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Phot o- Ref | ect ance Characteri zation of Strain and Active Dopant in

Sem conductor Structures Cross-Reference to Related Applications [0001] The
present i J ai s benefit of U S. Provisional P L,cation S N
60/ 730, 29%}’6?‘?0:7@%5% Cct. 27, 2005, and U.S. Provisi onwaﬁg%@ﬁ@ilﬁl i cation
S.N. 60/831,363, filed on July 17, 2006, which are incorporated herein in
their entireties by reference. Field of the Invention [0002] The present
invention relates to optical characterization of sem conductor structures
and, nore particularly, to the use of photo-nodul ated refl ectance to
characterize strain and active dopant in sem conductor structures.
Background of the Invention [00031 Hi gh sensitivity non-destructive
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bef ore t he (ddewiicmdusocbmuiwtse. | nportantly, the physical phenomena which
governs device operation occurs in ultra thin active |ayers which are
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Field of the Invention

[0002] The present invention relates to optical characterization of semiconductor structures and,
more particularly, to the use of photo-modulated reflectance to characterize strain and active

dopant in semiconductor structures.

Backeround 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 electricgl properties
of the transistor are controlled by s&aining 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



changes in electron-hole population in the thin filmof interest. A second
optical beam coincident with the nodul ated punp beamis then used to
nonitor small sanple reflectivity changes using phase | ocked detection.

Thi s di schpgugesnsheacr i bes the application of a new photpersefobesu@nce

metrol ogy technique to characterize active electronic properties of
nanoneter thickness silicon filnms. [0004] The nethod of photo-refl ectance
characterization of strain and active dopant in sem conductor structures

di scl osed herein attains sensitivity to electronic properties of Si

nanofil nstructures by using a probe wavel ength which is near the first
strong interband transition energy in Si, which occurs at a wavel ength of
approximately 375 n I n the, vicini of . such a .transition the -

phot o- r EPHEARE ity & @ﬂ@ilm@ww}ﬁ{w faser PunpbspR 10 1Mdes, skl ingtedice. | i ke
shape. GCenerally, the PR signal takes the form AR R = aAal + P A62, where a
and (3 sghangehdn eleiemholp pqugflm én dbp $ein iHime RE deiemeat n 4% iseqeBd arpkicalnbesmumt i on,
and As, and Dee, are the punp induced changes in the real and inmaginary
parts ofoinbidenti withe thermediflated piuop , bermsip dleani weetl yto (nBmitaplsinall sa@pk) refledtivitypt her
words, Asj and As2 describe the punp induced nodul ation of thin film

pr oper t ickagesTisipephasanidcicddetotiong eBhismdigcl barevdsties thesapgplieatipnaduaiewathotohe
energy of the free carrier and a third derivative of the sem conductor

di el ect réffeclaliétC irie@Blog$ feeliniqueSto ARiracterdid( ¥tive/ dechodic, pydperies WF nandnictee free
carrier energy and co is the photon frequency (Aspnes, 1980). Thus, the

mot i vat kygRbeysiliceheRsd. ng the wavel ength of the probe beamat 375 nmfor Si
lies in the sharp derivative formfor As, and As2. This third derivative
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strained silicon |layers, for exanple, since the strong optical absorption
in Si neagreBiESy Which waey ks wavelensd efeapproximatelyddp nm. ih the vicinity of such a
transition the photo-reflectance (PR) signal typically will exhibit a sharp derivative-like shape.
Generally, the PR signal takes the form AR/R = aAg; + PAe;, where o and P are the “Seraphin
coefficients” which contain filmstack information, and Ag; and Aep, are the pump induced
changes in the real and imaginary parts of the dielectric function, respectively (Seraphin, 1965).
In other words, A¢; and Ae; describe the pump induced modulation of thin film properties. These
induced changes may be wriﬁen as the product of the energy of the free carrier and a third
derivative of the semiconductor dielectric function as follows: Ag; = &*(we;)/dw’xUp, where Up
is the free carrier energy and @ 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
Agy and Agy. This third derivative term may be calculated directly from known semiconductor
optical constants, The total PR signal therefore becomes AR/R = Re[(0—iB)x3*(0e)/8w>)]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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strain. Nearby to these strong optical absorptions, the anplitude of the PR
response al so has excellent sensitivity to electric fields in activated
silicon transistor channel regions: note he free electron energy is given

by the expigsshbsHP = €2h2F2/ 24n65, where e is the el eglrRRLGcHI@NE, h 1S
Pl ank's constant, F is the space charge field, and in is the electronic

effective mass. This free electron energy is also proportional to the

i nduced carrier density, which nay be seen fromthe Poisson relation: N =

sJF 2/ 2eV, where Ne is the induced carrier density, Vis the built-in

surface voltage and so is the permttivity of the material (Shen, 1990).

[ 0005) A primary problemw th common conmercial photo-reflectoneters is the

wavel ength of the probe beamis not selected to coincide w.th st ronfg
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(Sal ni ck, 2003; Borden, 2000). Thus, .in conventional photo- reflectoneters,

t he PR stagpdd, singe 8ist tiong @ptical wbspaition de 194 negi 87 & nihndepgaes adwedisgahify undst t he

dielectric function is small and therefore no information about band
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usefully determne internal electric fields or strain. Rather, these
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(Sal nick, 2003). This filnmstack information contained in the PR signal is of
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probe beam wi th wavel engths in the vicinity of strong optical transitions,
i s t hat yolgeandsiine perptittivith @fithe nidde@ia] (Bhsh, 1990)er i) use a nonochroneter for

sequenti al phase | ocked neasurenents at each desired wavel ength, or.ii) use

mul ti pl a5t SriReKEIbRE! §fth tOBmh toitireRial photo-refleciometers is the wavelength of
the probe beam is not selected to coincide with strong optical absorptions in the electronic -
material under investigation (Salnick, 2003; Borden, 2000). Thus, in conventional photo-
reflectometers, the PR signal is obtained at wavelengths where the third derivative of the
dielectric function is small and therefore no information about band structure is available, Thus,
conventional photo-reflectometers cannot usefully determine internal electric ﬁe;ds or strain.
Rather, these photo-reflectometers are sensitive to the damage profile of implanted dopant
(Salnick, 2003). This filmstack information contéined 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).



operating in parallel wth a |inear photodi ode detection array. In the case
of use of a nonochroneter, the total single point neasurenent tine is
typically on the order of 5-10 mnutes, which is not satisfactory for use
in vol urrevﬁﬁmgj‘%g%ri ng. In the case of use of parall epcrRRanSod190Ked
circuits, the cost and conplexity of the apparatus are nmaxi m zed. Moreover,
in conventional photo-reflectoneters that enploy such a | anp based
spectroscopi ¢ probe beam the [|anmp provides incoherent |ight and hence
cannot be focused to a small spot as effectively as a |aser beam In the
met hod of photo-reflectance characterization of strain and active dopant in
sem conduct or structures disclosed herein all of these problens are solved
in an el egant nner. First, the use_of a _nonochroneter is unnecessary

bec auselqoﬁél A Jurdher profibum e theqoargptionsl Phatoriglsctometers dhat do enioyohirmabasedngt h
of interest, or is rapidly scanned over a nultiplicity of such known

wavel engpenEoscenie prave beamavithe waytensths| ip dheevicinity of istrengaprticahtittsionariy thiecause
only one detection photodiode is required. And finally, the use of a |aser
sour ce whémusing sughta Heaoy tieygneshditheap) vsedrmmanochoumrteri for saquentiahplase dooked h
process control requirenents for volunme manufacturing. [0007] An additi onal
pr obl emneasufentatnareaclo degtedi wdvelthgthp of #) uacimultipleplast Jodkbé deevtienetigiuhs of
the punp beamis not selected to provide an absorption depth suitable for
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may be suitable for the particular purpose to which they address, they are
not as &uivewional phetorefleipmetgrsdhatsmplay sueh 2 {amp basedenselresenia ProdR beanudbe i ve

el ectronic properties of sem conductor nanostructures before the device 1is
conpl et lemp provides incoherent light and hence cannot be focused to a small spot as effectively as a

laser beam. In the method of photo-reﬂeétance characterization of strain and active dopant in
semiconductor structures disclosed herein all of these problems are solved in an elegant manner.
First, the use of a monochrometer is unnecessary because the laser probe wavelength is either
preset at a known wavelength of interest, or is rapidly scanned over a multiplicity of such known
wavelengths. Second, parallel phase locked circuits are unnecessary because only one detection
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. F(')r 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.



