structure such that

beam, WRGcR! BEHUMG hictlbdamliREILA& WIER] Bnd REvaSHDLE %ﬁu&feﬁg{y greater than
structure obtains a tine periodic nodul ation, and the

e 3 SO BB A R IS AT SO, . cgpontc

IS SuU

i nterband transi.tion energies. The nethod further . o
structugen (FeiHD6 TR BeoPerfaye hiTies it FIRGTORG s dapity pihin the
~ nmodul ated electric field profile of step ég) with a
semiCOREYSHN attiaiciyF o Bech| hetetheldegtiic Wil piofile wethpy Bisescmaepmductor structure
beam i ncl udes at | east one wavel ength nearby an
obtainsi antiee yeniddicrmodiiliticon asd eligyenoitonduetos emdtamad duthtiorthe semiconductor
material within the sem conductor structure, and

structwi@Ub bagt@ tb artirepeidin ghotiti@tibm df aREbENPRGBSdnNenergics. The method
sem conductor material optical response which occur

further ?ﬁ?l:l}(%é rtﬁé) stieﬁ b gl?ai?lﬂmtiﬂa@iﬂ It #&?gf BEHR HSduldfE ¢ jérh:ogec}d profile of

I ncl ud e step o recording reflecte
alternating current probe bi ht fromthe illum nation
step (a)owltﬁhaeseggr By ga g%sglF Bga%n},u\é/ ?}‘glél’ thmé? X lr'ﬁlsqrhbeeam TOREELE 1east one
al ternating current probe light [ncludes a ) O
WaVele%gtI%?ﬁaé’f pip dtghand dfagpisipn ePﬁ@Yn%‘f{ H@dSWWW@PwF et swithin the
~ the step of (d) performng a series of ' '
semicopdistar- stafchuet amt suitehas ok nenrding fthe tiepsed adhangds) in sgmgiiconductor
(c), with the sem conductor structure at a
material optical response which occur nearby to interband transition energies. The method
further includes the step of (c) recording reflected alternating current probe light from the
illumination of the semiconductor structure, wherein the alternating current probe light includes
a photo-reflectance signal. The method further includes the step of (d) performing a series of
photo-reflectance measurements of steps (a), (b), and (¢), with the semiconductor structure at a

multiplicity of positions along the focal length of the probe light column, wherein an aperture is

fixtured in the far field of the probe laser beam. And, the method further includes the step of (¢)



multiplicity of positions along the focal Iength of
the probe light colum, wherein an aperture is
WO 00v002dd i n the far field of the probe | aser PEEDS2009/034045
And, the nmethod further includes the step of (e)using
the information collected in steps (a), (b), (c), and
using t{cdinfdrmaden eolhdcrel ia spipyga)c &), ().oqer iy toodetédnane a physical property of
sem conduct or structure. [021] Inplenentations of the

the semiddnaiétbP@rzafiei Nncl ude one or nore of the foll ow ng
features: [022] The sem conductor structure can

[021] iIﬂﬁJ %‘P fon's %?ﬁ{e i %‘ltlgfl cﬁrbﬁcfu(zllel ?%Pﬂﬁo%fq{lé ?dlﬁ)wnllé fllures:

e sSem con CtOf materi a

con r man copdyct or t
0221 gl R RERF sty e nRT A e Gediasdhé Flebiine s 11
S|I|con carbi de, boron, nitrogen, phosphorus, arseni
zincblegggy serispRdvgiar JRatealy sbiron.[ vbern-sar@anispm, dHnd &é@éﬁonductor material,
structure can include at |east one of the follow ng
galliums emjcowled ugal lorm enigriede; oerirkon, ngenfaases,: sadicpa ncgrmdet ibormn, anitrogen,
p+/p junction, a n-p junction, a n-/n junction, p-type
phosphothis | s lah@vombinatiorotheredf.t ype ul tra shal | ow juncti on,
and conbi nati ons thereof. [024] The seni conduct or

[023] ST Heu%l'ﬁE@ncﬁl@ﬁ)r isRab e AT inkRAStat WhsPbnd BE tOfJIBWIRIY semiconductor
. a surface band bendlng electric field, a near

electror?i&I I{t@%@cegl elgtn(r:]{lﬁct m‘al?% gfL luﬁét Er 9 u%? (%{z)]edcn.l-_{%l e]mﬁétﬁ%log-type ultra

ace ére

urther can inclu determ ni changes in the
Shaﬂowplﬂaftm BrYRECHIHRA éléaq@wgwa?ﬂ% o AR GRS ShTed ansi ¢ y or
profile of the punp | aser beam [026] The wavel engt h
[024] oThet srEnipenAY Cloa sERCtaEencaseinglde 6f laapfeorf of thowfotlgwiganeldsy a surface
780 nm 633 nm 532 nm 473 nm and 440 nm [027] The
band bendirodedtuc fikkl a pamr sunfateldectdetfetdamiimgyfromamgaectionid ineerface, and
phot o-refl ectance signal as a function of the
combinkfiéenBérkyr. or profile of the probe | aser beam [028]
The wavel ength of the probe | aser can be in the range

[025] (Tﬁie e mefof By gﬁpﬁl@'ﬁ}dg?e&m g%g chidy dsQn HOR-rd 1228, ce signal as a

aperture Int fle ere ected probe
dto

functior? 6f 1ntecnasllncy gre prof 1(6 SFRS pump RS ‘tl)e%%l onaxi s

[026] The wavelength of the pump laser can be one of the following: 830 nm, 780 nm, 633
nm, 532 nm, 473 nm, and 440 nm.

[027] The method further can include determining changes in the photo-reflectance signal as a
function of the intensity or profile of the probe laser beam.

[028] The wavelength of the probe laser can be in the range (a) 360 nm to 380 nm or (b) 395
nm to 415 nm.

[029] The aperture in the far field of the reflected probe beam can be fixtured to provide on-
axis light transmission of about 20 percent.

[030] The aperture in the far field of the reflected probe beam can be fixtured to provide on-

axis light transmission of about 50 percent.



light transm ssion of about 20 percent. [030] The
aperture in the far field of the reflected probe beam
wW@209he29i9 xt ured to provide onaxis |ight transPCBEER2909/034045
of about 50 percent.[031] The aperture in the far
field of the reflected probe beamcan be fxtured to
[031] plrlevapdetucniaxths fdri fghd of tlensfledsd probobeabaah bk Gtured to provide on-
percent. [032] The aperture in the far field of the

axis ligh€kd B RbniTaBeut®dPeERAt. be fixtured to provide onaxis
light transm ssion in the range of 10 percent to 100

[032] PRIL Frurd 384 Ff)%g?el&rgf Pﬁqeﬁwt&hﬁroibg %gfth nGh %g qig&ﬁré% (teon provide on-

acquiring the to-reflectance s usin
. .aperture.z-scan and (jj) determnin unp i nduced

axis hgﬁ{gtﬁ?fnlsﬂ]ésﬂonr Eglﬂear@{lg% jfdr‘%ﬁl}?ﬁinﬁwgo %%&&F‘I ect ance signal .
This nethaod can optionally also include that the ]

[033] sTher metdod Avithes car BiskilstDAcwRng shaphodorieflestines anglpsing an open
probe band flattening profile. [034] The shift of the

aperturpraisen beain(phaserhinorg poap beluded eonlingd fefregticn from the photo-
phot o-refl ect ance probe signal acquired using a

reflectah@stiphdl! dtlisapethdditsh dptdaally alk®ddfzludthieat it feficé vartibesoncentration
can include (i) acquiring the photo-reflectance signa

is deterHShd¥Fr & _tHee;%Bé 5&@6&1@@%@%@1&.— scan, and (ii)
eterm ni ng punp i nduced nonlinear absorption fromthe

d
{ Q--f.e ce. S . 6] R ' e onl

o341 DR RE S5 PR A R L by ncnc
open aperture and restiricted aperture z-scan

pﬂbesgﬁapgﬂﬁg? BURG A LS AETIUF3Y0The et hod further can
i nclude determ ning nonlinear refraction according to

[035] ahheemsthadcurthyr gan angidre ) cenibingt the rohein-teélectho@gpigieusing an
met hod further can include determ ning nonlinear

restrict@bsparptré arscaic caondd{in glatamamng muinmp tdbéed dextlavean aledrption from the
calibration curve. [039] The nethod further can

photo-reMé&dtaide sib@bler m ni ng el ectroni c charge density
according to an enpirically determ ned calibration

[036] CBUnYfF -induced nonlinear absorption can be determined from the difference of open

aperture and restricted aperture z-scan photo-reflectance curves.

[037] The method further can include determining nonlinear refraction according to an
empirically determined calibration curve.

[038] The method further can include determining nonlinear absorption according to an
empirically determined calibration curve.

[039] The method further can include determining electronic charge density according to an
empirically determined calibration curve.

[040] The method further can include determining electric field according to an empirically
determined calibration curve.

[041] The method further can include monitoring electronic charge depth profile according to

an empirically determined calibration curve.

-10-



[040] The nethod further can include determ ning
electric field according to an enpirically determ ned
W@ 200002989 on curve. [041] The nethod further CcREI/US2009/034045
include nonitoring electronic charge depth profile
according to an enpirically determ ned calibration
[042] cTheoviacthOd Zyrthkineambtdhatt dotertoeng ekotricniodldideptt gtr&fiilan¢arding to an
electric field depth profile according to an

empiric@lPidétcfainky cAlelr@idh dueek.cal i bration curve. [043] The
met hod further can include determning a

oﬂ?; i St e usin - S5C ref : : )
1043] in o?l‘[‘r?tgﬁdozﬁljt%a cﬁa!nc %ac}zué% t gér}le@?%lgcgn&%gatcgé_r?}%ﬁ%fustl%e z-scan photo
reﬂecta]égel‘elci{%ivp\ngirnlg\i,é:tg? & ﬁéﬁ%%cé%?s}igfg%khégo%f 8{&!&6' t#&l‘ﬂ?wmg characteristics:
.. sem conductor interband transition energy. [044] The o
positionyginpdigude, progal widdh, jape |spm:érahgh[aﬁ@ of thesgpiconductor interband transition
photo-refl ectance information to determ ne punp
energy.i nduced el ectric field profile as a function of an
of fset. The offset can be one of the foll ow ng:
[044] PoOMPthod Curfiee usn Bkbfudetusing tz-sams yests ecfddctset snfodmddion to determine
combi nati ons thereof [045] In general, in another
pump &R eledte eV FIIEILORs heBhdRSoBsh BRARAT afMSoff@% can be one of the
detecting physical properties of a sem conductor
followiﬁé:rp%%ip%r%be £ Gis 88?&% LY Velrsrécdfﬂg Saédac) iR IThS AapLEt or
structure w are

‘'ect1'ng surface. e apparatus
further i.ncludes (b punp | aser system The pu . .
[045] | Tgsrencigl, i @Rotner %%s%ta@«eém?%)nm SISy AR DB ERT Gfgne physical
nodul ated | aser beamw th a nodul ati on frequency in
propertieh @f aassgacafdugtop kipeters. sHwHDPagatys) inglgdespe gtsemagonductor structure
optical powers of at |east about approximately 5 nW
with a saftbciing syrface. cliwt giparaaits fuethst inchdewlived pmgp Haset system. The pump
energy greater than the snallest interband transition

laser syRte@d @y ofralile $8 b GROMEUE b aniplitRIcl mbdwbttdildyct Béam with a modulation
sem conductor structure. The apparatus further

frequeﬂgg gl::l g%ellsagééé %))fe ?%(E{Fg}]%i %O"Mﬁﬁ %\Stﬁ ggérafgheﬁ o?figatlg)ol\x%ﬁeﬁ at least about

to ’p a conti nuous wave

| aser [Je it), 1o operate at optical powers of at
aporoxiBRY a0 afghbub RaPBRL G i ek e RV Eniy Frgeer han e
smallesgtﬁlétlle&a?lsléft?aglggi\g%qy%{?%gt@? (51::] sq%igé@(fugrolrcéngtrﬁgglnm{nat Sel tseIrI?irc]:onductor

sem conductor structure. The agparatus '
structure. The apparatus further includes (c) a probe laser system. The probe laser system is

operable (i) to provide a continuous wave laser beam, (ii) to operate at optical powers of at most
about approximately 15 mW, and (iii) to contain at least one wavelength nearby an interband
transition energy of a semiconductor material within the semiconductor structure. The apparatus
further includes (d) a photoreceiver. The photoreceiver is operable to generate an electrical
current proportional to input intensity. The apparatus further includes (¢) an optical system.
The optical system is operable (i) to focus at least one of the amplitude modulated laser beam
and the continuous wave laser beam onto a common focal position on a surface of the

semiconductor structure of diameter at most 50 microns, (ii) to translate the common focal

-11-



further includes (d) a photoreceiver. The
phot orecei ver is operable to generate an electrica
W@ 09a0R94pr oportional to input intensity. The BOPHSWDUGI4045
further includes (e) an optical system The optica
systemis operable (i) to focus at |east one of the
positio@ttpbughud distanck b sgatotiamedy bH@ aimeanibe Rhyepbntngruais lvwyence of the
| aser beam onto a conmon focal position on a surface

amplitudf rhdiRI B IaCQT AT 81d Gt IcHRtiMIoRs HavE il ABE D&M, 3indNWHLto BEparate and
mcrons, (ii) to translate the conmon focalp03|t|on

direct p&gt{qug@ Bﬁlregfr?agﬁ)%‘{‘ ﬁlae:%]ineaga&&&m}u?{lﬁ%&lgoﬁ%ﬁ%saggnﬁre fixtured in a far

t one o

ulated Iaser and t us wave
feld of BnedHiiioys Rje 55 b avd nffa i PEGY g B TR gRpparatus futher
reflected fromthe sem conductor structure through an
includeg g pinhipge lprkadyyigng! detegiongysteme| thegrhasgleckeshtignid, é@f@cﬂon system is
wave | aser beam and into the photoreceiver. The
operablagpaceard sufrut vhére pmtdngdaser( The appiratwe futheik edclsdayn@) a computer
detection system The phase | ocked signal detection

that inchydst aitasscrapanab kestém comessofteuteput of the
phot or ecei ver. The apparatus further includes (g) a

[046] %{m&h&{taﬁdﬂl@‘bf 'tHé%%i’ﬁ%n RRRARKIRIERAL 0RARBrSHUShE MRS Rlatures:
software. [046] Inplenentations of the invention can

[047] 'I:ﬂ? %gt‘fcapgfste% 11?011?({6 é?eef?scgélhgvl\%tﬂgaria% LHEGS: Tl[l fgéscoping lens

system can 1 nc Iesc pi ng

enment. The teles | en be op rable to
can be SReriIBfo [RIHS! BROBD P SCAr ﬁ&rr}%gte@ng dleroritilgEigpnggment can be
| ens arrangenent can be fixtured in the input path of
fixtured Hethgripipyttnatheointhd winlideic medilatsed dascobeanh er dwngangnweis wave laser
wave | aser beam [048] The optical system can include
beam. a beam expander fixture in the reflected probe |ight
pat h. The beam expander fixture can be operable to

[048] ERpAsHicalng el danMBéledd HBeddh OfRNBGAMBRTREIR reflected probe light path.
transm ssion through the aperture. [049] The probe

