Title of Invention Method of Photo-Reflectance
Characterization of Strain and Active Dopant in
w®eeoromsduct or Structures Cross-Reference to ReCHUSH06/041409
Applications [0001] The present invention clains
benefit of U S. Provisional Patent Application S N
60/ 730, 293, filed on Oct. 27, 2005, and U.S.
Provi sional Patent Application S.N 60/831,363, filed
on July 17, 2006, which are incorporated herein in
their entireties by reference. Field of the Invention
. !gOOZI The present invention relates to optica
Title o rization of sem conductor structures and, nore
particularly, to the use of photo-nodul ated
Mdethed pERewsoRelleplancectlaraciuizatiphpiStanin 2a¢ Artiee Bopanin
iSensemdociod 8trugnrest r uct ures. Background of the
I nvention [0003] Hi gh sensitivity non-destructive
nmeasur enent techni ques are required for process

Cross-R&efned td Relbide Applitatioati on of el ectronic devices. In
order to attain the earliest possible feedback during

[0001]plrh%d fegéxﬁnxngbl§tldt§ PGS AL bp @@arﬂ{abﬁfohae PaleRftA licstlon SN.

I't I es ore Ice I's conplete. Inporta

60/7302;53uf@3'° B R T

to characterize due to their snmall vol une. For
filed orpdlymV 2008¢ W hisheee Weaimeraisddieredn in et catirelas by BivErSe a
thin strained silicon [ayer, wherein the electrica
properties of the transistor are controlled by
Field o$thedhmwémignof the silicon lattice. Conventiona
nmet rol ogy techni ques such as ellipsonetry cannot

[0002] SffeqftieHEinye vl REt&Itb Dtitd) ehahQ6liZBidh ©f REARSAGI RS Bfuctures and,
such . thin filnms. Fortunately, an optical technique

more JEREWAS (HRRL Qsd §F LEGHARGRIEY rdR A& td Characterize strain and active

dopant in semiconductor structures.

Background of the Invention

[0003] High sensitivity non-destructive measurement techniques are required for process control
in the fabrication of electronic devices. In order to attain the earliest possible feedback during
production, it is necessary to characterize electronic propérties before the device is complete.
Importantly, the physical phenomena which governs device operation occurs in ultra thin active
layers which are difficult to characterize due to their small volume. For example, advanced
transistor structures may comprise a thin strained silicon layer, wherein the electrical properties
of the transistor are controlled by stfaining of the silicon lattice. Conventional metrology
techniques such as ellipsometry cannot effectively characterize the electronic properties of such
thin films. Fortunately, an optical technique known as photo-reflectance may be used to

characterize the electronic properties of thin films. The conventional photo-reflectance



characterize the electronic properties of thin fil ns.
The conventi onal photo-refl ectanceconfiguration
wepphoys7en anplitude nodul ated | aser punp beaPCT/0S2006/041409
i nduce smal |l periodic changes in el ectron-hole
popul ation in the thin filmof interest. A second
optical beam coincident with the nodul ated punp beam
is then used to nonitor small sanple reflectivity
changes usi ng phase | ocked detection. This disclosure
descri bes the application of a nem1photoref|ectance
nmet r ol ogy techni que to charact |ze actjve el ectroni
configyragign lgy o An (ARt 10 o 55" BYinp iy i gduce sl periodic
[0004] The nethod of photo-refl ectance
changeshirr gscpi-halei pepuddtiont imithe diel Het jof éntgegshint Aj second optical beam,
sem conductor structures disclosed herein attains
coincid@nsiith thet snotholateld emini bean p¢ diper tdedstoahoiior small sample reflectivity
nanofi I nstructures by using a probe wavel ength which

changéssus*il%%haﬁé" Rckéd 8dtedtionOMthid MEQSRAE HescriBESthE hPNiANSH 8F a new photo-
whi ch occurs at a wavel ength of approxi mately

reﬂectgﬁé pr{ytroh%gt {%@hfﬁgﬁé{ gb{) é’ha?zfcte?{igha&lvter ét'r&h rbréﬁlﬁn%s of nanometer

to-re Si gna
I vative-1ike shape. Gener al | y, the PR si gnal
thlcm??l@é@"?%lmform DRRR=Cc 1 + bDe2, where a and b are
"Seraphin coefficients" which contain fil nstack

[0004/1 ”ﬁhfb rmhethed ! ahefoxeBerdanoe 2chagcerization upfp sirpigueed active dopant in

changes in the real and inmaginary parts of the
semicatidabtec tstiuctufasndistlosgd hespe atthine | sgngieityaphi electdodbs profenties of Si
ot her words, De and De2 describe the punp induced

nanofifdtilcalésty Wingd Dpdbt ilakelpiah @midheis nediBs Grst BigoigLidterband transition
changes may b e mﬁitten as the product of the energy

energyPfn §iNGhIcheRcHR él'f b &§haveld l"ﬁ 5fhai)¥>fi>xﬂﬁ£tbl\§a§75vﬁn°f1n ttﬁk‘evwmlty of such a

sem conduct or di el ectr i on as fol

trans1tkogjv¥ﬁg)pﬁ?d]t Bﬂj&{t%}geﬂ)g& H%H%‘;ty%p el%évgﬁ e}%g)aegh]aag w%lézeglke shape.

notivation for choosing the wavel engt h of the probe w
Gener%ib/aﬁheaﬁ’ siEmahigkesoihe $prmp ARR Fhodpiet BAsm prhges pivaad B are the “Seraphin
formfor Del and De2. This third derivative term nmay

coeffidientCalvbithat@daidi filastdck infemakangvands ae] aaddist ae the pump induced
optical constants. The total PR signal therefore
changREA MR AnmgRRlf patts e aRfoteld RIBHIX Yispectively (Seraphin, 1965).
In other words, Ae; and Ag; describe the pump induced modulation of thin film properties. These
induced changes may be written as the product of the energy of the free carrier and a third
derivative of the semiconductor dielectric function as follows: Ag; = & (we;)/0w’xUp, where Up
is the free carrier energy and w is the photon frequency (Aspnes, 1980). Thus, the motivation for
choosing the wavelength of the probe beam at 375 nm for Si lies in the sharp derivative form for
Agq and Asg,. This third derivative term may be calculated directly from known semiconductor
optical constants. The total PR signal therefore becomes AR/R = Re[(a—iB)x8(we)/dw>)]xUp.
The third derivative functional form is large only nearby -strong optical absorptions in the

semiconductor band structure, and thus may isolate these features with great precision. This is
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The third derivative functional formis large only
nearby strong optical absorptions in the sem conduct or
whamd/ostsract ure, and thus may isol ate these feBCTIUER06/041409
with great precision. This iswhat allows the PR
technique to precisely nmeasure strain in nanoscal e
strained silicon |ayers, for exanple, since the strong
optical absorption in Si near 375 nm undergoes a
preci se shift under strain. Nearby to these strong
optical absorptions, the anplitude of the PR response
ellent sensitivit lectri

what aﬁew» #&?@‘8 ShEo i RPaRaY STt ASHR SR n?f@@?aﬁﬁétfalﬂ alifpn layers, for
free electron energy is given by the expression Up =

examplep KRFQ tredsimang ipsied aésm@tlemn 8} aear BdAinen sAdFIGees hpiesise shift under
Pl ank's constant, F is the space charge field, and m

strain, | Nedrbg teltese rstong opfifad absorptiorss she athplgude ef thed BRtregponse also has
energy is also proportional to the induced carrier

excellee E@isitiy(fity\MS‘ b}ébtrféaﬂel&em%ﬁﬂatﬁd eflichbih @-afRdteSEHAnh @l 18Eiof8 note he free

- eOF 2/ 2eV, where | s the i nduced carrier
electroﬁ%ﬂg'ljgglrfs ngly%ﬂ ]?X ihlg P | ‘Jh n e = erfﬁ%ﬁ/ﬁ?@% \Ivﬁl%g 58%1&16%8%8@?10 charge, h
i mary_probl emw th conmmon co

is Plan}sﬁdtoast@@f Fé%%hﬁrﬁéﬁ‘@r“élar%e figld apdva ?@@t@iﬁcspnwéfem?o@as& This free

beamis not selected to coincide with strong opti cal
electronlenengytis alss proportienak faetherinduced watrisr demsitynwdirch may be seen from the
i nvestigation (Sal nick, 2003; Borden, 2000). Thus, in

Poissofe @éléttﬁfnt N Bal,F phev owkérk e tiometigdiked bﬂﬁef’ﬂ%rﬁ;itg Melis $he built-in surface
obt ai ned at wavel engt hs where the third derivative of

voltage Hﬁoghsgihgégﬂmgtwlﬁr qfthe dmaﬁei?’lals r|1 1@561); herefore no

struc vai | abl e. Thus
conventi onal photo-refl ectonet ers canngt usef ul
[0005] o PEFHEROPISPEIHAICORTRRR Sqremerce a&oterreﬂﬁ%mﬁtersrqatﬂpfewavelength of
t hese photo-reflectoneters are sensitive to the damage :
the probeobdaie isohoti sphéchett e coiopidatwiflsairong kptid GByorplitisin the electronic
filmstack information contained in the PR signal is of
materi#l eqaletl dfiyestiggiont (Sabeck, a2003p Buddas 2000% 0STIS; lih k@neettivohal photo-
in the PR response as a function of inplant depth.

reﬂectdzrﬂét&@e'i‘.HEDPR sigha! ﬁnébtglﬁé’d hit deRRRASIMS SyEGENAE tﬁﬁd derivative of the
decoupl ed fromthe inplant dose dépendence in these

d1elect1fci(l9 Fu{'népac %@Jlafllpeﬂﬁtt elreﬁ)fré G Erﬁgﬁxﬁaa‘%@ﬁ abl)ﬁ]t Y sEYELe i 18 tab?ﬂable Thus,

ornmati on provi

conventional photo-reflectometers cannot usefully determine internal electric ﬁelds or strain.
Rather, these photo-reflectometers are sensitive to the damage profile of implanted dopant
(Salnick, 2003). This filmstack information contained in the PR signal is of secondary
importance, and produces a cosine-like curve in the PR response as a function of implant depth.
Furthermore, implant depth dependence cannot be decoupled from the implant dose dependence
in these conventional photo-reflectometers. In any event, the filmstack information provided by
conventional commercial photo-reflectometers is available through standard linear optical

techniques such as spectroscopic ellipsometry (Jellison, 1995).



conventional commercial photo-reflectoneters is
avai | abl e through standard |inear optical techniques

W@ ewh/oss7epect roscopi ¢ el i psonetry (Jel | i son, PCT/US2006/041409
1995).[0006] A further problemw th conventiona
photo-refl ectoneters that do enploy a | anp based
spectroscopi ¢ probe beamw th wavel engths in the
vicinity of strong optical transitions, is that when
usi ng such a beam they nust either i) use a
nmonochronmeter for sequential phase | ocked neasurenents

ired. wavel en use, mul tj
0006 AR AFREk it Pt el Rlosisf kg e Bt frfipns pmp based
| i near phot odi ode detection array. In the case of use

spectrescoRic ppPhschraBhEttarwaekagthstig|the ngu@/ Yoitreng repsisalrteansiions, is that
time is typically on the order of 5-10 m nutes, which
when usngetchsabeast,abtyompst eithenseudena mhudﬂommnfmrc&equémigl phase locked
‘ In the case of use of parallel phase |ocked circuits,

measufdigen€O8H eRAiesREP wextledgthf of P usd BailEdle phadeClocked detection circuits
maxi m zed. Moreover, in convent i onal

operatﬂlgofno LelbeGhamet Eﬁeﬁgt i t(?‘ngeél QreStH aftad 2T RS Qe of use of a

ect oscoplc pro I"anp prOV|des I ncoher ent

monoc@fché t?r, 35? 50‘[3 S]élg ggglfnt Eﬁgﬁﬁﬁr%ﬁ%g{j Htgq%ngst hy S&Otthe order of 5-10
f10 refl ect nce C aracterizatl on of stral n. and
minutdgcyfigh %%a%ﬁte PHOYERT BesBOIERe BaRyfaeturRg i the pasged use of parallel
herein all of these problens are solved in an el egant
phase insked eirctsy e cashand)semplexdy @b ilot ippsmatts arej maximized. Moreover, in
unnecessary because the | aser probe wavelength is
converttichhlephops-efRttontetas Knowmplugvwatiea girp bised Bp&st@stapi®@probs beam, the
rapi dly scanned over a multiplicity of such known

lamp pEViBLLRBbRTent IRGOBAI hBRealahRbt RIAREsIa6 kegn gl §1ﬁ)‘t‘ Ik %ffectlvely as a

are unnecessary because only one detection photo i ode

laser bg?rp.g \;&g%%g %ﬂetthcﬁig ué Jt‘@%ﬁ’ tatnt'gc ?Azaﬁoh %?"?,{r

I'ng and rap

. a rd with pr. contr UII‘ ntsf r

semicq PSR SO0 A oD 2 'ﬂﬁg%ﬁ%ﬂ Fe éﬁ# g Bt Slegant manner,
common _commer ci al photo-reflectoneters is the

First, thanwes ehatmomerhiometasifpnpesssians basuse tiedases greks Yptengeh is either
an absorption depth suitable for effective punping of

preset atreslriositn weyedangsit ofineesest,cmmworapydly seninedowe mincdtiplicityosf such known
manuf act uri ng. For exanple, in order

wavelengths. Second, parallel phase locked circuits are unnecessary because only one detection

%thC dopant in
I on I

photodiode is required. And finally, the use of a laser source allows tight focusing and rapid data
acquisition in accord with process control requirements for volume manufacturing.