[00091 In these respects, the method of photo-reflectance characterization
of strain and active dopant in sem conductor structures disclosed herein
substantially departs fromthe conventional concepts and designs of the
prior art wah®ahss®e doi ng, provides an apparatus pri mpcirloé@eyalgepred for
the rapid characterization of active electronic properties of sem conductor
napostructures in volunme manufacturing. Summary of the Invention [000101 In
vi ew of the foregoing di sadvantages inherent in the known types of optical
spectroscopy now present in the prior art, the present disclosure provides a
new nmet hod of photo- reflectance characterization of strain and active
dopant in sem conductor structures. [00011/ The general purpose of the
present di-sclosure, which will be described subsequently in greater detail,
is to prbyigalies sydatiopuap wardensthsof fese tham appredmatebt 0 umita fmdgm“éﬂﬂ fn and
active dopant in sem conductor structures that has many of the advantages of
the opnétsatisfied by comawoppmmerdiil phetd-refiactomstasy Salnink, . novel features that
result in a method of photo-reflectance characterization of strain and

acti ve @mpahThisn vl coanehtivhalr pioto-tefiectomatensfypedrometern atayabd iscitgbéet o, the
rendered obvi ous, suggested, or inplied by any of the prior art, either
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[ 00012] The underlying principle of tﬁe strain characterization technique is
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near strong i1 nterband transitions 1n the sem conductor bandstructure. The
posi ti of. Bfnld PR peaks allows direct determnation of thin film physical
properties QUCH as strain. The under |l ying principle of the active dopant

char act ey ion technjgye is,likew se to nmeasure photo-reflectance, signals
ocCurri ff{f’ oﬁgt‘r &Sﬁer'i?ﬁbec{si ﬂjteerp‘ff% ofﬁféoﬁ%'fetfﬁﬁtﬁgcei Cﬁ'aﬁaﬁgng?g’rﬁnc ey Fid acuve
bandstructure, and which are hi hly ensitive to 3cti vat ed dopant .t hr ough
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sem conductor surface. The PR signal allows direct determ nation of thin
fi | m phggsicepts and designs of the prior art, and in so doing, provides an apparatus primarily developed

for the rapid characterization of active electronic properties of semiconductor napostructures in

volume manufacturing,

Summary of the Invention

{06016} In view of the foregoing disadvantages inherent in the kmown types of optical
spectroscopy now present in the prfor 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 strai.n 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.



properties such as active doping concentration. Thus, the nethod of

phot o-refl ectance characterization of strain and active dopant in

sem conductor structures provides the ability to generate and record
photo-ref%ﬁg information relating to active el ect J ties of
sem conduc ohﬁﬂgﬁg?tructures. [00013] To attain this, ?Eghgggggﬁ?bdisclosure
conpri ses, as one potential enbodinent, a diode |aser punp beam of
approximately 15 mWoperating in the NIR-VIS. The punp beamis anplitude
nodul ated by a signal generator operating in the range of 1100kHz-50MHz. The
punp |aser may be nodul ated directly or the punp beam may be nodul at ed

t hrough conventional electro-optic or acousto-optic nodul ati on techni ques.

The pu pol ari zati on may. be varje fixturing a polarizer. The probe
beam coff¥fides, é@leo‘ﬁ@eﬂﬂpérmnﬁlpiee%ofgéﬁ%‘ﬁt‘i a‘&"‘ﬁﬁ%‘lﬁ’@ﬁltﬁé"é‘iq‘m & dnimigpsure
approximately 5 mWoperating in the VIS-UV. The punp and probe are nade

col | i nesmall wgvalenathoshifls i phv%@rqilebt@mgﬁmsmﬁm%@e@dmon&@aﬁrbmﬂr@mﬁmnbr obe
are directed to a mcroneter scale spot on the sanple and specul ar

r ef | ect inoths semieordiottbebindstructive. Fhepositioglef thePR peaks allavesdicectdetermdiatign af col or
filter and the remaining probe light, containing the nodul ated reflectivity
of the tg@filhephykialt freperfiee hsihdasi €ifat. t Mae PRGEDAND Peincipld EfOMhY eictied dogant
electric current. This current is 6 WO 2007/050570 PCTI US2006/ 041409
passed tpyrdchRizhRmkedthiqhaRe lifdwase 1 dabird BRI Sfeclalife A5 dddaeing Reark of

the reflectivity change. This PR signal is then stored as function of probe

vavel engldardUihsiti3he &P ihe serfilbhduBMbadfiu R0 and Sl 22! hEBS- schllte 10

phot o-r ectance Information re to the active ic properties

of sem cQnduct.or nanost,ryctyres i s acquired. 1000141 The l.gonduct.or
mat er i af€"™ tﬁ‘gtdo%’né?lﬁrﬁléé% %j eg%f 8# ﬁlfﬁlgn reetgresr?? {%Fgg%ﬁ ‘(;)hs?r eeﬁ%awgce%a%y&
sem conductor, materi.al s, _an i pcl.ude,..but ,are.not limted.to oup II-WVl
Som contatarntty Sttce; s THE R el WIS direbtc iR ion IS e PSeRD, ¢ o
enbodi ments such materials nmay include silicon, carbon, germanium silicon
car bi deProBsIfies Ghchy@p nsHveIroPBis GPRCepFbiOph oS, thar wethod ofguph%fﬁ;re%%% ations

thereof, or they may include gallium arsenide, alum num arsenide,
characterization of strain and active dopant in semiconductor structures provides the ability to

generate and record photo-reflectance information relating to active electronic properties of
semiconductor nanostructures.

[06613] To attain this, the present disclosure comprises, as one potential embodiment, 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 pump
laser may be modulated directly or the pump beam may be modulated through conventional
electro-optic or acoustc.)—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



galliumnitride, alumnumnitride, indiumnitride, gallium phosphide, indium
phosphi de, indium arsenide, or any conbi nations thereof. [000151 There has
t hus been outlined, rather broadly, the nore inportant features of the

di scl osur %6900?(»51}@% that the detailed description thergeiyBishasfetter
understood, and 1 n order that the present contribution to the art may be

better appreciated. There are additional features of the disclosure that

wi |l be described hereinafter. [000161 In this respect, before explaining at
| east one enbodi ment of the disclosure in detail, it is to be understood
that the disclosure is not limted in its application to the details of
construction and to the arrangenents of the conponents set forth in the

followi ng description or _illusfrated in_the draw ngs. The djsclqsure is
capabl ep%lsedof%g’re ]é?ﬁlﬁ'b‘HiaWBHb%f gﬁﬁild?‘eaﬁ‘ér%&’e "’Hflglétl’%iw%é‘g‘f &’H%Fec‘étﬁrjh’ieeraﬁﬁij?twq’ n
various ways. Also, it is to be understood that the phraseol ogy and

t er mi noFlasge. FIsOVR signal isi them storadoss fopgiop fgweke wWevelsngty duep 1@%'%%6 aRd

shoul d not be regarded as limting. This disclosure may be enbodied in the
form i | puwp radeprobe noasizatensp dinys rpiotoTrefit00 Tnfosoaion PdaedSR0GE/ S4ive09
drawi ngs, attention being called to the fact, however, that the drawi ngs are

i |1 ust r alettvanicogropertiessd seifrahdicha ngestroosiyreds anpdedi n t he specific
construction illustrated. Brief Description of the Drawi ngs [00017] The

fol | ow pgpodg/awi ngEhef efmidodiidtorhatbhds MEESE He sSBReH Jfithapresent aRclodr€map et uded
to further denonstrate certain aspects of the present disclosure. The

di scl os Hﬁfseﬁﬁé/e&%&ct&%ﬁt@ﬁals}éﬁ@ S5 iRt bR B ERERd LPGRRD 12N] @Bﬁf&p@fucfo@ ese

drawi ngs 1 n conbination wth thé detailed description of specifi
oy

o Bl R B SN Bondh R0 Hbih Sy el 4 dctherts AR

strained sificon tiinstru _ be analyze usi ng r
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dopant PAHeRiefF @B gerapigptions thereol, or they may & , ;
gallium nitride, aluminum nitride, indium nitride, gallium phosphide, indium phosphide, indium
arsenide, or any combinations thereof.
[00015] There has thus been outlined, rather broadly, the more important features of the
disclosure in order that the detailed description thereof may be better understood, and in order
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



structures in accordance with present disclosure; [00020] FIG 3 contains a
schemati c arrangenent of the photo-reflectivity apparatus probe beam
pol ari zation which may be used to provide photo-reflectance characterization

of strain yw§drassheve dopant in sem conductor structur (ﬁ,% ngance wth
present di sc?osure [00021] FIG 4 contains a schemati ?%s ?the "El "

interband transition in silicon due to biaxial strain and | I | ustrates the
princi pl e of measurenent of the strain characterization technique of the
present disclosure; [00022] FIG 5 is the calculated DC refl ectance, at X =
375 nm of athin silicon filmon top of an optically thick silicon

ger mani um | ayer as a function of top silicon thickness and Si Ge Iayer Ge
concentration; S WD 2007/0Q5057Q PCTI US2006/ 041409 [00023] FI G is the
cal cul at@Wingsy aisation beieg ealled énthefact, Tgpee) fhabthe dmwipgsarg fiipsirptie %1113', a0d ¢ hin

silicon filmon an optically thick silicon_germaniumlayer as a function of
top si | thebrhangdsinsyrbeguadarnltheispeeificgoastrction dhwstested.at i on; [00024] FIG 7 is

t he cal cul ated Seraphin coefficient (3 = 8(1nR)/8e2, at a, = 375 rim of a
thin silicon filmon an optically thick silicon germaniumlayer as a

f unct i oBrief Désogiptiinl of iy Drattiagskness and Si Ge | ayer Ge concentration; [00025]
FIG 8 is the experinental PR signal, at. a nodul ation frequency of 20MHz,

