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Provi sional Patent Application Serial No. 61/065,528, filed on
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provisional patent application is commonly assigned to the assignee of the present invention and
1s hereby incorporated herein by reference in its entirety for all purposes.

BACKGROUND
Field of the Invention
[002] The present invention relates to photo-reflectance characterization of semiconductor
structures and, more particularly, to photo-reflectance beam spatial profiling techniques. The
present invention provides methods and apparatuses to perform beam profiling of photo-
reflectance light beams and to independently measure refractive and absorptive non-linearities
occurring in photo-reflectance measurements.
Background of the Invention
f003] High sensitivity mcasurcment techniques arc 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 clectronic properties of
semiconductor nanestructures. 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



[3] H gh sensitivity measurenment techniques arc required for process
control during the volume nmanufacture of el ectronic devices. One of

t he nost usehulyiveehni ques in this regard is an opti calpcraghisiis
known as photo-refl ectance, which may be used to rapidly,
nondestructively and precisely characterize very small optical

si gnat wegiatiorelnathe defleotitieofethe sirigla, whiph p@ed iesrded by @sd 60NEME @Mt probe
nanostructures. Photo-reflectance techniques are routinely used to

nmeasur elighi héx. SitoedralC HANUES-rbfMediRtt 85kl Yial be SFRIher than one part
per mllion. 100 I n conventional photo-reflectance, a punp | aser

beamis used to periodically nggdyls thecarfy er density in a
sem conduct or sanpl e, and hence rmﬁtl% At Qﬁg?‘fe(gr nor e physi cal

guantities .(s .ag, for ex | e, .ne surface electric fields),

T her eby FReib g 6 Hsairbufet et do o rapdwe by Rekiuen baols TRz,
variation in the reflectivity of the sanple, which is then recorded
by use @¢ the ‘Ciapbindenstiiginghe whichrontssafiimstask gefoanatlon, atbAe; and Ae; are the
phot o-refl ectance signal nmay be witten: AR'R = aAsi +13482, (1)

wher ei rpuAly Rdused blenpsr mathiczed ahbngeinany peftd @€ tthes cdriplea diddectric function,
1/ Rx(aRai) and 13 1/Rx(oR/ 862) are the "Seraphin coefficients,” which

cont ai nefpektiela¢R.O. SfeaphiatdndN. Bottka ASiclaBifeASar @E R cflBarRY P SilREHE Ghys.
changes in the real and inmaginary parts of the conplex dielectric

functi ogey. 17REPast ilvehyz (1559 18ermpisnamn®. Ol sBaphika OpfidietbidEHREt on
of the Reflectance in Silicon," Phys. Rev. Lett. 15, 104-107 (1965);

5)
J.C. Phii N : i 0 R ' Bf fopct eshalds,
Saddl o BormpIdSSaRichoinC FARY] dnd, SoRdib Bl Blibhsm ARt 20, 201 o Yof0

107 AR Sl P B SRLIELS! S AGEL TS o
" Band- A i m El - Ref | ec dies," Phys. .. .
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(Nor t h-I:J(-‘HI“I &4 TT“ETE?%%@@ 9%8{%5 A(Sl’%pﬁ%’ggalééw ﬁpeCﬁOﬁwp@ ip egfidbook on

"Modul ati gn Spectroscaopy of Sem conductors and Sem conduct or

M cr ost¥ed&qufegons, VAl Kafdirdory Mh Bedanglenpr ck08r@lortydiolland, Ampterdampyos@)

Bal kanski, pp. 527-635 §Mrt h- Hol | and, Ansterdam 1994). ("Poll ak
1994") ](_“Aspnes 19807); F.H. Pollak, “Modulation Spectroscopy of Semiconductors and Semiconductor

Microstructures,” in Handbook on Semiconductors, Vol. 2, edited by M. Balkanski, pp. 527-635
(North-Holland, Amsterdam, 1994). (“Pollak 19947)].
[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 = /R x (BR/GF)AF, (2)
wherein F is the electric field. Using Equations (1) and (2), As; and As» may be identified as:

Ag; = (0ei/0F)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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[005] & and Au2 contain all the optical information avail able
concerning the response of the material to the external nodul ation of

any physi ogb 2p@nasves er. For exanpl e, nodul at ed changes pcii/dsh®9/034045
electric field produce changes in the reflectance according to the

relation: ARR = 1/R x (8R/'5F)AF, (2) wherein Fis the electric

fiel d. [086]N g T pedséreB Sof (ah) eldftelc (fRld is%kndnd AR dIBY abedihike B iskinRdnd@fior
Au, = (asi/aF)AF, (3) which provides the relationship between the

nat er i ghteffhd Gahsifi®IPQNSE Iéél@iyshheTHEDElﬁﬂéc@Uf% s%ng BecR¥tBERAdn The Optical
paranmeter, in this case the electric field

2009/ 1%8?&?@(6#&%@19%( MR ”ﬂ@% K&B%, BERES bi%I J%’TP%ﬁgt T4eC7d0 @b5k)).

i's known produce a redshift o I nter ba

transi t4pns;, i d gwl" ? 5% g{ S k Al Fi el

The. opt | Eareprb i FRLEH Sy 3 % affe gl?%%@% i %ﬁdéls ettt

Phy5|cs- % 788- 7%W 8)& Iectrlc fi

pro duc e dé} éﬁﬁar 5 ﬁ ctance SREGHYLE A §1 oaﬁlgpu tﬁf r‘?cnin},.i:(gnducltor 1ntceban§ (%ransztzon
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1994] . The hot oref| ect ance signal arises fromthe electronDduIatlon

ef f ect Ft5Ft 18F BI9ke WavdsngHionarby dxtemjcandudtenipegiiag eetiqns: [dsmgn d980].

transitions. %. pnes 1980]. [7] Effective application of

phot o- rl@#TlecEHprtee roplinetivn a%plpﬂ*@é@bgtaemwrmw@ PEOeehs contel xf gemiconductor

el ectronic properties in volume manufacturing is dependent on certain

const r alestrenici prepertetis iy v iune trheaufdotuiring ys dependzdtibatetaiheonseaintssinclidice (i)

electrical field in the region of interest, (ii) the sensitivity of

t he pr abealiibtygb angelateithe tdae-sefre bleteicdli feldin thaggioniof Intérbe, (fiF the bemsalvity

realization of process control criteria, such as high measurenent

speed, gfapeplodbid tHalgesSpdic dtcts fi€lCand (iii) the practical realization of process control
criteria, such as high measurement speed, repeatability, spot size, ezc.
[008] To appreciate these constraints, it is instructive to consider an industry accepted process
control application of photo-reflectance. Historically, ion implant monitoring in volume silicon
IC manufacturing was accomplished with a photo-reflectance technique using a 488 nm
wavelength lascr pump beam in conjunction with a 633 nm laser probe. In such a process, a
pump laser beam of several milliwatts is focused to a micron spot on a silicon wafer, producing
an induced charge density on the order 10'*/cm’. The presence of carriers modifies the silicon
diclectric function through the addition of a Drude carricr 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(OR/OT)AT + (0R/EN)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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[8] To appreciate these constraints, it is instructive to consider an
industry accepted process control application of photo-reflectance.

Hi st ori calwy 2000kl ant nonitoring in vol ume silicon dcbus2000/034045
manuf acturing was acconplished with a photo-reflectance technique
using a 488 nm wavel ength | aser punp beamin conjunction with a 633

nm | asegpptatihe. rdsBlvediChdeeddl OBRESIngd PUNMRehASAAucREAM AfingS eMRefhmodulated
mlliwatts is focused to a mcron spot on a silicon wafer, producing

an i ndug@shosdTRE@Rce NGt )th?{‘ Lteﬂeclfp nge "(19%@?‘ b WsalJHC PFEIGRCA vRhavior of

carriers nodifies the silicon diel’ectric function’through the

addi ti fi. eyt S 70 .
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1985"), A. Rosencwai g, et alL, "Commrent on

2009/ 1030Rree AUSIOGD Fesoushs aydaihprsfary meé%q:m@ty ofidireds cardppimadplation is
sem conductors using | aser-nodul ated thernorefl ectance,” App!. Phys.
Lett. 4gsfenedationssyavdenstiopsh asdbr eample, Treﬂlp@mmIRbeﬁaﬁBBom ohly changes
nodul ated optical reflectance in silicon,” J Appl. Phys. 61, 240
(1987) ip'tt@usd pa8ef jte.Si E'mtﬁntrtcénmthaarea;igﬁiﬁaahnct dependence on

wavel engt h, or dispersion. The plasnma nodul ation contribution is

gener al[pyo|noeduell ciefunetant ) ehd ¥HaeereBbitart s%’ﬂﬁil thén PMPRSEstth NBR £ A8 N8n a
square of the probe wavel ength. [ Opsal Opsal 1987]. Thus, the

Dr ude fs Sse e I
and |t hor o e eaB b Sanfih opfiel 7 H?eo? e e
| onger vel engt hs, h as, for exa ;the near-IR At 633 nm
only o A 4igies g 48 1< i e O PlgTme r"”' &.Xé& echTPHRCIRE f Ba5BH copptebution to
significant. 10101 In such C|rcunstance t he photo-refl ectance signa
t hen sﬁh?)PhCW-é@qOF‘@HCCN@Rl elIRAR F nloal 003 yp‘%&:larursfc@nareao@& 1o, Sberaphiam of
coefficient is roughly a 4x10-2, and the change in the dielectric
funct i aippadite sign ey Baneds thmplamar cqitdianman ] ®suddie nPbiéve] sigiaddercthd drder
pl asma contribution to the photo-reflectance signal of AR/R -1x10-4.

As it 11103 o®Wss. [ Qbmwﬁlsﬁahﬂﬁlhgﬁlhs EREMPIncORRQ Bt Rical %Edﬁ%faltlﬁn
cancel s the plasna contrl ution, resulting in observed signal's on the

order ot i)(ﬂot% Rficdt GRS had g}&ﬁ"ﬂe %%ﬂ:eﬁgﬁ g%):t hﬁﬁigﬂ%rﬁ&sg Qloﬁqrt?rm& caﬁabmtﬁ in

circunstance, this hist |ca i on ofo-re

provid t Qcess or i abili.t

' mnﬁ?fa@fuﬁ??&&rm%?b’%e% 8114”?4 3 SRS SR ROLPERGT A BERghY bk Br,
any si ¢ant 0 tlca es in sil.li ,. L he prohe _has np .

sensi ti 1&) EUeh Pt IR (F EaPF TS 99 e vibn ) Biemah ler Ha AA1ds Ak ipfegpad
ener gi es. sal 1985]. T f , t al emseverely limts the
oot ol nEestiy e'eqﬁ@ﬁ%mf’%af ? fffﬂla%aﬂc@mfﬁﬁpmﬁ%m%m Seesidness of
met hods, 10111 Ideallg the photo-refl ectance apparatus i's configured
in a nahfEr-aedation #h &"@WV@Wh%ﬁV§W@@ﬁWQﬁ@§éﬁﬁ%’ﬁay be deternined in
a straightformard fashi on. For exanple, a photo-reflectance technique
devel og8@Hllbyldetlly, Appphaterneilccianesheppatahes is rohBgmred at ionanner such that a given
photo-refl ectance in a manner effective to characterize strain and
act i ve pligpeaitproperiyemiy dadiectroinerain f sicaightfongard| fastSon. Pdioe rekahple, a photo-

7,391,507, issued to WlliamW ChismIl on June 24, 2008, entitled
" Met hodeflad@an26 GBhdi QROAIBIGHEAIS? e NfPpBd&id 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 I on June 24, 2008, entitled “Method
V..



of photo-reflectance characterization of strain and active dopant in
sem conductor structures” (incorporated herein by reference)]. [012]

I n that phebasgeaibleeset ance techni que, photo-refl ectance pmak8unv/ozanss
wavel engt hs nearby strong optical absorptions in the sem conduct or
band structure are utilized such that the photo-reflectance signal

ari ses dfrphstorRdudiaice dhattetingios Wrfsaeia Mleetivd gogahelirdsemiconductor structures”
(el ectronmodul ation). In particular, this technique attains

sensi ti@ﬂ&wof@edmi@g%}g@fe@e%t ronic properties of Si nanostructures
by using a probe wavel ength near the "EI" interband transition in Si,

whi ch rs , / r.axk . . €, ViiG) D
S i S S i P S T e
Aci an - tf en, as r C a_free.carrier, ener

and o (s BB WA RohdE RISl el BRiAR" BB O RE B
83((025) 4003xUFE ereip UF i fr carrier enper o.is the.

pnot on PheatsRaeERyTr mn Qiorcsting Mubiep o e e cifsteliEtoun
=. | +/62. 10131 Thus, one reason for selecting t%e mayelen%th of . .
the prdBEBEEmEE PEEVAN rRRIng; SqURENILY nor e AHYS ARAIODISt PYRRTHIGH nff o
As] and Ac2. The el ectro-nodul ati on conponent then beconmes: 1/R x

( DR/ aF)U&posiruRpies- 1 35'A3 3(RTobDPOY ISk orar thay Enheyabandypnsition in i, which
e2h2F2124nd, e is the electronic charge, h is Planck's constant, F is
the el €BEVH @ty wrelengidobpprsoxipmatebap?y am. efif dist vig@ities ssuchThi tanstianpthe
derivative formis large only nearby strong optical absorptions in

t he senndwadebinges mathd détl ectridt funetjonatsd amdyhchmay bedvriten ne adsupredidnef a free
| ocation of interband transitions with great precision. This is what

al | ows dafier phRE@r 18l | £GhRNCRIESRN bf UBe t RiKoB8hE&! mieq%a&urﬁﬁlcﬁzé;ai Agi A

nanoscal e strained silicon |layers, for exanple, since the S

transitis o] shift under, strain. Nearby to . .
these st TR B tro A ERE5 TS Psn e TG PiiendFRAEY). Gra e i
photo-rﬁflectan_e response al so has excellent sensitivity to electric
fiel ds.thafRmplEe kF%wEWEﬁBHBFSUF”PS the near surface electric field.
This termis typically proportional to the surface carrier density,
whi ch nfiBlbeTsderseaod o sglectitmih¢ amppelongtinef thy prol®beam at 375 nm for Si lies in
2009/ 102949PCT/ US2009/ 034045 Poi sson rel ation: N = sOF2/2eV wherein N
i s the thasiaredertietisd foym fof Acs addee, bTht tlettro-sgdilaid coalpbAge theAMecodes: | S
the permttivity of the material. [14] In the wavel ength range of

appr oxi mat el y 360- 38Q,;;m ot o) & @Rg[r(&cz-m)iﬂug )V@Sjﬂlx@?,i %[15 ef f ect
| e

. >4
dom nates the photo-refl ectance response of silicon.

t her no- nppdul at i on Qr »carrjer dul ation,contributions to.the .
bhot o- ek e B SP BRI SR i o 51eERIG Bk T RLgRS cofiig 1 isuit clgpri
t he ph%%g-reflectance_ap%%ratus. Mor eover, because the

phot o- risiy-¢Be ghis dhesqagrigt|ctieeveiTgsp-y TRig sarp deravatiye foxm ip kgge anly pepsly strong
electrical fields, it may be used to precisely neasure activated
dopant gpHicalj absprpHanss inp fhessopyeqngpaar 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 Ur is the near surface electric field. This term is typically

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

-5-



[ 15] Because the photo-reflectance signal takes the formof a sum of
contributions fromthe change in refraction and absorption (see
Equation (W208R0%9) , 1t was not possible to independenrichyyse@bsmine
t he changes in nonlinear refraction and nonlinear absorption, i.e.,
what portion of the photo-reflectance signal arises fromAs' or Ac2.