[0007] An additional problem with common commercial photo-reflectometers is the wavelength
of the pump beam is not selected to provide an absorption depth suitable for effective pumping
of insulating substrates commonly used in semiconductor manufacturing. For example, in order
to effectively pump silicon-on-insulator substrates, the pump laser wavelength is constrained by

the requirement the absorption depth be less than or commensurate with the top silicon thickness.



to effectively punp silicon-on-insulator substrates,
the punp | aser wavel ength is constrained by the
w0 egaiosisment t he absorption depth be | ess thanP@F/US2006/041409
commensurate with the top silicon thickness. This
i nplies suitable punp wavel engths of |ess than
approxi mately 500 nm a condition which is not
satisfied by common comercial photo-refiectoneters
(Sal ni ck, 2003). [0008] Thus, while conventiona
photo-refl ectoneters/spectroneters nmay be suitable for
s e R0 PP S SBRant B8 whicn i
characterization of active electronic properties of
not satgxdiei by redmoney comanessial pleaterreflecioatetere (YahricliePdk i s
conplete. [0009] In these respects, the nethod of
[0008 ohimisp-widfel eatventienat phveicfedtamaticnspedtraitatas nmayde suitable for the
active dopant in sem conductor structures disclosed

partic}& SirPosUdSkRihitRey ¥dHERAMeS abd AN ANiGBRVANI tBRAdisclosure for the
concepts and designs of the prior art, and in so

characttEizR806n Qf;a%\fikzg gﬁc?&i@ﬁﬁ?&%{ey 8? &Eﬁig@{dh!:%f Hﬁ%@ér&&ﬁgs fbgfore the device
€ raprd characterization of active electronic

. erties of sem conductor nanostructures in vol une

1 CO“’E&E‘% acturing. Summary of the Invention [00010] In
vi ew of the foregoing di sadvantages i nherent in the . )

[0009]dmotheser W@@%ﬁ%gﬁ@% ofspheiq-redleeiapse ehsrachirization of girpieand active
prior art, the present disclosure provides a new

dopantniat seodcaidugtoo stonadrbe disclosel lrhein aubstarnitizHy idopartsf fremrthé nonventional
and active dopant in sem conductor structures. [00011]

concept§ EndI @RI of B RAF QrtOind MesoloaHe Ptovitles ah appuretus WHhGkily developed
W |l be described subsequently 1n greater detail, is

for theg gflf NS FerBafiBh BRSLIRE eﬁ&%ﬁfcgﬁf)ﬂ&ﬁés miconductor nanostructures in

racterization of strain and active dopant iIn
Vdum;egjc&pgyﬁtor structures that has many of the
{qvin ggéggbf the optical spectroscopy nentioned
heretof ore and nmany novel features that result in a
nmet hod of photo-reflectance characterization of strain
Summagypfibe Inyentiphhant i n seni conductor structures which

100010] In view of the foregoing disadvantages inherent in the known types of optical
spectroscopy now present in the pribr art, the present disclosure provides a new method of photo-
reflectance characterization of strain and active dopant in semiconductor structures.

[00011] The general purpose of the present disclosure, which will be described
subsequently in greater detail, is to provide a method of photo-reflectance characterization of
strain and active dopant in semiconductor structures that has many of the advantages of the
optical spectroscopy mentioned heretofore and many novel features that result in a method of
photo-reflectance characterization of strain and active dopant in semiconductor structures Which.
is not anticipated, rendered obvious, suggested, or implied by any of the prior art, either alone or

in any combination thereof.



is not anticipated, rendered obvious, suggested, or

inplied by any of the prior art, either alone or in
W@eop708050 nati on thereof.[00012] The underl yi NBCT/US2006/041409

principle of the strain characterization technique is

to neasure small wavel ength shifts in

phot o-refl ectance signals occurring near strong

interband transitions in the sem conduct or

bandstructure. The position of the PR peaks all ows

direct determnation of thin film physical properties

uch strain. The underdyin rinciple of the acti.v :
10001500t Then b ing DapsTB etk e iafim It s fo measure
measur e phat o-refl ectance signals occurring near .
small wayedength shidls pa photorigHestancs ﬁégmaﬁ QUFBTEEHEEH plEeng Bierband transitions
bandstructure, and which are highly sensitive to
in the semiboratuetdr dapdsiructute. dligrposhionef tlectR peakstdlomadawett determination of
scal e space charge fields induced at the sen conduct or
thin fishrghgeRal phpeftids Suginak sthinoWIheiundetlyidgt@intiplatolf Ghe @ttive dopant
thin filmphysical properties such as active doping

charactPREEN teBldiR: is HWise th EeIRED Bﬁlotgfrcﬂ’&@%n‘éé kRhhie GLARARe near strong

i
characterization of strain and active dopant In
r

interbaéle ?é.’:?ﬂ%{lg)%gti thgtsreﬁlgéogz]r%iggc‘[op rbg%/cis%%?tu}eh “nd b\lflilfcfl yz%rg Chr%ghly sensitive to

na recor o-re ctan¢e Intormtrlo

. relating to active electronic properties o .
sctivatgd Ppam el b Bet B fibolas, sprge 51%? fieddr igduced at the
_ the present disclosure conprises, as one potential )
semicongbeiai werface. a Theo @R igsalr a diveeimdetermaipptierk ofrethl film physical
15 MV operating in the NIR-VIS. The punp beamis
propereplsitiude amtel dogdg byonaeiagioal Jéner dicomeathet aifi pigotoreflectance
the range of 100kHz-50MHz. The punp | aser may be

charact¥pidationt €Cstehik @d layti@r ddPagt RS BERINLITR YtrBGufed HebAali®dhe ability to
t hrough conventional electro-optic or acousto-optic

' ' ; . ari i .
senerofI20AH} BcoOT phERBRANET e IRERUER BRLRE 15 3ok OF IfBlofE propartios of
. C rises, as one potential enbodinent, a diode |aser
Semlc%@ﬁ%?‘b?angbtﬁ%%’ﬁat ely 5 mMWoperating in the VIS UV
The punp and probe are nade collinear by use of a i
[000134; chr of ¢ atirdm ARip) the trapsentTiisclodire coBATSesyAfORthBOtERE embodiment, a
are directed to a mcroneter
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 pump
laser may be modulated directly or the pump beam may be modulated through conventional
electro-optic or acousté-optic modulation techniques. The pump polarization may be varied by
fixturing a polarizer. The probe beam comprises, as one potential embodiment, a diode laser
beam of approximately 5 mW operating in the VIS-UV. The pump and probe are made collinear
by use of a dichroic beamsplitter. The collinear pump and probe are directed to a micrometer
scale spot on the sample and specular reflections are collected. The pump light is then attenuated
using a color filter and the remaining probe- light, containing the modulated reflectivity of the

sample, is then focused into the photodiode and converted to electric current. This current is



scal e spot on the sanple and specular reflections are
collected. The punp light is then attenuated using a

w@ 0050570 t er and t he remai ni ng probe |ight, CPCI/EBIV06IGH1409
the nodul ated reflectivity of the sanple, is then
focused into the photodi ode and converted to electric
current. This current ispassed to the lock-in
anplifier which neasures the anplitude and phase of
the reflectivity change. This PR signal is then stored
as function of probe mavelength punp intensity, and

passedipff')frrg:r ?rg)tc}(g{ﬁ oa]tﬁgql elégﬁr}l’:l_l a{n'me%&igﬁ BEOt 0 %f lhea%g Bte reflectivity
erties of sem conductor nanostructures IS
changc i BB, sigigd dy denTriered @i fBRavigl Aiorrobm e e langthy Rump dptensity, and
the subject of the present disclosure nay be any
pump sedi pobduptlanzatensr | dhes pheid-rafisctance| ndemabion mlaéech d¢o the active
limted to Goup Il-VI sem conductor nmaterials or

electrdmdptppdrtied/o S micaiddetot finosicRirtalsaicqliredcer t ai n
enbodi nents such materials may include silicon,

[00014gaf bonrh@&hﬁ@@ﬂdﬂ%r MatdrGRth&Brd méesubfe'ci HE@BB pBREABNUISure may be
or on, phOSp orus, arsenic, or any conbi nati ons

any Segﬁlﬁf&%ﬂﬁﬁ{ teglaﬁyan@%al n%kulﬂg,ﬁl?lfq %%e a0 quqnﬁ{esd%mdjrgu EI-VI semiconductor

arsenlde

i ndi u aI I i um phosphi de i ndi u hos
materiplg g HPtsIgh‘? é%m pdugior @@ﬁ%g Il ‘%?ﬁ@mt WB PSH‘F% @}atenals may

There has thus been outlined, rather broadly, the nore

includg mlinonamerbpeagenmssiust, sikieond raybides silison rgeomaiipm; rheror, Hghosphorus,
detai |l ed description thereof nmay be better understood,

arseni@d ahy comtmatidbisatheteb® optleyendy mohide iglallmirroarsmidct,iwurajnUm arsenide,
may be better appreciated. There are additional

galliurh @@&tHé, &FuRinubDEitdeS §lddgrd mriti &l adallWnh Fh@s@hﬂﬁs Bidile $hosphide, indium
her ei naf t er. [00016] In this respec bef ore

arseni@ex%é}{j‘éq% ﬁ‘aitldngﬁ%re gne enbodi nent of the disclosure

et’a e understood that the disclosure

1000135, 07 {TRET B v e DRERR rE At D ThE DimpRcfetees of e

) set forth |n t he tollomnn descrlgtlon or illustrated
discloguge imerdgr B igsdetailed dpation dhaceisman habeteiopndsrtierd, and in order

enbodi nents and of being
that the present contribution to the art may be better appreciated. There are additional features of

the disclosure that will be described hereinafter.