pl ot t ed/dggyzeach maplGwing dﬁa’:\wﬂﬁésefoﬁﬁbarlof{h@ Bt spedHicalioh and Ae itotpRraterent al
PR signal, at a nodul ation frequency of 20 plotted for each sanple in
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silicon nanofi | nstructure hat may be anal yzed using the neth
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signal pear {di%s specEllc i RAR kAR b G ener gy, for
00018} FIG. 1 illustrates an exemplary strained silicon filmstructure that may be analyzed
using the strain characterization technique of the present disclosure;
[00019] FIG. 2 contains an arrangement of the photo-reflectivity apparatus which may be
used to provide photo-reflectance characterization of strain and active dopant in semiconductor
structures in accordance with present disclosure;
[00020] FIG. 3 contaiﬁs 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;” inferband transition in silicon due to
biaxial strain and illustrates the principle of measurement of the strain characterization technique
of the present disclosure;
[06022] 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;



a punp induced space charge field of F = 430kV/cm [00029] FIG 12 is the
cal cul ated Seraphin coefficient a = 8(InR)/8ei, at ). = 633 nm of a thin
i npl ant damage | ayer on an optically thick silicon substrate, as a function

of i npl amw@%@;ms?ﬂ‘)ﬂ' depth; [00030] FIG 13 is the cal %ﬁflﬁgo [@phin

coefficient a = a(lnR)/8el, at X =375 rim of a thin inplant damage | ayer
on an-optically thick stl+4con substrate, as a function of inplant dose and
depth; 9 WD 2007/ 050570 PCT/ US2006/ 041409 [000311 FIG 14 is the cal cul ated
Seraphin coefficient G3 = 3(InR)/ F2, at X = 375 Mh, of a thin inplant
darmage | ayer on an optically thick silicon substrate, as a function of

i npl ant dose and depth; [00032] FIG 15 is the experinental PR signal, at a
modul ati on frequency of 2MHz, for As inplanted and anneal ed wafers with

t ar get ed0028kt | onFﬂépﬁ i thef calonlated S¢raphdBeeifviant 016 d(lsR)/ba, ebdperd’fmm, &f aPR
signal, at a nodul ation frequency of 2MHz, for As inplanted and anneal ed
waf er s \thifi ilican oflire dn jad napticaily degk kiliedn g@maniun ROO34sl a Hufietioh7ofl optdilécon
experinmental PR signal, at a nodul ation frequency of 2MHz, for As inplanted

and annnglgﬁsmﬁegigewﬁgmé@&ga{t@%ﬁ;uncti on depth of 30 nm [000351 FIG 18
is the experinmental PR signal, at a nodul ation frequency of 2MHz, for As

| mplant ?Iﬁ’osa%?,ﬁ anngpt 8t Fﬁﬁ@ﬂ?%s‘% ger{ﬁ rlr?g&re?ﬁ%l&# L aﬁﬁ%gﬁéé%gt PL A9 oiillorh 000361

i
FIG 19 e experinenta | a anneal ed waf ers,
as sho in. Figs. 15-18, plotted as a function of junction depth; ,[000371
00 e’ icon Bl pF ol postbeiBiich Rl esmenil 19t Adup it bg shran
anneal ed wafers, as shown in Figs. 15-18, plotted as a function of junction
dept h; [lHoowssiand|Si3e fyer Ge ¢qnsendsafier;i nent al PR signal, at a nodul ation

frequency of 2MHz, for As "inplant only" (no anneal) wafers with targeted
juncti od0@Bpt h of FI® %y the experimental PR signal, at a modulation frequency of 20MHz,

plotted for each sample in sample set 1;

{00026} FIG. 9 is the experimental PR signal, at a modulation frequency of 20MHz,
plottéd for each sample in sample set 2;

[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; |

J00029] FIG. 12 is the calculated Seraphin coefficient o = 8(InR)/de;, at A = 633 mﬁ, 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. = &(InR)/¢;, at A = 375 nm, of a
thin implant damage layer on an optically thick silicon substrate, as a function of implant dose

and depth;



[00039] FIG 22 is the experinental PR signal, at a nodul ation frequency of
2WMHz, for As "inplant only" wafers with targeted junction depth of 20 nm
[00040] FIG 23 is the experinental PR signal, at a nodul ation frequency of
2MHz, for As only" wafers with targeted junction depth of

"i npl ant

[ 00041] FI &OZQQL"“I%BS"Phe experinental PR signal, at a modtfHV$% ‘t“r‘@&uency of
2WMHz, for As "inplant only" wafers with targeted junction depth of 40 nm
10 WO 2007/ 050570 PCTI1JS2006/ 041409 [00042] FIG 25 is the experinental.
PR signal for is the experinental PR signal for As "inplant only" wafers,
as shown in Figs. 21-24, plotted as a function of junction depth. Detail ed
Description [00043] The foll ow ng di scusses use of the nethod of

phot o-refl ectance characterization of strain and active dopant in

sem congo@a3d; st r HIG.UMes tHeamlcahtdBetaphlzaeifeienbp =SH(trl)iBegad) aciisuen, cddapant
in silicon nanofilnmstructures. It is understood that the nethod of

phot - r hih 8HHRRCEMAZR RS bR rah %ﬁﬁéa@l? iRikk SHiEA Subdisle,afstd HACEHRAPAIplaAt dose
semi conductof structures of the présent disclosure may be used to anal yze

any sem.g gra tor structure, the di scussi on of silicon nanofil nstructures
consi dere be exenplary only and in no way limting in scope. [ 00044]

Turni ng escriptively to the d s, FIG ai ns,

exagger Jﬂ@rgﬁj Vi eV\F P(Eﬁrrt\ééié’ﬁﬁt‘%efweﬁaﬁ gﬁnﬁﬁ‘ﬂs?tﬁ@ q‘]“Jﬁft peRey of gMﬁ%afor Ay be
characterized using the photo- reflectance technique of the present

di scl osumplentsd aagd malgdwa&éhwrth fapgstqd jenction demthPEHO Wl be grown using

nol ecul ar beam epi taxy, and/or chem cal vapor deposition, and/or

met al - orf@é¥3E  chEKF.d4lis thapsperdeptad PRisignal, @t(ﬂtpodléa;‘t;méresrumca:@ﬁZM&bsfomtSe 1
upon which is grown a graded conposition silicon germanium|ayer 2 of

I ncr easiimglatied endirertled waferowalpargeddiadatiby ddfth 3020 nree) , fol | owed by a
uni form conposition SiGe layer 3, and finally a top thin strained silicon

op Si 1 ot L1 e O e e ot o P Ehetop
silicon i} a%eled ahdartealCd GAREA ¥ SERAA ;35Rbn depth of 30 nm;
[00035] FIG. 18 is the experimental PR signal, at a modulation frequency of 2MHz, for As
implanted and annealed wafers with targeted junction depth of 40 nm,;
[00036] FIG. 19 is the experimental PR signal for As implanted anti annealed wafers, 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;

10



the top strained Si layer 4 conprises a thickness of approximately 10.0 nm
[ 00045] I n accordance with the arrangenent of the present disclosure as
shown in FIG 2, the method of photo-reflectance characterization of strain
and active ant in sem conductor structures may be u to nmeasure the
reflected g§§§?7f°305f7?0m the strained silicon nanofil mt#@?ﬁ?@f“gpg any ot her
sem conduct or structure, in order to characterize the physical 11 WO

2007/ 050570 PCTI US2006/ 041409 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

phot o-refl ect ance arrangerrent conprises a punp laser 5, a probe laser 6, a
di cbroic beansplitter 7, pol ari zin beansplitter 8, an achromatic

quar t er {00#&] pl at BI®, 25isrthé Iemmgtabg @alltvr is theotxperimentalePR Bignalafor As

phot odi ode 12, a lock-in anplifier 13, and a conputer 14 to control

measur e Mlarﬂamb;t’fmmrs, aashown mdtgsl21-24) phatteidas b yurchiem gEmnction depthexenpl ary
enbodi ment, the punp laser intensity is directly nodulated using a 1 volt
peak to peak square wave reference signal fromthe lock-in anplifier 13.