The behlﬁs&r& t‘)@e\f eljli)&{l]l%t QnCan Bge%aﬁg Rb %&PEWC{ ehd/ cg’lﬁﬁlaEET’the[ 19%94 beam before

aser can _ an externa ! cavity t unab
R L e R A
0491 g, SEM condyict or material withig the semi conduct or
[050] The probe laser can be an external cavity tunable wavelength laser providing a
multiplicity of wavelengths nearby to an interband transition energy of the semiconductor
material within the semiconductor structure.
[051] The apparatus further can include a dichroic beamsplitter. The dichroic beamsplitter can
be operable to make the pump and probe laser beams collinear.
[052] The apparatus further can include a 20X objective lens. The 20X objective lens can be

operable to co-focus the collinear pump and probe laser beams onto an area of a surface of the

semiconductor structure.
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[051] The apparatus further can include a dichroic
beansplitter. The dichroic beansplitter can be
wWop@patdie t o make the punp and probe | aser beaPGI/US2009/034045
collinear. [052] The apparatus further can include a
20X obj ective Il ens. The 20X objective | ens can be
[053] ofer appaatue mothéocus hbladed 140Xeaticpumpeanjegia@béens. The 40X
| aser beans onto an area of a surface of the

microséPHlobROECLAY caif blsickd e 03 foctdcapnmeat ptiny aid 151656 laser beams
can include a 40X nicroscope objective |ens. The 40

onto anTh&f ASLAPEOHE AE LRoh AR CRICAR, OPErabl e to co-f ocus
e co near punp and probe [aser beans onto an area
[054] EH’E) ﬁ?]il&)ﬁtggﬁatg § 8B%rra§].8| 8%{%(2“ $ %@H%H%EGQUL&C%%% chl)(? plloto-reﬂectance
z-steppi ng and photo-refl ectance data acquisition.
data acqsipn.The conput er can be operable to provi de
automated control setting of the aperture. [056] In
[055] gdherahputencaaristdperablestpecevide mgoinated wontoo] stidiag of g aperture.
nmet hod of determ ning a physical property of a
[056] slargeaeratue boasthst dspedtthe invEdomedanaes & Arkhodeast defemitiggpa physical
of (a) perform ng beamprofiling of a

propert? RPtOschfifdRIBEBP SRuRERPETAd BlRthoREAMLYST MO s ﬁ R hbilfdrming beam
of photo-reflectance neasurenents The nmet hod further

proﬁh nS# %dgﬁi)ttor}%ﬂéétgr&e ro%g)l éa@o q%ln h% gu%lﬂil & pH&o reflectance

ectance neasure nts

aritije urr the o cal...respons
measur?lﬂsnt%e Komathed dresr 1@8@3%5163%}% ﬁé@ Pﬁﬂﬂ@ P plar aimé of photo-
refractive non-linearities, absorptive nonlinearities,
reflectagprl MesFHSFMAN 4 gneasee - linueatipe peryaring it Her optive] mseense of the
the step of (c) utilizing the neasured non-linearities
semicotducttet eruciute tShehpiysiicatitipy eperdfsacofe nhe-linearities, absorptive non-
sem conductor structure. [057] In view of the

lincaritfeQr £@0oAEhiAkitRHAC Vieshé Y Ehel MBBOE Mirthod ifd1edds iBSteh WP €S) @flizing the
optical spectroscopy now present in the prior art, the

measur V\%ﬁ@f Hﬁea%ﬂh e dle@&nﬁﬁ 51?51%11 W?[g o@ﬂ% s@&@&ﬁlﬁﬁé@r structure.

erern e sane can

o1 SUESR81 5000 el PR RO EBRCEH s of oo

determ nation o electro refractive_ and
spectro%qoggtnp}yéggqubltnl & PHemT- ileprepsng grvention provides a method and apparatus

wherein the same can be utilized for the characterization of nonlinear optical properties of
semiconductor structures including independent determination of electro-refractive and electro-
absorptive nonlinearities.

[058] Implementations of the invention can include one or more of the following features:
[059] The step of measuring the non-linearities can include (i) measuring refractive non-
linearities occurring in the plurality of the photo-reflectance measurements, and (ii)
independently measuring absorptive non-linearities in the plurality of the photo-reflectance

measurements.
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[058] Inplenentations of the invention can include one
or nore of the followng features: [059] The step of
wWorem®sno29my the non-linearities can include (i)PCT/US2009/034045
measuring refractive nonlinearities occurring in the
plurality of the photo-reflectance neasurenents, and
[060] (The) beamd gpefildentchry begaswy iimbycad stecpbina@dulation profiling, probe band
non-linearities in the plurality of the

ﬂattemﬂgﬁﬁo@ﬂlhgfdn@%mmﬁﬁﬁl@fe@ﬂent s.[060] The beam
pr of |I|ng can be punp i nduced el ectro-nodul ati on

d t
10611 "f%fo% bR B ERRE AR or b S0 L B QeI SRS on ongpg erure
0 can_.include utilizing an open aperture,
wilizing § A5G sk Dk BF Rt BBy tir o) “or w1 £t ng. bt b
[062] There has thus heen outlined, rather broadly
[062] {Heredrg thipdeemmutlineds gatber Broaglye thenraerei lérapqrwnbrf%?éwes of the
that the detail ed description thereof may be better
inventigmdeossicotdf thendetiitedodedenptionatherchempy dsdrettec omdarstoed, iapd in order
to the art nay be better appreciated. There are
that theagtdicnt omatiblitkat tartes anfmdyhiee betee apprediatcdatThetd dredditional features
described hereinafter. [063] In this respect, before

of the 1§%‘?1|t1@h ﬁia'ﬂgfllﬂ)e HeRabePREGRRRQdI ment of the invention in
detal , is to be understood that the |nvent|on i s

[063] nl%tth é)%:gtdbéfgre %?ﬁ% WE @gﬁt Me %&b{)g,]l%l g? {) he ‘?nxpeiltlon Lin d detail, it is

const ron an arrangenents

to be ulil(ff:qtﬂtg;{ ﬁg&%gﬁtalge%tlgﬁgsl g%n des%{sﬁ@hgagm%réo Iékfe E ofe construction
enbodi nents and of being practiced and carried out in

and to tageirangemgassof the sempenenfsset wrihen tiraikollewseadaserantiony illustrated in
phraseol ogy and term nol ogy enpl oyed herein are for

the drawings plihp osentodn islvepabds af othen comboandershend of beadg frecticed and carried
regarded as limting. BRI EF DESCRI PTI ON OF THE

out in VRROWY WR. [D6d ]it e bé ahd@bsthdf dviphgscdlogymamiptctmi@bloghemployed
pr esent speC|f|cat|on and are included to further

herein é_ljgﬁ ‘eFPrgl Sg@%&&&%@h&c ehﬁi s‘ﬁBu grh%t BE ?%ﬁfgf;d ‘3&

sure may b tter erstoo

the det i | Eﬁkﬁ%ﬁﬁ)ﬁmﬁﬁﬂﬁgﬁiﬂ%@%%ﬁ?s“ &

pr eseqted her ej n.
[064] "The following drawings form part of the present specification and are included to further

demonstrate certain aspects of the present disclosure. The disclosure may be better understood
by reference to one or more of these drawings in combination with the detailed description of
specific embodiments presented herein.

[065] FIG. 1 contains, in an exaggerated view, an exemplary “p-type” Ultra-Shallow Junction
(USJ) silicon filmstructure that may be characterized using the photo-reflectance technique of
the present invention. The p-type USJ silicon filmstructure comprises a crystalline silicon
substrate that is implanted with 40 KeV arsenic (As) at a dose of approximately 4 x 10"/cm?,

followed with a 500eV boron (B) implant, and annealed using a milli-second flash annealing
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[065] FIG 1 contains, in an exaggerated view, an
exenplary "p-type" Utra-Shall ow Junction (USJ)
wa R4 i | nstructure that may be charact eri zRCI/US1009034045
the photo-refl ectance techni que of the present
invention. The p-type USJ silicon filnstructure
techniqoaenfihissfesmaa @rry atatidn bewsenh thegrtypa st atveturdand the n-type implant.
inplanted with 40 KeV arsenic (As) at a dose of
At this f}m@ﬁ@fxa BRSRd deattsuffabl elbdtrieniold forhnls OWRH0Wh tsbhetn 2048 Vin FIG. 1.

ron (B) inplant, and annealed using a mlli-second

[066] fﬁﬁ?’ I'h %%azl §cgﬁ’§ﬁg‘£ Egﬁé@ancyﬁ‘tﬁn%e%g%g tl‘t%h Hlaﬂ Uey{%g& J[0015]31rf0rrn z-scan

bet ween t he structur

At this juncti rface
photo-rsﬁ%é%nﬁ FogrubdesshicokBRedulh el Rty h F e
Vé 66] FIG 2 shows z-scan phaoto-reflectance
[067] ¥ riiger?eﬂm BaRerafas figen dafadeken 1p8rerancs valipan embodiment of the
phot o-refl ectance neasurenents in accordance with the
presentgnesngion, wheremt i(l0rith 0818} ofF Ih@. prab¢ beam ¢ufived gésetpasigde 40 microns
fromdata taken in accordance with an enbodi nent of
from thehevappt @aht pumpebEdngnandMigy phato-réfldctdnioe m@isticn@htst freé made at a
probe beamis fixed offset positive 40 m crons from

multipl{d¥§ ot usb v@dzlsttpeﬁtlgﬁwnﬁ’ eaptctathelhinplRiphs. r ef | ect ance
mm&nmmmseuenaeatarmH|M|mtyofpmmvmmt

[068] El?@‘v‘ti %nascd}dvé geﬁe?gt&? (ﬁton{ atg I't]%eﬁqn% ? rﬁ%ﬂr %&ﬁl ar[ 91%§J)d1rnent of the
rve genera rom da ak
cordan e mnth odj nen f the resent i vent |
proscrtAIEPR Y foyn: SHEAR NG RS EF%}BéS Bieskaanal tojthiggaist of the pump
equal to the waist of the punp beamy and (ii)
beam; anbt(8) maplocietlgefercenpgsanets $rameadgattea anulgiplicity of pump waist
multiplicity of punp waist positions with respect to
positiornsheitls erpdot tsthe fsarople spddé& FIG 5 is a curve generated
fromdata taken in accordance with an enbodi ment of

[069] tHES.B BRSairve R¥RRAE® fronh @4t itdken (ih acédi@ant@ivath &f ctb&diment of the
probe beamis fixed offset negative 40 microns from

presenttlﬁgen\f\@h %he(l) élnt &%Stbm r?ﬁ(?l% l(éa{n) 1sptﬁ%tdooffs%{ h@%ﬁg@‘@ qg microns

measur ement s made at tiplicity of punp

from ﬂ%lo%:a}sléog w ?I}PL‘E%&D eCt c# Efotg—ré@e&?a&?z% é%eaaglgreg{ents ;re made at a

function of sanpl.e "z " i.e., the di tance fromthe
multipligity 98 PHRP SYaitt ot HENS I rEPe e Besamplorsutiéee val ues of
robe offset. The punp induced electro-refraction
[070] pFlg?cpdp ghowsdhs Hate o6 Fist Brirmdetascas a lunctien efrobwlaéd,Si¢., the distance

from the probe waist to the sample surface, for three values of pump-probe offset. The pump
induced electro-refraction profile translates with respect to the probe waist.

[071] FIG. 7 shows an open aperture z-scan photo-reflectance curve taken on the n'/n junction
sample using a 40X “neo-fluar” microscope objective. The beam waists are approximately
overlapped in the transverse and longitudinal directions. The open aperture z-scan curve exhibits
a sharp well-localized dip in z superimposed on a larger more slowly varying photo-reflectance
signal. The pump induced electro-refraction profile translates with respect to the probe band-

flattening profile.
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[071] FIG 7 shows an open aperture z-scan
phot o-refl ectance curve taken on the n7n junction
W@ 200phe29ysi ng a 40X "neo-fluar” m croscope objRCI/USM09/034045
The beam wai sts are approxi mately overl apped in the
transverse and | ongitudinal directions. The open
[072] aKG.t Sirshows sx@oritntae peatorbfltGarmesthxatqy takéd withc al 202€ cichromatic
dip in z superinposed on a larger nore slowy varying

objectiRNRhOfr Ehrke€ SllidHE SerficOBictor EREctRHIP(i) SidiCRBstrate; (i) p-type USJI; and
electro-refraction profile translates with respect to

(iil) n A i@wHBﬁ) bgpp ?ﬁﬂ)fe c]j%tv&ye? '3#1{' Gddl Yot sBe k@&@%%&t Slﬂﬁl\{‘ﬁéz&)ghe probe

rimenta to-refl ectance vector t Wt

band ﬂgti ; Omahﬂgtnga? tgﬁtig\clqubglgﬁt féro& gfgéetﬁgqillﬁbl G2 he %rflpl)ltude of the PR
){ pe USJ; and (il |iN@n7n unction. The pr obe power
responsgﬁﬂ FEshHPN §l&f‘0p-t§§qezlés }1@01%: ]ﬂaqt@]@‘wég dus tenttsil#es @eqrhSélrface electric
probe band flattening while maintaining sufficient
field. "Phopleotoirefhtctanhe signhlpiom tite/mppiciiondeovef a phescARE of approximately
response is largest on the p-type USJ silicon f

0° withnEebpde€ ! i ﬁﬂas@ dfothk tpainpalg& Meailaget.f ahe hRCbFitee p-type USI
field. The photo-refl ectance signal fromthe n7n

structulje sql%%vsoa{] lpl?)lastemﬁlg %ﬂo !a;pga e)%lh]t% ey hogP prnggglr%légﬁu%?tra}% a {H%ase lag of
SI gnal of the p-type USJ structure shows a phase | ag

approxigfateppPexi mat el y 220, and the Si Ge substrate a phase
| ag of approximately 190. [073] FIG 9 is a

[073] PRIG.¥ ised phctbanfiectaee tvattop lpbdt odfp-Ipt WY dmttisty fladhuandsaled at a
flash anneal ed at a sequence of tenperatures. The

sequen® et ®mbefah RES FNE Ph¥BCEAEcthdRRSLRE BandhtBNBloAg bilfAG a@$he flash temp
the flash tenp is changed. [074] FIG 10 shows open

. rture z-scan photo-reflectance curves taken with a
is chan@gd: . : . S
% achromatic objective lens for three silicon