[00016] In this respect, before explaining at least one embodiment of the disclosure in
detail, it is to be understood that the disclosure is not limited in its application to the details of
construction and to the arrangements of the components set forth in the following description or
illustrated in the drawings. The disclosure is capable of other embodiments and of being
practiced and carried out in various ways. Also, it is to be understood that the phraseology and
terminology employed herein are for the purpose of the description and should not be regarded

as limiting. This disclosure may be embodied in the form illustrated in the accompanying



practiced and carried out in various ways. Also, it is

to be understood that the phraseol ogy and term nol ogy
wepphoysd herein are for the purpose of the deRBCY/USL00€0M1409

and should not be regarded as Iimting. This

di scl osure may be enbodied in the formillustrated in

t he acconpanyi ngdrawi ngs, attention being called to

the fact, however, that the drawings are illustrative
only, and that changes may be made in the specific
construction illustrated. Brief Description of the

. Drawi ngs [ Q001 The foll.owi n rawi ngs form part of
drawinghhSPAGY R Sl t0Gs Foh ERNEVel o M Rty gt Quttpdive onty, and
denonstrate certain aspects of the present disclosure.
that chynges gnaydiegnutesn g/ sasel E@Pﬂ%’fuct]%é}‘@&%él- by reference
to one or nore of these drawings in conbination with
the detail ed description of specific enbodi nents
Brief Ipssesgivnest theDeiwing§ 00018] FIG 1 illustrates an
exenpl ary strained silicon filnmstructure that may be

[0001Nal YZBEL fd8bRehet NEwilek Fbi pARAHeSEseAt dRBiflcAEdH ArURe included to
of the present disclosure; [00019] FIG "2 contains an

osur 2y tai ns

furtherzr%%?%%?g%g%ar?én %%}%fﬁ d?I gﬁgﬁgé_egg %ﬂ{ls:é%otsgrﬁgg@ﬁé ?ﬁ%&%sﬁﬁ' ﬁlgy be better
cterlizatli on Oor Stral n ctLve gopant. 1N . .

undersEq0gh 6 FRIGERGR 'S OREAF JPUE TP SRS PO g ith the detailed

~di sclosure; [00020] FIG 3 contains a schematic

descripgjonh geseilit erabodiments pegsented hetedt i vi t y appar at us probe
beam pol ari zati on which nay be used to provide

[00018hot o-FI&k [l édtsirates anleaecmplaer stratddonlicoh fdmsticiutitbat may be analyzed
active dopant in sem conductor structures in

using 186 61@4ifl ARG Bctedidtiontehaiue df felpsenedisdleezl] FIG 4
contains a schematic shift of the "E " i nterband

[0001 éll ransipgi0n Joﬂha?ﬂsl Af%n%?@e%}fbfﬁ%ﬂéﬁ&h-r@ﬁ&ﬁi@y? ratus which may be

| lustrates the princi urenent o e strain

v o B35 e 2 Py LR S38 M L RBFPY] Bpicncuctr

= 375 n of a thin silicon filmon
structures in accordance with present disclosure;

[00020] FIG. 3 contains a schematic arrangement of the photo-reflectivity apparatus probe
beam polarization which may be used to provide photo-reflectance characterization of strain and
active dopant in semiconductor structures in accordance with present disclosure;

[00021] FIG. 4 contains a schematic shift of the “E;” interband transition in silicon due to
biaxial strain and illustrates the principle of measurement of the strain characterization technique
of the present disclosure;

[00022] FIG. 5 is the calculated DC reflectance, at A = 375 nm, of a thin silicon film on
top of an optically thick silicon germanium layer as a function of top silicon thickness and SiGe

layer Ge concentration;



top of an optically thick silicon germanium | ayer as a
function of top silicon thickness and Si Ge | ayer GCe
w@omcesitsrat i on; [ 00023] FIG 6 is the cal cul at ePICT/US2006/041409
Seraphin coefficient a = 9(InR)/9el 3 at | = 375 nm
~of athinsilicon filmon an optically thick silicon
germani um | ayer as a function of top silicon thickness
and Si Ge layer Ge concentration; [00024] FIG 7 is the
cal cul ated Seraphin coefficient b = (InR)/de2, at | =
375 nm of a thin silicon filmon an optically thick
silicon germanium |l ayer as a fupction of top._siligcon
[00023] b ¢ kribISs b dhespatgulated, Sprapkin cORIEIAT S T éﬂ,nRF/é@@zs} =375 nm, of a
FIG 8 is the experinmental PR signal, at a nodul ation
thin sificeqdidémcyn eh @bkl thtlotsiliedn fgermadiah kaephe ai funstaompbe top silicon
set 1; [00026] FIG 9 is the experinental PR signal,

thicknéb afd BIGRIagéd @cdncesiugivay of 20MHz, plotted for each
sanple in sanple set 2; [00027] FIG 10 illustrates an

xenpl I L] € nanaf i t tu
(00024 TP 30 7 SR S4 B0 BERLEH DbircRRD g2 PARRYEE! BHELMSP nm, of o
. .photaq-reflectance characterization of active dopant jn e
thin sifen CUdTR 6 TSERHC A S GPh EREMgRESelt s & HEGRE: of fop siticon
~[00028] FIG 11 is the calculated PR signal near the
thicknegs afd SHteleber{de eongaritatioon energy, for a punp induced
space charge field of F = 430kV/cm [00029] FIG 12 is
[00025]he cdfICul &l theSexpephientat PR figoalent aanmddatioRyfSsiencyt of 20MHz,
| =633 nm of a thin inplant damage | ayer on an

plottedoBf bl daipleh Gkmplelsecpn substrate, as a function of
i npl ant dose and depth; [00030] FIG 13 is the

o023, ED SRR R v SR £ LIRSS kb, of 2o

~thick, sili i i
plotted greach samlpfeolpl sasml'{lt))l%tsgtai;e’ as a function of inplant dose

[00027] FIG. 10 illustrates an exemplary implanted/annealed silicon nanofilmstructure
that may be analyzed using the method of photo-reflectance characterization of active dopant in
semiconductor structures of the present disclosure;

[00028] FIG. 11 is the calculated PR signal near the Si E; interband transition energy, for
a pump induced space charge field of F = 430kV/cm; |

[00029] FIG. 12 is the calculated Seraphin coefficient o = d(InR)/0¢;, at A = 633 nrﬁ, of a
thin implant damage layer on an optically thick silicon substrate, as a function of implant dose
and depth;

[00030] FIG. 13 is the calculated Seraphin coefficient o = d(InR)/d¢;, at A = 375 nm, of a
thin implant damage layer on an optically thick silicon substrate, as a function of implant dose

and depth;



and depth;[00031] FIG 14 is the cal cul ated Seraphin
coefficient b = d(InR/d e2, at | = 375 ran, of a thin
wo pphasts7danage | ayer on an optically thick siPCTUS2006/041409

substrate, as a function of inplant dose and dept h;
[00032] FIG 15 is the experinental PR signal, at a

nmodul ation frequency of 2MHz, for As inplanted and

anneal ed wafers with targeted junction depth of 10 nm
[00033] FIG 16 is the experinental PR signal, at a

nodul ati on frequency of 2MHz, for Asinplanted and

nneal fers wth t eted jypctio h,of n
1000350034t s 5 cFlet e St pstBen R e B R of A 57 mm, ofa
~_nodul ation frequency of 2MHz, for As inplanted and
thin imphare slemggedever an wh ohtieadlyghicksiliapncubsnielastahfupetigpohigplant dose
100035] FIG 18 is the experinental PR signal, at a
and depthdul ati on frequency of 2MHz, for As inplanted and
anneal ed wafers with targeted junction depth of 40 nm

00033700036 1GEH Sis thE ekjSertniidit PRES fHE i & lmdAMatiod Tlquéidy ASMHz, for As

I npl ant ed and anneal ed wafers, as shown in Figs.
- : i ' 'gmq ept h;
impla Oégﬂ H%"—qq%é %g%?sls‘gﬁ% ﬁag&g%(dﬂglg?@n%ln%egplcg S|Ig’nal for "l ow

ose" L ppl ant ed and eal e fer as .shown i

00033452 1B 18 BF bfieaiut B Gl of R it yngRE et s pvn, for As
) 00038] FIG 2 1 is the experinental PR signal, at a
impla dannepied walstramich tapgetedyupctiangiepsof 30#pant  onl y"

(no anneal) wafers with targeted junction depth of 10
[00034im [ GJO0397 iFhGexzpinenta] PR expdra pemdalatior fieqyensly, of 2MHz, for As

a nodul ati on frequency of 2WMHz, for As "inplant only"

implant&f Ridsnwedléd wafcgel dtar guted juadtidhedepth ¢ff303nnm [ 00040]
FIG 23 is the experinental PR signal, at a nodul ation

[00035{/21?32 ?ga@y j1 ggsct?ié/g%peaifé%?lﬁaﬁ\g’fﬁ%%ﬁ%%?ﬁ nfJduatiodfeglisncYdf BMHz, for As
implanted and annealed wafers with targeted junction depth of 40 nm;

[00036] FIG. 19 is the experimental PR signal for As implanted and annealed wafe.rs, as
shown in Figs. 15-18, plotted as a function of junction depth;

[00037] FIG. 20 is the experimental PR signal for “low dose” As implanted and annealed
wafers, as shown in Figs. 15-18, plotted as a function of junction depth;

[00038] FIG. 21 is the experimental PR signal, at a modulation frequency.of 2MHz, for As
“implant only” (no anneal) wafers with targeted junction depth of 10 nm;

[00039] FIG. 22 is the experimental PR signal, at a modulation frequency of 2MHz, for As
“implant only” wafers with targeted junction depth of 20 nm; |
[00040] FIG. 23 is the experimental PR signal, at a modulation frequency of 2MHz, for As
“implant only” wafers with targeted junction depth of 30 nm;

[00041] FIG. 24 is the experimental PR signal, at a modulation frequency of 2MHz, for As

“implant only” wafers with targeted junction depth of 40 nm;
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[00041] FIG 24 is the experinental PR signal, at a
nmodul ation frequency of 2MHz, for As "inplant only"
wowdoes05M t h targeted junction depth of 40 nm PODOLR)P6/041409

FIG 25 is the experinental - PR signal for is the

experinmental PR signal for As "inplant only" wafers,

as shown in Figs. 21-24, plotted as a function of

junction depth. Detailed Description [00043] The

foll owi ng di scusses use of the nethod of

phot o-refl ectance characterization of strain and

ctive nt in_semc o StEuC es. I .

1000435 2ok BE P50 BRI, M Sl 0 MG affnepyal PR signal or s
w.. ,Silicon nanofi] mstructures, |t is understood that th
implap ol B D RS BOTE et Al ElePdes BRIsAPT O BFad Jeih

and active dopant in sem conductor structures of the

present disclosure may be used to anal yze any
DetailgElesropdact or structure, the discussion of silicon

nanofil mstructures considered to be exenplary only and

[00043]n N0 Wy fdlioWiifid BBclusesSERNS. thé QA of Tptivo-Refladtitce characterization
descriptively to the drawings, FIG 1 contains, in an

of straﬁrﬁrgg%t%%lpgﬁtﬁ | seiboRAGARY SFétSty ol RBSkasSkHiARR of strain and active

mstructu at may be characterized using the
hotorefl ect ance techni gue of. the p t_disgl .
dopantG sy o ARG Rto Fus. GioetsNaP e R iR, S Sto-reflctance
: | I : hen .
characgﬁsgil‘ggtgqqngqu%%fra%gg %Ei%?gg Inftg%( ; '283@%@5%g§$u%g:gg¥haepﬁgsem disclosure
deposi tion, conprises a silicon substrate 1 upon which
may b¢ gsegrtownalsizegyamdsthieandpeist strusinre,i the dispusgionredsilignn payefilmstructures
2 of increasing Ge content (up to approximtely 10-30%
consid&e} to be kxams aryinl@aniinfmorwayclimipogiit sapeSi Ge | ayer 3,
and finally a top thin strained silicon film4. The
[00044) G | YIS Hovrsc3iptiQslin 8 tHé hdidhgsSIFEE,. UAbHAIR, @n ta@ exaggerated
which the top silicon lattice conforns, thereby
. . . . L A i 1ic ]
view, Y UUEIA SEULE S I HAE A% SL bLESARYEES st e ot
conpri.ses a i ckness .of approyj mately. 10. m .
reflectfiSGORGA S8 HHARELITIP AL hoS BT PaGURER BT e, which may be
present disclosure as shown in FIG 2, . .
grown using molecular beam epitaxy, and/or chemical vapor deposition, and/or metal-organic

chemicai vapor deposition, comprises a silicon substrate 1 upon thch is grown a graded
composition silicon germanium layer 2 of increasing Ge content (up to approximately 10-30%
Ge), followed by a uniform composition SiGe layer 3, and finally a top thin strained silicon film
4. The SiGe layers 2 and 3 form a virtual SiGe substrate to which the top silicon lattice
conforms, thereby inducing tensile strain in the top silicoﬁ layer. In an exemplary embodiment,
the top strained Si layer 4 comprises a thickness of approximately 10.0 nm.

[00045] In accordance with the arrangement of the present disclosure as shown in FIG. 2,
the method of photo-reflectance characterization of strain and active dopant in semiconductor
structures may be used to measure the reflected spectra from the strained silicon
nanofilmstructure, or any other semiconductor structure, in order to characterize the physical

11



the nethod of photo-reflectance characterization of

strain and active dopant in sem conductor structures
worean7lo80506ed t o neasure the refl ected spectra PCDOS1006€041409

strained silicon nanofilnmstructure, or any other

sem conductor structure, in order to characterize the

physi cal properties of the sem conductor structure such

as the energy of interband transitions, the active

carrier concentration, and the surface electric field.