The pu%éﬁgd@eﬁﬁtiggam are made collinear through the use of the dichroic

beanspll € collinear beans are then focused onto the reflecting
sanpl e ng a i Qe

col | ectl on }ens %@L% Bﬁﬂ"[sg Rgﬁlearﬁ enug{lgﬂﬁﬁgfﬁg{ag& %h%%zﬁ%n?aqotner 11.
The remai.nj r.obe cont a| rm ted refl ectivity

sanpl o o Sl St o i s %P&%ﬁ%&ﬁ%&% et B AF st dndptr s
current. This current is passed tg .the | ock- |n rT'p|IfI r nmeasur es
t he arrp|dpt>%vaénaﬁ4&f°5ﬁa§ef§ lgpstrptares.o £ It ds updsrstgod: fhah 05 of; ﬁ%ﬁ?ﬁlﬁv tanee; s
passed to the conputer 14 which records the d|fferent| al' change in

ref | ect icharasterization of sradn pushactive denagt ngemicondusis trugtoes a6 he presepfudifslasaser 5
is a continuous wave | aser with photon energy at or above the band gap of

t he senmneyridusédio anakfes anyseasdondadtoreuctier theidiscossion df bdichanahoffapstactiess  at
approximately 1100 nm wavel ength. In an exenplary enbodi nent, the punp

wavel engbhsidesed t@%@kﬂé&hﬂ[ﬁ@&irﬂy #38n ho Maplichifidpein Reupe. | aser power is
approximately 15 mW is wavel ength 1I's

[00044] Turning now descriptively to the drawings, FIG. 1 contains, in an exaggerated

view, an exemplary strained silicon filmstructure that may be characterized using the photo-
reflectance technique of the present disclosure. Strained silicon filmstructure, which may be
grown using molecular beam epitaxy, and/or chemical vapor deposition, and/or metal-organic
chemicai vapor deposition, comprises a silicon substrate 1 upon v\l/hich 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 Iayer. 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
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particularly useful when the active layer is the thin top silicon [ayer of a
silicon-on-insulator substrate such that the punp light nust be absorbed
within the top Si layer to effectively nodulate the carrier density. The
punp | aser i may be controlled by the conputer ser 5
enbodinentgkpﬁgﬂﬁ gMdiode | asers emtting in the NIR-VIééag§éwgﬁ5@ range

12 WD 2007/ 050570 PCTI US2006/ 041409 operating at powers of approximtely 5
mVN or above. The punp | aser beam may be directly nodul ated or nodul ated.
externally through use of an electro-optic or acousto-optic anplitude

nodul ati on arrangenent. In an exenplary enbodi nent, the punp laser 5 is
directly nodul ated at high frequency by the internal reference signal from
the lock-in anplifier 13. The driving frequency varies_ from approximtely
100k Hz tREopsTIeRar thetsemicongpctorsaicturrasieh 36 theAnsrsy (R intgrband Hagstiagsghe gotive

pol ari zer whose angul ar position may be controlled by the conputer. This
provi descamier aongkniratide, anddbe surfads cleetric fiblde PoskavziatHlon2, saidyhobetefiectdtee pr obe
| aser 6 conprises a continuous wave |aser diode w th photon energy at or
near an arfahgenizancoriprises b tpunip laen&| gyrobk 1iser 6 se dichnivbetaplittsrden polarizing

i nvestigation. For silicon, the first strong interband absorption occurs at

appr oxi rgah@éplitteér’ §, AAMAchERLR hﬂer-\bﬁe%]ateﬁﬁﬁrﬁéf&rcﬁn%@ﬂ?ﬁ}ﬂé meni colbh & Phe
wavel ength i's approximately 375 mu and the probe Taser power is

appr oxi %Bf%hﬁbdéli?ﬁlloéléllin agnf‘ﬁlitﬁ_%f [B,%H@QQJ)rHF«R&314|ttB%oﬁcﬂlﬂ?eabﬁ§rﬁént 9a§aﬁaelﬁsfk gyt er nal

cavity tunabl e diode |as w th center ~wavel ength of approximately 375 nm

and *unqlsa [4N0R:0' A RRRLO T B SLYR0, DARERLR! B flup REG HhBlin Tt ARGy aser ©

enbodi ment's I nc |'asers e wave nge
operatin owers of approximately 10 mWar | ess. The nd pr Ige beans
ore *mdtoRlatiTar FivpBEBRE Ik Sathse Aple Fairent SERabTRAEY TRk 1y ABPRET | maar
beans are focused onto_  the sanple usjng a high nuner] t%gl .aperture focusing
ar r angeréntlhe FHepERd Peghe bgams atednads collispas thrgpgh the|use et thg dighgpigibeamspliteront o a
color filter 11. Focusing enbodiments include coincident beam arrangenents
wher ei n %&ei Theeollingae ibetranare then dewnsetionto the wifleptingesamyfe 30 usingrasnachemmatigss.
FIG 3 schematically shows the probe | aser beam and pol arization as it
passes ttheusingHertshandogiliectadl using a collection lens. The pump light is then attenuated using a

color filter 11. The remaining probe light, containing the modulated reflectivity of the sample, is

then focused into the photodiode 12 and converted to electric current. This current is passed to

the lock-in amplifier 13 which measures the amplitude and phase of the reflectivity change. This

information is passed to the computer 14 which records the differential change in reflectivity as a

function of driving frequency.

[00046] The pump laser 5 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

12



system Al optical elenents 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

i nduced no j f sanple optical properties. Thus,

2007/ 05057%@%@@527806/ 041409 probe beam contains a si%na S%%/%\ﬁggform
IO[R(DC) + AR(Q]. Light fromthe punp beamis attenuated with the color
filter 11 and the remaining probe light is passed to the photodi ode 12.

Thus, the photodi ode out put contains electrical currents proportional to the
probe signal. [00047] The DC signal fromthe photodi ode is proportional to

| AR, while the AC signal is proportional to IOAR In order to neasure AR R,
the intensi 1E'X lo nmust be nor,maHzgd. Thiﬁ i s .,acconplished blﬁ dibvi ding the
AC si gndiPPNg APIXETS P ARRroXimDisty: 3 W 6 2pRYFo e ERecpumRIareTs RFFm, ey b dERfWar y
enbodi nent are on the order 10-1-10-6. Phase sensitive neasurenent is

per f or meaodyipted erempditated iesigmaliythrorebanig of i@ SAesHpPEE of Acqusiuepiis amplitude
measur enent photocurrents. The conputer 14 nmay control the probe

wavel engnédulatior arrangeingni. oln diy exgmphacy smbddémentribe pump dasef htisdisdctly mognlated

pol ari zation of either beam Thus AR'Ris recorded as a function of probe
wavel engit highnbetubmrdyi lpnther ietgprrah cafereha@ssignal fibmnhe tigckain dinpdifiar il 2.atliherdriving

Enbodi ments include alterations to the arrangenent which do not alter the

f undarme i vaiiantbm dppRRAEIASI NS LOSPMIA Mehe psiap asenBeadt agiabbcbeo ¢ he
strain characterization technique is to neasure small shifts in

phot o-r eJaLs%ﬁttﬁJaﬁga 3 ggrﬁ&& QRS dulglid HERHonSHhiPBO chittleBaRdnt (BMPlict.OTfis! N

t he sem conduct o dstructure. ilT"'ustrates thé underlying

princi pl . ' i400. kNl hj - Al WLconnd il ' a
single (r?% lg‘c'[swgaﬁ\ze k’ﬁé{dgg‘“‘f@el‘r‘tgé’| Y%:rgiﬁfe Eﬁaﬁﬁaﬁﬁﬂéﬁnﬁgn d bclfu?l'anm fL' i%?\bécj)ﬁ:sglgp i ng at
X - 375 nmi.s known to under,go g. spli nd shift pnder strain. The ..

hosi t1 ofSTBrE AL PIR RS E8F Hiaflh itk 2GPe FBfTEG AL Pyt 3 iBedemd Regifong, -
+ AEH AEs, where AEH (< 0) and AEs correspond . to the drostatjc and shear
i nduced S8fREYt & tiecsgmuicondyeioy undefo dvestigalions dioE Bt thaditst sirpng; figrband

| eading to an overall shift linearly proportional to strain. FIG 4

cont ai ngbsdrptifnaAcewrs pRpPrepaRslyCOS messorelmel. {wan exemplasy pabeditest thedsrbert

interband transition
wavelength is approximately 375 nm and the probe laser power is approximately 5 mW. In

certain embodiments the probe laser 6 is an external cavity tunable diode laser with center
wavelength of approximately 375 nm and tunable range of approximately 10 nanometers, or
greater. Probe laser 6 embodiments include diode lasers emitting in the VIS-UV wavelength
range operating 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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energy and the redshifted E_ interband transition energy, for a silicon
lattice strain of approximately 1% As illustrated, for a nonochromatic
probe beam near the El interband 14 WO 2007/050570 PCT/ US2006/ 041409
transition“$ﬂﬁ he PR signal will undergo a sign ch j presence
of strain huﬁﬂ%gyB sel ecting a single probe mavelengtﬁ@gﬁsgﬂm®g@§ near a
strong interband transition of the unstrained sem conductor under

i nvestigation, the presence of strain may be determ ned by a change of sign
of the PR response. Additionally, as exhibited in FIG 4, at or very near
such an interband transition the PR signal is a linear function of strain.
Therefore the PR signal may be used to sinply nonitor the nagnitude of the
strain according to_an approxi mate |inear equation: ARRR=_ nx + b, where x

i s the (hghsibeam contaigsra sigraliof thinfosmdblR(BE) MARKDSr kight drom theapumenbeast Bt i on

coefficient, and b is a small offset. 1000491 In correlation of the PR
si gnal ARERated veitlr thi rolot filtersl i andothe semhaidiog krobevliphieis phésed to the photodiofle [2rst ack
on the PR signal. This is provided by the constitutive relation: AR'R = aAsl

+ PV 2, Thiheheptivtcdiviie Bufpuecdnif@nsS@échidial furfeasiproporeitiabtoahdprdbasiggalt he .

filmstack information; and Asp:- and Dee are the punp induced changes in real

and | Magpppey Par e Bt didifal %@Hiﬂh@ l?(ft@diﬁ'& is ﬁgébﬁfbhﬁl'tﬁ IOI&'RﬂhleQHe Al %iﬁ?fs' vely.