10741 e FRIN e PRt st eRtiuh e R Qe ok 2« 20%

focal  spot size were configured to mnimze the pro
achrompe, gbjeptara kA ey WrAcl Bligeai serusaiidrefos srpgteice ) %ﬁ?o@bstrate (ii) p-
| ight throughput. The phase of the photo-reflectance
type UBEspuin6r) hds jhedonusEa: pmbdgiosvariand fobhd shiot ezkiwere afonfigured to
the reflectivity change in response to the punp
minimip® eHel Bob® Band Nett@miSe amilphoiiotalthd eeffioRae pbeMBst throughput. The
phase of the photo-reflectance response has been used to determine the direction of the
reflectivity change in response to the pump modulation. The z-scan photo-reflectance curves
from the n/n junction and the p-type USJ structure show relatively broad pump electro-
modulation profiles, whereas the SiGe substrate z-scan data exhibits a narrower
electromodulation profile.
[075] FIG. 11 shows open aperture and small aperture z-scan photo-reflectance curves taken
with a 20X achromatic objective lens for the SiGe substrate for the n/n junction. Either set of

curves exhibits a shift in the small aperture curve near Z = 0, implying an “on—axis” shift of the

photo-reflectance beam phase front.
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fromthe n7n junction and the p-type USJ structure
show rel atively broad punp el ectronodul ati on profiles,
wWob@pae94e he Si Ge substrate z-scan data exhi bi PGI/EHS2009/034045
narrower el ectronodul ation profile. [075] FIG 11
shows open aperture and small aperture z-scan
[076] phbGOo12 didsaeteaticediffaranes of thcapemiapértiae 20K oaaltisaryetandor the SiGe
objective lens for the SiGe substrate for the n7n

substrateUi¥ed it n-/El fuh@lonS etFr&h @er ¥iestieX ifbihk S RaleRulfidy” firdchfe of the
smal| aperture curve near Z = O, inplying an "on-axis"

differe@lagzz%%fsr Héeel&lﬁgﬁgs'o L\ngg)}hﬁff?&?it ﬁﬂ'@ét?@rtaiagnﬂlép %anbsé&Z@o be of the

ustrates erence ope

same sagﬁgclie%lplljt% tl}aeﬂﬁe‘? P}gﬁxée%?eé}ﬁ% %E:c%?—&%{‘t&%?%% In%lh?eﬁgl%tesr g}eeol%%gite. The
"peak-val l ey" structure of the differenced z-scans,

shape cpfesponecioraapererns ¢lectinshsarpiéen Ak *8r ei t her sanpl e
is observed to be of the sane sign despite the fact

[077] tHEGL.r13rshepe oy epetuec biid“oreixisiti-soans fimthe n&8Ji dnidake avejunction,
opposite. The shape corresponds to an increasing

taken uSing GhioRRRKIO.-REPARG Bkd ﬂfot&-r&lec%ﬁzg Hathla&uidiBo® hPUS n%ﬁﬁfﬂction “on-

la
apéerture and "on-axis" z-scans for the e USJ and the

- i i.0f, Lng: at 7= '

ois O AU 20 ML STRLSASh BRI B o
! i S curve sh a shjft and dip near z = 0,

10781 ERRF 4 oL Rt Gme Rt opBE ony BREREF arspan curves of FIG.
[078] FIG 14 illustrates the difference of the open

13. Thepdifictanee am dhote-teileeancesaaplitude vergssotherfpeak-yalleyThagnature, ATy,
di fference in photo-reflectance anplitude across the

matches REBKYTY 3lréR¥{ed FoOMahUh funcHIP siVuctivtic Mes. y2.th
DTP_Vreported for the n-/n junction structure in FIG

12. DETAI LED DESC%EF’FAE\EIBWI%LC@I‘(?N' ow ng di scusses
use of the nethod of z-Scan photo-reflectance
aracterization of sem conductar structures and a o

10791 SHSERTpG0e heidihidie F R BRORS af Gt B g Sectince Haracteizaton

electro-refraction and electro-absorﬁtion,of‘silicon )
of semigppguctodiraetbres $nd g appEgtus ifor jagna fiop sharpgierzating of clpgtro-refraction

nmet hod of the present description my be used to
and eleamedalysoeptamyofsehtanoreducindoctet stuatturce, Itihendérstoud shavtheomethod of

exenpl ary silicon structures considered to be
the preSoneaPdcaipio® May kel fo ABaMBY ahy BarhicOguctor S6QP@re, ltie discussion of
exemplary silicon structures considered to be exemplary only and in no way limiting in scope. It
should be appreciated that the present invention provides many applicable inventive concepts
that may be embodied in a variety of specific contexts. The specific embodiments discussed
herein are merely illustrative of specific ways to make and/or use the invention and are not
intended to delimit the scope of the invention.
[080] The present invention utilizes the characteristic that the electro-modulation signal
described above arises from an interband resonant nonlinearity. The pump induced change in

refractive index An may be written An = n/2xI,ump, and the pump induced change in extinction

coefficient Ak = ky/2xI,ump. Here, Lump contains the excitation profile and may be written
-17-



shoul d be appreciated that the present invention
provi des many applicable inventive concepts that may
wheooeriodd ed in a variety of specific contextsPCITHS2009/034045
speci fic enbodi nents di scussed herein are nerely
illustrative of specific ways to nake and/or use the
Loump=FP (@[, oNh@si AiethRopurhptiehded detrdabiniation peofileapea Ginction of
the invention. [080] The present invention utilizes
I8 t e
transvol B IETF AR uEbh T (TR AR TR A I Blcoprivitiy
O nI| arlty The,, punp, |nduced ;change in refractijve
x HEG B¥ K T e SoDn aad 121 T3l ik WhareN Baie thybgear index
|nduced change in extinction coefficient Dk = k2/2xl
of refrapuiom ¢ idresspeddoefifehe on tiatha sffetteveanoniitedtr imntexpif oéfrdogiomrhd k; 1s the
may be writtenl pump=F2c |f(p,z)| 2, wherein f is the
effectivieidnlindad ue@ttioh esdffigidpdul ation profile as a function
of transverse distance p and depth z . The rel ation

[081] V@Q@ tt‘ﬂ@ difbichf v@arvgfeh thGOS¥ {H%egﬁmg Usf® BI’db@' lbéatrr}/ {3) spatlal beam

=no 2eock?2, erein n |near I’'ndex

measureélp?%t% hnéquﬁ%ﬁ sclslg?gecfhgr%l av%?erFaél% ?eagl%r PR coglr%mkylth th? go-color
ective nonlinear extinction coefficient

z-scan @C HAue HEL dYlg pad £4d Baglpetr@hipe nd Wﬁcoﬂﬁezﬁﬁﬁ?pte%‘aqﬁ‘r By enhanced
beam the spatial beam nmeasurenent techni ques

sensitivaly s cl/gd fdftiekasi. 06 hEORE - 8B (499 (e U PRE’) . nHewerasntheinphlincarity is
the "two-color"” z-scan technique. [H Ma and Cd B. de

not dudna@uhiod-ofdbnwae@wohnde Kithcéhn pueghmphotoa actdy, dnbhambed arises from the
sensitivity," Appl. Phys. Lett. 66, 1581-1583 (1995)

effectw@ N@ L925) )lectddovRYE Enod"uﬂlﬁoﬁlo% | e lah YinlcPban@t re¥8ifint @hird order
hi rd-order resonance with the punp photon energy, but

af
nonhne%?réh g(D gc}%l llllf(:){ﬁ 059 Ezpe Bh {1& C(t}é ;ﬁeﬁ]ﬁgé%gﬁ%aggg%ﬁ%tlon in II-V

Semlcoﬁlbct?_{ég’og/gmt f ln*qr}ﬁ :er lééf(ﬁ g%ﬁ Er:lr lﬁl\e/lnrlng)&qlé tph% 0- reﬂegtance signal

Sem conductors, " Rev. Lett. 47, 198 (1981)].
itself Hﬁﬁdﬁl16@1@@66%%’[1%6@1)@&1%@@@@gﬁ%ﬁcqopsa@ﬂfel%ﬁy qbéorptlon Thus the

identified with the (nonlinear) electro-refraction and
presenteheqition padrs despt imeans fHindlss indbeendegsdetdrmimaiontaf gtectro-refractive and
provides a nmeans for the independent determ nation of
electro-@bggptiva-Hoalihediticy u@mesuch photo-reflectance measurements.
[082] The method and apparatus include performing photo-reflectance measurements with the
photo-reflectance apparatus configured such that the position of the sample surface is scanned
through the focus of the probe light beam and/or pump laser beam waists. Spatial distortion of
the probe beam is analyzed in the far field through the use of an adjustable aperture. This
method and apparatus provides for enhanced sensitivity to the electro-modulation components of
the photo-reflectance signal.
[083] The general purpose of the present invention, which will be described subsequently in

greater detail, is to provide a method and apparatus that can independently measure photo-

reflectance signals arising from electro-refractive and electro-absorptive effects.
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el ectro-absorptive nonlinearities during such
phot o-refl ect ance neasurenents. [082] The nethod and
wappanexows i ncl ude perform ng photo-refl ect ancBCT/US2009/034045
measurenents with the photo-refl ectance apparatus
configured such that the position of the sanple
[084] sAm fuaderlyisg pcacipkdof the augthod hed fapparstuefis tdengbyabepatial distortions
| i ght beam and/ or punp | aser beam wai sts. Spatia

inducedlb$ tRErb 2ErRkive REd BIORE-aBRRPRVSconfaduivasl td thetghBtoiRfflectance (PR)
field through the use of an adjustable aperture. This
t

‘ . v
signal. I’%ﬁ ?ﬁgoﬁf]g%taa?g%l%ﬁ g? ﬁ)gﬁﬂoggﬁ%%%gﬁflgg%ﬂ?e?ﬁegﬁe B3t tng! ﬁernp focal
s RO e 718 PF0E P BAEP TR it

subsequently in greater detail, is to provide a nethod
clectro-g¢fepcyp archelagra-pRrorniyg cpmpepaoeiihe PRngel settained.
phot oref |l ectance signals arising from
[085] elneant erobodfncaicof the raestntinyentian, dbs orepsured photo-reflectance signal, in
ef fects.[084] An underlying principle of the nethod
additio@fsl béipg alepéndsnti ¢n the paoled yeuen ge@hdétal, ddp&iderohi jums beam parameters,
i nduced by electro-refractive and el ectro-absorptive

such asctﬁ@%ﬁﬂ'np Weh@NBaibiQidd) GaRRRLR-JrRE! 8R4 ?S&ﬁolé FRh1 ip9hdbn (BYgitudinal
perform ng a sequence of photo-reflectance

offset).gi%‘?ig%{fégaﬁtﬂ%t?rs}’\ﬂ;r% El%éhg(%gglggg ifegﬁt%észi&? ?dé‘ttizlg garrgﬁelglﬁ g)troob;%l 54 profile.
"z-scap" of .pu I nduced electro-}efracti e, an .

These gy PRORHSBRHHICT eMERORER S0 0F RS PRPIEH Gy Gaussian. profite
attained. [085] |n an enbodi ment of the present

beams piyihothsh bear drofdas sichdis phottophef | redahieensyy @iaibution. [W. Zhao
addition to bei ng dependent on the probe beam

and P. detffeMuhpraye Jérdsn cechpugop usmantopdiativednes,’s ApplichiasLemhed3, 1613
punp beam wai st size, transverse offset, and possible

(1993);f MC MarseparatGafes kD@L Bbirdwdicz 0N tilemehh86 R fractive nonlinearities
paraneters are included in the expression for the far

in GaAs SbdePh RABBFOUbLE-0FN8SE 67956856 (2000)]. itivit b

n 21ShotoFré?ﬁg@?ancggheaé%reﬁénts’nay be aéco 1i§ﬁgglwdlnmy ©

i th Gaussi.an profile. beans or with other bea ST
enhanc‘%’)%r %?’ i PUE QRlH el e PSB@%& andly F%?Ct?‘}enPSPﬁ‘E‘F{‘?iPnS [M. Martinelli
i.stributi W Zh d P. [ffy-Mih

“SensithigAPH GEH1GOR oA RS MONSELS Opnpelaitet foerEappl. P
1613 (199%?; M Martinelli, L. Gomes, and R J. o

Lett. THolaWk 429 (1888 dr. ¥mKeldysh, Oef r Korstadingwnhich &ak iRerds “Pojarization
GaAs above bandgap energy," Appl. Opt. 39, 6193-6196

Effects (i2 @O)nterbGenAbsarptidny ofrhighbén Semiconductors Subjected to a Strong Electric

Field,” Soviet Physics-Semiconductors 3, 876-884 (1970)].

[086] In one embodiment, the present invention generally comprises a diode laser pump beam
of approximately 15 mW operating in the NIR-VIS. The pump beam is amplitude modulated by
a signal generator operating in the range of 100kHz-50MHz. The probe beam comprises a diode
laser beam of approximately 5 mW, with wavelength selected to coincide with a suitable
interband transition energy of the semiconductor sample. The pump and probe may be made

collinear by use of a dichroic beamsplitter. The pump and probe are directed to nearby
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enhanced by using oblique angles of incidence and/or
sel ected pol arizations [M Martinelli,
WO 88980294y t y- enhanced refl ection Z-scan by obPETUS2009/034045

i ncidence of a polarized beam"™ Appl. Phys. Lett. 72,

1427- 1429 (1998); L.V. Keldysh, O V. Konstantinov, and
microm¥telr . sde@kr apots " dolthe | saatploon EhE gaing iandt hbe nfoealb@nsitions may be

Absorption of Light in Sem conductors Subjected to a
independeh@P doet@RH subh Hia@lith a ' LHroRIES b Ghicads b GRPUHE FQUUS through a

3, 876-884 (1970)]. [Oé)] In one enbodi nent, the
dlstancg aﬁ%ﬁ%g%dr%a%ﬁéﬁagg? (‘[)1)%?6@ %ﬁea*{byli%ﬂ%%es@tselﬁlefj b@aﬁil? leﬁ‘éﬁtr clipping. The

mat e perating in't

reﬂecteyil gﬂ]\&/ﬁl’ %&Q‘%— gsre%(flggg%)%ga?cga :aﬁ(é %?ﬁ%t%cﬁ%gH dlélllot?etagld e}?l}langer, through an
] 100kHz-50MHz, The probe beam conprises a di ode | aser .

adjustabls ARFEYTe Pl I9%PS7A 08I Bighinpesd RIwtaudipdr ehlet $oyds Betiéen is scanned
to coincide with a suitable interband transition

throughesrgugyceadt 2 pesitsmsi tortdiat ramge sdipd scan Theengoanppoxamdtcty tinetimes the
may be made col linear by use of a dichroic

Raylcidheangpbf piobe bedh et oo, atccaph eh@plarmsidion etit @dflédded probe light PR
near bym croneter scal e spots on the sanple. The punp

signal RNAcAHQPEsih PRhsPBSkdd @AScHIRYarCis! RIBPANIERLHoY of sample position,
controll ed such that the apparatus provides a neans to

pum 1450 8 AR 5L TR OPERKL TRl d o o
polari Gl e ! LSEL S OB, L SR8 SCRLRL L

adj ustabl e aperture, and focused onto a high speed '
refractipheffest df hsepeniperturarrpicen goigimaydre yssd sxdipiaaing icgwghncar index of
sequence of z positions, the total range of the scan
refractiye andjorplpysocel patmleierd. ensmalirepertire zRayl saglberpenigemed and analyzed
probe beam at focus. At each sanple position, the

to meadieé HRCIedraPdRbHtivt GhectPRIRIsgMAkbpdndctitede@drth@shtids iodf@lectro-refractive
phase-| ocked detection and is stored as function of

d cle3ARbSRRRIcklABneRUARE PRAGO [138LincBUTP [ ntensity,
. eeang e iﬁb?@eﬁ%e, proge ﬁ%veﬁeng%e and/ or probe

pel aj.i zati,on. An n aperture.z-scan may.b erf or g
087 2% Yscksvedn, SMRERES, BRI TERE TRleATSEHpECTee on «

. The open-aperture z-scan data.may be used to determ ne .

semiCORISt GHIUF IHER FAYSHYERANGES ety %ttqggﬁr%’ﬁﬁ?eér Thgyriogogreflectance signal

paraneters. A small aperture z-scan may be perforned
can be wpaebt anfdlpnsd t o neasure the el ectro-absorptive effect.