As shown in FIG 2, said photo-reflectance arrangenent

co ises a | aser 5 robe | aser.. a dichroic .
proper%%sn%;th? is?qngpggunclgcg Sg%lﬁ{}llrt? %qcﬁgf ﬁﬁ%ﬁ%{ﬁ( {)f ﬁérgan(ghansmons, the active
achromatic quarter-wave plate 9, a.reflecting sanmple
carrier poncegiraiapny ang ithe sy fagq elegirigfisida Asgboya in X Gogksa;%photo-reﬂectance
anplifier 13, and a conputer 14 to control neasurenent
arrang@wmmetr@risesam dumedased 5¢ efprelet lasdrty ackichgmsheahmplter 7, a polarizing
exenpl ary enbodi nent, the punp laser intensity is
beamsplitfee @t b aoR@iadt %aﬂ@twgveapllte\&ﬂat reflecting! @nfRak 058 ¢alog filter 11, a
wave reference signal fromthe lock-in anplifier 13.

photod-ir(ﬂﬁ 1BUTRCROE aRIpPRE PEaNE a%BﬁpUﬁg €4 ?@édﬂh@?ﬁfea&ﬂérﬁé&ﬁlf)arameters and
e uSe of the dlchr0|c beansplitter 7. The collinear

re,then focuse ref n
record {GTTE v, SptndBE, F R3¢ %@BQ%E ghpgabEhl 0 bl IRM afiedilygs directty
ollectjo Ies |sthenate

modulgled HEjng acoVof PFY e@ea fquarﬁévaef%ﬁaﬁemnﬁ@ S@P@bftéom.tﬁﬁiocﬂ-m amplifier
containing the nodul ated reflectivity of the sanp

13. Thespuntreand probe bermeis matls qoHoravihoeishithe amofctbn\dmhr@@l beamsplitter
to electric current. This current is passed to the

7. Thét @oKRinear Beaphd freetherd Somied bntweths urfsctingesaamd 1 0 udegaard achromatic
phase of the reflectivity change. This information is

focusn%aﬁﬁsﬁ@nﬂ Qoll&ed O5TRE b &ol1ddionksd) TERS PP 1{ghLis then attenuated using a
fférential changé in reflectivity as a function of

color fﬁlf'eir ¥1 Ngnd fe%%ﬂ roﬂeQ%%f" %hntzﬁlﬁlgoﬂ{%ddﬁﬁ%d éﬂé&l\gtg of the sample, is

I'nuous wave aser oton energy at or
then foréssredﬁﬁ%%% o Bigtpdaa a"gég%%% R o e o i}“ifigfdé passed to
nm wavel ength, I n an exenpl ary enbodi nent, the

the locme\méh@%l i whigh pregsiraihe AppliBEe s ahtserd é*lemqﬂﬁctijva@echange This

power is approximately 15 mW This wavelength is
information is passed to the computer 14 which records the differential change in reflectivity as a

function of driving frequency.

[00046] The pump laser S is a continuous wave laser with photon energy at or above the
band gap of the semiconductor under investigation. For silicon, the band gap occurs at
approximately 1100 nm wavelength. In an exemplary embodiment, the pump wavelength is
approximately 488 nm and the pump laser power is approximately 15 mW. This wavelength is
particularly useful when the active layer is the thin top silicon layer of a silicon-on-insulator
substrate such that the pump light must be absorbed within the top Si layer to effectively
modulate the carrier density. The pump laser intensity may be controlled by the computer 14,

Pump laser 5 embodiments include diode iasers emitting in the NIR-VIS wavelength range
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particul arly useful when the active layer is the thin

top silicon layer of a silicon-on-insulator substrate
weemh/ostsad t he punp |ight nmust be absorbed wi t PCTIUS1006/041409

top Si layer to effectively nodulate the carrier

density. The punp |laser intensity may be controlled by

the conputer 14. Punp |l aser 5 enbodi nents include

di ode lasers enmitting in the NIR VIS wavel ength

rangeoperating at powers of approxinmately 5 nWor

above. The punp | aser bean1nay be directly nodul at ed

opera‘u‘élr ggE)QWegt c?da %)I%)Sﬁlg% L}l ?o op(?rl Sq“hg d)él%’ﬂ) laaﬁul epm tmay be directly

ro-o oraco C arrpl [
ar In an exe |.ar nment, .the ) .
modulfla &7 OB PREPRYY HOUUPACToLE RGO PPYG e ﬁgcg}l'gﬁyom%amphtude

internal reference signal fromthe |ock-in anplifier
modulat®n arpagementi g anrexqupticy ewbhedignt tnpupp fasst frig dirgetly modulated
10CkHz to 50 MHz. The punp | aser beam may al so be
at higlp&sgeicy hyahghntarnab refeiener sighed Seonatiguloak-ip agiplifien 18ayThe driving
be controlled by the conputer. This provides an
frequeﬂdypwrteu Georagploaieddely VRIDKER 6 SOMBE! ZBHel Mlinp PidBPb&ERAMay also be
he probe | aser 6 conprises a continuous wave | aser

passeddt'h |h¥% &r}alg%,gtr\gﬁosg;ﬁgﬂﬁr ?Fe)sfhﬁé% % (r:l%eg?odt%tl g4 k%?'ntﬂe computer. This |

prowdasﬂéﬁf“ S duhliied sl pEedons puP PRVl ARG HODe laser ©

I'n an exenplar enbodj nent,, the probe mavelength 'S

comprigpig GXAHIOES yfazcr dasanliods “ﬂﬂi’d)bﬁ%b@e%}é%trorp‘&% pn jigterband transition
approximately 5 nW In certain enbodi ments the probe

energyl afdhe Geinscondugat emder invastigagion.unkot eiltiondéhd disgr stwnigh interband
center wavel ength of approximately 375 nm and tunabl e

absorpfiad geued atapproirhirelyed 7 nhwheaige. ehn em@lagpt@bodiment, the probe
Probe | aser 6 enbodi nents include di ode | asers

wavele% it {1 PPrdAmbiRgy ‘ﬁﬁn{‘rw afpife n%%\?gé Khs&aﬂ(gv@erol@earpﬁﬁdxﬂﬂaﬁfy 5mW. In

wers of approximately 10 ' ess. The punp and

certalnpcgr(n)lﬁ edn%gl?tgsrhe?mppﬁ) Pa €|1L .ftﬁee%eq%{i c%}gp t Heﬁ)léj AodR laser with center

rorc e colTine eans are
wavelegﬁél:fl 9 g@?&t&}g@iﬁﬁ &%g%@gy y leagﬁ%lg Eﬁ g%g%é%ﬁ%lg}y 10 nanometers, or
reflections are collected and directed onto a col or
greaterf j Probe laser 6rsehaskimente apdedendinde lasers | amaitingoinrfdp At UV wavelength
range (?I)ee?;nﬁng at powers of approximately 10 mW or less. The pump and probe beams are
made collinear through the use a dichroic beamsplitter 7. The collinear beams are focused onto
the sample using a high numerical aperture focusing arrangement, and the specular reflections
are collected and directed onto a color filter 11. Focusing embodiments include coincident beam
arrangements wherein either laser beam is focused to a diameter of 50 microns or less. FIG. 3
schematically shows the probe laser beam and polarization as it passes through the optical
system. All optical elements are matched to the respective source wavelength. Once the probe

beam is reflected from the reflecting sample 10, it has an amplitude modulation at the pump

modulation frequency from the induced modulation of sample optical properties. Thus, the
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arrangenments wherein either |aser beamis focused to a
di ameter of 50 mcrons or less. FIG 3 schematically
WG bwa®s5tshe probe | aser beam and pol ari zati on aBCT/US2006/041409
passes through the optical system Al optica
el enents are matched to the respective source
wavel ength. Once the probe beamis reflected fromthe
reflecting sanple 10, it has an anplitude nodul ation
at the punp nodul ation frequency fromthe induced
nodul ati on of sanple optical properties. Thus,

hepr obe, beam c i n of, .t R(.DC) + .
probe byaphppnteins Grugiy 8%%%%%@99@3% ARE ik Gamiport beam i
the color filter 11 and the remaining probe light is
attenugters wishl theocalprefilserokloatidotlie rammainingsobe heghtinpesed gu‘éle photodiode 12.
out put contains electrical currents proportional to
Thus, the @heodioge sutpaidontfiR0ddcttical eerréXEs piopneionkl torthd prebe signal.
phot odi ode i s proportional to IOR while the AC signa

[000471S P ORRIHEQRRN] #6m! tﬁ@Bhotbﬂlo@é éepro Tg&ﬂﬁﬁ‘ﬁ&bl TR, iR, the PEC signal is
intensity |0 nust be nornal |zed isis acconpllshed

o Y10 D8 SO R RS A . o

the order 10~2-10 6. Phase sensitive neasurenent is
accompléishd brreldvidimgtthe ASheigenl ibydbe B4 pigralararicab ampliydeeet AB/R for the

records the nmeasurenment photocurrents. The conputer 14
exempliRy e@bodifneht srbenpliobdenayal ehgPhyse shsitimeduéatiearent is performed on
frequency, the punp laser intensity, and polarization

the ph%ﬁocﬁé&eh Shiphean hée Lb%n%’té% 15 £658¢ dBd rﬁ@asﬁreﬁiéﬂ@tph@fbcﬁfrents The
probe wavel ength, nodul ation frequency, |aser

LR

fundanent al PR sjgnal. [00048] ntion t he .
intensifya ch8el| BALHZARPT (L] Siher Seipne Tyt 4 CRefPSeD (5. fgigtion of probe

technique is to nmeasure small shifts in
Wavelqmgﬂt, onodflitent fmgeensy.gleabrs indewsity r amdg polegizationy orfgnbodiments include
interband transitions in the sem conductor

alteratidagebsthé BeinpementiEich 4o not Alus thiefuadarhdgal MRIsighali ng
principle for nonitoring strain in thin strained

[0004&2 11 ol fbhtiBhetSIhE SinderdyiRg bEnAPRRST tH@vielig '&Eﬁrﬁctefmﬁlon technique is
ilicon "EL" interband transition occurring at = 375

to mea%g Isrsnaﬁ " i Bh&n-qgﬁ&?an%e %@nbl& o@aﬂnﬁg hgér s%gg Entét‘oﬁl‘?d {lansitions in

the semiconductor bandstructure. FIG. 4. illustrates the underlying principle for monitoring
strain in thin strained silicon films using a single probe wavelength. The silicon “E;” interband
transition occurring at A = 375 nm is known to undergo a split and shift under strain. The
positions of the strained interband transition energies are given by: E+= E; + AEg + AEg, where
ABy (< 0) and AEg correspond to the hydrostatic and shear induced shifts, respectively. These
terms are both linear in strain, leading to an overall shift linearly proportional to strain. FIG. 4
contains simulated PR signals corresponding to the unstrained silicon E; interband transition
energy and the redshifted E_ interband transition energy, for a silicon lattice strain of
approximately 1%. As illustrated, for a monochromatic probe beam near the E; interband
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positions of the strained interband transition

energies are given by: E= E1 + DEH DEs, where DEH (<
wW@ooanshsDEs correspond to the hydrostatic and BEEEHE2006/041409

i nduced shifts, respectively. These terns are both

linear in strain, leading to an overall shift linearly

proportional to strain. FIG 4 contains sinulated PR

signals corresponding to the unstrained silicon El

i nterband transition energy and the redshifted E_

i nt er band tranS|t|on energy, for a S|I|con Iattlce

transitRan r&eﬁ%)p &anoggnlg ‘}ﬁ]f%) ok} Flgtnhcéllalléget 1rn & presence S¥ strain. Thus, by
selecti3f & R SSV%’v%%ﬁa'%a%B&ré TG iGps M CRerhiggnsid of the unstained

sel ecting a single probe wavel ength at or very near a
semicedpeliey undarénysatghtionaihe ipréserresil stra nayshe ddteradned by a change of sign
sem conduct or under investigation, the presence of
of thesRR aesponsyy Bediliehaltyyi aseskhiiyted inlfGgd, af osivery fdartdneh BR interband
response. Additionally, as exhibited in FIG 4, at or

transit\oRl the PRAEIgBA G adthehNHRACHAN O §iFANS ThiRPork fge ?ﬁ s%%z&'i‘ 3hay be used to
is alinear function of strain. Therefore the

s1mplyslklgﬁl1?(%r tﬂ@}ﬁag&\ uﬂi%gﬂ' e tlsalnnyccér 1n%r;‘é?|tag;aptgpq%1rﬁ81§ :j‘megrde%ug{ion: AR/R =

rai ndaccor 65N
equation: DR'R = nt + b, V\,here c is the physical
my, + dy, rahere Hnis §hea@hm1 riedl, | %) 18 eane pmpinisally deéegmined linear correlation
correlation coefficient, and b is a small offset.
coeffidi@04M]b isra samilredfsat i on of the PR si gnal DR'R to
strain, it is inportant to know the effect of the

[00049]1 | st ﬂ%n@fhﬂ%ﬁ' of fiR i ﬁ%l AR/ﬁ' t8 sﬁ%nglrt WindR \Agtagtytotl&%w he effect of

constitutive relation: ere

b are th oefficien ntalnlngth i

the il EHE ohe PRr SEHRL: i ,lsawawg‘eé%aﬁﬁe st e KB tgHAR/R = ode; +
i nduced changes in real and inmaginary parts of the