Accor di mgdsin rdliRhENi=S; B/ N AhéeM 1 isTBE BRcaRdsiAPRaE elill- ersurface voltage,
i ndependent|y determ ning the refractive and absorptive changes

i nducedt1 Id%f %ﬁ?‘gfﬁ‘m%b%ﬁge ﬁlﬁtfehgl(:t ance as well as thernp-elastic

ef fects. techni'quées based on the principles of spatial
beam di are kno ovi de si ans nmeasur.e spati al

beam dil i 1”0%%%’428 orﬁ%en ?PPF‘E?%%BP Jéﬁ%’ d™&b %ﬁcff&nﬁ gl modulation
materials. [M  Shcik-Bahac, et al. Hi gh-sensi ti vi tg si ngl e beam n2
measur At éommeﬁﬁ thy ph@tptreﬂf?pmnc‘gsssrwgs@j siliggn. Sfdp K gawaaodléqﬂoat and/or

"Sensitive Measurenment of Optical Nonlinearities Using a Single
Beam " anEE mpguletien casrritiigns Grihepkateralsresceaignalige Hpiadppelon the dgedtion
et at, "Determ nation of bound-electronic and frec-can-ier
nonl i ndimit tof gbe photZnSEectaGadsppaCdle, MordovEn Tleechusd . thphotoSBeliectaAoe siBnd, is
405 (1992); E.W Van Stryland and M Shei k- Bahae, "Z-Scan
Measur drighly ssenditiepta dl nddonuifaeaclkdttied, fieldd) iChaydet esddz@t pretisely measure
Techni ques and Tabul ations for Organic Nonlinear Materials, MG
Kuzyk adtlvéfedMopht'ik Si fr@listorRRuct®Rd- 692 ( Mar cel Dekker, 1998)]. WO
2009/ 102949PCT/ US2009/ 034045 [17] Refl ectance "z-scan" nethods

gener al foys}i ngkdsde: e EB&B%MW%& bigﬁlﬁ @b tHetbhR 6F @qumtf%aﬁhtamlom from the
rreasurenents with a highly focused | aser beam such that

"sel f-1gnsi ”911 fﬁﬁg&{ogu% tag}g]rée &esﬁaéa%%ﬁ {12’1 Qg qt LM okf(gthPB{l le to

focal reqi e 1 nduced pha ange spat ‘ortion

refl ect.e ses a . differential. i ntensi.t measured with
apert urgéieﬁ’f:‘}%gh%g%f“ﬁm{l%glef B 8] S e O B R RO o wht
aperture” ref|ection z-scan configuration is useful to neasure

nonl i ne®Ftignef thephogmraflsciapregimmakames Bamue oF 4t iseerdimsln Hsre'is gaped for a
aperture" reflection z-scan nay be utilized to neasure absorptive
nonl i neagthed ard apprditos forhedependédiyt datersumifipdiee ddfaotiveatnd alsorppive. changes
Petrov, A.S.L. Gomes, and Cd B. de Araujo, "Reflection Z-scan

t echni quéuckdin pheas oo dutend Efbﬁta@qﬁds&&lliapﬂ&ﬂﬁdi-bla@@c afecsur f aces, " Appl .
Phys. Len. 65, 1067-1069 (1994); D.V. Petrov, "Reflection Z-scan

t echni ques]f orz-bhwe” sécualyuef hared boh nﬂapnﬁ@m@@f spuﬁaamnabﬁwm 29 19bwa 1w
single interface and thin film' Opt. Soc. Am B 13, 1491-1498

(1996) profies sB¥pld 3963 sto Rn&su@aﬁﬁﬁé’l Bheh Aistortiddy %§@X@%Kl¥near @ﬁdcﬁt&g 198

z-scan neasurenents of opaque sem conductor thin

Sot A 282 d25das) R ﬁc;@gﬁ%v,et pen! WQﬂan@LWc%pg{g %gp&ln n2

nonl i nea bsorption of v rlous me

i7 rlr- lﬁ%éur%%‘é%) dé)n%ﬁ Y efz%gs(tlg%?g §ﬁ$ﬁ Blaﬁ Hﬂue erﬂfﬁv@ N?eectgurel%grﬁ of

n bot h transm Ssi on an gura Fohs ©8 measur
I ff THE I NTI ON
B?QS'eﬂf‘glftﬁepﬁf’iﬂgﬁaﬁ%%a?%@g' EO R BEN Tk b A F’ﬁ@fé%’lﬁfa@ﬁiﬁ@
det t d | at t f
SELR AU

characterj ze phot o-ref | ect ance si %nal s which arise from an_interband
r esonar&nsﬁoﬁﬁ‘gﬁe{éﬂ% ynariel sy ds@t Seqvidhtd Q5 G99 DeE- V4 MmAEylertd anhM.
i ndependent determ nation of electro-refractive and
el ect r hatksBise. VeSeio Mageamicets ef Ogtieal Agnkueetitigph on d-hewttedeation cechniques
measur enent s.

and Tabulations for Organic Nonlinear Materials, M.G. Kuzyk and C.W. Dirk, Eds., pp. 655-

692 (Marcel Dekker, 1998)].



WO 2009/ 102949PCT/ US2009/ 034045 10191 The nethod and apparatus of the
present invention substantially departs fromthe conventional
concepts apd26@8i9ps of the prior art, and in so doi ngpcRi@Ydes8Hi0aN
apparatus primarily devel oped for rapid and precise characterization
of nonlinear optical properties of sem conductor structures. 1[020]

I n genqoet], RefRBACASRLEIN” mbBRold erralBN idchdi Up&forRingebdyaehef ofZ r&RaRd
phot o-refl ectance characterization of a sem conductor structure. The

net hod jhidkditdBsasheesd SRMOS hichy fb&d%&ﬁﬂa@é}tﬂegﬂ qﬁEh ﬁi%?@seﬁflerﬁm%u 'bf:@lﬁ@a@tfhe
t he sem conductor structure using an anplitude nodul ated punp | aser

beam whebRiirhis; BHIR hARGH RSN rARHIAR iy d@@fdge NG RYEIL Bl Rion)

y greate e sna ansi t ener gy ot
a e i HRRRGIBLET Lakel BN SR SOREVER DL IR G b ey HRLAD
t he se tqQr, str ure thhat the,eectrlcflel
i thi n RHE" fgf% 35%%1&8?%%0&& DR et Bl s S %ﬁﬂg@%@aﬂon s Uscful o
nodul ati on, and.the em canduct or within the sem conduc%1
st ruct JRESHE ngﬁlﬂ}eé%’fe ragHioR ip |°H%‘1“6éP1P%98P‘EPCFPé% JYhsrsed eo Pmp eRF ISR gretlection
transition energies, The method further includes the step of (b)
i 11 uni fafcrhgnay gﬁrttfiilé?fi of mensusprhsPIREEY nepkinearifies pRddprd therreg-plagticopurface
step (Wé W th a separate probe |aser beam wherein the probe |aser
beam i riefagaesonst [1. §a§@tl‘cb’né Wavieoraerg e Gkl bilp AauiontReflsetinn £-semdedinape
energy of the sem conductor material within the sem conductor
st r uct Upemeasudensanist afbdsichlopropaticy of agfactss” Upplu@eek. Ehangfes 061069 (1994);
sem conductor nmaterial optical response which occur nearby to
i nt er ban¥. Petaovs ' Réfenti@nBrginaschnkfue forehdaddyf efidohkeal fe€lattii@sint AbsositRR of
of (c) recording reflected alternating current probe light fromthe

P11 um nadiiddinedfatOends@in 8Ty eI Rrsost AMCA U3 q49M¢9@@1996)f(ePé}oﬁ»e@9@t)4m%
current probe light includes a photo- refl ectance S|gnal The net hod

furtherGdngg) sges 11 vesSi ARk FREABCHBE L fs@MhBRuRrREE 08 SpRfuc semiconductor thin
photo-reflectance neasurenents of steps (a), (b), and (c), with the

sem confirict0py, st st Wre Aty d Mﬁkf éhé‘dst) YR, BARdY! Oﬂanm{e%ngefmﬁon and

;ocal | 'engt h t he Probe I}ght co I erein an aperture had
fu Eht%fj a;%"f;m ft%lf’ol@ 6?2% :iv‘%%%ﬁéa@i@@&%b%&?&@&
ot or m A0 AP GRSOR RS RRE e b dh BB tBiraitohind e sbiipusons

| mpl enentati ons of the, |nqur}é| .on can include one or nore of the

fol | owi'RgCPRE car opfes| Cigli conduct or structure can include at

| east one of the following materials: I1-VI zincblende sem conduct or
material, silicon, silicon-germanium |I11-V senm conductor material,
gallium arsenide, galliumnitride, carbon, germanium silicon

carbi de, boron, nitrogen, SYROXERY QF THESWENTEM conbi nati on
thereof [0231 The sem conductor structure can include at |east one of
t he follDBBM nbhcspricobindersioorcletee ¢d a omtlmdi antl eppaates for andependcuityc tiétaminiag
p+/p junction, a n-p junction, a n-/n junction, p-type ultra shallow
juncti ahg chetrypedulatiora csingbieaw pilidet plang-relRctag@ntipnat | DS ptcb@it da¥ention

provides a means to characterize photo-reflectance signals which arise from an interband
resonant nonlineartty.  The present invention provides a means for the independent
determination of electro-refractive and electro-absorptive nonlinearities during such photo-

reflectance measurements.



[24] The sem conductor structure can include at |east on of the
following fields: a surface band bending electric field, a near

surface elwotmimoidsel d arising froman electronic interddaRzedshos
conbi nati ons thereof. [25] The nethod further can include

determ ning changes in the photo-reflectance signal as a function of

i Nt ensi[0y9jor The afidthedl oxfd hﬁ@reﬁtﬂsm@f|tl@§?fes&ﬂaimrentihgGshbs-FﬂﬁiaM@Vcﬁbaﬁﬂgﬁbmofhe
the punp | aser can be one of the following: 830 nm 780 nm 633 nm

532 nm cofvehtiafal @iﬁ@e;ﬁﬂ@nd‘@bsi%ﬂszc@ thd RioRRENQRA fiiish hﬁhg?%ifbviid&gla‘ﬂdﬁv aratus
determ ni ng changes in the photo-reflectance signal as a functi of

the [ ntensldy dfpilivl Cuff aﬁ@?gﬁgsg%ﬂga@‘%ﬁhtgﬁa&q“0(1&@%6%“%%1’{‘8’3?&66 of

wavel ength of the probe l'aser e I n the range

nm or (%g)m(%%gu(%p chtéI]e am [29] The aperture in the far field of

the reflected probe beam can be fixtured to provide on-axis |ight

o BT e AR BRECTRY a0 DSOS oo b

transm c gli'agt%riggtm%% gtseggzoggurc%o? g%r{lctur\é:p g%gtﬁo%%gﬁgcigéeusstgg (())f9 (/ag)ﬁﬂl(r)rﬂfgating
an area of a surface of the semiconductor structure using an amplitude modulated pump laser
beam, wherein the pump laser beam includes at least one wavelength with energy greater than
the smallest interband transition energy of a semiconductor material within the semiconductor
structure, thereby inducing time periodic changes in electronic charge density within the
semiconductor structurc such that the electric field profile within the scmiconductor structure
obtains a time periodic modulation, and the semiconductor material within the semiconductor
structure 1s subject to a time periodic modulation of interband transition energies. The method
further includes the step of (b) illuminating a portion of the modulated electric field profile of
step (a) with a separate probe laser beam, wherein the probe laser beam includes at least one
wavelength nearby an interband transition cnergy of the semiconductor material within the
semiconductor structure, and suitable for recording the induced changes in semiconductor
material optical response which occur nearby to interband transition energies. The method
further includes the step of (¢) rccording 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 (), (b), and (c), with the semiconductor structure at a

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

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



[31] The aperture in the far field of the reflected probe beam can be
fixtured to provide on-axis |light transm ssion of about 100 percent.

[ 32] The apenrtwnezin the far field of the reflected propg zeasnsesn be
fixtured to provide on-axis light transm ssion in the range of 10
percent to 100 percent. 1033] The nethod further can include (i)

acqui r iuipgttheindhratadetn eflleet ansepsSiaf vy, (Qsimig dpfd EEMiRREFHYICE FoRe bl
and (ii) determ ning punp induced nonlinear refraction fromthe

phot o- rigf feptit@idaositgRals. This nethod can optionally al so include
that the surface carrier concentration is determ ned fromthe probe

band fl@tjeniigeRERitionSof thk %lint}agl%aﬁ M dlde e bhGoR PR fgﬂ‘@»mng F@aﬁﬁ"es:

front can be determ ned froma photo-reflectance probe sign

acqui r ggp3ysi ?93 &nbiESILLGE & cﬁf?@%éry{nglu%l? SERDs onL%%ltheTfa,ﬁo&ﬁlgmeﬁéf&tm%
can include (I n usi-ng an

acqui ring the photo-reflectance signa

restrict erfur - n, and.¢ii) .determni.n i nduced .
o | nar RS e Ercie BE M B0 il S L R P S oppeat.
i nduced nonli near abSﬁﬁgiion.can %e det er m ned hron1t e. difference of

open apSt it ¢ SAHCr R (R 5 SPPERe SSTRARLIT. pHYESL caTde Doy nifrogen,
curves. %%; The npet hod further can include determ ning nonli near
r ef r acti"g oo 2RbCoRpIRAYSR thegsfl y det er mi ned cal i bration curve.
[38] The method further can include determ ning nonlinear absorption
accor dilAglt oTemseampndpetar prucie saminedugle 2 ll¢asy eng efthe fplawing sgoicombystor
met hod further can include determ ning electronic charge density
accor diaRgroric apferdangs i el ungtiols tagrivip edtianak inkr jmnétom, € us/w gunction, p-type ultra
shallow junction, n-type ultra shallow junction, and combinations thereof.
[024] The scmiconductor structure can include at lcast on of the following fields: a surface
band bending electric field, a near surface electric field arising from an electronic interface, and
combinations thereof,
[025] The method further can include determining changes in the photo-reflectance signal as a
function of intensity or profile of the pump laser beam.
[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.