Thus, independent determ nation of electro-refractive

AR/R = o'An + B'Ak, (5)

wherein An is the pump induced change in the index of refraction, Ak is the pump induced
change in the extinction coefficient, and the Seraphin coefficients are now defined as
a' = 1/R(6R/&n)=a.x2n, and B' = 1/R(6R/Ek)=Px2n (which follows from the relation & = (n+ik)*).
[088] From this, the photo-reflectance signal contains the contribution of the nonlinear

refraction and absorption. In particular, An =ny/2xlpump and Ak =ko/2xIpump are defining

relations for n, and kj, the effective nonlinear refraction and extinction, respectively. The
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and el ectro-absorptive conponents of the PR signal is
attai ned. [087] As discussed, an anplitude nodul at ed
WO p@htiodeeam i nci dent on the surface on a sem cRCHUS1009/034045
structure causes changes in its optical properties.
The photo-refl ectance signal can be recast as foll ows:
nonlincBRA&PerdalcBon sutfaddkgledt) fiakdangi be fxenicsplidigdy puthp (carderg écke energy
change in the index of refraction, Dk is the punp
term Ul DEWEE hghge in the extinction coeff|C|ent and the

Ser aphin coeff|C|ents are now defined as a' I/R(IW
[089] t ec%ﬁ 2eln £i onm%nal (Jﬁ E&w%t%nk()lfb X2 n(lwflco ?%rs]? {:/]?ntnlglﬁs]ons &MVentional PR

phot o-ref | ect.ance gnal _contai ns t e contribution of
measurf:qq@ntﬁ SHINOh isFingsh lggyvpghthgﬁ)@ng acgpn apg, the nonlinear absorption.
particular, Dn n2/2xl punp and Dk k2/ 2xl punp are
This isgure] 1eas0g Wéyait methodfamd apparpteh to2indepraderitiyedétenmaine these nonlinear
nonl i near refraction and extinction, respectively.
contribUfeRanddsiable. dependence on surface electric field may
be seen explicitly in the (carrier) free energy term

[090] WiodifRafids2bR2Ha gpatlbpﬁﬁ&ns causiBuidit oPR Blk@NBéan®freflected from a

Equati on (1) is a sumof these contributions,

nonline p%&ﬁ&rla{lo Iﬁsg@aﬁ ués Qﬂ S‘in&%}%ﬂ&’éné Hc%‘i%ﬂ%ﬁ of the nonlinear
n n an

meen t e no I near ractl e nonit 1 near

refractig 350 Bblsehtioy Mg W@@ﬁ?ﬁ%ﬁ%@ﬁ%ﬁ@s gfteg%d AE P4l consider the

contributions is deS|rabIe [090 Nbdlflcatlons of the
reflectigm gf light fromethg ispifacs aft ¢ pg@gqe@h opfical material. Hssying the situation is
reflected froma nonlinear material can be used to
reflecties fratnl 4 Shgle ptepemteface Gueah act bulksdicoonulptrateheand neglecting thermal
nonl i near refraction and absorption in

expansidh0the co@plee Franclereflea@inr@pEiticht taBys WaYo@i: exanpl e,
consi der the reflection of light fromthe surface of a

nonl i ne i I. Ny iihuagion i s
reflectﬁ%ﬁ {Q%i g@ﬁﬁl -—%ﬁ@éHﬂR+9¢%§§%§&iy &bas a
S|I|con substrate and. negl ecting the

Where“é%ﬁ%fﬁ%% tgrihe toangitedngl réstlakmé%ﬁéy dpsgithugieniod ﬁhf‘cb‘éffl}’ ibggrannd p refers
takes the form r(z,p) = {[(ntDn)+ i (k+Dk) - |]/[(n+
to the t@nyverse(rhdibkintensity §li§tri(t)ﬁ)ion of the pump beam.

[091] This Equation (6) illustrates that a phase change of the reflected wave is caused by the
nonlinear absorption, whereas the nonlinear refraction causes an amplitude change. [Petrov
1996]. In particular:
r =1, +r[An + ik],
wherein:
ro = [n+ik—1]/[n+ik+1], and
= 2/(n+1+ik).
[092] The “r, ” term contains the linear reflectivity, while the “r;” term contains the photo-

reflectance signal.
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wherein z refers to the longitudinal radial intensity
di stribution of the punp beam and p refers to the
W e@nse®ise radial intensity distribution of tPEI/psaopI/ 034045
beam [091] This Equation (6) illustrates that a phase
change of the reflected wave i s caused by the
[093] neow) rbgawagbebr plampily, whsideasart hecidan| Gaesianr edteasityi distribution
causes an anplitude change. [Petrov 1996]. In

propagdipt 16l AE z dkis, Yhereid £ B it thikch, asWREPp&inDivals® Faking into account the
[n+i k-17/[n+i k+l], and V1= 2/ (n+l +i k) 2. [092] T% “r0
I
pump 11}(11%0%& %@g&%ﬁ%@%@ % gtﬁ% téff%@t% E)(rﬁ;eefl C%lé%%% ﬁSeIM‘&l'sﬁnggngt the sample
by way of exanple, consider an incident Gaussian
sity distribution propagating along the z axis,
wherein z = 0 is taken as the beam wai st . Taklng into
ackoumt = Ensog o> eifuieée et R edbesr(iBrandecxnlhe /o (z)] +
refl ected probe light electric field distribution at
the sanpl e suAha&ek)i[s+ (ﬂz()ﬁ],x[@ip[-f&ﬁ%l@@?(zﬂél ((7) xexp[ -
f(z)-i p/IR(z)]xexp(i2pz/l){roexp[-p 2/12(z)] + n
.Dn+iDk)/ [l + (z/zo)2] xexp[-3p 2/t2(z)]} (7) wherein:
lis the i nci dent probe Iight field inside the

a is t p LU0 e beam
Earepe ﬂ%&lﬁi%’é pr shgflbﬁ%d W 67 e o1 biapr& RS
range, J(Z) = 1WJ[ | + (z/z0)2]1/2 is the beam radi us,
R( 29 the bezfrh wWastoddt)R] is the wavefront radius of
curvature, and

= nw, /A is the Raleigh diffraction range,

surfa I}b'w’
urtaceil an

wherei

w(z) = o[l + (2/2)*]"? is the beam radius,

R(2) = z[1+(zo/2)"] is the wavefront radius of curvature, and

¢(z) = arctan(z/z,).
[094] This is the expression for the electric field distribution of a reflected Gaussian probe
beam in terms of its beam parameters and the pump induced electro-refraction and electro-
absorption profile. This field distribution results in an on-axis far field intensity distribution at an
aperture plane located a distance d from the beam waist, written as a function of sample position
z, of the form:

1(2) = I X| 1/Go(z) + 1/Gx(AnHAKY[1 + (z/z.)*] >, (8)

wherein Go(z) and Gi(z) are terms that depend only on (probe) beam parameters d, z, z,, and @,.
[Petrov 1996]. This term is just Ipc + Alac contained in the output probe beam of conventional
photo-reflectance technique. Dividing by Iix|ro/Go(z)[*, and equating AI/I with AR/R, the on-axis
intensity distribution includes a term proportional to Ak (in addition to An), which implies the
electro-absorption is responsible for an on axis phase change.
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f(z) = arctan(z/z0) . [094] This is the expression for
the electric field distribution of a reflected
W@R08802m9 pr obe beamin terns of its beam par aP@€r/E82909/034045
and the punp induced electro-refraction and
el ectroabsorption profile. This field distribution
[095] rWhoh tise apertare 9pax sechf that 411 tHedphotit-efiscthycedprobe liphit is dmcident on
at an aperture plane |located a distance d fromthe

the det&ﬁaﬂ})mmdmdewe%afb @ﬂe@caﬁdérs@gﬂamk@sf the dopd:€ posi tion
the form Ir(z) = 11x ro/ Go(z) + n/G X (

D;1+ka)/[I ) and G (2)
are terms tha EEpenEAhﬁngﬂﬁ? 3Q983) bea paranEters
etrov 1996]. This termjs
[Petrov 1[%6],_ Té?ﬂ @%@Sﬁﬁ éli‘en%’a i C?Iﬁ’é% EﬂnptBtOPE? dpEe gf‘ﬁcélf‘ pﬁow reflectance

conventional photo-reflectance techni que. Dividing by
signal is ;effect@d @ndy By Iths neméncetytitaction. DiThe affechoDiterfererse with additional
on-axis intensity distribution includes a term
reflectigso@iginatmgafirorh ad@kiofalrfilagdick iiatorfices On the Wik aheisrisicesclusion by
the el ectro-absorption is responsible for an on axis

reason Bh "ﬂ?ce £ PN endeHrhc MR hieAR Q%'hﬁiﬂhﬁohss iRP R SPGH aﬁé?ﬁ'ﬁe z-scan.
all the phot o- reflectance probe i ght 1s incident

[Petrov, Pg%@ 1&:‘&6'320?1 %golflgﬁl(% 2 EQ ﬁghﬁ%&%}‘%%{ ldeCt & }rﬁgfs that when the

(z/z0)2]. (9). [Petrov 1996]. This |nd|cates t he

apparatyyris aaPablonf | BGISUBAS t Bh%ﬁ'é?ﬂe&b@élﬁf unenas Qfaphe order 10°, optical

phot o-refl ect ance S|gnal is affected only by the
nonlincaotits ofelar ~ Akfr di’aine obkkevablef ect of interference wth
additional reflections originating fromadditiona

[096] fTﬂl.gBFOQ(‘plﬁl’ﬂ Nhehtiacer, Okt ne Wl ait&he dolifear indices of refraction
concl usi on by reason of the fact that interference may

contrihutiong into the open e zr
n and/ﬁb@?lﬁkwaﬁ%e]ﬁwm el oy P et T0R oF 1 o cAbaVecan be measured.

equati ons denonstrates that when the a paratus IS
For the gpapictricoppene apertira g-whotauryesf [Eqoationc €9)singndiesugsid tohestimate np
order 10 6 , optical nonlinearities of Dn Dk IxIO 7

~AR/R gL anbRSsey/ eF [tﬁ%]n kiismalf @peril@B-semt emsed,i HpnJ(8 b
a:Exl {%ﬁ%b 4 efféztlveanoﬁflnear |nd|cesI§?al (8) may be

used tor(f“efterr%%el {4 relatlonshlp of the amplitude of the “peak-valley” z-scan signature AT,
with the on-axis phase change A¢. Also, the open aperture curve may be subtracted from the
restricted aperture cure to amplify AT,,.,.

[097] Accordingly, it is possible to measure the nonlinear refraction independently from the
nonlinear absorption in photo-reflectance by performing an open-aperture z-scan photo-
reflectance measurement including a series of photo-reflectance measurements with the sample
at a multiplicity of positions along the focal length of the probe light column. The sample
position is scanned through sequence of z positions, the total range of the scan being
approximately ten (10) times the Rayleigh range of probe beam at focus. At each sample

position, the reflected probe light PR signal undergoes a signal processing procedure and is
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n2 and/ or nonlinear extinction coefficients k2 greater
than 2x1 0 12 cn2/Wcan be neasured. For the symetric
wWOp®@n/1609¢9 t ure z-scan curves, Equation (9) myPGEUSRE034045
to estimate n2 DR/ Rmaxx(n2-k2-1)/1 pUrp. For the
on-axis small aperture z-scan curves, Equation (8) may
stored e furston tod sai@pler positeont pertet aideo pshppnhsitineanghypdf ingdience, and
of the "peak-valley" z-scan signature DTP_V with the

probe 1803t P¥fatncRRASEhe PRGSO fBhe PRI B&hsufchR@nOIeN WIREHdr URE rdflebirdty of the
may be subtracted fromthe restricted aperture cure to

o SIS Rt FREL ¢ 7 R0 ok RORE| A e nominar

f t.the nonl i near absorption in photo-reflectance by

TCraCir £ or mi ng an open-aperture z-scan photorefl ectance
neasurenent including a series of photo-reflectance

(098] f@acsy HENERFASUIRMCAL tih ORI e? accepdmimpllpeidyre yz-gfan measurement
positions along the focal | ength of the probe Iight

(which gohtams . bothhecfisahpd endalssiotpton nosliseamicedcanhreoefdsted by performing a
sequence of z positions, the total range of the scan

serics i @hotg-raflgitance Mbdaghrymietd wWithOthe karfpis at henuRayii oty @i po&itiges along the
of probe beam at focus. At each sanple position, the

focal 1chEfhl STGEEFroBE BBt doldtht Wil & HRAlreUnIeid Q@ﬁle?}eﬁécg{tﬁgrobe path. The

processi ng procedure and isstored as function
NOSI-tj r i.ze u It ity -
vtue o MPGBER ML ARSI FoRuFE s B LBLESHI  ATE B sty
of the E)R-gxg;ﬁ%%g%fu H@?@g\i@gltweqxﬁa%% I?If({qpt%tlﬁgp{ ge;fela%e}ll%rlngﬂttg/f t%fe nonlinear
decreases) deternmines the sign of the nonlinear
absorptia® r act i on. [098] Once this measurenment is conplete, a
second snal | -aperture z-scan neasurenent (which
[099] cht diffeserivotdf thefapas tapeeuranahdabsdl ppérge curves provides the relative
nonlinearities) can be effected by perform ng a series

spatial BEarP INtGibRIIIARE BAGRI SRS I TR Flcbtah e giFﬁalsaIw Ele@to-gbsorptive
multiplicity of positions along the focal |ength of

compofidif o PIRIR kiggﬁltcaﬁ%le% b Rt ﬂf%eéﬁﬁﬂgtﬁcti bt sadilaBerture “peak-

the reflect probe path. The value o e nonl 1 near
i ndex of

vty PRSI LR LLOMAT® 08B ARETVES 25816, u st
distribution to extract an i ndependent neasurenent of

approaghheanradsyl brepplicd be dhrppriceigion characterization of thermo-clastic effects as well,
as thermal expansion of the semiconductor surface generates an on-axis phase change analogous
to the nonlinear absorption [See Petrov 1996].