BAe,, wherploearpk attolie Sewphini @effionmts omfainipg plec filmedok. infdrmation, and Ag,
absorption depth sets the depth of the PR response and

and Abefeett f}ﬁm&@mc@df%harvggg G redl Al irﬁmér?rgan*soo#ﬂﬁ%a&ﬁiﬁe pseudo-

effect of the filnsta on PR S|gna
n.si

dielectggvfﬁnc%o%t ﬁpéotwg gh S’?]'[\eg gﬁ;s%n &][,O?lp eBthS §6tS E}bengetlﬂ? 8§ ﬁlges FRresponse and

reater than %‘ a 375 nm prohe beam rapi dl y
hence fhgdangesQysE whi ltt i 1tng)ortant to know the effect of the filmstack on PR signal. At

375 nm wavelength, the absorption depth in silicon is & = 22.6 nm. This means that for top
silicon thicknesses greater than 22.6 nm, a 375 nm probe beam rapidly loses sensitivity to
underlying film structure. FIG. 5 contains the calculated reflectance of the exemplary film
structure shown in FIG. 1, as a function of top silicon thickness, for typical SiGe Ge
concentrations of 10%, 20%, and 30%. By numerically differentiating this reflectivity with
respect to g; and &, it is possible to calculate the Seraphin coefficients, i.e: a=0(InR)/d¢; and
B=0(InR)/0e>. FIG. 6 & 7 contain the Seraphin coefficients for the exemplary film structure
shown in FIG. 1, as a function of top silicon thickness, for typical SiGe Ge concentrations of

10%, 20%, and 30%. The fact that the Seraphin coefficients do not change sign over the
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underlying filmstructure. FIG 5 contains the

cal cul ated refl ectance of the exenplary filmstructure
w@h@wmesism FI G 1, as a function of top siliconPCT/US2006/041409

thi ckness, for typical Si Ge Ge concentrations of 10%

20% and 30% By nunerically differentiating this

reflectivity with respect to ei and e2, it is possible

to calculate the Seraphin coefficients, Le: and

b=9(InR)/9e2. FIG 6 & 7 contain the Seraphin

coefficients for the exenplary filmstructure shown in

FIG 1 A3 AN -1 hi S .
peramgigrSoads oot RGeS ?hét? e ?ﬂ%}%@ 0T R signal at 375
The fa that t he Ser aphi ff| cients do not cha
nm cagned beoiher (o iSRRI (P WGk HATKAER 6 De CHERBiLPRat Hirefore, any
that any change of sign observed in the PR signal at
change3itbsigm cfakivt ishrecdsserityodueatd atdhenge imsigopisidii @ohe:, indicating the
t hi ckness or Ge concentration. Therefore, any change
presen&en o§ 'sﬁﬂnOf Tl@%ﬁcﬁl&teﬂ eeRarhad cbeffithetst Asdehang@td theSdependence of
or i ndi cating the presence of strain. The
uI a hin coefficients al so denonstrate the
AR/R(HlepghSaae% %gt%%/ R on fl nstack par aneters. [00050] In
der to denonstrate the PR sl n change ass t ed
100055 ¢ UheorGroBoRRRORTa: 41 PR SV AGSHEIEE SERHEORYE ferkjesence of
vari ations of the exenplary structure of FIG 1 were
strain tawvedaypdelsetT pentdininganviatiens afuksetenplay stmetaree’ FiGs 1 were analyzed.
which, if any, of the top silicon filnms in each of
The ﬁlh&wﬁeﬁttaslelmstmn&)f?.ﬁtemme ehichaiffahg, cfghe foposilitoai fiiend ifdi each of these sets
waf ers: an unstrained silicon substrate; two wafers

are stré’ihéd" J2hAx 8 1905Rided iBeI0416R) arptﬁhs&binle@ Oflicsh Bststrafe€ivo wafers with
and two wafers with relaxed SiGe (-18.5% Ge) on

relaxeci Hd g%?b»o%teﬂ 81;1 Eicoh LihsRadL: ta‘nﬂg@/ at?ﬁrl ?{é{haﬂeﬂ&g SlGe[ gl 8.5% Ge)

appr oxi mat'€l'y ness
.. Set I LE 1 :
on siigg e i @&Qﬁros&al&ar 3P Bfo i PPN b thickness.
stack of in Wth variations in top silicon

Samplft Fﬁtdkﬁé%ﬂh%m@abéf‘ohb@ﬁ?’r ation. Sanple set 2 is
descri bed in Table 2 bel ow.

#1 #2 #3 #4 #5
Top Top
Filmstack Si Subs Si/SiGe/Sub | SiGe/Sub Si/SiGe/Sub | SiGe/Sub
%Ge N/A ~18.5% ~18.5% ~18.5% ~18.5%
Top Si
thickness N/A ~6 nm N/A ~6 nm N/A
TABLE 1

Sample set 2 contained six wafers— each comprising the full stack of in FIG. 1, with variations in

top silicon thickness and Ge concentration. Sample set 2 is described in Table 2 below.

#1 | #2 | #3 | #4 [ #5 | #6
Filmstack Top Si/SiGe/Substrate
%Ge ~15% ~20% ~20% ~20% ~15% ~20%
Top Si thickness | ~20nm | ~10nm | ~10nm |~10nm |~20nm | ~30nm

TABLE 2
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TABLE 2[ 00051] FIG 8 shows the PR data taken on

sanple set 1, at a fixed nodul ati on frequency of 20
wOrw7OMETEr S #1, #3, & #5, the unstrained sil iPBCHUS2006/041409

substrate and rel axed Si Ge wafers, show PR signals of

around +IxIO5 . Since the PR spectra is a linear

superposition of the response fromthe top silicon

filmand the rel axed Si Ge | ayers, we can concl ude that

if wafers #2 and #4 contained unstrained top silicon,

t he response of these wafers nust be positive, simlar

[00051? he onI*ﬁg?s Mgﬁ %he }?%(aiit;ﬁake \Sﬁ'ﬁ)le %g?fl e%F% fgigeéiﬁg?dlﬁat?on frequency

op sili1co

or 20 IR Hffge 1893553*%? TR G SHEU S TRty Gers, show

#2 and #4 cannot_be a filnmstack effect. Therefore, the
PR signalg aifiaveurdR- b Ifial Sisewthef BR spertraris a#inean dupstpositiatuef the response
strain in the top silicon, in accordance with the

from tl§el toBisNic¥BATH SEME rélﬁiddl%l@% GayRss, GRPiaatREclube ﬁiaﬁf Wafers #2 and #4
[ 00052] FIG shovvs the PR data taken on sanpl e set

contalr%g Lﬁitéﬁn«tél g%dsﬂ Eésg?lés%gﬂ?%’(%g %Ifé}g nﬁxgt M’Bosu\#ef §fn§11ar to wafers
#1, #3 gﬁé?%&ﬁq\?@&g wa%grﬁfg 611@ Qﬁ) %gtélilla aI > 1@1}}0@1%81%%7} zlos ﬁ&agnals of

it may_be seen the negative PR si gnal s correspond t

oppositsesiish & FHfiher, % 6@@9@@%6 ip il HY Ik HiSs@BEGPT Sign of the PR response
approximately 10 nm while the positive signals

seen forovafers gi@nahdt 6 €dnnnsbod filhstednelfst.apherefdrerethe nygatige MR signal seen
However, as denonstrated in FIG 6 & 7, the negative

for wafel? #2sR0nsR dannstaib e tdp siidoacth Rtdrdetce wWith SestoiSmeasurement
that on sanple set 2, the strain is relaxed when the

principlf d%bidt&?ﬁi iy qkness exceeds approximately 20nm This
concl usion is supported by |ndependent calculatlons

[00052? red cPtIt}n% sﬁg&fgltﬂé 134 ld?l?%%ﬁeg ;&g s?utn os%t ’neSS %le %tﬁon frequency

hi cker "t han appr oxXi na

condi_ti ons herein In anal 0og vvlth the results of
of 20 MHgpWalgsti*ly ¥l o Heavi AR Sgmals ofarls?s10> Howevernyafess #2, #3, and
of sanple set 2 are strained, while the ot hers are

#4 shoWoPR signals of opposite sign and magnitude ~3—4x10°. By examination of Table 2, it
may be seen the negative PR signals correspond to wafers with top silicon film thicknesses of
approximately 10 nm, while the positive signals correspond to films of thickness approximately
20 nm. However, as demonstrated in FIG. 6 & 7, the negative PR response cannot be a filmstack
effect. This shows that on sample set 2, the strain is relaxed when the top silicon thickness
exceeds approximately 20nm. This conclusion is supported by independent calculations
predicting strain relaxation for top silicon films thicker than approximately 15 nm thickness
(under the conditions herein). In analogy with the results of sample set 1, we conclude that
wafers #2, #3, and #4 of sample set 2 are strained, while the others are not.

[00053] Turning now to exposition of the active dopant characterization technique, FIG.

10 contains, in an exemplary view, implanted and annealed silicon filmstructure that may be
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[ 00053] Turning now to exposition of the active dopant

characterization technique, FIG 10 contains, in an
wez@mps@ry view, inplanted and anneal ed sil i coPCT/US2006/041409

filmstructure that nay beanal yzed using the nethod of

phot o-refl ectance characterization of strain and

active dopant in sem conductor structures of the

present disclosure. The inplanted and anneal ed silicon

nanofil nmstructure conprises a standard silicon

substrate 15 used in the manufacture of integrated

analyze %s lgﬁ ¥he(l}_{s?‘5§ \f?h?{& ﬂg?}lg&tgﬂeyﬁl\%ﬂteﬂﬁ&mJ &f ﬂeln‘?)éﬁ& a@tﬁve dopant in

or med

oS S |21 TR SOOI Bt sicon
approxi mately 10-40 nm | ocated at or near the wafe

nanofilgsirfiefyes. compriges usipndayd silieon substatie dd ugeshiaripe mrlw%iciare of integrated
graded distribution so Fig. 10 only provi des an

circuitapmooxhichtie isplantidus entformmbaet of eseopt (A9l dgpaopentiafer which is
of the inplanted and anneal ed silicon

perforrﬁ’é\ﬁﬁf adtBlSHAtrehE In/ﬁnsﬁt:m@far}aélﬁ%mﬁlehmﬂﬁe’&lﬂi;ﬂﬁltSa}}et ¢6’omprises a
wafers with varying inplant dose and i npl ant energies

thlokne\g?%lf %ﬁpﬁgﬁﬁﬁgl nir(hg %ﬁ‘i‘&%?ed”ﬁt cf & HetSRY vede @i RIS, Wt &tuahty the

ose targete to approximate current

e manufacturi.n ons.
implangogboiet & B SRR Gae PR PRRGERER swucure
roximately 10 nmto 40 n whil e the doses
o modg e b o et b s e . A setor
approximately 10 18 atons/cc to 1020 atons/cc.
arsenicAmpéailteeldsibern wakrsamitie st thgviafpéang doger andcimdans gnérgies avpsigenerated.
inplant split. Table 3 contains information on the

The pro@b¢ instrix el Rdivigfes stittipsht diopd mgl @epolt tdrgeted Thaspeoxdmete current
4 inplant energies: wafer # s 1-6, 7-12, 13-18, and

q "Bt igeh et Rr@bs Wore ViPied 3@ produce depth
and m%%%g%ﬁ%%ﬁ&?%éﬁ&gg{cl 3%1{55 Ealc of thegég Star get gept Rgo ioe P

in the rffgéet hﬁ éox a{e?fi%tn% 4%640%3 ewglrl)és fhtesdo%]s \'if@r%_lﬂflgﬁ? ko {od&?e nominal

I ons pe uare cm

dose .corres onds denS|t ns/cc

dopmgﬂﬁﬂﬁtl?ﬁyofr ananmas L7 APt B e n%?lleé gng non-annealed
singl e anneal of 5 seconds at 1000C Th| s anneal is

wafers wereerdated o5 epels implantsplixdabld 3 erspeing indermajign jogihg gatrix, including
all dose and density conditions. No attenpt to