[ 40] The nethod further can include determning electric field
according to an enpirically determ ned calibration curve. [41] The
met hod f urwbegesmaas ncl ude nonitoring el ectroni ¢ char 9§ cdaRbMoRsBEd | ©
according to an enpirically determ ned calibration curve. WO

2009/ 102949PCT/ US2009/ 034045 [42] The nmethod further can include

det er mi [0B1g Theajiortuge ihithd thr dRPL 6T thé Rffictied PEBeLEAAGat Be ARUAMD Hr&Add ¥n-
determ ned calibration curve. [43] The nethod further can include

det er m Rig1gEhe kel Afdn&laboit q00/pérB&ht Z- sScan phot o-refl ectance
i nformation. Such characteristic can be one of the follow ng

charactggyst irgs ?#a?tgl% il R0 far FIRI 4L %ﬂea&? gfoﬁaé et L0 pe ﬂ%f&%&? %%c?}vzée on-

shape of the sem conductor interband transition enerqgy.

net hod waﬁ @{ra&gﬂsskogﬁlég%e%#%io@qoﬁé%cr%r%%g)%jr)%???-ﬁrngf | ectance i nformation

to determ e punp | ctri el as a function of an
of f set. e of fse n.be one of the foll ow ng: - probe focus

of f set sl ;ﬂr a‘rfjs1 & %8& %‘frfhé’éf’ 0 inglyde ég?’fﬁf’ﬁ%iﬂ%@%ﬁ%%@&ﬁsﬁ’ﬁ{ ¥§ing an open
general , in another hect, the invention features an apparatus faor
det ect i WG YRyEFEE] afﬁf@%eﬁ?fﬁ@gn@g %P%r’r?@@ﬁ‘%id@%?eaétrﬁﬁiﬁlw gronrpige photo-
appar at utsi i ncl udes (ra) a sem conductor structure with a reflecting
sur f aceeiogca pigatlatlts methadrsp ophienallyelso (sjuds thatths stefacercaries ceipentTtion
punp | aser systemis operable (i) to provide an anplitude nodul at ed

| aser Bedeeimingd Fomduirels kand fladepinenwygfilen t he range of 100l cHz to
50MHz, (ii) to operate at optical powers of at |east about

appr oxil@¥dtlel Yheéshiiyofzghel pldbe ibpam phesnfrantrcaatbel deashired eronaueihetgteHe sarich
energy greater than the snmallest intcrband transition energy of a

semni corolstsignahadgeiredulsing 4 Rbthicizb @psrId £onaduct or structure. The
apparatus further includes (c) a probe |l aser system The probe | aser

syst em [035]opER@Blctholi urthe PMOMicREe di)CRARLIAYOHS pradacli@sfte REAR err%g hn

to operate at optical powers of at nobst about approxi mately 15

and (1 irkdtridted P&l B-s8dn, la8ASH) QBEmRNE! [RAH ﬁldﬂﬁrlﬂ?ﬁliﬁ{hﬁg@gcﬁﬁ@cﬁpﬂom the

transition energy of a sem conductor material within

sem coqﬁg&tgﬂeégr{cggggﬁglg. The apparatus further includes (d) a
phot or ecei ver. The phot oreceiver is operable to generate an

el ectri C ] i [ nput. i ntensity. T arat u

Fur t nertttc  HBg MR ROl Heolfioh 8 o BhGRTIcbLfon B FARAERE EF open
operable (i) to foc at | east one of .the anplitude nodul ated | aser
beam an e{rﬁ?@al&%ﬁtstinﬁ%&g33‘?%?/6”3?&%3@?“038%‘?#%?g§ “common focal position
i crond T 17 grotodnEruEe cohai QidmbrorUEas naplneer Teiection aceoring to an

empirically determined calibration curve.

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

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

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

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

an empirically determined calibration curve.
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WO 2009/ 102949PCT/ US2009/ 034045 position through a distance of
approximately 10 tinmes the Rayl eigh range of at |east one of the

anpl i t ude wodulsatmey | aser beam and the conti nuous wave pcaaRboDSas
and (iii) to separate and direct probe light reflected fromthe

sem conductor structure through an aperture fixtured in a far field
of the [042]t | Thomsthod @tHeasar inbkdeniaathihing @lechie fblagtiepeifieiccorlilig to an
apparatus further includes (f) a phase |ocked signal detection

syst emenffigcaifAserhiaekedibsdt@nahrvdet ection systemis operable to
record out put of the photoreceiver. The apparatus further includes

(9) a qesnut €he thaod AGIH4ACEN MRASH QRRALinARI a SHSELSGRNLER zs-é?bfd@ V@ﬁgo

[46] I nplenmentations of the invention can include one or re o

fol | ow I@ﬂecft&]ilg l{ﬁﬁ%aﬁc[n47]SuI§'ech_%ﬁtéﬂ.eﬁ%c S5 bEMBRaly kifdc k'olﬂ%gfir?g chara%?riésti{:sd

tel escopi ng I ens arrangenent. escopli ng | ens can be “opera

I - f |..,0f f ' I
can bo PR, AR, RE8al iAEhg Bt Rk BL AR CORLS R e B ROEERRt

beam or_t he continuous wave | aser beam [48] The optical system can
i ncl ude"&d®eam expander fixture in the reflected probe |ight path.

The be xpander fixture can be operable o expand and collimte the
pr obe 0K bEromethed Gl %?gileﬂucfw&@g?hwﬁah%{wifeﬁww infoygptiong dsfegpiae
| aser wavel ength can_be approximately 375 nm [ SQ‘] The probe | aser
can be P PeipdatedAlectis field nroflamse MaviaerigthoffspteTherasisptdsangbegone of the
mul tiplicity of wavel engths nearby to an interband transition energy
of the febowipgratprebaices offjetswiratyiverse ¢ffsetsesridoombinations thereefct ur e.
[ 51] The apparatus further can include a dichroic beansplitter. The
di chr oi[843e alhmsgrntat, en andherepapenaiventivn feakes bheppatats fandetprtoh hysical
| aser beans collinear.
properties of a scmiconductor structure. The apparatus includes (a) a semiconductor structure
with a reflecting surface. The apparatus further includes (b) a pump laser system. The pump
laser system is operable (i} to provide an amplitude modulated laser beam with a modulation
frequency in the range of 100kHz to 50MHz, (ii) 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. The apparatus further includes (c) a probe laser system. The probe laser system is
operable (1) 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 lcast onc 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 [aser 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-



[ 52] The apparatus further can include a 20X objective | ens. The 20X
obj ective lens can be operable to co-focus the collinear punp and
probe | asevohesnszeent o an area of a surface of the sempeendbibaiinss
structure. WD 2009/ 102949PCT/ 1JS2009/ 034045 [53] The apparat us
further can include a 40X m croscope objective | ens. The 40X

m cr osqmpiionbjpecgh  distascsofcapprdxemagieriahintestite Rayltigh wigk be aClohdd: baeaf the
punp and probe | aser beans onto an area of a surface of the

sem congudin@le Bédulédager bebadhd Theconbiiits S¥ave dMieDaRPak@RliPtol Rparate and
provi de automated z-stepping and photo-refl ectance dat a acqui sition.

[ 55] ThereeOMrobt Bht RARCRE ﬁ%Hﬁfl@@nﬁc&ﬁu&BPMhﬂ{%r@Hﬁhﬁl L dp & QR ﬁﬂhreﬂ in a far
setting of the aperture. 10561 In general, in another aspect

i nventi of’ﬁ’t‘ié’&&ﬁuﬁodﬁﬁ\%dta%r REECLH B dqglggplta)ﬂxgd f«%t th‘%p@;;&erQfﬁﬁher

sem conductor structure he net od |nc
f t ef |
F R N R N e G L e
furth d t te b til th I lity of
phot oeioget ék”fa%%%orﬁl@a%at Ew%ﬁtpi %»a Chivet e mttep BT icte® i arsarmyter

in the (E res onse of the sem conductor structure. Such
non- Iiﬁ ﬁ? § g f@@??é%tﬁ@@”ﬁﬁﬁ“?“ﬁ #Pi% i es, absorptive
nonllnearltles and conbi nati ons thereof The met hod further includes
the st dfi4df Yreplementations agthe Fyeponsiar drslusisone priaayciof hefollowine fasknesn e
the physical property of the sem conductor structure. [57] In view
of the W@ﬁegBﬁh@MHﬁh&@V@h@%g@gmﬁﬁheﬂeﬁmpMEIﬁheﬂmngmmﬂwyﬂbst@@mqmngba$
spectroscopy now present in the prior art, the present invention

pr ovi desn &e np¢rhigd teartohtrappanapmbe fdver eifsat, tahtetmaetescoping bes atragezent dadibe
the characterization of nonlinear optical properties of sem conductor
struct bewed ficthedhmg phihagpen applitudemetmuialisonb@h 6 86 ko6l *ekd M&r
and el ectroabsorptive nonlincaritics. [58] Inplenentations of the

i nvent igamcan i ncl ude one or nore of the follow ng features: [59]
The step of neasuring the non-linearities can include (i) measuring

refractioy® Npml dpRArdybib SR Gtk b f&galh exgatteermxtttre i ¥ retecteﬁ grob,e light path.
phot o- reflectance measurenents, and (ii) 1 ndependently nea urlné

absor ptTh\éebeQQtner'aH&@rﬂxttdr@ Sath e tolﬂ@rameutroaéxbalyd 8la LEmAAGRE ptso%]e | REhANESe

measur enent
transmission through the aperture.

[049] The probe laser wavelength can be approximatcly 375 nm.

[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
matcrial 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.

-12-



WO 2009/ 102949PCT/ US2009/ 034045 [60] The beam profiling can be punp
i nduced el ectro-nodul ation profiling, probe band flattening
profiling,wangheaeislpy nati ons thereof. [61] The step of ppgffsasuboi408
the beam profiling can include utilizing an open aperture, utilizing
a restricted aperture, or utilizing both. [62] There has thus been
out | i ng@s3)r arherappraas | fyithdr héanMaicide P OF00@ RkicloS@prl @Feclile tIB®.  The 40X
invention in order that the detail ed description thereof may be

better HRARESTADfkctivIdnd @n%@eérameas cd- heupfhe%e%e&%h@ahwoe@ latqgr Eeaes
art may be better appreciated. There are additional features of

i nventiQm, ihat, ¥d durd geg§§h9&ghggge#§ag&er [0631 In this respect

bef ore expl ai ning at ast one e nt of the invention in detai

It is ;[t@ :ﬁe %Qf‘ch%%gf atnlhl?et Oé Dibid {?)Vlr?rglvad@Quﬁo%a%ﬁtzdt%qﬁl%ggd é{hg o- 1%ﬂ ctane

applic nto constructron an enent s o
t he conmponent s. .set forth in the foll ow ng description or illustrated
in the é? ﬁﬁﬁﬁ@ﬂ The invention is capable of ot her enbodi nents and of
bei ng vari ous

%ﬁtl d and carr ed 0 . It Es to be
under st CPRBMHHR sapfaglg} c iRioYide mtﬂeﬁeéyoef% PelirerHRs WieHuSr o
for the gurpose of the description and should not be regarded as

li mi ti i§S0lBRInEgentiESERMPieORsROE: TheEnTtior KRagirey sarihod of dgpimypingg physical
drawi ngs form part of the present specification and are included to

f ur t herpreRoyradta seoacandpeten sirgtise c T8e ofethoddnglpdasdhe stdp o€ (D pgriermimp deam
di scl osure may be better understood by reference to one or nore of

t hese dreaflingg®f i pbonbeiatinon pavlich lighte beka aisingd a delsmtitypof grhotfreflectance
speci fic enbodi ments presented herein. [65] FIG 1 contains, in an

exaggermt®demicnty, e mxtbtophather Tplidepelic e oa-(Shatkllzing tha phirklay dfYHdjo-
silicon filmstructure that nmay be characterized using the

phot o- refi¢@acantRsireainis e enedfurd Ren-HhesEns otdﬁ\&@{(%[ inOfhe opfl€al Rvdpphe &S
silicon filmstructure conprises a crystalline silicon substrate that

is i mplapi@ddiidrstdluikeV SRES Bh JinkaMiks ate ?efﬂl@ﬁ\?e Adn-BRAKAX, %E(ﬁ"bﬁ'\re"’n%-
| 0l 31cn2, followed with a 500eV boron (B) inplant, and anneal ed

usi ng ahﬂerhljltllés, SRCRDidBINHARBEAThDBhethod further includes the step of (c) utilizing the

measured non-linearities to determine the physical property of the semiconductor structure,

[057] In view of the foregoing disadvantages inherent in the known types of optical
spectroscopy now present in the prior art, the present invention provides a method and apparatus
wherein the same can be utilized for the characterization of nonlinear optical properties of
semiconductor structures including independent determination o.f 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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WO 2009/ 102949PCT/ US2009/ 034045 technique. This fornms a p-n junction
bet ween the p-type USJ structure and the n-type inplant. At this
junction awvetn@ngeear surface electric field fornms, acThi@Mhv/034045
schematically in FIG 1. [66] FIG 2 shows z-scan photo-refl ectance
arrangenent that may be used to perform z-scan photo-refl ectance
measur efigdit sTha bamon Qroffliiigecan bd plitg ipdwse rdeckroMestuiadon fréMingtp@be3pdng
a curve generated fromdata taken in accordance wth an enbodi nent of
t he pref@@hink preinkomd cBmelichs tidrdoft he wai st of the probe beamis
fixed offset positive 40 mcrons fromthe wai st of the punp beam and

(i) phobo-rehd eehastCRIBAMY GEERLS ALALARIE McldicMMibARY s iog?’n g)eéture

punp wai st positions with réspect to the sanple surface.” 106 4

I's a cupNgingenssated ﬁ‘a];t : in accordance w th an enbodi nent
of the prlelsn nt %nven%éegtg@’ er@fﬁ_giﬁ?ﬁ the wai st of the probe beamis

fixed I ' f u b a 1) .photo-refl ect e
reacur dos o et s fBhSbedt bt R SRS M vt SRR eSS
respect. to. the sanpl.e sur e, [069] FLG is.a,curve generated from
ot ot drushibh T ST i B eRERe ahBRtiwtinFisnt oy sEnet BulRRoirdin ool
wher ei n (h‘%not he wai s@ of tﬁg r obe bgam is fixed offset negative 40
mi cr ons M iriERPERRt R Eputpn tp %h%y Be arfer Rpregiriesl. Jheear edditimphisatures
measurenents are nmade at a multiplicity of punp wai st positions with

r espectOfitly Nrntion Hisf wilkhg dogerdbed horrgpftE G 6 shows the data of FIG
3-5 plotted as a function of sanple "z," i.e., the distance fromthe
probe WafHt Inghishespseinpifercsuplpming at fagst ankembodiaieniesf the inpentionpr désall, it is
of fset. The punp induced clectro-refraction profile translates with

r especttotbe untastpodthet thaiistentidrOig hpt Fhiked i ishgpbcaiion cptr dafds biicamstruction
z-scan photo-reflectance curve taken on the riln junction sanple

usi ng and@xXthcreangdmeats'of Mhodoagpoagns b fett invig: follb@inReREBripeads biSillastted in
approxi mately overlapped in the transverse and | ongitudi nal

di r ect i thn8rawiipe. TR hvaRetislEaBle E AheLHMRIBXNE Bid oF LBingHAIcAced and carried
wel | -l1ocalized dip in z superinposed on a larger nore slowy varying

phot o- e {BGEBAE Fass. FN, it iI BB sloBA HEE e ShASIdI Gy Rl iRk |
translates with raeys%pect tﬁo1 t he progg band-fel%atten(i%r% proFli |°2§kywd§)eg

herein are for the purpose of the description and should not be regarded as limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