[0100] By this, the probe photo-reflectance probe beam parameters, including the pump
induced electro-modulation profile, are analyzed. Further, the z-scan photo-reflectance
technique taught herein may be accomplished with Gaussian profile beams or with other beam
profiles such as the “top-hat” radial intensity distribution, as shown in the prior art. Further,

sensitivity may be enhanced by using oblique angles of incidence and/or selected polarizations,

as shown in the prior art.
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[099] The difference of the open aperture and snal
aperture curves provides the relative spatial beam
waele@vaeison of the on-axis z-scan phot o-ref | ecP@TE2009/034045
signal. The el ectro-absorptive conponent of the PR
signal can be determ ned fromthe anplitude of the
[0101] sKiG.|1 ameritgjireal pegkeatddeydw singnatmpiaey DIy pé” dfittatShellow Junction
aperture size. [See Petrov 1996]. The same (or a

(US)) stliidbnl faktra@Rfcorahthgama@bs ehdrectapRldiBthgt e HhStoREREdt S8 Nechnique
characterization of thernp-elastic effects as well, as

of the g&%&mhv&ﬁ%.”s‘rﬁ@ th/p% E?SJSQ bGP PG urd uf()flagcﬁn}%rli]sgs a crystalline

enerates an on-axi ase cnange anal ogous to

.. nonlinpe bsorpti.o See P 1996].. [0100] B :

silicon tsﬁtfsgr’apet ﬁgz &,ai b TBIP‘IIESI?[S& r"@ﬁ é@ t[{ﬂe% 8“51?18 t(ési) 8‘;% d]ose bt approximately
Jparaneters, including the punp induced ] o

4 < 10 drgotiphowesmithei A r%equ (g‘i igplang 3ad poregledmsingfemillipsgeond flash
z-scan photo-reflectance techni que taught herein may

anncalibge tegbuigng| Thilk darmwi & prnGangondetvypreofthd p-tiysadBl sruohire A03 and the n-
ot her beam profiles such as the "top-hat" radia

type imiphine m64.t ¥t eHis junttett & Stfongaid tesid Wiectrit fidle f@rispas eobwn schematically
Further, sensitivity may be enhanced by using oblique

in FIGng! eﬁx&fqt)lhﬂzc L ABBEBARIHP5i1RBh ECINGERRL R | FREHPAS inclRle various
shown in thé prior art.[0101] FIG 1 contains, in an

o BRRSLE B R PG5 BEbE S SRRl s

characterized using the photo-refl ectance techni que of
substrafehe nresent invention. The p-type USJ silicon
filmstructure 101 conprises a crystalline silicon
[0102] slpipseerdprce1oith angmbpdimanp & Hicarresant Hvantiqueas dpsteredin FIG. 2, z-
(As) at a dose of approximately 4 x 10 13/cn®,
scan phioal-tedleetdned thy he 5OCeld thorsore th8)cflarfeid sptgtraafnein anvkainesibstrate, or
using a mlli-second flash annealing technique. This

any othc@ $¥Bnicorfdubto} WRGtHES) BedrdBE o toherapretiyd @hdJPlodthodllate® nonlincar
103 and the ntype inplant 104. At this junction a

optical ?f QAR Rt &ﬁhco%lglﬁ%?f ;Lf&c%g.l sKSRENR riT%FfG.Sf],%an ]photo-reﬂectance

chematically In npl ary enbodi nents o
e SP0SBESHSLIFRSE i DG L5 Bl gpee oser 20
e b S T Ko ST S T SH ST S L S compr

invention as illustrated in FIG 2, zscan

a polarization beamsplitter 206, a microscope objective 207, and/or a beam expander 208, a
reflecting semiconductor sample 209 (with adjustable z position), a color filter 210, an
adjustable aperture 211, a photodiode 212, and a computer (or other controller) 212 suitable to
control measurement parameters and record reflectivity changes.

[0103] In an exemplary embodiment of the present invention, the pump laser 203 intensity is
directly modulated using a 1 volt peak to peak square wave reference signal from the lock-in
amplifier 202. The pump and probe beams (from the pump laser 203 and probe laser 204,

respectively) are made collinear through the use of the dichroic beamsplitter 205. The collinear

beams are then focused onto the reflecting sample 209 using the optical system (including, for
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photo-refl ectance nmay be used to neasure the reflected
spectra froma silicon substrate, or any other
w@eepgaduct or structure, in order to charact ePCHESI0NE034045
phot o- nodul at ed nonl i near optical properties of the
sem conductor structure. As shown in FIG 2, z-scan
examplphotnicrogfope obgnite kns A0 ermemtclizOhato fipusiag $ens(aayl callected using a
| ock-in anplifier 202, which drives a punp di ode | aser

collectidf3ens§.bIrha pi h%h@ iPeflol BREEd 20thg the dbIGRFREL210. The probe photo-
beamsplitter an optical system which may

reﬂecta‘ﬁgéTB&%tﬁ \e/cecﬁlt anrthé ?ﬁdé&{ht%i:%%w &f tl%osglglp% rﬁ (i)%ﬂé&gdp ?hrough a

07 and or a am expdander

ref nduct or l.e 20 i adj
beam %Baé}dt%’f gw%n tglF |31ne?0‘S ‘?.{n%’le ﬁPFrEH% @ AR>S A Jl‘i‘."é“gh'speed
photodlode 212, and a conputer (or oth e
photodl@éﬁﬂrl& angh yonvepted fp ¢ entiacal PugigAt r oihisnsiEeitetrepassed to the lock-in
paraneters and record reflectivity changes. [0103] In
amplifigin 28k ewpichr meawibediheeamplitude radpplesertt thavieAestonty chwege. This
punp laser 203 intensity is directly nodul ated using a
informakiovdh trapgikied @ pRadonYtsricontreike 218f whieheecosdihalcomponents of the
the lock-in anplifier 202. The punp and probe beans

differedtfal @RAdoREN R TR VRS BlecRPIAENDEI 8RS ASLTurkPibn of bearn longitudinal
respectively) are made col I'i near through the use of

positlori.ﬂglﬁlg Fé@éﬁée aB ?nﬁ"{:’ihéél}rg %lsga o Ther}:% fpgl]kér}cgﬁ 5116?%?%%6% M€cords the

ere ing sa usin

: optical st L ncl udj fo Crosc

dlfferer&ﬁﬁ § %qgsézﬂsﬁ%m&w i o Bovtral 6 SOL Hifh the small
collected using a collection lens). The punmp light is

aperturg gonshitiqn (appioatmaiely1g-10%e thronghput #f foeus) Aherebyr Reovishagpthe “on-axis”
phot or ef | ect ance beam contai ning the nodul at ed

z-scan plefté-ecflactanty inddrnidtien s dihp [“‘epen apepne]’ @cd dd ‘tonraxisyjle-san curves may
beam expander 208 and then through an adj ustabl e

be diffa@fed  enpgllfl cldcaoLibestpiiné effédae hi gh- speed phot odi ode
212 and converted to electrical current. This current

[0104] ﬁh@@ﬁﬁﬁ@as%@df‘oﬁ@ hiPBK -l Bn dsfdvﬁfe 1292 digdy \‘%H}F] gﬁg@hrﬁérgy at or

i tude an phase 0 e reflect|V|ty c

nfo tion is ansn1t s
above t@%h%éit &P/ To ?eélﬂlf%l}d“ﬁ%ﬁ “n‘\}%“&h“trl%agl&nd Top M08 8k Séh?oél the band
of the d|fferent|al chang reflectivity vector (A
gap ocqyrs atpppeeymaielyy 1 HQbhpm, wiye eteaRiTe NgvelGagthnm the range 40 m t0
osition. This conprises an open-aperture z-scan. The
approxisetgitl €00 oaremrasérs ere 2it3bleHerrsiiewigiedscandactdi fpterieh it the shorter
change in reflectivity as a function of the z position
wavelendth hprefaatpt ewhtd hclidisctatvhd  silicon-on-insulator type substrates. Pump
wavelengths of 830 nm, 780 nm, 633 nm, 532 nm, 473 nm, and 440 nm are convenient.
[0105] In an embodiment of the present invention, the pump wavelength is approximately 830
nm, and the pump laser power is approximately 16 mW. In this embodiment, the pump power
ranges from approximately 10 mW to approximately 50 mW, with greater powers preferable
when characterizing silicon-on-insulator type substrates. The DC pump laser intensity may be

controlled by a controller (which may be computer/controller 213 or some other

computer/controller). The pump amplitude may be modulated with an external function
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aperture condition (approxi mately 10-50% t hr oughput at
focus), thereby providing the "on-axis" z-scan
wW@bwvao2ed | ect ance i nformati on. The "open aperRCF/E520891084045
the "on-axis" z-scan curves nmay be differenced to
anplify electro-absorptive effects. [0104] The punp
gencratbaget withadefaarcchigmnal supplicdtots wak-en hapkficrd202der withhan internal
photon energy at or above the band gap of the

modula$iBATs ERARAEGRte P Ble o aS hrhpiMidram2. Aarthisneitddatentf @6 pump laser
silicon, the band gap occurs at approximately 1100 nm

. . LN 4 y
203 is YNGR PUTRUPHELNGH B9 0 T ROBER DRI Ay o tocn
.~Sef,condugct or terial,.wi.th the shorte I S
amplifig Ag RGN Giee R B o it aisn WiGaR0E.
type substrates., Punp wavel engt hs of 830 nm 780 nm .
[0106] g AP dager rqimdegpgerﬁlmdl@ﬁ@ts ohe preseat Bypuiany ggtude diode lasers
- [0105] In an enbodi nent of the present invention, the
emittingunpghedNIBHEHy whavelsngthprogd opdreting 880owens efnebpréramptetp S mW or
| aser power is approximately 16 MmN In this
above. ey NfossiblRetop vomrigresembiodgass of ahe PpEeoX invahidry with pump
10 mMWto approximately 50 MW w th greater powers
waveleRgtR 1081320 Ingh, WaRRvED AR IS b&in et bé 6RBmANY Al Lind steps must
type substrates. The DC punp |aser intensity may be
rol troller. ich may be
ve ke TR S, o B FAPIL LSk

or ©soire ot her

10107 PTG b decPgy S e By el aie Shan altyo-optc or

a reference signal supplied to the |l ock-in anplifier '
acoustopgptic gmplifuds sedplatien narangeantat i bke dirghbrallighée nwbgacegomprises a
by the lock-in anplifier 202. In this enbodi nent, the
continupusrpalabkiser AR weh ghoteo tchyrgymd ot atae dn antetbiagh trhnegereersygy of the
by the internal reference signal fromthe | ock-in

semicodetdrfun@ér id0&tigdtieh. dFdr\silitgnf the YstRRSYw MRIdn8th ftheHith such a suitable
approxi mately 100kHz to 50 MHz. [0106] The punp | aser

interbalg(;ig eitrdﬂ SEhd! @&ﬁm‘a{el}; bﬁeﬂhesR_em i nvention include

asers emtting 1nt Nl R-VI S wavel engt h range

ovoss B ALY 8L BRUEES SEARPBS SRGEI B LGt o o
present invention with punp wavel ength of 325 nm .
reflectapeiuaipbe lasehBeasmpf wavsiisis heasly axeaicRatyqormgisiharddepnsition, such

and steps nust be taken to renove any
that thepplstter-r¢ anes easpsdrayn gheaklectro-modulation effect. In an embodiment of the

present invention, the probe wavelength is approximately 360-380 nm and the semiconductor
material is silicon or a silicon-germanium alloy. The probe laser power is approximately 5-12
mW. Probe laser diodes include diode lasers emitting in the VIS-UV wavelength range
operating at powers of approximately 15 mW or less. Probes in these embodiments can include
tunable diode lasers, such as external cavity diode lasers or temperature tunable diode lasers.

[0109] In embodiments of the present invention, the pump and probe beams are made collinear
through the use a dichroic beamsplitter. The collinear beams are focused onto the sample using

a focusing arrangement, and the specularly reflected probe beam is collected and passed
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[0107] The punp | aser beam may be nodul ated externally
t hrough use of an electro-optic or acousto-optic
wW@rpbie29de nodul ati on arrangenment. The probe |PQhUS2009/034045
source conprises a continuous wave |aser diode with
photon energy at or near an interband transition
througterter gperiofe bhe feantd onthudicodetemaear photdmide gadna@ntheRaobe beam is
silicon, the |ongest wavel ength at which such a

reﬂecteﬂuﬂrérﬁtth@ shitpRI fh2fade, tik ARS h | D DGHAIR Ed@RMOSbiTBhRIgYthe photo-
375 nm [0108] The ‘met hod and apparatus of the present

[ Iy ot f
modula'té?i @B&@gﬂ% rn% %E%E Péa){ fa%%lrﬁengt tﬁee ‘g&ggﬂ%a g{élgﬁ iélg ug)t%gode output
erband transitio uch that .the photo-reflectance
Contamaﬁfeg@g e i B e et er f oct . | " an
odi nent of the present invention, the pr 3 ] ]
[0110] V\H%Fepgn@tgﬁall groglpgyeogg}qt,%élgﬁeylgwpgg@nﬁ]rﬁoa#%, tmlgle the AC signal is
sem conductor material is silicon or a
proportginkl tohABerImeordemtoahtayre ARR, pho beecrség ds npotvee nosnalized. This is
approximately 5-12 nW Probe | aser di odes include
accomplisRAeLY BSRLiSe ﬁi@Aé's{ngal By tHepdls nlaﬁ‘/ Y‘%@Al%ﬂgﬂ%db@%@ AR/R for the
operat’i ng at pomers o apprOX|na ely I ess
Pr obes |n t hese ncl ude .t unabl e di ode
exernplfnalseép 11§E|‘[a.’tr?r%§n g[ket g FffaT \}ﬁ hﬁ%dign?lggeeplgaw ernent 1S perforrned
tenperature t unabl e di ode Iasers 0109] In
on theemhotfidinsiet utpfut t ired pheseemputavenntioder, 21de rpdongs hel measurement
probe beans are made collinear through the use a
photocwtranity. dihe dvegns@ldohtrelicr 3ecandiols the asamipéargoaitienf agusies position,
onto the sanpl e using a focusing arrangenent, and the

pump [BRECHIcALItY In@fbB86E @er?gﬁﬁlel’&@@dcﬁ £0lhRed R, ap'tﬂ!arlzatlon and/ or
passedt hrough the aperture and focused onto th

detegt.l on to e.
power). %ﬁ?ﬁ & 0?({:6% (5 ] dflémésjthon iF 051t Oalll(’: eperplire DL rnp 1n§eR8ty, and probe laser

tude nodul ati on contalnln t he phot gnodul at e
parameﬁ%% uT%ﬂSe emhediMeAB AL thgpprcsant H}y@%@? (Silé'% ap§ Omemslgﬁp |28 are suitable
Thus, the phot odi ode out put contains electrica
for z-saanrphetut-sfloctoper ¢thamstdrizatoont hiesquriohralusiog wahctufe8.1 IkscTémmbodiments
DC signal fromthe photodiode is proportional to |IOR

includeviltictagiohh® AEafugEealent thapd® por dlico il fuh @arh&HRR.z-dcan phektdrreflectance
to neasure DR'R, the intensity 10 nust be nornmalized.

charactdiMagioh Sicagiconpl i shed by dividing the AC signal by the
DC signal. Typical anplitudes of DR/ R for the

[o111] SFREDS ALY c&%’ggﬁe%'@& BRLIAR IR 1888 kdark? vt Bmbodiment of the
ase sensit e neasurenent 1s pertormne

present invention, wherein: (i) the waist of the probe beam is fixed offset positive 40 microns

from the waist of the pump beam; and (ii) photo-reflectance measurements are made at a

multiplicity of pump waist positions with respect to the sample surface.