- estimateil doping eralfiip@nThere are 4 implant energies: wafer #'s 1-6, 7-12, 13-18, and 19-24

correspond to implanted depths of 10, 20, 30, and 40 nm, respectively. Each of these target
depths further comprises three dose splits on the order of 10'%, 10", and 10" ions per square cm.
The lightest dose corresponds to a density of roughly 1x10"® jons/cc. Finally, an anneal split was
performed comprising a single anneal of 5 seconds at 1000°C. This anneal is intended to result
in maximal dopant activation for all dose and density conditions. No attempt to minimize dopant

diffusion was made.
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di ffusi on was nade. TABLE 3 [00054] As nenti oned,

underlying principle of the active dopant

wW@eb@rastseri zati on technique is to nmeasure

t he

PCT/US2006/041409

phot o-refl ectance signals occurring near strong
interband transitions in the sem conductor

bandst ructure.
inthe vicinity of the S

E1l opti cal

an i nduced space charge field of F =
roughly corresponds to a punp induced carrier density

of 1018/ cc

Th!s c

arrier

430kV/ cm

FIG 11 shows the cal cul ated PR si gnal
absor pti on,

for
whi ch

denS|ty is routinely induced
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[00054]

technique is to measure photo-reflectance signals occurring near strong interband transitions in
the semiconductor bandstructure. FIG. 11 shows the calculated PR signal in the vicinity of the Si

E; optical absorption, for an induced space charge field of F = 430kV/cm, which roughly

corresponds to a pump induced carrier density of 10"%/cc.

induced in commercial implant monitoring applications (Opsal, 1985). As shown in FIG. 11,
over the wavelength range of approximately 360-380 nm, the amplitude of this signal is quite
large. In fact, it is at least two orders of magnitude larger that the PR signals achieved in existing

implant monitoring systems (Opsal, 1985). Moreover, as demonstrated below, the active dopant
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This carrier density is routinely

As mentioned, the underlying principle of the active dopant characterization




of refraction of the damage |ayer, substrate, and the

t hi ckness of the damage | ayer. This may al so be done
woenwenssad |y, and for any angle of incidence oPCT/US2006/041409

pol ari zation condition. Then R may be nunerically

differentiated with respect to the real part of the

dielectric function, and a constructed. Generally, the

Seraphin coefficients will oscillate with a period of

4pnd/ 1, where n is the index of refraction on the

danage | ayer, d is the thickness of the damage | ayer,

characgenz ’cI;]omi t%cl%qthﬁ]\epr{lg ﬁ E’%ﬂ Wﬁ?e%n%ﬁ?e:] Faer%%rc'tlgg d%%ﬂ? H1d§1 transistor
s S St e D o0,

the |ight. However, for normal incidence and at
[00055favel eIﬁgqrﬂerWheméelstanﬁghq aiifesé 10§ implankdrimagston thidFesignal, it is again
consi derations are not inportant. Fig. 12 shows the
necessagmeredelngte thd S¢rhphibeefiivientsc CBfef datnagntprafilors tegordibdatpe the linear
| ayer depth and damage fraction, for a 633 nm probe

opucalk&%é;mnsér BEtht AhteriHl Al BistRRAIIPRAL BEh GlEY 8Fa BRANES PO ifnPlant itself.
30% and 50% anor phi zati on ofthe inplanted |ayer,

To 111u%§a°'t8 o 81 e sEgh%hﬁF&#e?ﬁae&E f&ﬁﬁ‘ﬁgganq ‘aﬁfngged LK Gt £ WaV¥8ngth of 633

een previ attenpts to
uncti.o th_ sepsitivit ct Cc
. Y8 T WP OBLEC B Ceemer: COrEg R H%Pﬂﬂ{énﬁgm ERgjplems (Opsal
proxi mtely 15 nmor |less, as the junction depth
1985). dgﬁé fIBTDE Ve elpreth beie larFedifar away Sioam aan ﬁ.lgfn%‘ént optical features in
decoupl ed fromthe dose dependence contained in 1.
silicon| rhe phofoenaflestanca sigmall arssae clirsciln dromageodulationt bf |thfp (anwde) carrier
depth and dose can result in no change in the 633 nm

densitr Foe 638 GdkvavdlBhgth] 6nloshafi@Rsiarthexed tpaitgoft hel dieladtc function are
not effective for junction depth process control.

sigmﬁ%\%& COMGE, wE Hapd 'A LOgIA 1, A SEVRREta¥K (Hﬁ%hg%@leg(nﬁéﬁ ed in o. To

r eqUI rement s T ow Hose measurenents because th

rely enS|t|V|tyt0|ntr|n C smal | .4
compuis e AR oAt Y FHFSEYS P Ana %@%smreq%oq ioF Rpdria r}the indices

illustrative to consider the Seraphin coefficients for
of refractjpinactt the almmges 1ager, stibsiie lasd dha thdd@esmof theordantage layer. This may

wavel ength, changes in both the real and inaginary.
also badd@dtle Mindriglly, and for any angle of incidence or polarization condition. Then R may
be numerically differentiated with respect to the real part of the dielectric function, and o
constructed. Generally, the Seraphin coefficients will oscillate with a period of 4nnd/A, where n
is the index of refraction on the damage layer, d is the thickness of the damage layer, and A is the
probe beam wavelength. The period depends on the path length of light in the material, and so
depends also on the angle of incidence. In addition, the oscillations are damped by the
absorption depth of the light. However, for normal incidence and at wavelength where Si is
largely transparent, these considerations are not important. Fig. 12 shows the dependence of the

Seraphin coefficient o on the damage layer depth and damage fraction, for a 633 nm probe

beam. The top, middle, and bottom curves correspond to 10%, 30%, and 50% amorphization of
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dielectric function are significant. Thus, we nust
consi der both a and b when determ ning the fil nstack

WO njogosEre on contained in DRI R At 375 nm waveP€nys1vn6/041409
the absorption depth in siliconis d 22.6 nm The
absorption depth sets the depth of the PR response and
hence the range over which it is inportant to know the
effect of the filmstack on PR signal. This neans that
for surface filmthicknesses greater than 22.6 nm a
375 nm probe beamrapidly becones insensitive to

the 1@%@5& dlééké}g szP&{Hﬁ/éPyr UBfeYSeBiod§ bBthede3 oot kel J?ﬁv??ehaafg rl?g%ré previously

epen ce o e "Seraphin coefficient a on't
] d h .and .d f i f t.ne 375
it in ey R GE R TR b b8 ot Sl Bl W S50 prove foses

.30% and 50% anor phi zati o mage, respectively. The
sensmargﬁﬁ%ﬁnﬁ@m&ép%@f emw@atﬁxgg AR fiﬁﬁtp @gpendence of
at this wavel ength is apparent. The shorter period of
AR/R osuthinedtin @iphafcanhe t8edeapiypled foef fhealosa tlspeatie®?scontmined in Ag;. In
probe denonstrates this wavel ength will exhibit

particfi8) 8isihikdnéot PinkreAs inHotHIBRIIAS REMndQUo8P BAOrekMBILAY change in the
10 nm and bel ow (superior to the 633 nm wavel ength

r L. . . S . . .

633 L BB P PP RLS fSn SREDETOGE LSO RELAR N smction dept
fractipn, for the.375 nm beam The . mddle, and

process (BEBhT oMVRE o LBRIRS AE° TO IOV ERERh Bodhe reftitements of low
anor phi zati on, respectively. [00057] To establish the

dose maeasatsTients; kasave thejeredy op velubpinio iahisigalivpnalhcheiges in the Drude
techni que, the PR apparatus was configured with a

carrierdb$piersiemr punp and probe beam w th angl e of incidence
at 45. The punp and probe wavel engths were 845 nm and

[0005&74 nnit i egpRe illuéehitve (HhRnfideAtht 88RPhinoeffRidnys @ 3$mplant damaged
directly nodul ated with a 2 MHz square wave generat ed

it U4 L el BTl S80 ) BOEL87 o

dtec TR BRaBE AR S S8R G2 B G5 e GoBrinin e
For these conditions the carrier density generated by
filmstackeinformatips cantaingdsin ARGR. At 375 nm wavelength, the absorption depth in
silicon is 6 = 22.6 nm. The absorption depth sets the depth of the PR response and hence the
range over which it is important to know the effect of the filmstack on PR signal. This means
that for surface film thicknesses greater than 22.6 nm, a 375 nm probe beam rapidly becomes
insensitive to underlying film structure. Fig. 13 shows the dependence of the Seraphin
coefficient o on the damage layer depth and damage fraction, for the 375 nm beam. The top,
middle, and bottom curves correspond to 10%, 30%, and 50% amorphization damage,
respectively. The dampening of the cosine-like curves due to absorption at this wavelength is
apparent. The shorter period of oscillation of the Seraphin coefficients at 375 nm probe

demonstrates this wavelength will exhibit sensitivity to junction depths down to approximately

10 nm and below (superior to the 633 nm wavelength probe). Fig. 14 shows the dependence of
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orders of magnitude smaller than used in conventiona

conmerci al systens, or < 1x10 /cc. However, the
w@e@ansop7enhanced sensitivity of the 374 nm prPGEUS2006/041409

easily conpensates for this reduced punp intensity,

resulting in signal |levels commensurate with

comercial systemlevels. Fig. 15 shows the PR signa

for wafers #2, #4, and #6. These wafers have identica

7 keV energy As inplants, targeted to forma junction

at 10 nm depth. Wafer #2 received a dose of IxIO

e s P PuC ol LD RGPSy b TR s s
ecej ved an identical anneal and is expected t
The topulmgd tee tandabelipm THEV GO ERIFERO%E £0 hED PR3QTy nand PQ)%/ pmorphization,
rises from"3xIO6 to "3xIO5 , or about one order of
respectimégni t ude, fromwafer #2 to #6. This denonstrates
approxi mately one decade in signal change for a two

[0005 7ygecad ockrpdiich ithe E@aBilitiEObT thelddtivendopdt tcharcepition technique, the
hus, the PR technique denpbnstrates excellent

PR appsafitfﬁa&g%&?r?f %Pedd&ﬁﬁ a'crdll %elﬂl&gequp%g b Wil angle of incidence at

Junctlon red in future

45°, ngglgrfngg\tn I&ﬁ}% VEE{V% eBcf gélgm %@ngzﬁgggﬁbﬁﬁst%gcti@?}gﬁﬂee pump laser

| oad/ unl oad al nost exactly reproduce each ot her. )
intensitibgasl direstieecsutasebwith prebitis w'@rwwmgqnwaé@dgmtheulgck—m amphﬁer
"5x1O07 . Figs. 16, 17, and 18 show sim |l ar increasing

The pusig dasker Mtensitiosas ﬁppro;gmamlp r15i nV.anThee naltigeaspunip gnd Jffobe were
shows the PR signal for wafers #8, #10, and #12. These

focusedVa§i8E Bn RENM@nIa€le Mitoatopd QbleRNvE Rk Y a APotl dTRaRE 6f approx1rnately 6.5
targeted to forma junction at 20 nmdepth. Wafer

micronief&G§! ikd écg(}?sgoc%glflﬁf;&g dﬁrﬁéx?g%s#@eﬁéra%a% ﬁ{% ]gt least two

ose of receil v ose 0
| O 14/ mafe recei ved an |dent| anneal 16
orders & qeiitude sue g Pt eed i gosfipaal commerrial § A Sor 110" %ec,
the PR signal rises from"4xlO ~6 to "2.6xIO5 , or
Howevahdhe goertlyoerdencest semsigimity wdethe 374 mmefrebe #asilyocompensates for this
Thi s agai n denonstrates excellent PR sensitivity to
reduced pa@p intBakigx esliltiaptin siggaldevel eprmdesiubitd ivith, coinmercial system levels.
anneal ed wafers for ultra-shallow junction depths of

i 5380 U A s 7 o
As implants, targetgd to form a junction at 10 nm depth. Wafer #2 received a dose of
1x10%/cm?, wafer #4 received a dose of 1x10%/cm?, and wafer #6 received a dose of
1x10"/cm®. Bach wafer received an identical anneal and is expected to be fully activated. The
modulus of the PR signal |AR/R| rises from ~3x10® to #3x107, or about one order of magnitude,
from wafer #2 to #6. This demonstrates approximately one decade in signal change for a two
decade change in dose, for a 10 nm junction depth. Thus, the PR technique demonstrates
excellent sensitivity to dose in annealed wafers for the ultra-shallow junction depths required in

future manufacturing processes. It may also be seen that the data is highly reproducible: the data

points after load/unload almost exactly reproduce each other. Absolute measurement precision
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energy inplants, targeted to forma junction at 30 nm

depth. Wafer #14 received a dose of 3xl OL2/cnR2, wafer
wei®7nssed ved a dose of 3xI OL3/cnR, and waf er BABUS2006/041409

recei ved a dose of 3xl Ol4/cnR. Each wafer received an

i dentical anneal and is expected to be fully

activated. The nodulus of the PR signal |[DR'R rises

from"5xIO-6 to "3xI O 5, or about one order of

magni t ude, fromwafer #14 to #18. This again

dermonstrates excellent PR sensitivity to dose, and

for thf%eiiﬁ% ug%n%ms 54 @al F:IFP red 5’(“7:' e1'8: gw’ 4 mg%nﬁl@ie%%nggig?%?with dose for

trasalow uncti on o

sreater GRS el 8 ORI S R0 BAGFYYE I 4t 412. These wafers

targeted to forma junction at 40 nm depth. Wafer #20

have ideienhAbkeV gessay i implagfs] rashe tofarme p jurpion et 20 veddegth. Wafer #3
dose of 4x1 O 13/cnR, and wafer #24 received a dose of

receivékh @osAd i 0 ae’h wakd 6410 FeeBiet adloanof Daotyaal, aadneddr #12 received
and is expected to be fully activated. The nodul us of