The absorpti‘on depth sets the dep h of response and ence he range
over which it rtant know th he f| i gnal .
A~ 375 HeepiarobiodhRen I Okt dn SBRReT eﬁﬂﬁ § froniing 14 o pe D ethng) BB,

This means that for top silicon thicknesses greater than 22.6 nm a 375 nm

probe begeamplished by dividing the AS3 sigral by theoDCsigmalk | Typiep! prphiudes fAR/Ror e, 5

contains the calculated reflectance of the exenplary film structure shown
in FI G ekemplaryeniboditdnoarcah thoprdsi 1071, tHhhsseensisve heasuteppicialpe$oGedGa
concentrations of 10% 20% and 30% By nunerically differentiating this

reflectitid tpfiototiiole oagmpent the @imparg H2recoidsi the DRsSuRhent @hoabwtdnal eThche
Seraphin coefficients, i.e: a=8(InR)/8sj and (3=8(InR)/8c2. FIG 6 & 7

co g all n ctglg@géfﬁgﬁ???yg F;]&rgfﬁﬂ Itlé& 'pﬁibteswzi&[enﬁﬂﬂe HRX #RBhIRIon Frehden rt%_etg;h%elawom in
p silicont ckness, for typical Si

concent ru?tgﬁs%,s afd polarization of either beam. Thus AR/R is recorded as a function of probe
wavelength, modulation frequency, laser intensity and polarization. Embodiments include
alterations to the arrangement which do not alter the fundamental PR signal.
[00648] As mentioned, the underlying principle of the strain characterization technique is
to measure small shifts in photo-reflectance signals occurring near strong interband transitions 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: Ex = E; + AEg £ AEs, where
AEy (< 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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10% 20% and 30% The fact that the Seraphin coefficients do not change
sign over the 15 WO 2007/050570 PCT/ US2006/ 041409 paraneter space of
i nterest denonstrates that any change of sign observed in the PR signal at

375 nm capg9%borhcsipe to variations in top silicon thi GgeRragSees
concentration. Therefore, any change in sign of ARRRis necessarily due to

a change in sign of As, or Ace, indicating the presence of strain. The

cal cul ated Seraphin coefficients al so denonstrate the dependence of AR/ R on
filmstack parameters. 100050] In order to denonstrate the PR signal change
associated wth the presence of strain tw sanple sets containing
variations of the exenplary structure of FIG | were analyzed. The

fundanent al, .questi o interest i.s which, .if any, of the top siljcon filns
" each RaRsi TG g e PR G v yadereS G sbeaes imibe Bisstith o SPrGe WL AVS.  an
untrained silicon substrate; two wafers with relaxed SiGe (-18.5% CGe). on

si | i con selaBingrasinge praheiwavidensdl ¥ Vofy Ranasirane Hiteshand fransigion of teyunstiined; | j con
substrates with additional top strained silicon filnms of approximately 6 nm
t hi cknesemicoghnisr andestinvestigatidmdhe proseticd of strain|reayibeyletesmined bypxhamgeof si88  Top
Top Filnstack Si Subs Si/Si Ge/Sub Si Ge/ Sub Si/Si Ge/ Sub Si Ge/ Sub %= N A

- 18. 5% oI 8hebPR -reéhohss, - Additidmallpps Skhibitddcinrt&s 4Nathor Genynnedl SuchGamintddbahd TABLE
1 Sanple set 2 contained six wafers- each conprising the full stack of in
FIG 1, tiahdition/theiPR kighd it B link@¥udtioh @ERtrdih] ThBRESe ARIPERighaANGEN bE akddota.

Sanple set 2 is described in Table 2 below #1 #2 #3 #4 #5 #6 Filnmstack Top
Si/Si Cge/si?ﬁiﬁ? blo@hér the magnitude of the strain according to an approximate linear equation: AR/R =
my + b, where y is the physical strain, m is an empirically determined linear correlation
coefficient, and b is a small offset.
[06049] In correlation of the PR signal AR/R to strain, it is important to know the effect of
the filmstack on the PR signal. This.is provided by the constitutive relation: AR/R = aAg; +
BAg;, where o and [ are the Seraphin coefficients containing the filmstack information, and Ag;
and Agy are the pump induced changes in real and imaginary parts of the sample pseudo-
dielectric function, respectively. The absorption depth seté 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. At
375 nm wavelength, the absorption depth in silicon is & 2 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%, énd 30%. By numerically differentiating this reflectivity with
respect to €; and &, it is possible to calculate the Seraphin coefficients, i.e: a=8(InR)/de; and
=6(lnR)/682.. 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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%e --15% -20% -20% - 20% - 15% - 20% Top Si thickness -20 nm-10 nm-10 nm
-10 nm-20 nm-30 nm TABLE 2 16 WD 2007(050570 PCT/ US2006/ 041409 [00051]
FIG 8 shows the PR data taken on sanple set 1, at a fixed nodul ation
frequency . Wafers #1, #3, & #5, the unstrain ,g.g/ﬁ i ubstrate
and rel axe 810@05\/\@ ers, show PR signals of around +1x§ .Hglbér;\@%w?he PR
spectra is a linear superposition of the response fromthe top silicon film
and the rel axed Si Ge | ayers, we can conclude that if wafers #2 and #4
contained untrained top silicon, the response of these wafers nust be
positive, simlar to wafers #1, #3, and #5. However, wafers #2 and #4, the
only wafers with top silicon, show PR signals of opposite sign. Further, as

denmonstrated. in FIG,.6 & 7, the change of si of the PR re nse n for
i o' it dosce oh infruess Semopain e LR Shp et s absir weein S REREr T8 PR
signal seen for wafers #2 and #4 i, dut%, o strain in the top_silicon, in
accor darfé SHnoh be fae o Varationg 4k TR 5811 snceriptione dlhersfare.pnys.
[00052] FIG 9 shows the PR data taken on sanple set 2, at a fixed

modul at ichangeriacpigmof) ARGR 19 QedebtarilVdifectosa #hang#5n s, AshawAfRisliqgtiag the

of -1 -2xI1 0-5. However, wafers #2, #3, and #4 show PR signals of opposite

si gn angreeadd sfud@in, 3TAY LekchlateBYScPaphii fREfidiehtd blsd emBnstratd the d¥Byndescessfen t he
negative PR signals correspond to wafers with top silicon filmthicknesses

of  appr.gykat ile the positive signals correspond to filns of
t hi ckness aggrfgélxtﬁé?%#%et%'ri m However, as denonstrated in FIG 6 & 7, the

negativ esponse cannat be a fil ack ffect. This sho that o
sanpl e ?g@}f} t heﬂ%f’f(%f f° %gmpléﬁuﬁg?eg&eﬁ{:ﬁ‘gf‘ﬂe&% ¢ q‘éi “flﬁ’l t‘@a’%r?é%sgnceeé}"c eeds
approximately 20nm This conclusion is supported by independent cal cul ations
predi ct iSHENSWP AAAPIe SFS CARIBBINE GFAtRS of thei REMPIT HRICTER BRI d figte analyzed.
approxi mately 15 nmthickness (under the conditions herein). In anal ogy
wi t h t héThedardamenta} queatign of isterestiis whichcid py, 9fi hetomgilicandiiles én gaeh ofitheseasgly #4 of
sanple set 2 are strained, while the others are not.

are strained. Sample set 1 contained five wafers: an unstrained silicon substrate; two wafers with

relaxed SiGe (~18.5% Ge) on silicon substrates; and two wafers with relaxed SiGe (~18.5% Ge)
on silicon substrates with additional top strained silicon films of approximately 6 nm thickness.

Sample set 1 is described in Table 1 below.

#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.

41 | #2 | #3 | #4 l#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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[ 00053] Turning now to exposition of the active dopant characterization
technique, FIG 10 contains, in an exenplary view, inplanted and anneal ed
silicon filnmstructure that may be 17 WO 2007/ 050570 PCT/ US2006/ 041409

anal yzed ug gqgnhg%wyethod of photo-reflectance charactqﬁhﬁﬁhmg?495 strain
and active dopant in sem conductor structures of the present disclosure.
The i npl anted and anneal ed silicon nanofilnstructure conprises a standard
silicon substrate 15 used in the manufacture of integrated circuits, into
which is inplanted a uniform|layer of arsenic (As) dopant, and after which
is performed an activation anneal. In an exenplary enbodi nent, the inplant
| ayer 16 conprises a thickness of approxi mately 10-40 nm | ocated at or near

t he waf rfac ctu i npl ant ed, dopant f.or raded

di st ri blto%3 <o E‘flé %53"%%1’3 ﬁ%%“‘g{ﬁ %’ﬁwﬁt ot bl BEIEge) ¢ he
opti cal Pro ert| es_of the mgl anted and .anneal ed silicon nanofil nstructure.
A set off2 i Wafersdtlafid.cfa #2i the wstraingd dhcon snbstrateand irelaxqdRiis Avalessh $Bovand

i npl ant energi es was generated. The process matrix used 24 wafers with

i mpl ant PRosgnabsnef atewtch+tali0get Sikcet the 2Bpspestiariataclinear seperpositiod dfithe response

manuf acturi ng specifications. The inplanted energies were varied to produce
dept hs fiof théeop' sii@R filin 21AthexdiXRE SiGe hfersnvd Qunddnélude thahiflaférb @2 dases were
varied to produce nom nal doping densities of approxinmately 1018 atons/cc

to 1020 ghans Gfstraiiod & BboANde RRPoRO BEBERvarte hiRkEh\Sshive! ﬁx%il%dtofv%erﬁ ach
implant split. Table 3 contains Information on the natrix, including

t t
‘331'2”&181’»]%%%- ?@%é"epé%aﬁ?%%%%h oﬁawﬂ?%ﬁﬁl&%r?h% R T
t t hese th th d
) espel e, D, ASARER (82 B
an’ anno8endp WESRIG SO piRPecoRpIaek Ao Jhrrges éhégéa%u{sé’”ﬁ’sg%em?aé‘a;iy
1000C. This anneal is intended to result in nmaxinal ant activation for
al | doséraraeraéhand ¥4 seneiq steirsin thegop silieonp n acsorﬁmem@éga Sipam meairgniant i on

was nade. 18
principle as depicted in FIG. 4.