[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 crystailine 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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WO 2009/ 102949PCT/ US2009/ 034045 [72] FIG 8 shows experi nmental
phot o-refl ectance vector taken with a 20X achromati c objective |ens

for three wohi®amesem conductor structures: (i) SiGe sylghisas®@izdokd )
p-type USJ; and (iii) n7n junction. The probe power and focal spot

size were configured to mnimze the probe band flattening while

nai nt ai tathmgyus UfThiscloand a profagetiongietwdeh teUgHpd tUS TTsA@ crarindtthe 8-tafe itdpant.
PR response is |largest on the p-type USJ silicon filnstructurc, due

to its AehBSuit€ah a Sidoarer RREd fb&id figh %rm-Eh@; qﬁ&% Qch%ﬁlfah@a%%nﬁfc L
signal fromthe ifin junction shows a phase |ag of approximtely 3

wh T a98ac 16, 1 B8Rhasen plod RECOUAR kSR HAL Akl 88.1.aThG peisghRl. ncgh

the p-type USJ structure shows a phase appro

the Si i 9 [73] FIG 9 is
& phot & S RREREE ditaRafRhes ko Oy AR LI fﬁ%ﬁﬁﬂﬁv figPes 11 ash
anneal t uence of te The o-reflectance vect
trans e@ PGB 1 e e ff?%ééﬁ*a i) TR ePRR SRR & h 5 PRPogimant gpfhe
shows erture scan, phot a-r ect e curyes take 20X
achr ondl FEN OBy ety RS ) Hire: & PioBD reih Ko Bebrosiive dieaicess
(1) S Ge supstrate; Flll) p-type and (iii) nln junction. The
probe PRGNSt 9 fhe SpBP '%‘ia%’e %r(é) PBRPTEflAcEcT MAHPRIUE AchBiadt 8be
band flattening while nmaintaining sufficient probe |ight throughput.
The phaBetipficityifd ppme st é@ﬂl@@tsaﬂ%ée&pe@tﬁ@ﬁyéamal@ spdess. used to
determne the direction of the reflectivity change in response to the
punp nddédlat Fis. 4 Brecurve generatddofram defal telenan eecardmmve sith rag rentbedinmeinhof the
junction and the p-type USJ structure show rel atively broad punp

el ect r gredod iatvéntion prhedein: €3 thewhadst efithe phube Sedir isfidrgtegadl €o e @ offtht pump
exhibits a narrower el ectronodul ation profile. [75] FI G 11 shows

open apenitfagd Jiy phowhkllapait Uh@sdreSeal ROl f#74 el CAiT W@fp waist
taken with a 20X achromatic objective lens for the Si substrate for

the ni rpokiibss Wik resfdct REhe S@iplOfurfabs.ves exhl bits a shift in the small
aperture curve near Z = 0, inplying an "on-axis" shift of the

(0760 F1 o T e e e B R P (O e
pen aperture an

on- axi Spr@seﬁtclﬁger{tfaﬁ &l‘ﬂ?ezé' (ﬁethe waist of the probe beam is fixed offset negative 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.
[070] 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 cleetro-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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substrate and the n-/n junction. Fromthe direction of the
"peak-val |l ey" structure of the differenced z-scans, the

el ect r oabswopbiwezsaonl i nearity for either sanple is obsgiedudeslgs of
the sane sign despite the fact their respective electro-refractive

nonlinearities are opposite. The shape corresponds to an increasing

el ect r o@bzjor p1Go8 dbwhkexpei®mentdl /gHotd~tBectddeSTRAWS RRANWRARS RUKCacARSnatic
"on-axis" z-scans for the e USJ and the nln junction, taken using

aut omat @fectivs 1eap ﬂirﬁﬁe@@iﬂc&h%ﬁcdnﬁﬁét@f%tﬁ@@lgasd@} SCRGHM kL ggqy_-tyw@sﬁ;fdne
ar z = ,

junction "on-axis" curve shows a shi and dip near i ndi cati ng

a shi fti9fnkhendibRP LD pRME RBRS Larld" spotlsf] gl e I

di ffere(r@eIl of the openﬁapeb}tﬁ?ed gnig&gr??(g;?% véé%éc%nrfgggﬂéfi\}ééﬁ%@%ﬁ tgetpgl%.e
The dif y - e Lit across the ..

peak. vaf e EMIE A ki hANEG B R ARSIt Sy ot g R
junctio ucture in FI G 1 TAI LED DESCRI PTI ON 10791 The :
Fol T ow G3 S EE oL Shve TISTRTEAD BT EE e hot B vea b St glctic
characterization of sem conductor structures and an apparatus for
sanme { oo hAPs PP TS HEGHC SETLINGE T B9 Vieion SHPs faPIse g of Approximately
el ectro-absorption of silicon sem conductor structures. It is

under stFodViEmasPechdo dier Pde of thenpumpp daseihmodelstion. pThe signelyothige wstere USJ
anal yze any semi conductor structure, the discussion of exenplary

si | i corstrettuuc shomasa pomsi ldgrof chpp@x eateix 2pt,aany halJGandbdtiaten® phaye lag of
limting in scope. It should be appreciated that the present

I nvent i pproRiRMiIdesorany applicabl e inventive concepts that may be
enbodied in a variety of specific contexts. The specific enbodi nents

di scus 5[823‘4 hteﬁﬂ;rb Ao L Pﬂaggéﬁ/ﬁ:&irau:eu%cﬁcﬁt;%lc\ﬁeo n%tggg ?fg} ]:jslgﬁft\r(\h@% %}a%i? arglaeklgg aB f

and/ or e invention and are no nte 0 e sC
the i nventi 0801, Thepresent 4 nventio tilizes the,.
char actsggllleél ? (?(():f ttjéﬂlg?ra%eég' Zﬁ%ﬁqﬁ%’f erﬂ?ﬁtfﬂl%t YQS{‘]?r gr PRSIRAES a@%’&% st the Gesh temp
arises .froman interband resonant nonlinearity. The punp i nduced
change T %8 act i ve i ndex An may be written An = n2/2 xfpurnp, and
the pu induced change in extinction coefficjient Ak = k2/2xlp""c.
Here, B 1F1GoRQ Sha¥s (qpen elpgitergt 7-6in pphore-rdlegtarrenayrvese taken twidh a- 26X
WD 2009/ 102949PCT/ US2009/ 034045
achromatic objective lens for three silicon semiconductor structures: (i) SiGe substrate; (ii) p-
type USJ; and (iii) n'/n junction. The probe power and focal spot size were configured to
minimize the probe band flattening while maintaining sufficient probe light 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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" NMp=F2x1gp, z) 12, wherein f is the punp induced el ectronodul ati on
profile as a function of transverse distance p and depth z. The

rel ati on wbhodohezld hird-order) nonlinear susceptibili tperifs3doomsaids3) K
+ ix(3)i is given by x(3)R = n02cOcn2 and x(3)1 = n02s0ck2, wherein
no is the linear index of refraction, c is the speed of Ilght n2 is
t he ef f[OTd]i vaFIGoN! ilhgastcs ndeakffa@tndeall Iﬁ&Cch'eﬁ Aper@tel akPoh-8xib Recaf foe el SiGe
nonl i near extinction coefficient. [81] Gven the different

wavel engbiisitebnd fiee AUAYuRRGn P! PR BRABIrediBs TPAL i gbadeaRy W‘%M@r@“{he
t echni ques di scl osed herein have certain features in common with the

" 1 WO- CQlifffrenced $4Rhs! 86 MY sodlive h@llﬁ@gltgf& eﬁhe&@n@[?qybgseﬁe;gwgggf e

Z-scan techni que wi th enhanced sensitivit

1581- 1 r%ﬁ%e (S(;:F%géésg S Oﬁleafag:tgt%é rls%pﬁmee\{&&o—rgi? t109 ﬂbﬁlﬂ%%%etsyaré %P;Eoglited l’ﬁle

to thi nance w -t on ene

arises fromthe effec electric field rmdulatlon i.e.

it is angs %OérFB’é’Hﬁs ﬁoggdbcéﬁ@ln?%w%g@rg%ré’Flo%le néarity [(D.A B MII er
al ., "Band -Resonant Nonlinear Refraction in Seni conductors,

et

Phys. 877! LEFE 3@#@%9361’(%ml)e]andT%aﬁﬁdaﬁweéprﬁm b5 and @éma{ﬁwctmn
signal itself may be identified with the (nonlinear)

el ect r derafushgapimmatade-wtnning wdabsiorpileaamce Tia 9gquisieonp rdwenn junction “on-
i nvention provides a neans for the independent determ nation of

el ect r oxiséfemave shaves ashift ededip nearalrs@ripditarieg aohifi afdlar probelsatiphasgratic h

phot o-refl ectance neasurenents. [82] The nethod and appar at us

i ncl udeopsr f BIGY Idglpduates theafiffech@ndehamgas upetenisl on-4ds 2-kan curves of FIG.
phot o-ref |l ect ance apparatus configured such that the position of the

sanpl e Bur TRE Qiffcfens€ N Pasto LB Q L. Eﬁﬁhﬁl@@ U&ro& tht NP AL LRy * b@b&mb M‘},.\,
and/ or punp | aser beam wai sts. Spatial distortion of the probe b

s analr}{gt '\xﬁtht orteé] ?Arqhe ntjldgglo%tggucg‘u E‘Ié nl adj ust abl e

aperture. pI’io and appar atus provi anced sensitivity
to the el ectro rmdul ation co to reflectance si gnal .

[ 83] The general pur pose of ﬁ@%ﬂ@@&%@ﬁ%ﬁ@ which wll be
descri bed subsequent in greater detail, is to I’OVI de a net hod and

appar atl(&lt hhke @é@ﬁﬂ%ﬁhff@ﬁﬁ&é H#9 §f the msthod ofgoean Pltﬂrtfr -Eflegpecs cdhpgpigtization
arising fromelectro-refractive and el ectro-absorptive effects. -18-
WO 2009 sepgandictor 9spauss end aysppajagus] fopsanimige ehapraterizatiomef gi¢crogtfiadtien
nmet hod and apparatus is to anal yze spatial distortions induced by

el ect r and sfachieabspeptamdieiloon semmbsdbicpt istractaront Hiibutdeomnsodt thatt the method of
phot o-refl ectance (PR) signal. By perform ng a sequence of

phot o- rte¢ bestradeeriptas magientsd toi dralyizb anyp semicdaitalor ptm:intr'b,crhe dfsf:wion of
along direction of |ight propagation "z," a z profile or "z-scan" of

punp i nouepdryelikehiseuitels catidertd 1606 c:ahngldry onighs@idid W8y LA Meope. Oft
the PR signal is attained.
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 = ny/2xTump, and the pump induced change in extinction

coefficient Ak = ko/2XTump. Here, Iy, contains the excitation profile and may be written
-17-



[85] In an enbodi ment of the present invention, the neasured
phot o-refl ectance signal, in addition to being dependent on the probe
beam geomewoyprvdepands on punp beam paraneters, such asdrig@uiEobeam
wai st size, transverse offset, and possible focal separation
(longitudinal offset). These parameters are included in the

expr essl,QR=Fef(piA)&, Vadreihi Blsdhprpobe Rea®d p@kioh®dulTias profitSEAR function of
phot o-refl ectance neasurenents nmay be acconplished with Gaussi an

profil ok e y ] N < T
o al TREATE, Btelc d'oR Btin 2° RGeSl SHnHE BT 0HRH s Bhscepriviiy
"Z-scan (g,echyi guesusin opihat beans, " pl.,Phys. Lett. 63, 1613
(1005 1 NE it £ PEoNE pive by RS han Gt and 5% oo e WhorRfo it GHBAEAT dpdcx
refractive nonlinearities in GaAs above_b%g%gap energ¥," AppL E?t:
39, 6199regopxGe R speadar dight, vi isyhawfiectie nanhiage ek pf iedietipnowid lguethe
angl es of incidence and/or sel ected polarizations [M Martinelli,

" Sensi t4f{ectye mwnbngwe extincten exsfiicientZ- scan by obl i que inci dence of a

pol ari zed beam "™ AppL Phys. Lett. 72, 1427-1429 (1998); L.V. Kel dysh,
O V. Kdf8tjantiweovthe ahtfervnd waRdemdths bPohapimat ingdnpiobé detis, ithe tspeial beam
I nt er band Absorption of Light in Sem conductors Subjected to a Strong
El ect r i medsinehdnt teGoitues diklysid tsrehendve @Bals Fhgesdin BB 84itH thS #&)d-color”
[0861 I n one enbodi ment, the present invention generally conprises a
di ode |asah (HARUOTETMS aRPOIORT 88 Aedwo, T wWAWoRREL-8dah e Hnhut RAth enhanced
NlR-VIS. The punp beamis anplitude nodul ated by a signal generator

oper at i _FsifiVint ey amEe Rk 460kk1 W%ﬁﬁﬁﬁ R p@f”‘ﬂl. heamye0 rﬁfyﬂoﬁﬁ ea?i(tjy is
I wa e t

di ode | aser beam of approximately 5 mW ‘wit vel ength sel ecte

CO1 10T A Wl o Ay BUbERP L ohilker ANt FASThEAR, GIBLOY Ll Syises from

. the
seni conduct or sanpl e. € punp an tde col i near by usé

?Eg.al d@%@%SP?S%E%%}%&fs%@?rlﬁééig%@%”mﬁ‘-@fé bfsfriﬁter ;réaei%ﬁﬁ%ntt f‘ithfr‘???é@f
S . T si.tion i n n .
contr ool RAD PG e (35 bt R o Ra e EE SHEGota: i JHoY

t hrough, a .di st ance, a proxinatelﬁ ten %1%% ti mes the Rayl ei gh range of
ei t her WEUFARAREIRNSUL BT BEF g Hthel FefIPBEN -« dhsrBedilgted; photpgetiegtapge signal
separated and projected through a beam expander, through an

adj ust dBFl maydietiderdified vdthf the (Roatinesnt JedroHiefpctiop #ad clshion-absginsign. Thsethe
sanpl e position is scanned through sequence of z positions, the total
range dfresehieingeuion pedvides appeaa ifomthe indeperdenti dotgmirtoRaf tle¢tghrefractye anfl
probe beam at focus. At each sanple position, the reflected probe

| i ght RRcsogibsdrpiig noatingadées disinggugihasne-tefiekade dekactmans.and i s
stored as function of sanple position, punp-probe offset, punp

i nt ensi[0§2] aliy @cthbd kMCihanes, in@idherobriak AGH e Bdnos mpiRenents with the
pol ari zati on. An open aperture z-scan nay be perforned and anal yzed

t o neasgho®-fehect@lc8 GhpRias caoudd REf et the THRiHIBRINURPRRIPW Sirfard G3Ranned
data may be used to determ ne the nonlinear index of reéefraction

and/ or RSk 8R! folRT FTRE FloBe 1i6h S an@B?@ﬁM[) Gasér ﬁ%?x{]wg@t)é. %%tigﬁeﬁigtgftﬁgﬁ%f
and anal yzed to neasure the €l ectro-absorptive effect. Thus,

i ndepe ] j i I I Or . ]
| ndepende ol Se A0 A o S LS BEREASh: KE: B0 el gy s
o S S AR PG R el SR DBOR P e Eom e A8
propertjes. Th %Eoto:reakectance signal can be recast as follows:
AR'R =" eﬂmﬁqﬁéﬁe NCeSEN4herein An is the punp induced change in the

i ndex of gefraction Ak is the punp .induced ) i )
[083]  The general purpose of the present invention, which will be described subsequently in

greater detail, i1s 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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change in the extinction coefficient, and the Seraphin coefficients
are now defined as a' e 1/R(all/an)=0/ 2n, and f3' 1/R(DR/ )=13x2n