18 al S r " AX .
a dosd Efg &?ﬁ%n)ézgig . e%dho fefr r%@tlveg h ?dregtlméa\?va gr #@8161 1{3 8{&)& cted to be fully
hi s _again denonstrates t he exceIIen PR sensitivity

actlvaieé dbs anoduns efilbe PRevignad rwomeﬁ%é@ & B ﬁri@ qF aboit one order of
anneal ed wafers for ultra-shallow junction depths of

magnidide nfiroi GOIECHS tas# . SEhis sgain danbnstiates axadlleusPR dansitivity to dose, and
variation of PR signal is expected with junction

excell&f @Ig‘ﬁal fepsodubfbilstOWSarinRSle s ForOfltrh RBaIRY firdfeh dbhs of 20 nm.

the each of the anneal ed wafers as a function of

Fig. 17 d 88 FeRLHa1 di%?%fé?g #ib%l%hﬁifﬂe#lg GSse iinf H Qavejlaentlcal 35 keV

IC corres to approXi mately constant o

den |e 18/ cc, .Ixl 9/ c O’cc
oo R Bt Bt e oL oy SW%@@% Fiekged a dose of
denpnstrat es this characteristic of the PR data for
3x10'Yqra, I%@fé%t#léo@éew%%/ as gege| ‘?ifg31<He rwesnd safesi #18 rengivel a dose of
Fig. 19. [00059] Fig. 2 1 shows the PR signal for

3x10"Yaher BacklwafiBrecaiRdd #B idehties anadat ahd & SxippBb@RS bO ALY activated. The
wafers with no anneal. They have identi cal 7 keV

moduh‘?ﬂ?fIr Jggyﬁssiéﬁ Lﬂf'/;{? lilsérsz}%oglﬁ %ggld os e 0 f )%IB%S 03';3, ogger]bq magnitude,

cejved dose of
from \Q/A@er #14 to #l% 'fhls ageflln demonstrates excellent PR sensitivity to dose, and excellent

signal reproducibility, in annealed wafers for ultra-shallow junction depths of 30 nm. Fig. 18
shows the PR signal for wafers #20, #22, and #24. These wafers have identical 50 keV energy
implants, targeted to form a junction at 40 nm depth. Wafer #20 received a dose of 4x10'%/cm?,
wafer #22 received a dose of 4x10"%/cm?, and wafer #24 received a dose of 4x10'%/cm?. Bach
wafer received an identical anneal and is expected to be full}i activated. The modulus of the PR
signal rises from ~4x107 to =4x10”, or about one order of magnitude, from wafer #20 to #24.
This again demonstrates the excellent PR sensitivity to dose, and excellent signal reproducibility,

in annealed wafers for ultra-shallow junction depths of 40 nm.
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| xI O 13/ cnR, and wafer #5 received a dose of |xIO
14/ cnR2. The nodul us of the PR signal | DRI Rl decreases
WO e@m0376x]1 O ~5 to "3xl O 6, about an order ofPCT/US2006/041409
magni tude, fromwafer # 1 to #5. This decrease in the
signal wth increasing dose, which is opposite the
behavi or observed for the annealed wafers, is due to
the danage fromthe inplant reducing the sharpness of
the crystalline Si El interband transition enerqgy.
This denonstrates excellent PR sensitivity to dose in

[0005<g'en?|haﬁ§ fifg%)@éed %E@rr il sfn%%oi&%t\faﬁ (213%% Pl prs'&pec‘ced with junction

4 sh sim

depth. eﬁ gg ! ngxfrgstbg tq%stﬂﬁ E’Z( L Orqslgféﬁ% :hn%atﬁg ragngp-}ed wafers as a

#9, and #11. These wafers have identi caI 20 keV_energy
functigus of Hneiiens denthy g&eely afotheofhigea JAUFRCt Mokist 1B0wWhigh coirespond to
depth. Wafer #7 received a dose of 2x1 O I12/cn2, wafer
approxifiatehceinsadt doping elenditi@xdfabANE®R, 1ahel’/aafaxd #<1I)?L°/cc exhibit such a
recei ved a dose of 2xl Ol4/cnR. Each wafer is "inplant -

smusoﬁfdi Yariafioh NFI0 20 ree: delﬁiﬁstﬁﬁﬁ hid %h%ﬁ'flCtElhﬁlCP(R tBd BRata for the lowest
DR/'R decreases from"1.2xIO5 to "3xl O 6, about a

mweléﬁﬁg@ EI§Wm%58ﬂ% %@ 3%59 # 11. This denpnstrates

sensi “inplant only" wafers

(000 us kg2 ﬁé&%ﬁ”&i%&n&ﬁ@gﬁ%ﬁ?f e Fh%e;se ite the “implant

These wafers have identical 35 keV energ npl ant s,
only” wafetfevith no gnpepl mIApyihatd identicel %d}ewmngwtfﬁs mmiﬂ@ts, tanegted to form a
recei ved a dose of 3xl Ol12/cnR, wafer #15 received a
junctichios € 0afm Jxptld) IBALNR] redeivedal dise HI Tx1@'éey eatater #dseceifed a dose of
3xlI O14/ cn2. Each wafer is "inplant only" with no

: 1 . Bj.gpal
10 R T U el TSR i focheptc
fer #13 to #17. This again denonstra ood PR
decreageérfgqql ,A\;r@%}ot do d:égéo naboph%ﬂ aider ghmpen %@m Wafer #1 to #5. This
ultra-shallow junction depths of 30 nm Fig. 24 shows

decreatthen PR dgmphabitf ancrewaingr dos#1®hick2i  oppnsite#h8. behhwioe observed for the
waf ers have identical 50 keV energy As inplants,

annealb@vgRi€ds &k foGhend@mpgiBbdinale Riplédht roddcEepthl shiphess H#HR crystalline
recei ved a dose of 4xl O 12/cnP, wafer #21 received a

Si E; 1{‘1’1‘81%%n@iraﬂ§ﬂlgﬁ éx%!rgﬁﬁ’rh@ r(‘lgm@ﬁsftl%'fes%%gelfeﬁgﬁll\é@gm iﬁgt%edo@g in “implant

| Ol4/ cn®. Each ™wafer is "inplant only" wt
only” wafers for ultra-shallow junction depths of 10 nm.  Figs. 22, 23, and 24 show similar

decreasing signal with dose for greater implant energies. Fig. 22 shows the PR signal for wafers
#7, #9, and #11. These wafers have identical 20 keV energy As implants, targeted to form a
junction at 20 nm depth. Wafer #7 received a dose of 2x10'%/cm?, wafer #9 received a dose of
2x10"%/cm?, and wafer #11 received a dose of 2x10"*/cm?. Each wafer is “implant only” with no
anneal. The modulus of the PR signal |AR/R| decreases from ~1.2x10” to ~3x107, about a
factor of 4, from wafer #7 to #11. This demonstrates good PR sensitivity to dose in c.‘implant
only” wafers for ultra-shallow junction depths of 20 nm. Fig. 23 shows the PR signal for wafers

#13, #15, and #17. These wafers have identical 35 keV energy As implants, targeted to form a
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anneal . The nodulus of the PR signal |DR/'R decreases
from"6x1 0 6 to "2x1 0 6, about a factor of 3, from
wowdoenses1® to #23. This denonstrates reasonabl BCPRS2006/041409
sensitivity to dose in "inplant only" wafers for
ul tra-shall ow junction depths of 40 nm [00060] Fig.
25 shows the nodulus of the PR signal for the each of
the as inplanted wafers as a function of junction
depth. By followi ng each "row' in Fig. 25, it is seen
that each set of targeted doping densities (IxlI0
.o 18/ 1 C.uand | x1.0 f@l | ows ed.
junctich 38 gl o'l 2B A e oG5 GEH UL L Bty HShERived a dose of
Sensitivity to dose with i@flaﬁt depth is due to a _
3x10" (b PRAWRESH #bT reseived asiopgyolcidt 4t diach wadt iy isenlant only” with no
total absorption within the damage | ayer. [00061]

anneal Tk ehedidus @he 'PRCdi%ﬁﬂE (ATORS @doReaséd o100 @ ~2x107°, about a factor
phot o-refl ectance characterization of strain and

n ) r o . “:
of 5, SR e AR 1Y LN P Angfes Gl M SRl 630 in “implant
» heasure straip and actiyve, do t in.sem conduct .

only” WP WlePallow dinsion depinyer Aumms e AP HF 3P Bk ignelsfor wafers
fromthe conventjonal concepts and designs of the

#19, #4k jagd #33+ Thessowaiers heyeridendical 34 kedf erprex %@s}mhn@‘f, targeted to form a
manner of usage and operation of the present

junctiodias ¢0 asudepth. t Wafes d#iie rafeoiet d dose afppdi0 ¥ narfertie redetved a dose of
description. Accordingly, no further discussion

13y el2at | [ o d QN
10 PRl o800 T 508 AWy it o

then, it is t realjzed that the optinum )
anneal. Hﬁ‘ﬁ ﬁ%qcﬁmg ofligq gﬁl s&g{@LlAégﬂ} éﬁcrqaﬁg %‘Hf‘t’@(ga §a2x10 S about a factor
disclosure, to include variations in size, nmaterials,
of 3, frolmapeferfidPrip #28n ckliip dempibtrates measowdblo PBrsansitivity to dose in “implant
assenbly and use, are deened readily apparent and
only” vedfeisdoisultra-shaltovs kinkli@tldépthstdfelOaimt., and al | equi val ent
rel ationships to those illustrated in the draw ngs and
[00060fiesSCT iIled 3 BhdiAe HRPRGHAILE BF RN PR! Sl tEPARIedR Hthe as implanted
enconpassed by the present disclosure. [00064]
r ~Lhe £ areqai ' Ldered as )l ystiativ
wafers gﬁ ?yﬁ%@foﬁhogtjglfﬁtlﬁgi p?glsr%f hﬁlﬁé\%‘ﬂgs éa% ‘?gw e Hg. §§, it & de4F that each

set of targeted doping densities (1x10'%/cc, 1x10"/cc, and lleZO/cc) follows a damped
sinusoidal variation. The observed decreasing sensitivity to dose vﬁth implant depth is due to a
combination of decreasing crystallinity and greater total absorption within the damage layer.
[00061] Therefore, as disclosed herein, the method of photo-reflectance characterization
of strain and active dopant in semiconductor structures provides a new and precise capability to
differentiate and measure strain and active dopant in semiconductor nanostructures, and in so
doing, substantially departs from the conventional concepts and designs of the prior art.