[0112] FIG. 4 is a curve generated from data taken in accordance with an embodiment of the

present invention wherein: (i) the waist of the probe beam is fixed equal to the waist of the pump

beam; and (ii) photo-reflectance measurements are made at a multiplicity of pump waist

positions with respect to the sample surface.
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on the photodi ode out put and the conputer/controller
213 records the neasurenent photocurrents. The
W@ ropoxd control l er 213 controls the sanpl e zPCT/US2009/034045
position, aperture position, punp |laser intensity, and
probe | aser paraneters (such as wavel ength,
[0113] pRlGars Bat cwone gammatdted fropoden takebRh Recadanee ovitheah ambadiment of the
function of z position, aperture, punp intensity, and

presentAh@dioh 3gRciRAf RIRL 4ist of MY protRNRAM ¥EMed ¢Ffset A&ative 40 microns
present invention (such as showmn in FIG 2) are

ui I I ZrS p - ( ' '
from R sy 52 LA, Pl P S ANEReE IR Bch & e ot &
. ;alterations.to the arrangenent .that do not alter the

multip iy S PP oS Dot i iR BEPET FeteaneRloHER R Cer  zati on
signal. [0111] FIG 3 is a curve generated from data

[0114]  Egedpfithe ervey fbkeS-i-§ mvaa Redamesdi wHiringot Phate-reflestwge pump and
i nvention, wherein: (i) the waist of the probe beamis

probe bepmddcustd sed rqsodé¢atéd/rai@hr 2 oachrématie minzoseaps dbjeftivichelhe focal
punp beam and (ii) photo-reflectance neasurenents are

positionsa@dE &ic Pumpl tanpl pribty wete pioiproled swithoBidepadsntwitélBscoping lens
respect to the sanple surface. [0112] FIG 4 is a

arrangeRhMeirdelifirahgtt bEmpdal ardiak@pwktd MRCASAMIGT W tlsRBtive beam
enbodi nent of the present invention wherein: (i) the

- ' fi.th r e | [ - 0 IS
collimafffh b kAR AT PiBvifng o Ry FE PR o B R and
e e.at amultiplicity of pu I St posjtions .

focal offn"H6¢ Betcen pRoPHETecRsee vEYRs Pee Paaitagd witkgut slipging the probe
curve generated fromdata taken in accordance with an

beam, iggrhershrasite fan Frpcprapsidwe” icAwent hesh ravielr & pmooth; “idip hia the photo-
wai st of the probe beamis fixed offset negative 40

reflectantecwoms that oackishlee pesitsin affth¢ pbpuitbislodseryedadigh i§ dug to a reduction or
phot o-refl ectance neasurenents are nade at a

“band-flaHehing! iFithy s@face g ti@iisld @esiot thepsesshddofl &FHECIgehérated by the
the sanple surface. [0114] Each of the curves of FIGS.
3 or Udpipl.d.Z i

probe. alg' ST rgﬁigé el UinkdeZ By %@Wéﬂe&%ﬁ%eﬁ%%ﬁﬁw@% method to

gam focused and rec rough a 20X

s LR S 0BAL SFHETRE SEE L PRELAMARE e

.lelescoping I ens arrangenents in either input beam
2004)]oath. This allowed fine control of the respective beam

[0115] FIG. 6 shows the data of FIG. 3-5 plotted as a function of sample “z,” i.e., the distance
from the probe waist to the sample surface, for three values of pump-probe offset. The pump
induced electro-refraction profile translates with respect to the probe waist.

[0116] In certain cases, this probe band flattening profile can be used to directly quantify the
active carrier concentration in semiconductor structures. For example, FIG. 7 includes an open
aperture z-scan photo-reflectance curve taken on the n'/n junction sample using a 40X “neo-
fluar” microscope objective, which provides high transmission at 375 nm. The beam waists are

approximately overlapped in the transverse and longitudinal directions, maximizing the probe
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collimations and directions, thereby providing
preci sion control punp-probe transverse and foca
W@RF09202949 The Z-scan phot o-refl ectance curves REF/ES2009/034045
performed w thout clipping the probe beam i.e., each
curve is an "open-aperture" curve. They reveal a
induceds baualt flatteding” The pting and gtrareefok@gicaitoas ewera eorttioditd twithcikdependent
the position of the probe. This observed dip is due to

telescoping &G %I”rhﬁ’gbn‘ibﬁlts"lﬁ%ﬁﬁetf 1hﬁ§ttb%ﬁlﬂn@ﬁt'h @hidhhBaypbé hig6Mated.
electric freld due to the presence of carriers

[0117] qﬁlﬂ)% ﬂ{]ffegtam{e ﬁl{égsu%tﬁgﬁs Wl a %lﬁg v\g%]ﬁ%d 'F]a rgnl’tlg Tidi W §€pump waist

oto-reflectance as a
tigate s n1con uct erostru ur es
p051t101§0})vig E%e%to ample, aur?%()j";l (op% ap rg & %66 &uﬁe exhibits a dip,
[0115] FIG 6 shoms the data of FIG 3-5 plotted as &
localizgd jict.i BREHMPRHpIea larger moge slopy VaTYél%%aﬁlé‘étOffF%?ﬁt%q% signal. The
~ probe waist to the sanple surface, for three val ues of
positiopahthisptip ey dicfvaetd b hkermentbe raldicawsision of the-nprebe weisi with respect
profile translates with respect to the probe wai st.
to the P Glaidtn TRr plaks abgls &S, thé phstopeAlrartvandsgonsad tigmigbd only slightly
profile can be used to directly quantify the active

througtC&chio? rthe%@ @%@t FTRE 8 e FThE ONPY Gla® ?ro”ﬁoﬂ%tapfoetﬁe pE&Ye induced
exanple, FIG 7 includes an open aperture z-scan

c v k e 9] t
reductlés)tg 9% % rﬁgé c%tcu%% %?%Hg %thﬁ%a?sp 0%1 g?i%ségg(g o‘gﬁ? c gﬁ‘rlers per cubic
._Wwhic rovi des h fransni ssion at 5 nm The
contimefgf sf%l‘s)&r@edlrfﬁf*?% %ﬁlﬁlgw"y}fseswrt?ﬂaﬁﬁaa T R epg s pRg s third CW
and | ongi tudi nal directions, nmaximzing the
pump (praodylsadidaser beard te pupressihegphofhectlsatepceasignabr Bl evical2004]. In
positions were controlled with i ndependent telescoping
an emblodimsend raf ahg émstantt Snvamtieit es thapW frelanbeat hat whsudts inethe “band-
be automated. [0117] Photo-refl ectance neasurenents

flatteniM@T Brolid|glp REY f Phitestofile B sﬁﬁéﬁﬂlﬁésbg'(ﬁé’a%n&iémﬂ’ﬁin% -probe focal

positions mnth respect to the sanple surface The open

offset 3%“ ; #H,E%%Sézgrcsg 2 ﬁuqtc Vgﬁ)g)r(o%lr és SIPalng\ﬁ) ¥ e@ ﬁ&ctromoé]ulation profile

photo refl ectance signal. The p05|t|on of this dip may
f(p+AthetAZF i élaleby&man‘edlpn}gromdes ralagitrilvisalsowith ivdriclofo giamtify the active
probe wai st with respect to the punp waist. The phase

dose, sim@hiee eflattvidaanghdide 6fefhkalip anterdpepen e SbaRged cRBlry-modulation
slightly through each of these scans. The anplitude of

signal yf)@oﬁlgiig’"in\y@scel}p'b%%&fap% shi®adch&rRECBS L AEHGRT For example, the
relative size of the dip shown in FIG. 7 indicates the surface carrier concentration of the n'/n
sample is approximately 2 times the probe induced surface carrier concentration. This provides
a means to measure surface carrier concentration without the need for calibration to reference
samples.

[0118] The photo-reflectance amplitude and phase are very sensitive to near surface electric
fields in semiconductor structures. FIG. 8 shows experimental photo-reflectance signal taken
with a 20X achromatic objective lens for three silicon semiconductor structures: (i) SiGe

substrate 801; (i1) p-type USJ 802; and (iii) n'/n junction 803. The probe power and focal spot
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reduction in surface charge density, which is of order
I xI O 19 charge carriers per cubic centineter. This
w@e@baolsand-fl attening effect is the sanme ef f eRCT/HS2009/034045
reported using a third CWpunp (unnodul ated) | aser
beam to suppress the photo-reflectance signal.
size wdrKookifgnirar to2@idinizel the proterizadifragohingfwhikemaingtimng sufficient probe
i nvention, it is the CW probe beamthat results in the

light thrdu@ngitl atst@Bivilan FMIGOB] the ah@lifude ol tie PR dspoideQf ldr€est 6n the p-type
superinposed (as a function of punp- probe focal offset

S fi
USJ 511 gcf??%%{log étYllﬁ% 2(? 1t91 ?tne%ps}lrﬁ%pgleh%%f?&gp T'_Pﬁg}ﬁﬁ&dof the photo
| t ant .di des tural

feﬂectaa&%msmvee% B s isnd Freion ?f tﬁ? é?fﬁ”etcf e hiiee i sponse to
of the dip with respect to the pax

the pungp @@fi\alatl%dmh%\ph%ﬂ reflestace flgaaloﬁr@méhq %/q petiasiethpws a phase lag of
proportional to surface carrier concentration. For

approxieedetp36¢ witheespetiatbithe plisz ef dfe fivmep thsq mddultionn FHeGigral of the p-
i ndi cates the surface carrier concentration of the n7n

type U§Ja§m1!cﬁ1ré ShARPY Pitds B REEL apBrdxitBS [y 9 PIfRe SUGR  rate a phase lag
sur ace carrier concent tion. This provides a neans

¢ ($ w&@)surface carrier concentration w thout the

0 qﬂ”ﬂ@@ﬁ“ brocalibration to reference sanples. [0118] The

hot o-ref |l ectance anplitude and phase are very

[0119] sEwespihyisigal intsrpretation o tha pbotetiefeqtinsefphededsvéats the following:
sem conductor structures. FIG 8 shows experinenta

[0120] phiat 30p°rphbeal af e Singoadtichak@turd EdiredpedX ta@ah ii@dsing reflectivity
objective lens for three silicon sem conductor

with th%%?“ Pagn%g?:f% d\je) ﬁlte?ic%n &Fgﬁlfcg,tgz%g,s %}I:l‘ﬁer(t{ran)so%e 51}’({3 reecyl%gglatlon under

ion power
focal spotsize were configured to mnim.ze th
the pu@ar?avmnm%nm&ﬂmm e[%ﬁﬁ?na. Hi Hg SArFanEre Rt rgﬁog%%t?ectance from
K%Pt throughput. As shown in FIG 8, the anplitude of
undopetl AFSF?fﬂleﬁpWMeL&ts 5Pa¥2dexd3 @R9bhe p-type USJ silicon

filmstructure, due to its large near surface electric

[0121] fTIe) ZR0° TheoPihaetypé USHStrpftaic0k appoein@ielg 1805 P@NEHhiase with the n”
used to determne the direction of the reflectivity

/n Juncﬁﬁla%gg rtfé fofe 89ﬁ8§st1ta?este{wﬁ?cqgégﬂlgg%%l}@\;ﬂf@lthgl&p Rhase A lag of

Fect ance signal fromtthe n/n junction s
of approxjmately.30 with respect, to th
approxm@zé 495 B hen iR 4UI9E A AR TSI PrepRel lemtm?er% gas a much
ptype USJ structure shows a phase |ag of approximtely
larger QQ@rlc &gl thae tIg} G¢n guiesivn and ity planserfacgelectric field is in the opposite

direction. Accordingly, when the pump induced modulated band flattening occurs, the near
surface electric field is modulated in the opposite direction with respect to the n-/n junction, i.e.,
the field modulation has a different sign, which manifests in the photoreflectance signal as a
change vector direction.

[0122] For the SiGe substrate, the phase lag is approximately 190°. The interpretation is that
the reflectivity again decreases with pump excitation, which produces the 180° shift, and the

interaction lag is just ~10°.
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of approximately 190. [0119] The physica
interpretation of the photo-refl ectance phase reveals
w0 b@ofiadokowi ng: [ 0120] The 30 phase | ag of t heP€ilnS2009/034045
junction structure corresponds to an increasing
reflectivity with the 30 | ag being due interaction
[0123] dyK&If Gy vdctae. plotodrvariens pityesisF strartales Effashirinnedledinat a sequence
under the punp-on/punp-off conditions. [H Shen, et
of tempRbFature®y MRS £58p1 6§ wmgir@éeﬁiédaﬁﬁt@ﬁﬁlﬁsédbﬁmﬁm@m@ﬂameéﬂ processes
Appl . Phys. Lett. 59, 321-323 (1991)]. [0121] The 220
. d Le. | .
i the e ARe21LHER PasTG St SPARRNIRL fighy & atong  tne
enonstrates a decreasing reflectivity with punp
as the ﬁﬁﬁﬁ@mw nggd. é%& 3%PW@F19 beBeigie St HRECT diagimeRus shallow-
dynam cs remai ns present. The p-type USJ has a nuch '
junction gypgesempleetsts. | This jie fudtheh aensistent pvifhnthe umterpresatiemel the PR signal as
near surface electric field is in the opposite
lincarlydbropartibodl . wiskicwmr girfigk \carrivh eondeheatpunngs supghscedy the Poisson relation
nodul at ed band fl atteni ng occurs, the near surface
[Aspne€l@gfric field is nodul ated in the opposite direction
with respect to the n-/n junction, i.e., the field

e . . : . e ‘

o121 BT S0RR A ShELS! S o IS PEALARS' S it 20x

ol S5 Bl ARk Bl b ARSI Bt o M 001: i)
the reflectivity again decreases with punp excitation,.

p-type WS/ cHO3; saddEn 1 mejungtos 4093 Ehedpioke romtcereadtfoed ipaf size were
is just -10.[0123] FIG 9 is a vector plot of various

configuped ypenigBdizs ttheiqirolree Satid [flagbniag nelalce diaimainmgs adtiente probe light
of tenperatures. The sanples were processed with

throughpiut.| i BiRC phabet dfTBRCplhdo-r¢figtana tePonsy BELHEES ubdll tdr@ctermine the
tenperature range 12500C to 135Q0C. The

.. nh r : | | Ain - -
BT SRS Sphe1150 OR 1E o e

i s abserved gn nunmerous shal:l ow, unct.Lon. type sample ..
reﬂectaggei guives fiom glefrb )}illt Hlél?tl%no ﬁ%ﬁ? § S -ttypV% E? tshrlégtﬁre ssnoqxpre?atlvely broad