(which folwowswfivpm the relation ¢ (n+ik)2). [88] Fromciissessisi@as
phot o-refl ectance signal contains the contribution of the nonlinear

refraction and absorption. In particular, An a n2/2xlpunp and Ak

k2/ 2>dos4] ane wheérlying grificiblatof GRS mithbd nad apphrkds id dearlyze ehdtidP distortions
nonl i near refraction and extinction, respectively. The WO

2009/ 1028496} /\ R0 RBHDAR él@d@ﬂol-sz@%n@ee&ﬁlﬁdﬁﬁﬁﬁq Phhe Hﬁ&t@@@ﬂe‘é{aﬁ@é (I"R@
field may be seen explicitly in the (carrier) free energy termUF =

e2h2F2/ Q4RI By pel8PlinBacaidsnct g ﬁBt&fe@l@& n®f mERHRRAR il tf-.é pamﬁ Ulkal

of these contri but I ons, conventi onal measur enent s cannot

di stin 'sﬁgn ?Efgé@%%gtdﬁ%ct%rﬂf'l roﬁ%a{ﬂf t‘i ’og'a%gﬂ'lé hle“{l Q}I’l ?feopa mp induced

absorptlon I's-one reaso hdd appara
[90] per%ec?f%kaﬁfgc%"g o SR P e et ?i}%i’@ﬂ%ﬂs i F%% 2'?5! faser
mdeperibfl Bt SEPUPRESTIGRS BresThAm RO B8 FereY LB fhce Senel, in
consi actiorRg B?ﬁéﬁﬁé%é'erﬁ?o%ﬁﬂéﬁfo”?%%%’é T s A
optical material. Assuming the situation is reflection froma single
pl anar Sufh @ﬁr‘ihé@émpélﬁf%lﬁ veRdst gizpufraasudrsd o6t qubpessdieciocal anphratiogl (begitwdinal
t her mal ansion, the conplex Fresnel reflection coefficient takes
the f orqffsetg ( Ahpye pﬂr‘{l{if(tmmg mcludidr ik dhe -explepfigmBborrth et farr (fleldApapber bddn profitd.
These z-scan photo-reflectance measurements may be accomplished with Gaussian profile
beams or with other beam profiles such as the “top-hat” radial intensity distribution. [W. Zhao
and P. Palffy-Muhoray, “Z-scan technique using top-hat beams,” Appl. Phys. Lett. 63, 1613
(1993); M. Martinelli, L. Gomes, and R.J. Horowicz, “Measurement of refractive nonlinearities
in GaAs above bandgap energy,” Appl. Opt. 39, 6193-6196 (2000)]. Sensitivity may be
enhanced by using oblique angles of incidence and/or selected polarizations [M. Martinelli,
“Sensitivity-enhanced reflection Z-scan by oblique incidence of a polarized beam,” Appl. Phys.
Letr. 72, 1427-1429 (1998); L.V. Keldysh, 0.V, Konstantinov, and V.I. Perel, “Polarization
Effects in the Interband Absorption of Light in Semiconductors Subjected to a Strong Electric
Ficld,” 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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wherein z refers to the longitudinal radial intensity distribution of
the punp beam and p refers to the transverse radial intensity

di stri but ivwo 2afo/10Pe punp beam [91] This Equation (6) pdriusssooasfss
that a phase change of the reflected wave is caused by the nonlinear
absorption, whereas the nonlinear refraction causes an anplitude
change.micRaitat@v sch@OGpots |an @ar saraplear ;The pumpr dhdnprobé Kbcal Whsltdh$): may be
[ n+i k- 1] /[ n+i k+1], and = 2/ (n+l1+i k)2. 10921 The "ro " term contains

the | i negdpeidihtieebhtvilel sushihh@tht REparkths ptoRTdds @ AMdaal BSstbfehe focus through a

phot o-refl ectance signal. W) 2009/ 102949PCT/ US2009/ 034045
distance approximately ten (10) times the Rayleigh range of either beam without clipping. The
reflected probe light is color separated and projected through a beam expander, through an
adjustable aperture, and focuscd onto a high speed photo-diode. The samplc position is scanned
through sequence of z positions, the total range of the scan being approximately ten times the
Rayleigh range of probe beam at focus. At each sample position, the reflected probe light PR
signal is recorded using phase-locked detection and is stored as function of sample position,
pump-probe offset, pump intensity, angle of incidence, probe wavelength and/or probe
polarization. An open aperture z-scan may be performed and analyzed to measure the electro-
refractive effect. The open-aperture z-scan data may be used to determine the nonlinear index of
refraction and/or physical parameters. A small aperture z-scan may be performed and analyzed
to measure the electro-absorptive effect. Thus, independent determination of electro-refractive
and electro-absorptive components of the PR signal is attained.
[087] As discussed, an amplitude modulated light beam incident on the surface on a
semiconductor structurc causcs changes in its optical propertics. The photo-reflectance signal
can be recast as follows:

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
o' = 1/R(6R/On)=a.x2n, and B’ = I/R(GR/Ek)=Bx2n (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/2xlpum, and Ak =ky/2xLyme are defining

relations for n; and ks, the effective nonlinear refraction and extinction, respectively. The
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10931 Now, by way of exanple, consider an incident Gaussian intensity
di stribution propagating along the z axis, wherein z 0 is taken as

t he beam wab3hos/1daks Ng i nto account the punp induced rqﬁhﬂﬁﬁ&@m3uua
change, the reflected probe light electric field distribution at the

sanple surface is: Er(z,p) = El1

/ Nt (hk gk ¥Rm{d Rhy 3¢ WehreRpidly Pand frecten
FTCATH AT 3] 20) 21 Xex Pl SpoT e )]} (7)egﬁmeryeln Rarled)hactnerey

i nci dentrpebey2FMmdd el d i nside the sanple, X is the probe
mavelengthUpttto I's the beam wai st radius, zo = 1cu302/X is the

Ral ei gﬁoﬂé]f f ﬁ@&hée e 'i’ﬁns‘ci]gﬁal of Equation (1) is a sum of these contributions, conventional PR
measurements cannot distinguish between the nonlinear refraction and the nonlinear absorption.
This is one reason why a method and apparatus to independently determine these nonlinear
contributions is desirable.

[090] Modifications of the spatial intensity distribution of a laser beam reflected from a
nonlinear material can be used to establish independent characterization of the nonlinear
refraction and absorption in photo-reflectance measurements. By way of example, consider the
reflection of light from the surface of a nonlinear optical material. Assuming the situation is
reflection from a single planar interface (such as a bulk silicon substrate), and neglecting thermal
expansion, the complex Fresnel reflection coefficient takes the form:
1(z,p) = {[(n+An)+ i(k+Ak) ~ 1/[(n+An)+ i(k+Ak) + 1]}, (6)
wherein z refers to the longitudinal radial intensity distribution of the pump beam, and p refers
to the transverse radial intensity distribution 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=r, +r[An+ k],

wherein:

= [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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us(z) =trio[l + (z/z0)1112 is the beamradius, R(z) = z[1+(zo/Zz)?2]
is the wavcfront radius of curvature, and tp(z)= arctan(z/zo). [0941

This is theoewpnesss on for the electric field distributdghs9foedssoss
refl ected Gaussi an probe beamin ternms of its beam paraneters and the

punp induced el ectro-refraction and el ectroabsorption profile. This

field diog3)ri Buwi &y mesubf sxbmpRN coRsidXi &n fiakiddd: eGauskiah eATEN distribution
dlstrlbutlon at an aperture plane located a distance d from'the beam

\;\/al S';( X 0/ @l%ﬁﬁng?tth% ﬂeﬁﬁﬁkﬁg?r%& z/s?qm+ﬁlzéz?1?a§'ot§é2jpéﬁllx§wa1%tg)faﬂ g 1%%(&1&( @:

and G (AR Guck FeTRchd S dgfao%qeﬁ’& A RREPOEHC RN PAIAITD & e Sy

[ Petrov 1996 Thi's term contained
the out obe beam of convent i onal photo refl ectance techni que.
Di vi di ng $1x1r0/ GO(z) 12, and equating A/l wth AR/R the on-axi s

addi 1 on 3' TR SERT S T L TN
for an on axis phase change. -22-
r (An+1Ak)/[l +(2/zo) [xexp[-3pw ()]}, (7)

wherein;

E; is the incident probe light field inside the sample, X is the probe wavelength,

W, i8S the beam waist radius,

7, = ww, -/ is the Raleigh diffraction range,

®(z) = Wo[1 + (2/z0)]"" is the beam radius,

R(z) = z[1+(z,/z)*] 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 ficld distribution results in an on-axis far ficld intcnsity 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(z) = 1; X| t/Go(z) + 1/G1x(AnHAKY[1 + (2/zo)*] 2 (8)

wherein Go(z) and Gy(z) are terms that depend only on (probe) beam parameters d, z, z,, and w,.
[Petrov 1996]. This term is just Ipc + Alac contained in the output probe beam of conventional
photo-reflectance technique. Dividing by Iix|r/Go(z)|, and equating AI/l 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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WO 2009/ 102949PCT/ US2009/ 034045 [ 0951 When the aperture is open such
that all the photo-reflectance probe light is incident on the

det ecti on WhHehwneHo@se, the photo-reflectance signal takeg lsh@ohng
ARRR = Refnit:4 x An/[1 + (z/z0)2].(9) [Petrov 1996]. This i1ndicates
the surface contribution to open-aperture Z-scan photo-refl ectance

si gnal [pgs)af fwéhecb irtb{retiyof)é?lesuﬂﬁ“ﬂ{at AR @ piRid REkLHMe pFhR 18h RGhHci®dNt on
interference with drtlona refl ections originating fronraddrtlonal

fil nstatﬁgdetgaeh&)ﬁae%are B BhYlr kRl ES Setdliake AP HSI ON by reason of
the fact that iInterference may nlx k contrrbutrons into the open

aperture z-scan Pet r oy 1,99 uat i of the above
eguatlons denDnstrates t g a%@' e a para @J 2gbable of

nmeasuri h ref.|l egt anc nals of the order 10 tica

noar | e B gy g iR e g s on Pl io SEP Y AR F-oB Phereflpgince
punp intensities | punp effective nonlinear indices, of
ref r actS#R! rrzafgrﬁtrﬁd}ﬂlmhrh%wmewrﬁm%n Thgeflertcplontesierepcey ith radgitional
than 2x10-12 cn?/ W can be neasured. For the symmetric open aperture
z- scan tefleajiess onxjainigdre afditienpl Blnsiarkdnicgacesor thttallpglters this conclusion by
AR/ Rmaxx(n2- k2-0/ 1punp. For the on-axis small aperture z-scan curves,

Equat i anaspB)of iy fdve thas edetfoedtet mayrinme Akh@ntréduddbnsomghile @fen tsherture z-scan.
anplitude of the "peak-valley" z-scan signature 4Tp, with the on-axis

phase drange 446). AlgRorichin @vARARdn ¢ e ULIRVE WquatidiRY ddfonStity att ashchr @@
the restricted aperture cure to anplify ATp_v. [97] Accordingly, it

IS possjpBh@nd OisMeAaYle of hﬁedaem% Ndlo-eRtdAet | e%naw%%p&eda%ﬂ W 0fT Qtical

t he nonllnear absorption in photo-refl ectance perform ng an

open- aperi: %@“% &Qﬁp RQQHQlﬁeLE%%&Qv ﬁ measur enent including a series

of photo-re ance neasurenents ‘the sanple at a nultiplicity
of posi Iong t he .focal Iength of the, probe |ight colum. _ The
sanpl e l%@r t}r » [ PYRRAPEE T3 o ><éeq Visiee eﬁfrctafe peBlineaindices pfaefantign
range of the scan being approxinmately ten (10) tines the Rayl ei gh
range of: pdiobaoblémar extintbousoeiitiennbh geatepkanpoi 10 dem’Miean bt neesized.
probe Iight PR signal undergoes a signal processing procedure and is
VO 200%ct 0RO 49RGTE( ISP AREBE A 2-s&dnO i@ tesa Eqittitait () mof beanpd @ cstimatc ny
position, aperture size, punp intensity, angle of incidence, and

probe | ager RAANRRLRTS. TR tRN&S8xi0kmhNepRREBaSH &H’&é&t Efhat®n (8) may be
whet her the re Iectlvrty of the sanple increases with punp intensity,

or decruesg acter%[u?er tm he r&at;on@ﬁp%‘f %L E(l)I'Ilpl}:ﬁI:I](ﬁi or}QrH(l: l‘}g]e% 4 aﬂeyt rzas%gn sighature ATy

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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[98] Once this nmeasurenent is conplete, a second snall-aperture
z-scan measurenment (which contains both refractive and absorptive
nonl i near iwwpegpnedm be effected by perform ng a seri es pefryuszo09/034045
phot o-refl ectance neasurenents with the sanple at a multiplicity of
positions along the focal Iength of the probe Iight colum with an
aper t urseoréd x4 Giredon bf kditple @bbidod,efepirabtzepatiip idtasityabtite Of idchtRnee, and
nonl i near index of refraction fromthe open-aperture z-scan is input

to the Rl M pa@inetche P @ukSof E PRSMbMuineh (1RUtHeMet me%ﬂercac‘ty &Nthe
i ndependent neasurenent of the nonlinear absorption. [99]

di ffer en&gleOfnctl&s OPRD RARE! fbbnGidNd SIBdulesRRRIHHEs G Vi8R cﬂf @M' 8 8near
the relative spatial beamdistortion of the on-axis z-s€an

phot o- ggﬁ&ﬁgﬁance signal. The el ectro-absorptive conponent of the PR
signal can be determ ned fron1the anplitude of the small aperture

1hoar i Yond! HE HSuratby B rfGe AR Yl B B RO B LR Tiéurgnent
P e ol i RaRe i &6 'égt?vsfﬁné&ﬂ%{m"t?\@% R &?%@V@hy srTaming o

phase change anal ogous to the nonlinear absor tlon LSee Petrov 1996

[ 0100] SByestAipgotorgllectings mepnERetsey b e s3aRic 3 %B‘élflﬁ’ 81 Pfaosiiensyieng the
|nclud|ng t he pu i nduced el ectro-nodul ati on profile, are anal yzed.
Fur t herfocal fragth Pgblight caltmacyisneneanceuterfixgued inathe Faflepted piobe path. Bée

acconpl i shed mnth Gaussi an profile beans or with other beam profiles
such asahisef thooponhiatdt indeiodrefastiem &bmythelpsordporticarscamss ishswm therantllysis
prior art. Further, sensitivity may be enhanced by using oblique

angl es offth¢ poiadBnioensityddietribstidie @ edrapohaiidepdndomsmeaarcateomns the rddnénear
prior art. WO 2009/102949PCT/ US2009/ 034045 [01011 FIG 1 contai ns,
in an evaggesmted view, an exenplary "p-type" U tra-Shallow Junction
(USJ) silicon filmstructure 101 that nay be characterized using the

phot o- rigédjectiananteted BF At opdn Ift@uRy asiefhali a;lyeeﬁké Sltves! PRVRIeS YiREreldd e
silicon filnmstructure 101 conprises a crystalline silicon substrate