[00062] As to a further discussion of the manner of usage and operation of the present
disclosure, the same should be apparent from the above description. Accordingly, no further

discussion relating to the manner of usage and operation will be provided.
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di scl osure. Further, since numerous nodifications and
changes will readily occur to those skilled in the
W@ea07/05570 s not desired to limt the disclosurkBCT/US1006041409
exact construction and operation shown and descri bed,
and accordingly, all suitable nodifications and
equi valents may be resorted to, falling within the
scope of the disclosure. References U. S. Patent
Docunents: 6, 963, 402 11/2005 Chi sm 356/ 367 6, 195, 166
2/2001 Gray .' 356/477 4,931,132 6/1990 Aspnes 156/ 601
00068} NeT bl 1&68 0%e 'c}blg%] 'i‘igéc‘f 181f1 éﬁJﬁe iRk 3§ % Cr?zg%gd that the optimum

t'her mal  waves 1 n surface- m) sém con
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neasurenents of anneal ed shall ow i npl ants,” P. Borden,

shapeeforggp fungtion/ged mapner of xpRFRiPD, a3serpblygd ysogme)deemed readily apparent
"Dielectric response of strained and rel axed

and o@ridusctoy@exsBylleal inahe agr awhalbyquivilentulcktiobsgdps @pthbsexiflustnated in the
Si(GA)," R Lange et ah, J . Appl. Phys. 80, 4578

drawifgds986) descEBtd ¢@lthd vpeeification afe iEndedPloalld eflcompassed by the present
| aser-anneal ed heavily doped silicon,” GE. Jellison
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Spectroscopy of Seniconductors and Sem conductor
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6 Nor.t h- Hol | and, ter da
disclonBhor BFHEF) BBt AR TRt BrATAE O GRnEdARiThgeadily occur to those

function of tenperature, carrier concentration,
skilled in the art, it is not desired to limit the disclosure 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 disclosure.
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that the electric field within the sem conductor
structure obtains a tine periodic nodul ati on, and
wob@reses7eem conductor material within the PCT/US2006/041409
sem conductor structure is subject to a tinme periodic
nodul ati on of interband transition energies; b)
illumnating a portion of said area of step a) wth a
separate probe | aser beam the probe beam cont ai ni ng
at | east one wavel ength nearby an interband transition
energy of a sem conductor material within the
C@ﬁggconductor structure, and suitable for recording
i nduced changes in seniconductor material optica

response mhl h occur nearb nt erband_ transitjon
eneﬁg. es:A &Péic‘tf %ﬂ{% é’rCF‘ RIOBGIIEY ¢let S qyluctor structure,
current probe light fromthe illum nation of the

theswaihed semmptising she Genswfe, wherein the al ternating
current probe |ight contains the induced changes in
t he sem @dndudtlominatitg rnadreaopf beatface sp dirsemikaaimtoastructure
t he photo-refl ectance signal; and d) using the

usingf@ranailitade ﬁl@ﬂhl@féﬂ%ﬂltﬂﬂ‘laﬁr%maﬂhe Pinp Bda¢h Edntdifing at least one
det ermi ne physical properties of the sem conduct or

Waﬁfﬁfeeﬂgtﬁumhzfneg%f a%?@att&oﬂlaﬁsthg egrﬁegf%gt ﬁrﬂerglatzdg '?%aﬁsm%‘ eJn%ié} of a

ySI Cca I'S nonitored accor

enpi tically deter calibra urve rel atin he .
Se@"gﬂé%ﬁ%f G by theh SegpioRd o i Tiirhe dediitng time
nal] to the h sical strain., 3. The nmet hod as
pegedl Bmeer lrtﬂh5|e}ﬁ61r0nwéarép densify viHys fhestemiandpetor giructure such
nonitored according to the relation DRRR nt + b, where
thabRhR ¢lscitinefieldr withiry é phinicondwhidrestrantare sbigimal 3 tmé speriodic
t he physical strain, mis an enpirically determ ned

mddubian, sal wabk@id @eﬂni@@ﬁﬁfotc@irﬁméﬁal anichih the s@hiconductor structure is
enpirically determ ned offset. 4. The nethod as

sulg &dtitd § Gniepeflodichddul M¥Rr Fitelbhfd LR AR Gi&har ge

ensity is
b) illuminating a portion of said area of step a) with a separate probe

laser beam, the probe beam containing at least one wavelength nearby an interband
transition energy of a semiconductor material within the semiconductor structure, and
suitable for recording the induced changes in semiconductor material opﬁcal response
which occur nearby to interband transition energies;

c) recording the reflected alternating current probe light from the
illumination of the semiconductor structure, wherein the alternating current probe light
contains the induced changes in the semiconductor material optical response, known as
the photo-reflectance signal; and

d) using the information collected in steps a), b), and ¢) to determine

physical properties of the semiconductor structure.
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nonitored according to an enpirically determ ned

calibration curve relating the nornmalized
w@bwvosesed | ect ance signal to the el ectroni ¢ chBeTES2006/041409

density. 5. The nethod as defined in claiml1l, wherein

the electronic charge density is nonitored according

to the relation DRRR = nNe + b, where DRRRis the

normal i zed photo-reflectance signal, Ne is the charge

density, mis an enpirically determ ned |inear

correlation coefficient, and b is an enpirically

det er m ngge @fdisKtas cﬁﬁng@% Jefﬁhhp, Gy 1geif Bld %}ggichlrktﬁg?iﬁg%onitored

1, wherein the electric d i's nonitor accor
th Lation =. nk2 + b. where R LS the .
acfetahll o 4 Rl R P ReRomirtf Suuftion AV E rititnd, 8 slednd agotitude
field, mis an enpirically deferm ned |inear
of thsrogpalized pheivartlpetrusssienahie tﬁe Pysisl €Fgir i cal |y
determ ned offset. 7. The method as defined in claim
1, vher eilhe neghas] asciefined i cddimr g evhgegin thgphykichlestiagn is monitored
nmoni tored according to an enpirically determ ned

ac&adinp t@the eslatie! XR/R €hndf +Bgwhére ARORMatHeZR@malized photo-reflectance
phot o-refl ectance signal to the el ectronic charge

. pt.h .profi . 8. t.ha efined.in.clai.ml1, .
sigifif L8 Bt Spisle ol FE L 4 RREEHL P}l agpretation
providing a rmultiplici of wavel engths nearby to at
CO?fféa@%lt,a?fgba%ﬁn&%ﬁa%l}yaé%qmr&ﬁ ¥k gy in the optical
response of the sem conductor material, and wherein
al t ér nat i'hgmsthodeastdefnebia dlaight, wiweveih dregtlectionfochargd demsity is
is used to determ ne position, anplitude, spectral

monitdted, acuogdingr tos pac tmplricaltppéetainifdie dalibtib@neirve relating the
transition energy. 9. The nethod as defined in claim

norhal WOEPIRIE-ré iRt 288 R A HeQllecibhidChiie® deRRY | Ses a

senm conductor-on-insul ator filnstructure and wherein

th f .t ! ' [ -
S SR Bk O REAT B AR R N iy
nsul at ed seni conduct or

moltngbéh ?a%gﬁggl{éhttgrtglp (e;:e]g'ﬁé{l :At%glg: % nlpl&, + b, where AR/R is the normalized
photo-reflectance signal, N, is the charge density, m is an empirically determined linear
correlation coefficient, and b is an empirically determined offset.

6. The method as defined in claim 1, wherein the electric field is monitored
according to the relation AR/R = mF* + b, where AR/R is the normalized photo-
reflectance signal, F is the electric field, m is an empirically determined linear correlation
coefficient, and b is an empirically determined offset.

7. The method as defined in claim 1, wherein the electronic charge depth
profile is monitored according to an empirically determined calibration curve relating the
normalized photo-reflectance signal to the electronic charge depth profile.

8. The method as defined in claim 1, wherein the probe laser is a tunable

wavelength laser providing a multiplicity of wavelengths nearby to at least one interband
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i nducing tinme periodic changes in the electronic
charge density within the insul ated sem conduct or

WO 20021050510. The net hod as defined in claiml, PEUSI006/041409
t he sem conductor structure conprises an electrically
I nsul ated sem conductor material and wherein the
wavel ength of the punp beamis selected to provide an
absorption depth less than or comensurate with the
physi cal di nensions of the sem conductor material, and
therefore suitable for inducing tine periodic changes

h I h .
tral L SR a8 e PP e sbor € VhhY ne%ﬁ oSOl Eh i wherein
altérlpgt:l{gg %%&gef;rgllﬁglhgghwgyéﬁq% CEJP ?@tngs}reﬁuog %grr;l%rele position,

determ ned. 12. Apparatus for det ecti ng physi cal
amphisderspeetsal gfidih, c@p@@ti@ltsbapmfrth@tnmrgandctmmrtiosu epgreya

sem conductor structure with a reflecting surface; a

punp. | as&he syshedms defdddinngaian 1amhbreinite seadodmtueidr structure

| aser beamwith a nodul ation frequency in the range of

cotfXiesia geﬁué%haor-eﬂ@ﬁs@ut&qnﬁtstreahte%ld WIRMEHh $h&@{vavelength of the
approximately 5 mWor greater, and containing at |east

pux?lﬁ \fﬂ %Mans SaERe 5&%3&%@@&&1&% r?hatn d& c%%én%ﬁltate with the

|on energ sem con
ter hin the m onduct st.ructur :
thickhesy 0@;%& Elef e 0 e SEBor st iy Eng é%%?f%ﬁeeawable for
operating at optical powers of approxinmately 10 m\ or
mdﬂl@@g tigp Pesipficathangds B theeelseiramie chwrge|dsngbh within (e Fsulated
i nterband transition energy of a sem conductor
semmmomtictdr layiet.hi n t he seni conduct or structure;

10. The method as defined in claim 1, wherein the semiconductor structure
comprises an electrically insulated semiconductor material and wherein the wavelength
of the pump beam is selected to provide an absorption depth less than or commensurate
with the physical dimensions of the semiconductor maferial, and therefore suitable for
inducing time periodic changes in the electronic charge density within the insulated
semiconductor material.

11.  The method as defined in claim 1, wherein changes in the in photo-
reflectance signal as a function of pump beam intensity are determined.

12.  Apparatus for detecting physical properties of a semiconductor structure,
comprising;:

a semiconductor structure with a reflecting surface;

a pump laser system, providing an amplitude modulated laser beam with a
modulation frequency in the range of lOOi{Hz to 5S0MHz, operating at optical powers of

approximately 5 mW or greater, and containing at least one wavelength with energy
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an optical systemeffective to focus either |aser beam

onto a common focal spot on a surface of the
wa@egromsduct or structure of diameter 50 m cr onBCDUS2006/041409

| ess, and to separate and direct probe light reflected

fromthe sanple into a photoreceiver; a photoreceiver

configured to generate an electrical current

proportional to the input intensity; a phase |ocked

signal detection systemconnected to record the

phot or ecei ver output; and a conputer w th neasurenent
ereBieR S TGP TG0 CEIBOn BUED P & ePRegistor materal within

conprises a silicon-on-insulator substrate and the
theppgmicangdseer sE¢BI®ngt h i s approxi mately 500 nm or

less. 14. The apparatus of claim 12, wherein the probe

| as emproke\adee sgrtdm,ipgodpipgexdontinwetug vaws lasen bk, opbmting at optical

apparatus of claim 12, wherein the probe laser is an

poR¥lsQfAgprokaMattly TOLARDbE 1es8 Rl edgiahih@seleadiiodeivwivelength nearby
multiplicity of wavel engths nearby to an interband

an ti{%t%ﬁ)%hh L {Phs G regﬁérggf ofaaS’s‘?:fﬂi&)cl’iggé’c&ﬁI Qfatd PR Shikidh tl‘l‘% ts@tinfb_onductor
the sem conductor Structure.16. The apparatus of claim
1%? wherein the punp and probe | aser beans are nade

SUQAWI near through the use of a dichroic beansplitter.
17. The apparatus_of claim 16, wherejn the collinear

.app
punBn ARHCH) SBHE] ARV H LI URFEICE (ASPD RIS QNN GompIoR fagal spot
of a surface of the sem conductor structure using an
on zc kurfaeat ¢fc thebjesuconductoe ssuctes: off emgiprab@imisrans @1 kessn and to
12, wherein the punp light is separated fromthe
separate and direct probe light reflected from the sample into a photoreceiver;
a photoreceiver configured to generate an electrical current proportional to the
input intensity;
a phase locked signal detection system connected to record the photoreceiver
output; and
a computer with measurement and system control software.
13.  The apparatus of claim 12, wherein the semiconductor structure comprises
a silicon-on-insulator substrate and the pump laser wavelength is approximately 500 nm,
or less.
14.  The apparatus of claim 12, wherein the probe laser wavelength is
approximately 375 nm.
15.  The apparatus of claim 12, wherein the probe laser is an external cavity

tunable wavelength laser providing a multiplicity of wavelengths nearby to an interband

transition energy of a semiconductor material within the semiconductor structure.
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reflected alternating current probe |light by the use

of a color filter. 19. The apparatus of claim 12,
wob@resis7¢ he punp | aser intensity is directly POOUSZNEH1409

with a reference signal generated internal to the

phase | ocked detection system

16.  The apparatus of claim 12, wherein the pump and probe laser beams are
made collinear through the use of a dichroic beamsplitter.

17.  The apparatus of claim 16, wherein the collinear pump and probe laser
beams are co-focused onto an area of a surface of the semiconductor structure using an
achromatic objective lens.

18.  The apparatus of claim 12, wherein the pump light is separated from the
reflected alternating current probe light by the use of a color filter.

- 19.  The apparatus of claim 12, wherein the pump laser intensity is directly
modulated with a reference signal generated internal to the phase locked detection

system.
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