R E LG RN TR —
lectr r?lsduslgt?o%esrto%?e. b¥hits rlse csl(l)siisstesn? rl)vi{helsnalatllil Oﬂas[e%pgggib%gng the vector plot
electromo p p g p
(FIG. 8), and shows a significantly smaller z-scan interaction range for the SiGe substrate and
very little probe band flattening, i.e., the interaction dynamics in the SiGe semiconductor
structure happen more quickly and occur over a shorter range than in the p-type USJ or n'/n
junction structures. From the equation, ny & AR/RumaxX(n*-k*-1)/Ipump, the effective nonlinear
refraction n, for each sample may be estimated. For the p-type USJ, n, » —5x10” cm*/W,
whereas for the n'/n junction and the SiGe substrate, n, = +7.4x107° cm*W and n, ~ —1x10”
cm’/W, respectively.
[0125] In conjunction with the “open-aperture” z-scan, the “on-axis” or small aperture z-scan

capability is utilized to characterize the electro-absorptive signature. FIG. 11 shows open
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[0124] FIG 10 shows open aperture z-scan
phot o-refl ectance curves taken with a 20X achromatic
woRjoeaelowe | ens for three silicon sem conduct oPCT/US2009/034045
structures: (i) SiGe substrate 1001; (ii) p-type USJ
1002; and (iii) n7n junction 1003. The probe power and
aperturé amdl sregdbtapaitire merae plandirgfiaceadcd aumieni takare withe a @030 echromatic
band flattening while naintaining sufficient probe

objectivd BRS & Hhe GO Whbstrbie1 PiasR] R thba /P h@ictioh afiD2CtIRCAscan photo-
response has been used to determ ne the di rection of

reﬂecta‘h@@ d{ltgfdne&ﬂie SE. gf&h&lﬂgﬁts' DsHifSRANREhE %rntan ngffﬁ% z- scan curve near

t1on scan photoreflectance curves fro

n7n ‘;unctl,o structugre show
2=0, 1?18&%&% Pl Brivad @aﬂweeq%gﬁq Rt o T es,
eas .the Si Ge substrate z-scan data exhibits a
[0126] nglﬁo%\%ﬂh@rréf@ﬁ thenditfareacs ehthsrapen pecrtuppiagd jog-axprispasndpt the SiGe
with small phase | ag exhibited in the vector plot
substra(eF1281 8)d thenet/is lowsion 120ni Frovathel shapermff Itee peaksealley form of the
interaction range for the Si Ge substrate and very
differerdedl tzl seap e@ves, bienel cdttoaabia@piivignorlin€arity tiiecithet e4ragit iioobserved to be
dynami cs in the Si Ge sem conductor structure happen

of the sﬁﬁ%%lg%u H&dphe¥ tl?bnﬂctotﬁ&ﬁ" ?es@&%fve%l&ﬁ@ﬂ%ﬁ’ﬁctfv@@l@ﬁhﬁéﬁﬁﬂeé aﬁe of opposite
the p-type USJ or n7n junction structures. Fromt

sign. P At o Rl B 1S G s%&tﬁoii)s% igh he)ﬁ(bL%:t 48 i o

estimated, For the p e USJ, n2 ~ -5 x 10 9 cn?

clectro-gherptae ¢ifict masyodh W%B@ icakibraed fpnapsiue szapEy dt9 )]. The data
n2 +7.4x1 0 10 cnk/Wand n2 -1x1O0 9 cn2/W

above russpeepproemately 030%)] dparterenjtransmit@ncesi tMicasimement of the on-axis
"open-aperture" z-scan, the "on-axis" or small

transmi@Pedetibl lithitedd $i€ praci@aht ntad fos tHhibudhpaes theplediareldctinc System.
the el ectro-absorptive signature. FIG 11 shows

[0127] q@@\ﬂ@\%‘? it W iANEb SR do ARRIAUWHSIZsiSf@ites of on-axis gaase change even
hot o-r'ef | ect ance curves taken wth a 20X achronmatic

ect o for. the bstr at e 1101 and. for .t.he
with aperln l?ﬁtﬁté’tsudo/ﬁ tril&%%ltta ee l?(gglgn Wo t0 :1Ltu eaannce O&aatms znscans for

the n/n:fﬂtgptfeqrﬂ, zﬁ(ﬁglélg]élgxa&h% %blpét éc’chg é}se?)lglfnfg a(% %hlﬁ{]ﬂrt e%&%g% data acquisition. The

. "on-axis" shift of the photo-reflectance beam phase
n/n jurfctignt on{agis? hrvel Bows 2 shift wad dap asartthe Miagigriadigetingf a shift of the
the open aperture and on-axis z-scan for the Si Ge
photorcslgbah ¢calicamjidde romk. t he n-/n junction 1202. From the
shape of the peak-valley formof the
[0128] FIG. 14 illustrates the difference of the open aperture and on-axis z-scan curves of FIG.
13. Here, the size of the effective nonlinear extinction coefficient is determined by the
amplitude of the peak-valley z-scan signature and the sign of the effective nonlinear extinction is
determined by the direction of the peak-valley signature. As noted, the observed shape
corresponds to Ak > 0. The magnitude of the effective nonlinear extinction may be estimated
from the equation k, ~ ATp_VX10"1><(n2-k2-1)/1pump ~ 6x107 crnz/W, where AT, ~ l.2><10'6, as
shown in FIG. 14, and the factor of 10" roughly accounts for the 50% aperture condition. More

precise quantification of the electro-absorptive nonlinearity may be achieved using a fit to
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di fferenced z-scan curves, the el ectroabsorptive
nonlinearity for either sanple is observed to be of
W0 b@ogeayed si gn, despite the fact their respectP@BUS2009/034045
el ectro-refractive nonlinearities are of opposite
sign. The shape corresponds to an increasing
Equaticel @g.t[Pembs 09 Pt]i dihe aignRiad > mdgnititeoSthz encagurtthaonlinear refractions and
el ectro-absorptive effect measured nust be cali brated

absorptids oARBE §dﬂﬁ1ﬂes§1‘eg§ﬁec{ Naeih 99 8dnsisTdie wiiht & pahiRishs YR consideration of
approxi mat el y 50% aperture transmittance. Measurenent

IS [ ti
the 100?9[ e Jn}glel% B{;cg?ré 1t %%@ﬁ%ﬁtﬁ%?f&ﬁb& t{)1 ct)li[gogl?g B(}éﬂ;i%ge Fof egymple the
. 012 mal ns OSSI ure.
deﬂvaugyﬁ:g? F2 it E b oo h il éﬁa@écleﬁ%ﬁije eVt e ative of ¢
approximately 50% transmttance. FIG 13 shows open
1s maxiapérimphen@id; *oheakissbsavedahbus, by petferming opemepdrome and on-axis
taken using automated z-stepping and photorefl ectance

z-scan ﬁlﬁ’ét@—r@ﬂ&w&b hc@BurehBfts nlﬁﬂeﬂeﬁﬂ&{ﬂrﬂ&sm‘éﬁreﬁ?(bﬁthe QU cYiB-refractive and
shows a shift and dip near z = 0, again indicating a

electrojﬁﬁgpﬁqg to P&leﬁﬁ%@'iﬁ{ol I%ﬁE& & iDsamenase front. [0128]

ust the d| erence of the open

101291 PREla g ﬁ%thsngasﬁﬁsigﬁbi DR E ] PERP L Tpiné BreSent invenion,
coefficient is determ ned by the anplitude of the

the samgeshruld b jappargutdeorm thej abaxue dessrinfien-t he sign of the
effective nonlinear extinction is determ ned by the

[0130] dWnthctespart gb thheabpealkdevalptioy thegndtivrte. bAscalueédhatt the optimum
observed shape corresponds to Dk > 0. The magni t ude of

dimensionel efdt@athiyeforand pneasf By invationno MludeyattionBiedze, materials,
fromthe equation k2 " T xIOx -k2- 1)/ " 6xl10 12

shape, fﬂi‘g{ WncWBRaRd BERaY 6F dpeftiol SsemBS AWML, 4B dEbdred gei‘ldlly apparent

d the factor of 10 roughly accounts for the 5

to one ﬁ{? i e Ptngnc{ ali3 equllvti &t P s%ﬁ)sqg ?lgtsle fllhhs ajtea g i ?he arawmgs and

ro absor non |near I eve

toE at.i on ov 1994 Th n and
descrlbﬁ%&#*? Hiptipn éreﬁgzsgﬁédgtatq%ﬁwm%edrl@f & BB on
absorptions on the sanples reported herein is
[0131] cBes¢tercerthe ipregomgpeceansidered s dinstratiel galyaef die ofingiples of the

| ocati on of the probe | aser wavelength in respect to
inventidth eF8theEi sirab s:anmptdaus modricatioxaanl ehanpdrsevidleradibt aceer ofthose skilled
e2 at the probe wavel ength is small (approaching

in the #€MOk noMisiRASo Uit BRI ihvéition 8o e dxdct coB¥uEMIn and operation shown
|nply|ng Dei " De2 (as observed). Thus, by performng

and de&ﬁ%@d,aﬁ%ra{c%ﬁi@‘ﬁ M5B modifications and equivalents may be resorted to,

falling within the scope of the invention. Accordingly, the scope of protection is not limited by
the description set out above, but is only limited by the claims which follow, that scope
including all equivalents of the subject matter of the claims.

[0132] The disclosures of all patents, patent applications, and publications cited herein are
hereby incorporated herein by reference in their entirety, to the extent that they provide

exemplary, procedural, or other details supplementary to those set forth herein.
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z-scan photo-reflectance neasurenents, independent
measur enent of the electro-refractive and
web@enoxabsor pti ve conponents of photo-refl ect BETYES1089/034045
attained. [0129] As to a further discussion of the
manner of usage and operation of the present
i nvention, the sanme should be apparent fromthe above
description. [0130] WthQiesypdst to the above
description then, it is to be realized that the
What iORLH¥MR-di mensi onal rel ationships for the parts of the
i nvention, to include variations in size, materials,
shape, form function and manner of operation,
assenbly and use, are deened readily apparent to one
killed in the art, and all .equival ent relationships .
1o 1 nasandtped & avian P OfORHE G G ST T 4HGR b dctSrpiconductor
the specification are intended to be enconpassed by
structurehi@e presiashgommipenthe plep @131] Therefore, the foregoing
Is considered as illustrative only of the principles
of théa)i nvdhimioating-arr ddeeof assurfeee ofuthie somsconductor structure using an
nodi fications and changes will readily occur to those

shaplitu@d mddutdf@ @inkp lakdr bedmN@hedpsi red to linmt the
invention to the exact construction and operati on

shown and dﬁ)scr it%eglélal?cqu&cﬁ&hgica Yiscs@ht 1Y bAPMRavelength with

nodi fi cations an alents nmay Dbe resorted to,

falling within the ope. of  the.invention. :

nccor dstiy Erefie TEa dfE G st bGub R uhsnermnet agergigonductor
the description set out above, but is only Ijmted by oo
the cl@ptsEalmihin thy ﬁ%fwwl@mors@%@r%neaet%r/n@ldawg time periodic
equi val ents of the subject nmatter of the cl ains.

[ 0132] chiphgesdinselegmme shage alehsifyawethinsthepatraennductor structure such
applications, and publications cited herein are hereby

i ncor pihaathe dldvedte fioldytofikf witkincle isemicoaduct@nitiuciry obfaths a time
the extent that they provide exenplary, procedural, or

ot her gefRid SoduRReaRNtary to those set forth
herei n. CLAIM5S What is claimed is: 1. A nethod of

z-scan phot @1}) refled ron%u? grﬂ?ragérﬁag Ig%ﬁltllli el Qeqnigoqdﬁlgtor structure 1s

sem conduct structure, conpri sing
SLoPS Oheel B Wbk 4TL0RL L0g. AN 0P8 O LS S8l e
(b)  illuminating a portion of said modulated electric field profile of step (a)
with a separate probe laser beam, wherein the probe laser beam comprises at least one
wavelength
(1) nearby an interband transition energy of the semiconductor
material within the semiconductor structure, and

(i)  suitable for recording the induced changes in semiconductor

material optical response which occur nearby to interband transition energies;
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anpl i tude nodul ated punp | aser beam wherein (i) the

punp | aser beam conprises at | east one wavel ength with
Wep®egy29¢y eat er than the small est interband treCEUS1009034045

energy of a sem conductor material within the

sem conductor structure, thereby inducing tine

periodi c changes in electronic charge density within

the sy constueding resletidd alteasnchuridhdprobbéighl Rerhtheillumination of

field profile within the sem conductor structure

ARt S ouctomBstRefukQ Al BerBRAME aflicAin@NGirchi brdvRelight comprises a
sem conductor material within the seni conduct or

is.supject to a tinme periodic nodul ati on of

?h@é?%gﬁng§§§%$¢ion energies; (b) illumnating a

porti of said .nodul ated.e]ectric field profile

Step (d) wPEROEIGE faehes o PE%-TF%%C&HCB&W%@P@% s (@), (o),
probe | aser beam conprises at | east one wavel ength (i)

aed Dy wath thesemisapduatoranigictiro gt aelgpligty efhpositions along the focal
sem conductor material within the sem conductor
sinpthcofuthe , prabredlighiti colison, tvelidrein faorapesgoeridifixgurt én ihredfac €édld of the
changes in sem conductor material optical response

iehaseEBalim;near by to interband transition energies;
c) recording reflected alternating current probe

25 4] ST ARG LSS SRR e
SRR B B o BB R ) oLl 09

(b), and (c), with the sem conductor structure at a

[tiplicit f i.tions alang, the focal |ength of )
Zhe pr BemF%@&tOfggi%%?’ m%v%thsnsegb%q par js{ructure comprises 2
fixtured in the far field of the probe |aser beam (e)
material;8¢legied Fremi the grovitdospisten ¢leldt\dazingblende semicanduqtey)material, silicon,
(c), and (d) to determ ne a
silicon-germanium, III-V semiconductor material, gallium arsenide, gallium nitride, carbon,

germanium, silicon carbide, boron, nitrogen, phosphorus, arsenic, and combinations thereof.

3. The method of Claim 1, wherein the semiconductor structure comprises a
semiconductor electronic interface selected from the group consisting of a p-n junction, a p'/p
junction, a n-p junction, a n’/n junction, p-type ultra shallow junction, n-type ultra shallow

junction, and combinations thereof.

4. The method of Claim 1, wherein the semiconductor structure comprises a field
selected from the group consisting of a surface band bending clectric field, a near surface

electric field arising from an electronic interface, and combinations thereof.

5. The method of Claim 1 further comprising determining changes in the photo-

reflectance signal as a function of intensity or profile of the pump laser beam.
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physi cal property of the sem conductor structure. 2.
The nethod of Caim1, wherein the sem conduct or
W@ 00980294 conprises a material sel ected from RPEEUSRIOUEBI045
consi sting of Il1-VI zincblende sem conductor nmaterial,
silicon, silicon-germanium 111-V sem conduct or
material, galliumarsenide, galliumnitride, carbon
ger namhemetbéd bf Ohaimar bivii@einbbe amvelnpthogfethe pump laser is selected
phosphorus, arsenic, and conbi nations thereof. 3. The
from thEBFAPLoREisEH A M3D RO BB ENS 852 aRNAYT hAl amd 44CiHT €
conprises a sem conductor eiectronic interface
selected fromthe group consisting of a p-n junction,
0+ B : Sy Ci ' . i ) ]
3. Eypa LS RE chafly P A cibrisfheddAcinRle Hipges,in the photo

junction nd .conbi,nations thergof .. 4. The nethod of
reflectdpCiinal B o RHPR OF HE WERIBGN UL o7 SETIRTL e ESHBr | ses
a field selected fromthe group consisting of a
surface band bending electric field, a near surface .
8l ect ﬁe npethadptLrlpwn hgvhergin the wareength Af theinsels lpsgeds in the range
and conbi nations thereof. 5. The nethod of Claiml
selected fromitbe groumprngsting aféo)eTolinm g3 Ehemged ()39 men to 415 nm.
phot orefl ectance signal as a function of intensity or
profile of the punp |aser beam 6. The nmethod of C aim
9, whéheinrethddeofWdwiel &nglidiciofthd dpertprenip thafhe ficidsof the reflected probe
selected fromthe group consisting of 830 nm 780 nm

beam iBZufdidito ?ﬁ%id&"ﬁn-&?éﬂi@l{ﬂ&aﬁﬁﬁisﬁﬁﬁ ofBbouf 20 Pe et hod of
Claim1l tfurther conprising determ ning changes in the

phot oref | ect ance signal as a function of the intensity

%ﬁ. Pr gk hRuRfd dftaaiRl PREhdr&R e eﬁﬁgtp}e i the 38 APRITAE Rblected probe

aim1, wherelin the wavel engt the probe laser 1Is

v 0 G P50 B P UG SORTR 70, O (2

method of Caim1l, wherein the aperture in the far

field of ther ected probe beamis fixtured to
plovi dée o (Jflﬁlahf’ W8 S RBHI R 1h it Fep the reflected probe
_percent. 10. The nmethod of Claim1, wherein the
beam isgfpretpked e prayideran-4xas lightdragswissionef 1@ paeedd pr obe beam
is fixtured to provide on-axis light transm ssion of

about 50 percent.
12. The method of Claim 1, wherein the aperture in the far field of the reflected probe

beam is fixtured to provide on-axis light transmission in the range of 10 percent to 100 percent.