102 thabatkad besm! 86y Wt dlaKeY- s@z{nsﬁ{b'tcﬁre(f@&)m&tm af05ge @gectro -absorptive
approximately 4 x 10 3/cn2 foll owed Wth a 500cV boron W

and anr’&%gﬂpggenlt' Sk 9 PR d car?ﬁec ﬁ&gnfiﬁe%lsfpor%@%eagéélﬁ&{e o?qmﬁgdﬁeaﬁ(ﬁ%&peak-

f orms n junctlon tween t ure 1

n-type | ,ant tion a electric fi

For e valBer Bt it iy YR pee 1S Det 2N e nbisarerfes soymias
S|I|con senlconductor structures include various junctions such as
pt/ p arf@PioAch eactlsobrserpted (athr oirsisiqn ghamsterizytion of dhesmpickasiic efécirassi Wt
(Si Ge) substrates. [01021 In accordance with an enbodi nent of the

pr esentasithpyank dxpansien dfthassmicondectonsurpe, gepcrates g anrapih ohase chdrige enalogoas
may be used to neasure the reflected spectra froma silicon

subst r db éic nonliwaay alohpeion $Saifeonddedédr structure, in order to
characterize the photo-nodul ated nonlinear optical properties of the
seni cor{dLo] oBy sthisp clicl peabe Ashoshesflactince FhiGbe heami- peancphptichddid det pnap
arrangenment 201 conprises: (a) a lock-in anplifier 202, which drives

a punp ifdeee dasermeddatiohbyrofildr abeardiyeee | asglicr2 b 2ol bR eflectance
beansplittcr 205, an optical system which may conprise a

pol ar i zadnnRf lﬁﬁ%ﬂﬂﬁgréxﬁtr@ary RORcorfiplithed Q%6 PR SR &sﬁlew;eal%er w@tﬁd:/t&& bBam
beam expander 208, a reflecting senlconductor sanpl e

adj ust %é}fﬂeg dLRﬂ?etth@ %p 13- Gkiar mfténgl(tte)e?lsgljogtl A0s RS EIFPJ e%rﬁg%%t Uhfther,

211, a photo 212, and a conput or ot ér contr

sui t abl co

changes@n%%i%% W AR TER, ARSI AR E b e bidalns
pung %a er ﬁOS |nten5|ty is directly nodul ated using a | voIt

peak té 5(5?1§ﬁ AP REve reference signal fromthe lock-in anmplifier

4.



WO 2009/ 102949PCT/ US2009/ 034045 exanpl e, a mi croscope objective |ens
207 or an achromatic focusing |lens and collected using a collection
| ens). Theygupehieght is color filtered using the col Orpcfrigjstzﬁ)‘)m%%%
The probe photo-refl ectance beam containing the nodul ate
reflectivity of the sanple, is projected through a beam expander 208

and t heqo1omr BIGQN etk tsSinadiaocdRed YidCarlexbmpl0f Us8fet TiR-§iR8ow Junction
hi gh- speed phot odi odc 212 and converted to electrical current. This

cur r ent(uisy) RBSHEEImsRuddie 109 Gk irﬁhy%@hﬁﬁa&@ﬁze%%ing%&% glt&itér}?é}ﬁk‘ﬂ’aﬁ& t{eaﬁique

anpl i tude and phase of the reflecCtivity change. ormation Is

transm et gd g%(%glﬁ]thﬁv #ggut ’131'{4 g-?ﬂ;er Bg.ll %ﬁicg&%ﬂrﬁ@éﬂ?e .rlﬁfocrog%fi%e{gea( &gsta}:lje’e

conponent s e differenti changé Inre vVity ve

Phase) f i f . beam | ongi t udi,nal;, posi.ti.gn. Thi,s ¢C ri ses an
open- apsglfcto ﬁrsr‘elggz%@]ésecgér?. &ﬂfes ¢ rlraﬁlu(i%ewtg%h{}?eo\f greg?mﬁ f%g)t Heh 98 Ur QEOE‘HTéateaIy
differentiak, ch e inrefl Vit s. a function of the z position
of the ‘Q’é?@ S RO WEMPﬁ&é}p‘é?f?%F FRHa PO AR R MORE mﬁﬁf:ca@- 525%
t hroughput at focus),_thereby providing the "on-axis" z-scan

phot o- FERTALEE SEEBBANS BHiARTISH, T ABCHEHP 2ephe Rrioepe (G ruferc 198 2ag fhom-
z-scan curves may be differenced to anplify el ectro-absorptive

ef f ect $YPY iombant 18 eApthipiunciivars shoag éinterad clpstris fiabdh farmansshowy schematécally
di ode with photon energy at or above the band gap of the

sem cond r LunBegmplayesmbefamems . of Foliconn sanapaapctbo straéthies amgludehgarious
band gap occurs at approximately 1100 nm wavel engt h. Punp wavel engt hs
i n the joentiges 440 aam /b andppn aoictiatsenyt vAAQE silaoo S end sitice suinbribhgSiGy)
silicon sem conductor material, with the shorter wavel engths

pr ef er ahberavlien characteri zing silicon-on-insul ator type substrates.
Punp wavel engt hs of 830 nm 780 nm 633 nm 532 nm 473 nm and 440

nm ar e (00| e RBbrdad@ WA ar EmBIHiRER ARt inlBRioR! 8 IRk ralcAVERIEGON, 2-
t he punp wavel ength is approximately 830 nm and the punp | aser power

is apprexi prk&tofled@ndMhay B L2k So HRERQA ﬁlg@éﬂec{eﬁs\}l) il P Ui cbi PR Fate, or

from approxi mately 10 to approximately 50 greater powers

e b0 RN TeRrARRAChELile, § LIaPl MphDHid U plolPhgRifantt Rl

The DC aser intensity nay be contro

Ry be ST SOO Lo LR AR, AR RS LSRR Sl

vo 2005 AQERSAPEH ISRO0R10A043 SR LerAharnd MU B Leterence oL on

AL genarslod B AN SELR BB eL 202 L s gttt

internal reference signal fromthe lock-in anplifier 202. The driving

f r equerfcholitzaation begmiplierp? 6y janmicedsyoneodieasive 0%B0rmez 2 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

5.



[0106] The punp | aser diode in enbodi nents of the present invention
include diode lasers emtting in the NIR-VIS wavel engt h range

oper ati ng wb 200Wefog0 of approximately 5 mWor above. |t de§@&b§9m34045
possi ble to configure enbodi nents of the present invention with punp
wavel engt h of 325 nm however, the punp beam nust be externally

nodul ate&dmgRga siiepscoft!sbjch cliakeIn 7t ah QERYMANSbcRINE b il ARRERANGSIng a
signal. [0107] The punp | aser beam nmay be nodul ated externally

througheoUs@ioafle@h Theohmp1RRE isCoRdr ACRUSEREARE tOoARRL 21dderHanaitatHomn
arrangenment. The probe |1 ght source conprises a continuous wave | aser

di ode wififpROWRALE ng&heoﬁmaﬁ%d @&éﬁﬁéiﬁf Bf‘ﬁm‘é bidﬁl@[ésgbi b@%@gﬁﬁ%@%

1
t he sem conduct or under vesti gati on. or silicon, "th

wavel e I i i rband t ition.occurs is
b ox 1 eeeryeos 308 SHE BBkt B SR E ROt ZPLablsSy i S gk Speo
inventign is rally applijcable t hot o-ref. |l ect ance probe | aser .
boann. droispeReng: i YRR, R RleF e RaBRr i B CF ZRSPE 1 BrnS dein
t hat the otq-refl ectance arises fromthe el ectro-nodul.ation effect.
In an &ﬂfﬁ&ﬁh@ﬂ?» B’kucf‘h@eﬁ‘@é eth? aplige; 3, Phase %rtg%ée&%%’l% fgtnge; s This
approxi mptely 360-380 nm and the sem conductor material is silicon or
a sili dBRIHiorEsitgnsmttedip theramperkoniraldes213owkieh resords thosammaenenty of the
5-12 mW Probe | aser diodes include diode |asers emtting in the

VI S- UV didérentenh ghingedngefiespertavedier GC, goliePlnsof asap fmetidomat béayn kBginwiioat
| ess. Probes in these enbodi ments can include tunabl e diode |asers,
such agoettivrr ibis compiitey anlopaleadeaserzsscar. Tlengerpatevicenttolinabi3eheli ededs the
| asers. [0109] In enbodi nents of the present invention, the punp and
probe hifiersntéal ehampddn cetldctivigass & Mitigh of e 21p6sitiondd fCthe Qarfiple with the small
beansplitter. The collinear beans are focused onto the sanple using a

f ocusi ngcmire 2BERAGR fapproRihaidle mﬂee%uhl@n%%mf ef e askrbtyOReviBRaAhd ‘Dn-axis”
col l ected and passed -27- WD 20091102949PCT/ US2009/ 034045 through

the apeficdh ehAbdeARGHSER (@RhRorl MEhd@b&LITRMPRRE B tbRY8is” ERGR LARs may
probe beamis reflected fromthe sanple surface, it has an AC

anpl i t%ediﬂ‘&%’deé}té Qﬂpiﬁg@feﬂir@aﬂs@rﬁtﬁg cBbgt o- modul at ed nodul at ed

nonl i near optical properties of sanpl e. Thus, the photodi ode

ouLPUt SN ShESE) i, CATLEDLS PLARLLISIRE e R ie il

whil e the ignal i roportional to IAR In qrder to asure R,
the 1 neibred e S et Tl RSt Sy o Boihebobe B R hhety
the AC signal by the . DC si | . Typical applitudes of AR'R for the
exonpl #49 SR Al TRERKIRFEDOh 0P BRfRlmaths 0P wmp sl et HILmm to
measurenent _is perfornmed on the photodi ode output and the |

conput EPPESHIaEY 1400 pangmetssoig suitghle iepsilermessRyROngrRieIgaLeEdnvish trpigborter
conputer/controller 213 controls the sanple z position, aperture

posi t i oravelsogihs | prstoralilnt wheni taharagisrizipg obiéctragremsyatoantper substateh Bsmp
wavel ength, pol arization, and/ or power). AR'Ris recorded as a

f unct i ovavelengthpo&$30iron, 788 pey, 63F &n, P2, 478 ens ktd/440amdaprcoipenlcaser
parameters. Thus, enbodi ments of the present invention (such as shown
i n Fl G[0R)5] ameansemtiodivhent b6 thepresepninpdndib-the plrap andengh &y e taxihaelisan
of sem conductor structures. These enbodi nents include alterations to
the ar mangeaend puinkalasdpoRel isdpbRixithd1gy fleneWwIERtE cAbS&fRnt, the pump power
phot o-refl ectance characterization signal.

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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[0111] FIG 3 is a curve generated fromdata taken in accordance with
an enbodi rent of the present invention, wherein: (i) the waist of the
probe beanybhSofolypgy of f set positive 40 m crons from t heMaisSiwisoine
punp beam and (ii) photo-reflectance neasurenents are nade at a
multiplicity of punp wai st positions with respect to the sanple

sur f aceyenb@ibt 2hd kit a dfdr&icad sfgﬁélvs‘ﬁp%ﬁﬂﬂb kB ckiPpaiR 208Kk witNan internal
accordance with an enbodi nent of the present invention wherein: (i)

the waigbd0f oﬁﬁg%?er Q&%ra&faafp s 1§d%R ABAHA! 2020 hhis \é@f’gé&m{eﬁ% e Rser

it
beam and (i) ot 0-refl ectance neasurenents are nade a

mul ti pligait Vi j i1l j : the, I :
sur f ace BT EBYIRAE P RS POT Y bR A RrkoPaP §0B) B fockin
generated {10 a taken. in accordance with an e i t he

o osent Eh A D RSl S SRASTRAE s B TRRE- BERE ML £ e
of f set tive 40 mcrans fromthe waist_ of the punp. beam .and (ii)
hot o- rFPlc T etmn el ARRe db AR L orisin RUPTERc JBIC Bl tasts
wai st positions wi.th respect to the sanple surface. [0114] Each of
the curdadingsinphedlIRVE avelongth smge PraRfing 2t AGVES 9 GPBLOXBRItEY 1A RYE or
punp and probe beam focused and recol | ected through a 20X achromatic
m cr oscbpEe. obf éx lsgeposgihle tpoecailispssenbasiaenss of Hee praspnt aipecniips beithwepap
controlled with i ndependent tel escoping | ens arrangenents in either

i nput beavdepathmf 32hingm, dbivevescthf ipnwp derm mulst bé exthmalherpddaicd end etapy must
collimations and directions, thereby providing precision control

punp- prigbekanrtanswer sey pndofdwsiatscaidksamsl. The Z-scan photo-refl ectance
curves were performed w thout clipping the probe beam i.e., each
curve i[916m ToHppImpREEL bagi may be motlRyedr Gyl lyachfonRRule 6fimeledtiv-6R or
phot o-refl ectance curve that tracks the position of the probe. This

obser vegoghtdopte duplitflc ambealbitdd AfraRiemcBaNdThd A bRNIBE" s&frcd N®mprises a
surface electric field due to the presence of carriers generated by

the prab@inddds wiVdIaW &Sic With floten en-EFg oP§&NaR %Eﬁéﬁ@&ir@ﬁfoﬁ@ﬁ%g?ﬁf ﬁle

powerful nmethod to investigate sem conductor heterostructures,

Solid Fj.lp = 7 ! ' " - Fl :
shovs (RergafElhler iR, oM RN i bien b Rhichin, Lpuighe
t he di stanc romthe probe waist t he sanpl e surface, for three
valueslgéﬂﬁﬁﬁ%?%¥%I@“%@?§%?P“¥H%ﬂ%ﬁﬁggPﬁﬁuced el ectro-refraction

profile nsl ate ith respect to the probe waist. 101161.1n certain
Prces. WA hobEted i riRiatniong e porrl e RO De isedY oatBls Bypro:
quantify_the active carrier concentration in sem conductor .
st r uct UFEsctaneg ﬁﬁr@ﬁiﬁs{ @cans| of waycicpgth dausYy Aricisandustis ihtgiband transifipn, such
phot o-refl ectance curve taken on the Mn junction sanple using a 40X
"neof | bt therpbetegelifsianebpiaset ifipa tharpleskomasivlagen eHegh 1o earsbodmiesnhohthe
375 nm The beam wai sts are approxi mately overl apped in the
t r ansverssnamdentongtheydebeatvadhlangtt iscmsroxmestéli3s03§0 nheapt tbecmidGnductor
2009/ 102949PCT/ US2009/ 034045