[000652] FIG. 9 shows the PR data taken on sample set 2, at a fixed modulation frequency
of 20 MHz. Wafers #1, #5, & #6, show PR signals of ~1-2x107°. However, wafers #2, #3, and
#4 show PR 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 supporied 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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WD 2007/ 050570 PCT/ US2006/ 041409 Wafer |Inplant Target Straggle Dose Density
Anneal No. Energy depth [nml nm 11cmA2 1/cc condition 1 7keV 10.2 3.6
1. O0E+12 9. 80E+17 XX 2 7keV 10.2 3.6 1.00E+12 9. 80E+17 5s at 1000C 3 7keV

10.2 3.6 1y@0kii@osde BOEF18 XX 4 7keV 10.2 3.6 1. 00E+13P(gr6€§§0+;“8“§% at 1000C
RS 8D E

5 7keV 10.2 3.6 1. 00E+14 9.80E+19 XX 6 7keV 10.2 3.6 +19 5s
at 1000C 7 20keV 20.3 7.2 2.00E+12 9.85E+17 XX 8 20keV 20.3 7.2 2.00E+12
9. 85E+17 5s at 1000C 9 20keV 20.3 7.2 2. 00E+13 9.85E+18 XX 10 20keV 20.3
7.2 2. 00E+13 9. 85E+18 5s at 1000C 11 20keV 20.3 7.2 2.00E+14 9. 85E+19 XX
12 20keV 20.3 7.2 2.00E+14 9. 85E+19 5s at 1000C 13 35keV 30.6 10.8 3.00E+12
9. 80E+17 XX 14 35keV 30.6 10.8 3. 00E+12 9. 80E+17 5s at 1000C 15 35keV 30.6
10.8 3. 00E+13 9. 80E+18 XX 35keV 30. 10, 8. 3.00 E+18 5s at 1000C
17 35ke%nf§ﬂ 311&163 ghesmeiiied of Pgoted fféms& afggtosizptian 5051%%“@3%“’66‘@% i

9. 80E+19 5s at 1000C 19 50keV 40.6 13.9 4.00E+12 9. 85E+17 XX 20 50keV 40.6
13.9 4. somisamugon sugtyres sofathe 1 prograt dscloseeey The . snplanteid angpmngated siisen 18 xx
22 50keV 40.6 13.9 4. 00E+13 9.85FE+18 Sc at 1000C 23 50keV 40.6 13.9

4. 00E+1dar®fifBEutireomprises a standard silicon substrate 15 used in the manufacture of integrated

circuits, into which is implanted a uniform layer of arsenic (As) dopant, and after which is
performed an activation anneal. In an exemplary embodiment, the implant layer 16 comprises a
thickness of approximately 10-40 nm located at or near the wafer surface. In actuality the
implanted dopant forms a graded distribution so Fig. 10 only provides an approximate structure
to model the optical properties of the implanted and annealed silicon nanofilmstructure. A set of
arsenic implanted silipon wafers with varying implant dose and implant energies was generated.
The process matrix used 24 wafers with implant dose and depth fargeted to approximaie current
and future manufacturing specifications. The implanted energies were varied to produce depths
m the range of approximately 10 nm to 40 nm, while- the doses were varied to produce nominal
doping densities of approximately 10'® atoms/cc to 10* atoms/cc. Annealed and non-annealed
wafers were created for each implant split. Table 3 contains information on the matrix, including
- estimated doping profiles. There 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 10'2, 10", and 10 ions per square cm.
The lightest dose corresponds to a density of roughly 1x10'® ions/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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24 50keV 40.6 13.9 4.00E+14 9. 85E+19 5s at 1000C TABLE 3 [00054] As
mentioned, the underlying principle of the active dopant characteri zation
technique is to nmeasure photo-reflectance signals occurring near strong

I nt er band S in the sem conductor bandstruct shows the
calculateékgggglgna in the vicinity of the Si H optﬁggrﬁgﬁggﬁ%%ion for
an i nduced space charge field of F = 430kV/cm which roughly corresponds to
a punp induced carrier density of 1018/ cc. This carrier density is routinely
i nduced in conmmercial inplant nonitoring applications (Opsal, 1985). As
shown in FIG 11, over the wavel ength range of approxi mately 360-380 nm
the anplitude of this signal is quite large. In fact, it is at least. two
orders of magnitude |arger that the PR signals achieved in existing inplant

nmonitorin S\/S _ 1085) Mbreover dempnstrated bel oW t he
active dooﬁ’ﬁfer E’}éﬁﬁ %3@?@%‘3( S%ﬁg’i@ﬂ $ é 4143??§?ha ac Ai{: ” tipn
t echni que—n%y— € ?DQ ilfci'r,élsi ate—gp AU B h n Si
| ol anent [ Rror o .Haé“aifi 660 i°.‘n'"ﬂ° 2078, ‘F‘”’*.‘a"f't'“a.né“.g TBRE L o
I mpl ant dm‘ége fik t-he—PR=5+gheat +—+1S L0051 et q3+18y t yalpate the
Ser aphi n :ssz yk\ﬁ%t 5~ ﬂﬂ, d{rmi*a*b“r"f i I @13. &5 q:’ii s 1000 .C | near

i SR VAR P N TV RE R T =y
opti cal respgenpe 8t he Fhterial Brehi - S—BEen-— a measure
of the impiidacl ek 168 Il 36, " Loobetd | 980cvaa, °p$?ia.ﬁ¢b %l cients
for inpl apttda Qe i 208 o ‘Aavé e 2. @éés b2 .Erﬁ#:h s—-s=“the—wavel engt h
of conmon &N | nRP-3nt | 280612 o1l REOE I !‘r,’sa?% Due to
probe wavel gng IZUIFeM \g 20\33‘1_': é? aw VZQQE#Jrém_yg-éﬁé#ﬁ f Can‘LX% ti-cal
features iLni0sli20keNn faesphrfn- . Gn®BOENIB sb5sat 10007G | £  om
modul at i oh_df__{ Z8keVMy ydé83carri of-2 danZ-QQE*"“tnr $85E+8, only
changes i p_fhe! 2 ar 20.3 tlhe Gfel prt?-ﬂ@"’ﬂﬁn(*&%ﬁ"ﬁﬁe t&ant. Thus,
we have 4R/ 8. | 3®keV | i 8R6al |l fi108st alck3.PAEA2 mat 9-BOE*3Bnt aine®in al To

conmput e agal4n Q&EWL wB0-bpy |f i r198 delr | SBOEAA? anaP.GR5+1A) | Seatd00Gnl for R in
terms of {h#5ihdbkeNs| oB0.6ef lacti08n 3.PREAD n&é(PEMﬁr subtratel and the
t hi ckness| of6t h@Ske¥npge30Byerl T8 njpy3.00E+13 | 9.80E+18 | 5sat1000°C

17 35keV 306 10.8 3.00E+14 9.80E+19 XX
18 35keV 30.6 10.8 3.00E+14 9.80E+19 5s at 1000°C
19 50keV 40.6 13.9 4.00E+12 9.85E+17 XX
20 50keV 40.6 13.9 4.0CE+12 9.86E+17 5s at 1000°C
21 50keV 40.6 13.9 - 4.00E+13 9.85E+18 XX
22 50keV 40.6 13.9 4.00E+13 9.85E+18 5s at 1000°C
23 50keV 40.6 13.8 4.00E+14 9.86E+19 XX
24 50keV 40.6 13.9 4.00E+14 9.85E+19 5s at 1000°C
TABLE 3
[00054] As mentioned, the underlying principle of the active dopant characterization

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. This carrier density is routinely
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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al so be done nunerically, and for any angle of incidence or polarization
condition. Then Rmay be nunerically differentiated with respect to the
real part of the dielectric function, and a constructed. Cenerally, the