13. The method of Claim 1 further comprising
(1) acquiring the photo-reflectance signal using an open aperture z-scan, and
(i)  determining pump induced nonlinear refraction from the photo-

reflectance signal.

14. The method of Claim 13, wherein the surface carrier concentration is determined

from the probe band flattening profile.
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11. The method of Caim1l, wherein the aperture in the
far field of the reflected probe beamis fixtured to
w@e@vileb®4on- axi s |ight transm ssion of 100 perPRPERUS2002034045

The nmethod of Claim1l, wherein the aperture in the far

field of the reflected probe beamis fixtured to

provide on-axis |light transm ssion in the range of 10

per ceMhe tMeth0d @Ctamt 1, Mherdiheshit 60 theofprdBeabeand phase front is

further conprising (i) acquiring the photo-reflectance
determPb@ A8 MG A RRBE pRBE SioHABcEnBER M in@NEEsfrictad aperture z-scan.

determ ning punp induced nonlinear refraction fromthe

phot oref | ectance signal. 14. The nethod of C aim 13,

O o Al B TR ERLSPEaRBRFEL {2ni ng protite. 15
phase P r ontd L U B e B S b S B FERT AL anre 2-sean

probe signal acquired using a restricted aperture

#0&can. 16. The method of Caim1 further conprising

(i) acquiring the photo-reflectance signal using an

r est r (iok ed deeemininge mmnyc ainduedd nphiinead e tlesonptivinndrquunphe  photo-
i nduced nonlinear absorption fromthe photoreflectance
sd¢fdfihce dignalThe nethod of Caim 1, wherein punp

i nduced nonlinear absorption is determ ned fromthe

di fference of open aperture and restricted aperture

77scamhPhebfolebl EChRANCE GHoMES  pukly MBGaBhHRthedf absorption is
Caim1l further conprising determ ning nonlinear

; ‘ . . .
deern 8 BB DRRSERLD h ool eI KR RSB - ronecnce
conpri sing determ ning nonlinear absorption according

CUVES-t o an enpirical ly deternined calibration curve.

18. The method of Claim 1 further comprising determining nonlinear refraction

according to an empirically determined calibration curve.

19. The method of Claim 1 further comprising determining nonlinear absorption

according to an empirically determined calibration curve.

20. The method of Claim 1 further comprising determining electronic charge density

according to an empirically determined calibration curve.

21. The method of Claim 1 further comprising determining electric field according to

an empirically determined calibration curve.

22. The method of Claim 1 further comprising monitoring electronic charge depth

profile according to an empirically determined calibration curve.
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20. The nethod of Claim11 further conprising
determ ning el ectronic charge density according to an
wepponoxad |y determined calibration curve. 21.POTES2009/034045

method of Claim1l further conprising determ ning

electric field according to an enpirically determ ned

calibration curve. 22. The nethod of Claim1 further

QBNpr Tht Ag:thoA AN Y f@tiee tomplising Baegeinthgldetgy 6¢1d ldepth profile

according to an enpirically determ ned calibration
accordlﬁg' £/ &h &ﬁpmwﬁy 8RR LlalibtRoMcdrour t her conpri sing

determning €lectric field depth profile according to

an enplrlcally determined calibration curve. 24. The

ARt hoghof, Gl & 07 1alid It REthet Q(E}o?]?ﬂéﬁf}%??tgﬁﬁlﬁf ?a{"&ﬂhgac@erlstlc using z-

characterlstlc usi ng zscan p ect an
d wherein the.c terls ic i
scan plileRiikng BTG Gid nhoi raar?mﬁﬁﬁ gl Fontthe group
spectral. mndth and spectral sha e of th
consistigg nefc BediRR: oq,mplﬁp@q baeetral r Wikl qngin sp:-qs;ga]g 9hapz5of e semiconductor
met hod of Caiml1 further conprising using z-scan
interbaphpersitromfdnegyance i nf ormation to deternm ne punp
i nduced electric field profile as a function of an
of fset selected fromthe group consisting of

penp- ihobmcthod ust @fidigetls furthednSngirBtngofubiagt s-scamn@hoto-reflectance
conmbi nations thereof. 26. An apparatus for detecting

informAAMMSb %{erﬁf&ﬁﬁﬁﬁﬁ BRlu@ld dcarBeRNEYETOLs a?hfn‘éﬁ@)ﬁ' BF an offset selected
conpri si ng: a a sem conductor structure wt

from t}{ h%tloﬁ tc'oﬂggcghg Bﬁél?l%l% S%P(.):beafo%ﬂmng ei%n%%c'rg@ %sté%‘ ee{n%' Cbmbinations

I'S opera rovi de a
thereof wplltude nodul ated | aser beamwi th a nodul ati on
frequency in the range of 10CkHz to 50MHz, (ii) to
operate at optical powers of at |east about

agprOX|nater 5 MW and
26.  An apparatus for detecting physical properties of a semiconductor structure,

comprising:

(a) a semiconductor structure with a reflecting surface;
(b) a pump laser system, wherein the pump laser system is operable

(1) to provide an amplitude modulated laser beam with a modulation
frequency in the range of 100kHz to 50MHz,

(i)  to operate at optical powers of at least about approximately 5 mW,
and

(iii)  to contain at least one wavelength with energy greater than the
smallest interband transition energy of a semiconductor material within the
semiconductor structure;
(©) a probe laser system, wherein the probe laser system is operable

(1) to provide a continuous wave laser beam,
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(ii1) to contain at | east one wavel ength with energy

greater than the smallest interband transition energy
W@R00186w9 conductor material within the sem coPdUTs909/034045

structure; (c) a probe |aser system wherein the probe

| aser systemis operable (i) to provide a continuous

wave | aser beam (ii) to operate at optical powers of

at nost abgiit appobphrBAtedicABpeNrs @Tcht (rhodt Jabb® approximately 15

contain at |east one wavel ength nearby an interband

transitwomaenergy of a semiconductor material wthin

the sem conductor structure; (d) a photoreceiver

operabl e t llug ‘?dl' é‘(t;net%l?[ndt %a%? B%é %%el%ﬁ%ﬁ %glirby an, interband transition

proportlon inte

ystem whe elnthe otlcal S iS O i) to
£ v us Chrty BEE i an e e i e S oA bt
beam and t he conti nuous wave | aser beam onto a common
f ocal (Posi einbatosercayes gperable tefecntratesangledrienl cugent proportional to
structure of dianmeter at nost 50 mcrons, (ii) to
tnpansitatséyt he comon focal position through a di stance
of approximately 10 tinmes the Rayl ei gh range of at

| east (@ne @h opfical ayRedrh twisleciiEkbRica s sREETK opeanleand

the continuous wave | aser beam and (iii) to separate

and direct gr obg, kbt 18 Er ougﬁdthfer ﬂgﬁlﬁﬁﬁ% mo ulated laaser beam and

senm conductor structure t erture xture
a far fiel g uous, wave | aser

the pistGrledroerte (e bR IRe TRl Bealar ot feflee of e

system operable to recaord output of the photoreceiver;
and (é‘)ml&%@r?&ftsgﬁ“&%ﬁﬁfrql%mﬁ@r Frewsti PR HEsPIaNd syst em

control software. . '
(i)  to translate the common focal position through a distance of

approximately 10 times the Rayleigh range of at least one of the amplitude
modulated laser beam and the continuous wave laser beam, and
(i)  to separate and direct probe light reflected from the semiconductor
structure through an aperture fixtured in a far field of the continuous wave laser
beam and into the photoreceiver;
() a phase locked signal detection system operable to record output of the
photoreceiver; and

(2) a computer comprising measurement and system control software.

217. The apparatus of Claim 26, wherein the optical system comprises a telescoping
lens arrangement operable to control pump-probe focal offset, wherein the telescoping lens
arrangement is fixtured in the input path of the amplitude modulated laser beam or the

continuous wave laser beam.
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27. The apparatus of Caim 26, wherein the optica

system conpri ses a tel escoping | ens arrangenent
wWop@padoed t o control punp-probe focal offset, MIBEUS009/034045

the tel escoping |l ens arrangenent is fixtured in the

i nput path of the anplitude nodul ated | aser beam or

the continuous wave | aser beam 28. The apparatus of

CRai mTA6, apphensi of tHeino[@6| cellcrSy SthepRaPLySas eoM@as a beam

expander fixture in the reflected probe light path

expandOPEXAR! & IR BARROA pRDd 165k lphm&refbh@td)é 8d R@8BRRHAE §he probe
transm ssion through the aperture. he apparat us

beam bgiforec%rQ{SM1§s§qn tﬁgﬁgﬁltﬁ]e &pggtup robe | aser Wavel engt his

r OXI “The apparatus of C ai m 26,
mhereln t he probe | aser is an external cavity tunable

veI th | ser OVI Itiplicity of . .
vei SR AESPR 0TS B Sheftal Harmsbhe G Rtenghds ggproximately
of the semi conductor material within the sem conductor
375nmst ructure. 31. The apparatus of Claim 26 further
conprising a dichroic beansplitter, wherein the
di chroi c beansplitter is operable to make the punp and
BPobe Thagpparbwa s Ctaml Imedicrei he ke sprais anextepfial cavity tunable
Claim26 further conprising a 20X objective | ens,
waveletdtiriasen frbeiddi@Xa abplepli¢ivie of enscicagthparcatdlyetot an fimettBinattransition
| east one of the anplitude nodul ated | aser beam and

energy bhﬁle%@rﬁidoﬁéﬂ@ﬂér MRYEallvAREA t&%%ﬁﬁ&ﬁh&ct@ﬁstﬁfcﬁﬁle of a
surface of the sem conductor structure. . The

apparatus of Caim26 further conprising a 40X
g%” 0FH0 FA‘BP&QﬂuQ %tf'd’l%n{ Qg%urtﬂ\é?ecf &l g&%fa ﬁ%dﬂ %Eaﬁﬁ%?iﬁ@r, wherein

j ective lens is operable to east one

the diclfis SRR e%isa%rﬁ%dar”?'t‘%tﬁﬁalﬁ%p%@% AT B g AR PO

sen1conductor structure. 34. The apparatus of C aim

26, wherein the conputer operabl e t vi de
égt o P ADBArERS BE 115%6% BOTPE Y1 ARQePhestae lens, wherein the
acqui si tion. 35. The apparatus of Caim 26, wherein

20X oby ¢¢@V@dﬁﬂpu$ eperilye @péchb latlepss qylp@‘f iteamplitude modulated laser beam and

the continuous wave laser beam onto an area of a surface of the semiconductor structure.

33.  The apparatus of Claim 26 further comprising a 40X microscope objective lens,
wherein the 40X microscope objective lens is operable to focus at least one of the amplitude
modulated laser beam and the continuous wave laser beam onto an area of a surface of the

semiconductor structure.

34.  The apparatus of Claim 26, wherein the computer is operable to provide

automated z-stepping and photo-reflectance data acquisition.

35.  The apparatus of Claim 26, wherein the computer is operable to provide

automated control setting of the aperture.
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automated control setting of the aperture.36. A nethod
of determ ning a physical property of a sem conductor

W@ eaa029e, the nethod conprising the steps of PCT/EP2009/034045
perform ng beam profiling of a photo-reflectance probe
i ght beamusing a plurality of photo-reflectance
nmeasurenents; (b) utilizing the plurality of
Bbot oA ekttedt Endeeribang heiBoics] prope®@sia&emiconductor structure, the
nonlinearities occurring in the optical response of

methodlddepRMAROGESI A Structure, wherein the
non-linearities are selected fromthe group consisting

of refracti = b (i es.c.a h v - -
o PSS RSt PBRALELA Bnce proge g bam sing
ut'Iizin? he nﬁasured non-linearities to determne

£ RGBS PAptoFF Berlancy MAASYIRBCUSH conduct or st ruct ure.

37. The nmethod of C aim 36, wherein the step of

measufng UAbBzing tha plresdify ef Rhoteiseiages mepsureraentsiq mgasure non-
refractive non-linearities occurring in the plurality
thedrhes phatrong éf thecdpicelerespase 0€ frendtemicaddctpi structure, wherein the
i ndependent |y neasuring absorptive non-linearities in

hoe lipkattki dr¥ Qflectdie fRRPtRe @il ChbANGRMBATHI &ARB! Son-linearities,
38. The nethod of C aim 36, wherein the beam profiling

soi‘;?cﬁs%%ﬁ- H{eﬁﬂ{?%st, A &{frp@&tfo%@ %ﬂ&%d'ff} gn®f punp induced

ly :
el ectro-no ation profiling, probe’band flattening

profiling, d conbinations thereof. 39. The nethpd.o

& o m e wRBARE AT hERuraD ot NGTss 16 Hyotmie JEGARNAN propeny
profiling conprises utilizing an open aperture. 40.
PhecHeHOad WO S6, wherein the step of performing

the beam profiling conprises utilizing a restricted
aperture.41. The nethod of C aim 36, wherein the step

ég - pedhemethng affdaipedmvdicssin thersgep of measuring the non-linearities

comprises
(1) measuring refractive non-linearities occurring in the plurality of the
photo-reflectance measurements, and
(i)  independently measuring absorptive non-linearities in the plurality of the

photo-reflectance measurements.

38.  The method of Claim 36, wherein the beam profiling is selected from the group
consisting of pump induced electro-modulation profiling, probe band flattening profiling, and

combinations thereof.

39.  The method of Claim 36, wherein the step of performing the beam profiling

comprises utilizing an open aperture.

40. The method of Claim 36, wherein the step of performing the beam profiling

comprises utilizing a restricted aperture.
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conprises utilizing a open aperture and utilizing a
restricted aperture.
WO 2009/102949 PCT/US2009/034045

41. The method of Claim 36, wherein the step of performing the beam profiling

comprises utilizing a open aperture and utilizing a restricted aperture.
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