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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i nduced band fl attening. The punp and probe focal positions were
controlled wth independent tel escoping | ens arrangenents in either
i nput beany@abdoowiy ch may be automated. [0117] Phot o- q&ﬁﬁu@ghg@g@ha
measurenents were again performed at a multiplicity of punp wai st
positions with respect to the sanple surface. The open aperture

z- scan thieuyle tex ipdbiutesadl eichsed! Odlthe @étedtdnZphotd Piead. NERRE dhd Probe | REMEK
nore slowy varying photo-refl ectance S|gngf The position of this

di p mayefh@ratefrb@dnd¥a 1&%&5& ﬁt%%raﬁlﬁ@a@lf@%'rﬁé&ﬁaﬁ% cfohﬁumgpﬁe photo-
wai st with respect to the punp wai st. The phase angl e of

phot o- rﬁédu@ﬁé@ﬁe&um@ RBA @ﬁgﬁﬁpg&hg@ of thgly %%1 el THRYUY 4 qib @%@%&Jeporm ut

t hese scans e anplitu 60 i p" was proportio

inducedcha%g%ecefaallc%n%ﬁkgpa,gsgﬁ%rtg JEOR fahar Whi ch is of order 1

x1019 arge carriers IC ce all'hls pr obe

band-f | fect ffect as. r epor hird .
o purd O IRRSAPS: S5 & tﬁ%@iﬁ"@fﬁ% aspalfogg@wpﬁ okt oA el i
signal . [Kudraw ec 2004] an enbodi ment of the instant invention,
it is tHePOrgNs B)Q%ABedmOFqlP&tfo meatire SRYR, the intensiy & mpsttbeaiormgzedr g i
lg(p,z)12. This profile is superinposed (as a function of punp-probe
focal ofcéamlished badigidingths Vel signad fofy sket DEE)gnaht Byrtided apphitpdésnedudeR for the
el ectronodul ation profile If(p-frAp, z-fAz)12. The resultant dip

provi desedpRat hiddim&ale: o hb ovhtk chot g oquenbdefdndhie A&kl ReHAS Berformed
since the relatlve anplitude of the dip with respect to the maxi num

el ectr I i raf. | r i gnal
surt acéﬂﬁﬁf.%%*%%ﬁée%”@%% (ol Ko, eOmpRich AR 18] RROL' 07 mesfhrpent
dip sh LG he r.f reier, coneentratio of...
the ni ﬁj\@@?ﬁp nts; sThépé}:c)’r gyu%%fﬁﬁoﬁle%ny con%%? @% psre%lgfe t(1:oend agfﬁrh\,r% ggsmon,
carr|er con entr p OVIdeS a neans to ne su e surface

carri er?'@n &eﬁtl P?lﬁ’n aﬂﬁ]_tpﬁ% fa%ﬁﬁé’aﬁaé%eaef?g?“@&si ‘Pﬁvﬁf » PRlAZHIgPe el o
sanpl es. [011 The photo-refl ectance anplitude and phase are very
sensi t iRP¥eo HERS saeprdae as afwnctio ef £ Peyii, pPeriwhiPemAdufeRsyy. and probe laser
structures. FIG 8 shows experinental photo-reflectance signal taken
with a Rexncahr Shet crobahinews ph/ihe peassentfimrentitnr @aclsisl shown is EHG.Q) ndustteble
structures: (i) SiGe substrate 801; (ii) p-type USJ 802; and (iii)

ni n j urfot z-ern8ihdto-rEfectirco kbapaewzatiandf faciadndapot stndires. Wese embodiments
2009/ 102949PCT/ US2009/ 034045 size were configured to mnim ze the
probe Hastddd di@tdiiend PGhyirdrgefentihaido ndgalte ttfel foh@mienl 296un! jhefdtreflectance
t hroughput. As shown in FIG 8, the anplitude of the PR response is

| ar gestch@RcteRgatiBnkigpg. USJ silicon filnstructure, due to its large
near surface electric field. The phase of the photo-reflectance

responsgrig FRES: L% &L@@@%éﬁc&?cdt#?&n%{a%ﬁchqn a Jm&aﬁgc g«%' Chipblifnent of the

change in response to the punp nodulation re Iectance

Si gnal s%Hl] lhb&ltllﬁﬂ n\%ﬂérgﬂ' ﬁ?%‘é’swﬁst%l?q}?e pxlogg Bi? im 15 %Dﬁx f%gtt 5}41 ?%Ovmm{cﬂons

respect ase |"aser
p-type struc shows has X|natel 00 ang the
SRR E e S e é&fﬂﬁ?t&f@@%% ftfﬁ@%ﬂ%ﬁﬁse Slnesc &
|nterpret?t|on ?f t he phot o- refI%ctance Hlase reveal s the foll ow ng:
lirplicity of pump walst 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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[0120] The 30 phase lag of the nin junction structure corresponds to
an increasing reflectivity with the 300 | ag being due interaction
dynam cs, w8a2e008@d0lid €r transport and reconblnatlon undederh R8u09/m34045
punp-on/ punp-of f conditions. [H Shen et al., "Dynam cs of

phot or ef | ect ance from undoped GaAs, " AppL Phys Lett. 59, 321-323

(1991) [[01{N1R1G. Ther ARG bagradd fbie damtRe iWIdcorddnds With&ni cBabodiment of the
approxi mately 180 out of phase with the n-/n junction and therefore

demns"ﬂr@%ﬁﬁm@erﬂ%ﬁ NARSIRY Y BE MRGE bY teYpr¥bd DeaRLfiEiRI338et RokifQ z@fmmmm
approximately 40 due the |nteract|on d;nanlcs remai ns pregent

P-type dolpdnddnid JFURd 'uﬁl ﬁ éfl ?h&ﬂo%%cuﬂ@@ nlieqeur nbdls b n%‘él!ieo Dt a

and its near surface elec r|c In the opp05| |rec i on.
Accor di t ed b nd flattenlng occurs,
the neaI?&s i PSR BO IR SFC-BE B8P P opposi

dlrectl ect to n /n junction, i eld

ol atlPoH GO ff‘g}mérﬂftfﬂﬁw s i e Prpperetdnce pump and
photoreflectan nal as a change vector directjon. [0122]. For the
Si Ge suUbsehebepm Toped isgoljegiditongig SkF AdvngHcisTosseRs objective. The focal
interpretation is that the reflectivity again decreases with punp

exci t atROSHonHAic fepPyicesd tiabe seers hpdntrolleth dwith einfiepcadaat t iclspeopiig flans
just -10. WO 2009/ 102949PCT/ US2009/ 034045 101231 FIG 9 is a vector
pl ot ofarpagdneuns pr eihpe USY Beamupatyr Ekis "dlowsth faeneatredof die sespatjve heean
of tenperatures. The sanples were processed with mllisecond

t i mescalodinfdtimeh aadt nigattigps othesdbe providing epréwdsipre caterl epungagrebd AafkEetse and
1350C. The photo-reflectance vector translates along a |ine as the

fl ash tfeog offscte.hahg@ckcad phao-deflcetantNitdsovdie hafbrated ivitROSEippaQ a8 probe
nunmer ous shal |l owjunction type sanple sets. This is further

consi stiRah, Y.t Bachh@rdk @hPopébdcdr@fcutRe TR &hvedal sisoth FMGRLY Ye photo-
pr OpOI’t i onaI wi th near surface carrier concentration as suggest edp

the PoigsQmnkelalé Mt fAKPRRDOIABODS thk Qedd] TE s@bs&%dﬁ?ﬁ’i’ﬁu@ Q@Qreductmn or

aperture z-scan photo-reflectance curves taken wth a 20X achromatic

bj
subst : ;2’6%“*1%%?“‘“% FHERo R HEReaR frE %538%4655%}03%% | BRCRSY he
T 13

or obb. BARE T rﬁéﬁl?%‘”@é‘:ﬁ.ﬁ P R e PR ot B P BOf o

o dot abi H%a% R SIS AT T Rt RN TE e A

t he punp %ﬁgulatlon. The z-scan photo-reflectance curves fromthe nln
junctiaﬁo the p-type USJ structure show rel atively broad punp

el ectro-nodul ation profiles, whereas the Si Ge substrate z-scan data
exhi bi t1@115] nBIG-dwiows thedatopfddlel. 3t plattest &4 fuactiopfsample dafidies therflistance
with small phase lag exhibited in the vector plot (FIG 8), and shows
a si gniffane &t probeswalst torthe saopla sinfacer e tthrom valagsgef fuom-proke sif@ The pump
substrate and very little probe band flattening, i.e., the

i nt er achdwnd digrtanicEsction frbflc Sadatsewitlc onphectoche piobeotist. e happen nore
qui ckly and occur over a shorter range than in the p-type USJ or
Flirt jlontd]i hncestainugbest ss probe barddnBategingtprefile o2 bz usddRb Rt fidntify2the
K 1)/ 1 punp, the effective nonlinear refraction n2 for each sanple nmay

be est idgBtEehridrUonsdibation MREmIdSdduch? stractXt§- BorlCiBmfe, MG EASIE& antd]ﬁn
n-/n junction and the Si Ge substrate, n2 +7.4x101 cn2/ Wand n27-, -

x10-9 GYRAWE AR8PSEstb¥&Mtiance curve taken on the n7/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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[01251 in conjunction with the "open-aperture" z-scan, the "on-axis"
or small aperture z-scan capability is utilized to characterize the
el ectro- ahggr@pbhy@ssi gnature. FIG 11 shows open -32- pADus2009/034045
2009/ 102949PCT/ US2009/ 034045 aperture and small aperture z-scan
phot o-refl ectance curves taken with a 20X achromati c objective |ens
for théndicee banbsitfeaing. 111333@\11@@ ghd Sobd ARalNpdsRiohs! Retel @AtrdiiddZwithl B@ependent

z-scan photo-refl ectance ta on either sanple exhibits a shift and

in the t&@@obm@@&ﬁ%iﬁﬁ%eﬁeﬁﬁ%‘m%? WouGah fats Wlichin! Bél RSn@ied’ ON- axi s”
shift of the photo-reflectance beam phase front. [0126] FIG 12

o O I O A0 AL 5
h n i
shape 1It1o§s 9&% resr]i)%cl: t%yt 1{191% sgrfh ace. C}Ihg g% %%glr? stsgzg‘ln(é&rvee gel%lgltso%%%ﬁ,

el ectrda sorptive nonlin near’i reit

t he sa des ite th fac their ective refract %
non!  ndSFTELE & UPSImBBE R Lo e o s EEp B o 1o &5@‘&@%0 " The
i ncreasin absorption or Ak > 0. The size o

el ect r P°SH8B Pgﬁcﬁwgp ary be vargddy plispngihs relpfiyepesitipn a% b mee WA pith prespect
size. [Ma 1995]. The data above used approxi mately 50% aperture

t r ansmit® tthh eemp Ve uridrahescormelgel bn-PhRioselecirnsirespartsechpager anlt dighily
practice by the need for throughput in the photo refl ectance system
[0127] thiowel esch ofthasemanns Thoasplside ofghertdiplives prepbitiosildn dteurrels ifluced
on- axi s phase change even with approximately 50% transm ttance. FIG
13 shovvsduo;pem iaperficr ehage deosityaxilisth ds sdamgerf ox1d‘hehaiga daotert ipen cubic
t aken usi ng aut omat ed z-steppi ng and phot orefl ectance data

acqui si dehmﬂeteﬂ h€hig pkdbej vand-fladenitOEFfax lisSthe Ghrhy effsdiQWSeprist ufihg andird iCw
near z 0, again indicating a shift of the photoreflectance beam
phase fﬁuﬂﬂ)t(umﬁl@d{gﬁl)d)l'—tils@' bt ol shla'ﬁrﬁs&h@%o&&lﬁ:ﬂ@btﬁﬁ&rseg%ﬁ? [m;mtakwecoa@@m] In

aperture and on-axis z-scan curves of FIG 13. Here, the size of the

ef f ect i meerQydlith&te tﬁéiﬂsﬁ(ﬁf iRAnsRe i isGhe ttw i porlet &RMnae s by ﬁlhﬁe “band-
anplltude of t he peak-valley z-scan signature and the sign of the

ff f
oot vl Rl RS sEsoL i B A BhuRSta v A Gt 52 hr%ﬁg%bet%
> 0. T(gﬁgt? |tude of the effective nonl i near .extinction

may
esti mat mAAelTERYSEs FHBRY AT oHa othe RyRR- IR@CﬁI/?15%0&06&1&@01&231‘0%
cn2/ W where AT p, 1.2x10-6, as shown in FIG 14, and the factor of
10- 1 r diighdyzekaiourths résttanthip Sesxicep er naturel svelediith ehichMo ruapifgchesective
quantification of the electro-absorptive nonlinearity may be achieved
usi ng alokd,tsidce tha3klative amplitude of the dip with respect to the maximum electro-modulation
signal z profile is inversely proportional to surface carrier concentration. 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; (ii) p-type USJ 802; and (iii) n'/n junction 803. The probe power and focal spot
-30-



WO 2009/ 102949PCT/ US2009/ 034045 Equation (8). [Petrov 1994]. The sign
and magni tude of the nmeasured nonlinear refractions and absorptions

on the sanphesifgRted herein is consistent with expe i IR
consi deration of the location of the probe |aser mavelgﬁg?ﬁﬁgﬁmgﬁﬁgn

respect to the Si El absorption. For exanple, the derivative of s2 at

the prohg wa¥ebeMgirid iocSmmiiz t{ARBOBLH ﬂwteﬁﬁ%%)h(ﬂemﬁt%ﬁlgt&)ﬁﬁci% probe

derivative of is maximal, inplying Asi >> A as observed).

by per fiiptsh ABRN ARBELHTERRES, Ak Xl &;ﬁg@%i&gb%é &f 15%%‘%%9‘%&  p-type

measur enent's, 1 hdependent neasurenent o o-refr ive

el ectr Joi . n f..phot 0-refl ect ance. | t al ned 012
hs to apur iR M aRaraRt & & W Wk OB T Th B P hgod
the presgnt invention, t me .shqul d be a re fromthe above
descr pETOReT S22 vt Fo RGeSy B4 s SisE G Edleriifl i Biomopsa e
to be realized that. th; q&{inUQ%dinensio?fl rel ationships for the
parts di®PHEP MAPBREPHN! I BIOEATIGERNSF Hgnat Tremshs Y nghmation hevey 3 piase fag of
shape, form function and nmanner of operation, assenbly and use, are
deemed 3PeEpdimstcly 32 mithrespect dp degtapsd afdhe pumahlaseympodulatidn.allhe sigudl wéther-
relationships to those illustrated in the drawi ngs and described in

t he spegpd UBhstheturasiewsni ghaskeldg boajieodmariypzsendhlye sile spbea phase lag
invention. [0131] Therefore, the foregoing is considered as

i 11 ust ratahmexpkdly 9ot he principles of the invention. Further, since
nunmer ous nodi fications and changes will readily occur to those

skill ed[g%fsbt] t '?ﬁet ;I?r{gr%i’czélir%gte%%etgt?c%n oq?ﬁe%h%go-}eﬁegar?gi)hgsg %%Vi&?l\é anéof-oﬁcr)]w}n(g): the

exact c ruc eratl on own an cri

accor di , ~all suitabl e.nodjfications and equival ents may  be .
resort 4@9401, THA iiﬂ‘aseaf% A %P%J@&%@Sﬁwf%@f{e oL IngeRREReAgRtlyity
the scope of protection is not limted by the description set out
above, it the $0p Higybeinigrdue datetagtiathdyne éds mie. swhiridr tfaosdoovund tre@imbimoipe under
including all equivalents of the subject matter of the clains. [0132]
The di bt psmpes/minpedff cpadidodss, [HatShat, appl,i Uainaons, ofphbtpiefibdtaat i bas
cited herein are hereby incorporated herein by reference in their

ent i r etwndoped Gddes, exip@ Ayt TRtk SSDSX/I-M?QMDQE);.GXGWW ary, procedural, or

ot her details supplenmentary to those set forth herein. CLAI M5

[0121] The 220° lag of the p-type USJ structure is approximately 180° out of phase with then”
/n junction and therefore demonstrates a decreasing reflectivity with pump phase. A lag of
approximately 40° due the interaction dynamics remains present. The p-type USJ has a much
larger electric field than the n-/n junction and its near surface electric 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, 7.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 phasc 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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1. A nethod of z-scan photo-reflectance characterization of a
sem conductor structure, the method conprising the steps of:

(a)illum ngbin@dsprea of a surface of the sem conductyf bieidie
usi ng an anplitude nodul ated punp | aser beam wherein (1) the

punp | aser beam conprises at |east one wavel ength with energy greater

than t he12:1eFIEsY isi ARt M of hamsistp-QPe EREEBYctREs BIBE FhARAU Gt Plequence
material within the sem conductor structure, thereby inducing tine

per i odi & tGhRNA8Rs] Theb@eEONrE prRAREEWHE ARIlkYold Fillcfalc8ish anneal
sem conduct or st?uctuﬁgﬁgdzhrtgat f ewe ectﬁlg ffeldaproflﬁﬂmaqmma“ﬁ

t he 56%9@1@ E) {élregltaﬁye? osc ?{p ?%v(\)ﬁg?hl ne I%hn 0- r%?l[aétgx%l UHS dtLrJan%{alteq 8 oll}g é'lq jog

(ii) the sem uctor materia e sem con

ooy o asife Bl IR Rl TR SR80S BRAA BT b st
field profile of st wi th a separate probe. |l aser beam wherein
the pr 55%0“105%?5 %@’&fﬁ %?gﬁrpT g s further | camsistery wath‘/@}t%rﬁ@mon of the PR signal as

linearly proportional with near surface carrier concentration as suggested by the Poisson relation
[Aspnes 1980].