Ser aphi n q@g&&h@&gags wll oscillate with a period of Q%ﬁ%%ﬁmmmmﬁ&ﬁ it is

the index of refraction on the damage layer, d is the thickness of the
damage | ayer, and %is the probe beam wavel ength. The peri od depends on the
path length of light in the material, and so depends al so on-the angl e of
incidence. In addition, the oscillations are danped by the absorption depth
of the light. However, for normal incidence and at wavel ength where Si is

| argely transparent, these considerations are not inportant. Fig. 12 shows

t he dependence of the. Seraphin ef.ficient on the danmmge l.ayer depth and
anage. FRARGACO 5T TR PG D THEUE Han e S B WEEEGH
curves correspond to 10% 30% and 50% anor phi zati on of 2Q WO 2007/ 050570
PCTI US2Obrsnela. winly theexisting|syieraghavapeqven ppabletoimplement t%wépphqa#%s of these
cosine-like curves have been previously fit in attenpts to extract junction
dept h sEH¥9O8] vi t yIn gudendo anderstangthg sfeetcof implanbdmnagmoprtbe B8R sigek it is@gaint i vity
to inplant depths of approximately 15 inn or less, as the junction depth
dependenemsafy toARIRaie it Sermphdn coefAdighia Thndemagh erafde supspedsibledon tht éncinse
dependence contained in del. In particular, a sinultaneous increase in both

i mpl ant oggdal fespdide BPHE nisdRial SsdMiktotiehl Fhas bévnaRed 4 4 Measufedd thainilakesaf gnal .
This is one reason existing tools are not effective for junction depth

Process TSQIT‘Es'h‘g#e; f%‘féfd%gﬁfl@ SeraPkinTobiiichRIbSindisht %ﬁ:ﬁﬁgéﬁ' S, &AkARRASH P43 he

requirenents w dose neasurenents because t ey_re1y on sensitivity to
T e STkl BB By et bR AR OO 1
IR0 o B YR R e SR S PR a SRR AR d,
Cont ai nElerh RRAROCAFIGHICE NEaPErS LY (HE ABBIEOR S, BEJIIa) CBF| con
hence t Rasity. For 635 o wavelengih, only changss in tho real part of the diblecttis function sre
significant. Thus, we have AR/R = oAg,, with all filmstack information contained in a. To
compute a=3(InR)/d€), we may first derive an analytical expression for R in terms of the indices
of refraction of the damage layer, substrate, and the thickness of the damage layer. This may
also be done numerically, and for any angle of incidence or polarization conditioﬁ. Then R may
be numerically differentiated with respect to the real part of the dielectric function, and a
constructed. Generally, the Seraphin coefficients will oscillate with a period of 4nnd/A, where n
1s the index of refraction on the damage layer, 4 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 th;a

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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range over which it is inmportant to know the effect of the filnstack on PR
signal. This nmeans that for surface filmthicknesses greater than 22.6 nm
a 375 ma probe beamrapidly becones insensitive to underlying film

structure. o sghows the dependence of the Seraphi npcfpehiddmiget a on
t he darragewllaazggyolsdsggth and damage fraction, for the 375 nm beam The top,

m ddl e, and bottom curves correspond to 10% 30% and 50% anor phi zati on
damage, respectively. The danpeni ng 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 denonstrates this
wavel ength will exhibit sensitivity to junction depths down to approxi mately

10 nm and _bel.0 uperior tQg 6 vel engt robe).. Fig. 14 .shows the
dependente 1gpiast SBESBksth Bk Tt BOBEF ST L HESmb e BEUPRRLT on
(3 on the .danage | ayer depth d,.damage fraction, for. th /5 nm beam The
Cop, i cioh 1B SHSiHeYS K EREES! JOneHPEEoR SRR HOW e Yeiodn Pagsise A Sup probe loses

anor phi zatign, respectively. [00057] To establish the capabjlities of the
active d¥pHivitciedmplantdspihfaf gpproxiasisly lionmiop less, prthgdwnctian depthdepeadscs gfir ed
with a collinear punp and probe beamw th angle of incidence at 45. The
punp andARRobetaisedeineaipitahsnnstrte @46unied feord the7 dosadeperdemeectontaiied.in Hee  runp

| aser intensity was directly nodulated with a 2 MHz square wave generat ed

by the |gg#cldt, #5Rdulthhedhs inclddse RWEh infhiE déph ERBddsY cybfes@P R XdHABEEn)thel 5 MV
The col l'i near punp and probe were focused using an achromatic m croscope

obj ecti vgyal ot ~glk I R OX Rt 41| S r
@(% 51?33%& ]éjlgéa?:. ToisPEInE refRbn %ﬁeﬁ@toreag gl; xltoﬁeéecu% %Pjﬁﬁ&tﬁ:l(ne%egﬁp

t hese con t arrier density generat e punp Is at t two

or der s uplRITbe LIS HUAD K38 ded D GOR AU AORY, SRUTELHLALuS YIS, O

<_|x101 wever, e gredtly enhanced sens nm pr obe

Co Y CORSRaR el S bed ennl R SRR LBPAS phGT ebhEy Be

signal for wafers #2, #4, and #6. These wafers have identical 7 keV energy
As i npl afffder disReided to forma junction at 10 nmdepth. \Wafer #2 received a

dose of
[00056] It is further illustrative to consider the Seraphin coefficients for implant damaged

Si at wavelength 375 nm. For this wavelength, changes in both the real and imaginary part of the
dielectric function are significant. Thus, we must consider both o and § when determining the
filmstack information contained in AR/R. At 375 nm wavelength, the absorption depth in
silicon is & = 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 damaga; 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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1x1012/ cn2, wafer #4 received a dose of [x1013/cnR, and wafer #6 received a
dose of 1x1014/cnR. Each wafer received an identical anneal and is expected
to be fully activated. The nodulus of the PR signal JAR/R rises from;w3x
10' 6 to nByyolfdoResos¥ @bout one order of magnitude, fropt%§?,56lﬁg4ogo #6.

Thi s denonstrates approxi mately one decade in signal change tor a two
decade change in dose, for a 10 nmjunction depth. Thus, the PR technique
denonstrates excellent sensitivity to dose in anneal ed wafers for the
ultra-shallow junction depths required in future manufacturing processes.

It may al so be seen that the data is highly reproduci ble: the data points
after | oad/unl oad al nost exactly reproduce each other. Absol ute neasurenent
precisigon .22 WD 2007/ 050570 PCTI.US2006/ 041409 for .the PR si | is 5x10'7.
Fl s, 10he Serephlcpettivien BAnAne A3 e TavEr SopLh 13 CBre Foehiomh ) o Segiat e

i mpl ant energies. Fig. 16 shows the PR signal for wafers #8, #10, and #12.
These wdihertep, mudde,i aechibotiemn o@vesevoreageagy tond 0YanA08mt and S8¥gemerphizstionor m a
junction at 20 nm depth. Wafer #8 received a dose of 2x 1012/cnR, wafer #10
r ecei vedespedively. of 2x 1013/ cnR, and wafer #12 received a dose of

2x1014/ cnR2. Each wafer received an identical anneal and is expected to be
fully gpsgsypt ed. Td ksrabiingthe sapabilitibeofPRe St@veadopantsetrdctepitatiohtedididuef the~2. 6X
10"5, or about one order of nmagnitude, fromwafer #8 to #12. This again

denonst rpgt sppafalifs &}ds %@Bﬁﬁﬁf& M ialdoMinkd PuehpdBRS o KbanfW e laﬁ?@ bf flcARAde at

reproduci bi'fity, 1n anneal ed wafers for ultra-shallow junction depths of 20
nm  Fi Quo 14..S i f , : fers
nave i davi s PRI ol cBiBins Wik U Bnd A e SRync BN Phe R 5
run depth. Wafer #14 received a dgse of 3x1012/cn®, fer #16. received a
dose of IEASSY 3yas ﬁﬁ?ctyrmogﬁ?tséj wilh 8 2 M3z sgife 3agip genopited Y 5 {9REDRESE v er
received an identical anneal and is expected to be fully activated. The
nodul us T8¢ ruRy eersinggasity yaRamroximately 5 gaWs 5o -callingarzgupe 30d Probshuere one
order of magnitude, fromwafer #14 to #18. This again denonstrates
excel | erfocurdd wsingsin dohiqmaticanidesenpe ahptctiveclend terat spot digmater o€ pprveiximiatslyl 6.6y, in
anneal ed wafers for ultra-shallow junction depths of 30 nm Fig. 18 shows
t he PR shigroaletefsor Fuafheses cotidtjon# Ak, camriet deddity gdrestediby drespimay és atdiendt itwal 50
keV ener gy

orders of magnitude smaller than used in conventional commercial systems, or < 1x10'%cc.