[0124] FIG. 10 shows open aperture z-scan photo-reflectance curves taken with a 20X
achromatic objective lens for three silicon semiconductor structures: (i) SiGe substrate 1001; (ii)
p-type USJ 1002; and (iii) n”/n junction 1003. The probe power and focal spot size were
configured to minimize the probe band flattening while maintaining sufficient probe light
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 clectro-modulation profiles, whereas the SiGe substrate z-scan data exhibits a narrower
electromodulation profile. This is consistent with small phase lag exhibited in the vector plot
(FIG. 8), and shows a significantly smaller z-scan interaction range for the $iGe substrate and
very little probe band flattening, ie., 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/Rpax*(n’-k*1)/lpump, the effective nonlinear
refraction n, for each sample may be estimated. For the p-type USJ, n, = —5%107 em¥/W,
whereas for the n'/n junction and the SiGe substrate, n, =~ +7.4x10™"® cm?W and n, ~ —1x107
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
-32-



(i) nearby an interband transition energy of the sem conductor
material within the sem conductor structure, and (i1) suitable

for recordyfgudhgnduced changes in sem conductor nat gich@ls20ks6H
response which occur nearby to interband transition energies;

(c) recording reflected alternating current probe light fromthe

1T um ngkh@e afd §hal 386 NAREL PholleHEHINCE  culRE R {vhﬁ @bbﬁr:ﬂ:ﬁdnﬂﬂlc
current probe |ight conprises a photo-reflectance signal; (d)

per f or NG ide %e%r;If&sthefsuﬁ@merat%fmftaﬁm@r AEASHGGIREE $1 fx@?%c:&aﬂ oto-
(b), and (c), wth the sem cond uctor structure at a multiplicity o

posi ti @ﬁe&ln%@%fntaflﬁlur eg?‘h&@ﬁ%&#ﬁb Sp Eul‘%t 8&1? L &Qﬁ . bc‘%‘f‘%‘% Hear

an aperture IS e pro aser

(e) u5|ng t.he |nfornat lon, eps and (d)
to det & Mg Py IHTL P51 @g‘t?ff) 8€°t?'ﬁe té‘ﬁr? b%ﬁ‘)d"LPg%%)ﬁé"%r ucture,
i ncl udi t ne of a nline refraction or a nonlinear .
absor pt [Igg%pef l'llaaiﬁ il s&qtﬁ%tq?é{?fﬁgan%fo%@%?}}ﬁnfpcw{g ARJ Anexs Z-scan %r the SiGe
sem conductor structuyre conprises_a naterial selected fromthe g P
consi styuhgrass 1301 ¢nd Senr) Bigidons 8% o kirpat ther shisag &f ithe peakivel l@bfprm of e
silicon- %_rnanlunl I I'l-V sem conductor material, gallium arsenide,

P

gal | i undifierengedez-scamewoes, thyclersrahaiptise npuowartrton dder wombnis obbaryesgerbe

phosphorus, arsenic, and conbi nations thereof
of the same sign, despite the fact their respective electro-refractive nonlinearities are of opposite

sign. The shape corresponds to an increasing electroabsorption or Ak > 0. The size of the
electro-absorptive effect measured must be calibrated for aperture size. [Ma 7995]. The data
above used approximately 50% aperture transmittance. Measurement of the on-axis
transmittance is limited in practice by the need for throughput in the photo-reflectance system.
[0127] However, it remains possible to measure small signatures of on-axis phase change even
with approximately 50% transmittance. FIG. 13 shows open aperture and “on-axis” z-scans for
the n’/n junction, taken using automated z-stepping and photorcflectance data acquisition. The
n’/n junction “on-axis” curve shows a shift and dip near z = 0, again indicating a shift of the
photoreflectance beam phase front.

[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 cocfficient 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_\.-X10“1><(n2-k2-1)/lplm,p = 6x1072 em¥W, where ATy ~ 1.2x10°%, as
shown in FIG. 14, and the factor of 10" roughly accounts for the 50% aperture condition. More

precise quantification of the clectro-absorptive nonlinearity may be achieved using a fit to
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3. The method of Caim1l, wherein the sem conductor structure
conprises a sem conductor electronic interface selected fromthe

group conswetbdgodie a p-n junction, a p+/p junction, a gtrAs:e03mEd0eN
a nin junction, p-type ultrashallow junction, n-type ultra shallow
junction, and conbi nations thereof 4. The method of Caiml,

wher ei nEquadors (8] [Pomoh¢297). The sigh tiEmegipbé 686e anchhgtdnddhes refhcliond
the group consisting of a surface band bending electric field, a near

sur f aceabebpabiy oh the SlnthleyriedrRY hefedMs30nSt€f tWidNxBedidott FamLon8iation of
conbi nati ons t hereof. 5. The method of Caim1l1 further

conpri s ol | he. t9-#hL&{ £C Sig a
Functi ane oF ey Pote Mt O F R AR b E et Flralhiiue

si gnal - A t] he i,ntensit r prof.ile fméGg oBe.I ser
oL el e, 8ol U DA B S 248 DS ChEE PR Ch
probe laser.is in the range selected fromthe group consisting of (a)
360 nm'# Blaéwﬁﬁmpébﬁ%g £8)>°36% @nPbssradl This, by performigg opgpeapguvig sad en-axis
Caim1l, wherein the aperture in the far field of the reflected probe
beam i sz-fqak phetedeflestapro wiedwirementsy inglepénghnt resamsmiestsifahe elactthefreengend
of 10 percent to 100 percent. 9. The nethod of CGaim1l further
conpr i sileggroabsorptive ¢ohpaeosiof pingo-tdfeciphatioattafddect ance si gnal using an
open aperture z-scan,
[0129] As to a further discussion of the manner of usage and operation of the present invention,
the same should be apparent from the above description.
[0130] With respect to the above description then, it is to be realized that the optimum
dimensional relationships for the parts of the invention, to include variations in size, materials,
shape, form, function and manner of operation, assembly and use, are deemed readily apparent
to one skilled in the art, and all equivalent relationships to those illustrated in the drawings and
described in the specification arc intended to be encompassed by the present invention.
[0131] Therefore, the foregoing is considered as illustrative only of the principles of the
invention. Further, since numerous modifications and changes will readily occur to those skilled
in the art, it is not desired to limit the invention to the exact construction and operation shown
and described, and accordingly, all suitable 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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and (ii) determ ning punp induced nonlinear refraction from

t he photo-refl ectance signal. 10.The nethod of Caim?9, wherein the
surface carrier concentration is determ ned fromthe probe band
flattening profile. 11. The method of daim1l1 further conprising

(i) acquiring the photo-refl ectance sCpadMSusi ng an restricted
aperture z-scan, and (ii1) determ ning punp induced nonlinear
absorption fromthe photo-reflectance signal. 12. The nethod of Claim

b et BB CRR OB RAC SR AR i B

h -refl n rves.
phot o thee mg'tﬁ(t)g cgrgpr?sl{ng t%sé steps of?

(a) illuminating an area of a surface of the semiconductor structure using
an amplitude modulated pump laser beam, wherein

(iy  the pump laser beam comprises at least one wavelength with
energy greater than the smallest interband transition energy of a
semiconductor material within the semiconductor structure, thereby inducing
time periodic changes in electronic charge density within the semiconductor
structure such that the electric field profile within the semiconductor structure
obtains a time periodic modulation, and

(i)  the semiconductor material within the semiconductor structure
is subject to a time periodic modulation of interband transition energies;

(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

(i) nearby an interband transition energy of the semiconductor
material within the semiconductor structure, and

(ii)  suitable for recording the induced changes in semiconductor
material optical response which occur nearby to interband transition energies;

(c) recording reflected alternating current probe light from the illumination
of the semiconductor structure, wherein the alternating current probe light comprises a

photo-reflectance signal;
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according to an enpirically determ ned calibration curve. 14.
The method of Caim1l further conprising determ ning nonlinear
absorption according to an enpirically determ ned calibration curve.
15. The nmethod of Claim1 further conprising determning electric
field depth profidle adedpuiing aseriesrriatpioricdasthycedetaspnementy of steps (a), (b),
calibration curve. 16. The method of Claim1 further

conpri si ng wad g, #ithchnsepnodahucet keadtarce ainfloplidtyl chpokidiodetleng tenfecal
punp i nduced electric field profile as a function of an offset

sel ected fr @éﬂfg&ﬁ‘@f S ijg%bqu?l% :‘célhhﬂgwﬂf:reﬂpﬂpag%ﬁﬁ%s ffﬁ%ﬁd 8 8 4rSficld of the

transverse offsets, conbi nat1 ons there An appar at us
for detectin g sical properties of a sem conductor structure,

conpri si ng: p?%‘% i%ﬁf)anf"aser system wherein the punp | aser systemis
oper abl e (i) to provide an anplitude nodul ated | aser beamw th
a nodul ation fred®encysing thseinfeiméiont colgoledizint stegpNpk, (b), (), and(d) to
to operate at optical powers of at |east about approximtely 5 mW\
and determine a physical property of the semiconductor structure, including at least one of

a nonlinear refraction or a nonlinear absorption.

2. The method of Claim 1, wherein the semiconductor structure comprises a
material selected from the group consisting of II-VI zincblende semiconductor material,
silicon, 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 ultrashallow 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 electric 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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(iii) to contain at | east one wavel ength with energy greater than the
smal l est interband transition energy of a sem conductor materi al
within the sem conductor structure; (b)a probe | aser system wherein
the probe | aser systemis operable to provide a continuous wave | aser
beam (ii)t®.operlaeenehodpi Chaln Jpdwties cafipradingrdsternabgt chapges ox ithreggleity
15 nW and (iii) to contain at |east one wavel ength nearby

an i nt efanshct 5iaAfl dk laFin @RAF YhThteRsiBEdH fORIdWEHRYS priBd REdradea t hi n the
sem conduct or structure; (c) a photoreceiver operable to

generate an electrical current proportional to input intensity;

(d) an optiecal sy§leMm¥ereidnt P,ewﬁél%f.ncl‘?lle v@(@feﬁg@hi of tﬂg?ﬁ&@ ser is in the

range selected from the group consisting of (a) 360 nm to 380 nm and (b) 395 nm to 415 nm.

8. 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.

9. 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.

10. The method of Claim 9, wherein the surface carrier concentration is

determined from the probe band flattening profile.

11.  The method of Claim 1 further comprising

(1) acquiring the photo-reflectance signal using an restricted aperture z-
scan, and

(ii) determining pump induced nonlinear absorption from the photo-

reflectance signal.

12. The method of Claim 1, wherein pump induced nonlinear absorption is
determined from the difference of open aperture and restricted aperture z-scan photo-

reflectance curves,
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(i) to focus at | east one of the anplitude nodul ated | aser beam and

t he continuous wave | aser beamonto a common focal position on a
surface of the sem conductor structure of dianeter at nost 50

m crons, (ii) to translate the common focal position through a
di st ance of 13ppr dkenmatthdd of Claiimmb sfutthe Rayprsiighdetemyeingfnoatindae asfractioe
of the anplitude nodul ated | aser beam and the conti nuous wave | aser

beam aderdibk é o sapRicall Ldadehiféd Qbibradoalkerel ght reflected fromthe
sem conductor structure through an aperture fixtured in a far field

of the continuous wave | aser beam and into the photoreceiver; (9)a

phase | ockedysi 9@3 ﬁg&hg@bf %iﬁlyﬁme?‘aﬁﬁngh%ggtﬁte%‘ﬁﬁﬂﬁéjn fiRkE iRbr3R

phot or ecei ver; a a conmputer conprisin sur enent dﬁg system
control software. 18.T aratpus of Claim17, wherein the optica
syst em? Pg%%@1QDP%WQ@%%ggﬂBnﬁtﬁ@%EWPBﬁB@Went operable to contro
punp- probe focal offset, wherein the telescoping | ens arrangenent is

tixtured in the input path of the anplitude nodul ated | aser beam or
t he conti nudds wavé mgggcﬂ opddpymn 1 further comprising determining electric field depth

profile according to an empirically determined calibration curve.

16.  The method of Claim 1 further comprising using z-scan photo-reflectance
information to determine pump induced electric field profile as a function of an offset
selected from the group consisting of pump-probe focus offsets, transverse offsets, and
combinations thereof.

17.  An apparatus for detecting physical properties of a semiconductor structure,
comprising;

(a) 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)  fo contain at least one wavelength with energy greater than the smallest
interband transition energy of a semiconductor material within the semiconductor
structure;

(b) a probe laser system, wherein the probe laser system is operable

(i) to provide a continuous wave laser beam,
(1)  to operate at optical powers of at most about approximately 15 mW,

and
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19. The apparatus of Claim17, wherein the optical system conprises a
beam expander fixture in the reflected probe |light path operable to
expand and collinmate the probe beam before transm ssion through the
aperture. 20. The apparatus of Claim 17, wherein the probe
| aser wavel engt h (il apprepriavntaé| lpasg A@enpavelength nearby an interband transition

energy of a semiconductor material within the semiconductor structure;

(c) a photoreceiver operable to generate an electrical current proportional to input
intensity;

(d) an optical system, wherein the optical system is operable

(1) 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 franslate 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

(11i1))  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;

(e) a phase locked signal detection system operable to record output of the
photoreceiver; and

69 a computer comprising measurement and system control software.

18.  The apparatus of Claim 17, 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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19.  The apparatus of Claim 17, wherein the optical system comprises a beam
expander fixture in the reflected probe light path operable to expand and collimate the probe

beam before transmission through the aperture.

20.  The apparatus of Claim 17, wherein the probe laser wavelength is

approximately 375 nm.

40