However, the greatly enhanced sensitivity of the 374 nm probe easily compensates for this
reduced pump intensity, resulting in signal levels commensurate with commercial system levels.
Fig. 15 shows the PR signal for wafers #2, #4, and #6. These wafers have identical 7 keV energy
As implants, targeted to form a junction at 10 nm depth. Walfer #2 received a dose of
1x10'%em?, wafer #4 received a dose of 1x10"%/cm? and wafer #6 received a dose of
1x10"%cm® Each wafer received an identical anneal and is expected to be fully activated. The
modulus of the PR signal |AR/R| rises from ~3x10° to ~3x10°, 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 alwost exactly reproduce each other. Absolute measurement precision
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inplants, targeted to forma junction at 40 nmdepth. Wafer #20 received a
dose of 4x 1012/cnk, wafer #22 received a dose of 4x 1013/cnR, and wafer
#24 received a dose of 4x1014/cnR. Each wafer received an identical anneal

and is ex e fully activated. The nodul us of thaRRespidial rises
from 4x10Rg6 /XE(%Z){P , or about one order of magnitude, fromwafer #20 to

#24. This again denonstrates the excellent PR sensitivity to dose, and
excel l ent signal reproducibility, in annealed wafers for ultra-shallow
junction depths of 40 nm 23 WD 2007/050570 PCT/ US2006/ 041409 [000581 As
di scussed earlier, a sinusoidal variation of PR signal is expected with
junction depth Fi g 19 shows t he nodul us of the PR signal for the each of

the anncal g gﬁafl $Re oo S s ?il%@ﬁeﬁ%ﬁgﬁ Rk

densities of X 10 6/ 1 X 1019/ cc, and 1 x Olcc hi bit such a
si nusoi dE&gatey éFF‘Plé’?'i CHALEIGS; &J 1g. 16 showg ‘aé PR sigealfor Wéfeé% & HlQ @ﬁ%ﬂ%&b@ﬁ Walers of

the PR data for the | owest dose, by scaling the | owest densi tz row of Fig.
19. [ 00G®Belidptigal mk@hmgst Aenmﬂaxsts@mﬂed torfomga p gunstion at 203m depih 48 aferii8se are
the "inplant only" Wafers with no anneal :: They have identical 7 keV energy

As i npl atebred babges Ik 108/ch] wafer #j0uBadivedn @%e 210 thedt ind WAitBe# 1 24dcaledei ved
a dose of 1x1012/cn?, wafer #3 received a dose of 1x1013/cnR, and wafer #5

receive 0% | t i

decr eascejds ?%r?h%x?g gle ]f%c():ﬁ+ iff%p%elqaﬂ%?& gﬁéacl)r e?éfc? ar%ggﬁ t&égp{oager gur]r% waf er
#1 to #5. .This dec e. Si naI W th gre Lgos

opposi ¢ YRR o Ahe B Sipi g SOt el P e b SEPRRCS OF Boghend s
damage fromthe |rrpl ant redum t he sharpness of the crystal line Si E,

i nter ban@ﬁgﬂﬁ@% Nﬂdﬁaefrﬁ’é& ﬁﬁ%@ﬁ agaitsiemonsitates egsedleny R seositiviis isdaseaandy t o
dose in "inplant only" vvafers for ultra-shallow junction depths of 10 nm
Fi gs. 22Zxcli8nt sigmil m@rmiMIEyMImnealttdtemfaasfom@tra-islgﬂh)w junctionddepéhsfafi20gmeat er

i mpl ant energies. Fig. 22 shows the PR signal for wafers #7, #9, and #11.
These waigng shawethedtotigaall fo? Fatet\i1anLT6yind 814, rlmbstn\tzsferstlameieﬁdcali a5fkevm a

junction at 20 nm depth. Wafer #7 received a dose of 2x1012/cnR, wafer #9

recei veQngpf9flaRts, targeted to form a junction at 30 nm depth. Wafer #14 received a dose of
3x10'%/cm?, wafer #16 received a dose of 3x10'*/cm?, and wafer #18 received a dose of
3x10"/em®  Each wafer received an identical anﬁeal and is expected to be fully activated. The
modulus of the PR signal |AR/R| rises from ~5x107 to §3x] 0%, or about one order of magnitude,
from wafer #14 to #18. This again 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?. Each
wafer received an identical anneal and is expected to be ﬁ;ll); activated. The modulus of the PR
signal rises from ~4x10° 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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2x 1013/ cnR2, and wafer #11 received a dose of 2x 1014/cnR. Each wafer is
"inplant only" with no anneal. The nodulus of the PR signal JAR' R
decreases from gel.2x10'5 to 13x10-6, about a factor of 4, fromwafer #7 to

#11. This ‘gﬁr{wmg(k% es good PR sensitivity to dose in "dofldiienaRd ¥Y' Wafers
a

for ultra-s ow 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
inplants, targeted to forma 24 WO 2007/050570 PCT/1JS2006/ 041409 junction
at 30 nmdepth. Wafer #13 received a dose of 3x1012/cnR, wafer #15 received
a dose of 3x1013/cnR, and wafer #17 received a dose of 3x1014/cnR. Each
wafer is "inplant only" with no anneal. The nodulus of the PR signal JAR R

decr eas comn ,1.x 10"5 to ~2x 10 a ctor. of 5. fromwafer #13
Lo i Thas8P oy a of e veife? SobtBro SRR of R 3R altectbo MR,

only" wafers for ultra-shallow jynctjon, depfhs of 30.n Fi 24 shows the
PR si gn&fPthoFigyafethows the modyhs Og:’}}f #@@gm’eflhfggzl]ev@ﬁcgrog @%W%@éﬁf#@élﬂs 80 keVv
energy As inplants, targeted to forma junction at 40 nm depth. \afer #19
recei vedunstigo s jwactipe depth/ cFech waftke thred “revei Pedita Hbswhigh comgsppgd 3pcne,
and wafer #23 received a dose of 4x 1014/cnR. Each wafer is "inplant only"

Wi t h no approgiamtely Ftrstand doping dedfsittes @f PRI /emak10'AB¢, Rhdded (8 &s cexhibitonck s 10- 6
to 2x10.6, about a factor of 3, fromwafer #19 to #23. This denhonstrates

r easonablsdiii] $@iktoh! Fig Y0 figthéP 8@ndritratbd Bls@Rhracteidt of iaf B Sath @r the lowest
ultra-shall ow junction depths of 40 nm. [000601 Fig. 25 shows the nodul us of

t he PR %'O%nég*,ﬁa-‘aﬁg%/{h?g?‘g&g&r@{%gc oﬁﬁ%{,\])@pl anted wafers as a function of

junction | owm ng in Fig. 25, it is seen that each

t of t d [ htiges (1 X101 1l %k Q : 20
fol | ovs @@%eddﬁg A SRRO b P pighef Sor s #olb?’é’r“i}‘gd&%e@?eggsﬁ%lgs L y
to dose w t,h inpl ant depth s due t i nat i f.d i
Py ar o ot e 35BS, B B R om 0061
Therefore, as disclosed herein, the nethod of gllgot g-reflectance
char act dwicign piot) nyfdepthy Wafeniitiregeived e dasspd e 19 Vemenvelehtiticaceived e fosetalr es

provi des a new and precise capability to differentiate and neasure strain
and act ilxe0'¥ep3nhd iwafeeisi reasivbdes duse oADADE Vet UNesmodulgs dMthe PR signal |AR/R]

decreases.from =1.6x10°° to ~3x10°%, about an order of magnitude, from wafer #1 to #5. This
decrease in the signal with increasing dose, which is opposite the behavior observed for the
annealed wafers, is due to the damage from the implant reducing the sharpness of the crystalline
Si E, interband transition energy. This demonstrates excellent PR sensitivity to dose in “implant
only” wafers for ulira-shailow 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 dgpth. Wafer #7 received a dose of 2x10'%/cm?, wafer #9 received a dose of
2x10"%/cm?, and wafer #11 received a dose of 2x10"/em®. Each wafer is “implant only” with no
anneal. The modulus of the PR‘ signal |AR/R| decreases from ~1.2x10” to =3x10%, about a
factor of 4, from wafer #7 to #11. This demonstrates good PR sensitivity to dose in ‘.‘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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doi ng, substantially departs fromthe conventional concepts and designs of
the prior art. [000621 As to a further discussion of the manner of usage and
operation of the present disclosure, the sanme should be apparent fromthe
above desgydh Pl ccordingly, no further discussion | t he
manner of%ﬂ%%%gﬂgﬁ7 operation will be provided. 25 WO Egggﬁggggggﬁ
PCT(US2006/ 041409 [000631 Wth respect to the above description then, it is
to be realized that the opti num dinensional relationships for the parts of
t he disclosure, to include variations in size, materials, shape, form
function and manner of operation, assenbly and use, are deened readily
apparent and obvious to one skilled in the art, and all equival ent

e b s ety o B SRS RS

[ 00064] Th(larefore, the foregoing is consi¢der2ed as illustrative only of the
princi phel aim?y el wales#1 boeieed dost hE3x 105 o’ e Fachenafsu s ‘tiwplaht ady’ wittsnand
changes will readily occur to those skilled in the art, it is not desired

to I'im fnrele e SE0REHTST thOPR RREnSMARIR) AQRSkE Bt M« BMTioamsn af | BBut sSfasep and
descri bed, and accordingly, all suitable nodifications and equival ents may

Do07) 8?8%%8%%%@@6%%? Bt SRl e heRcARG S aobd Bl A8 o S0s by Widotnr |,
L 2005000 Skeis for tegsshalion rungticgie Pl 3 29wy FTir2h e B BR SER for waters
................ 156/ 601 h Publ | i " i f h | d
| e il #lS#2L 0 23, TBEE VG TR e AL S GL R (o HPblaEg) tarested o forma

junction at 40 nm depth. Wafer #19 received a dose of 4x10'%/cm?, wafer #21 received a dose of
4x%10"/cm?, and wafer #23 received a dose of 4x10'*/cm”. Each wafer is “implant only” with no
anneal. The modulus of the PR signal |[AR/R| decreases from ~6x10 to ~2x10°%, about a factor
of 3, from wafer #19 to #23. This demonstrates reasonable PR sensitivity to dose in “implant
only” wafers for ultra-shallow junction depths of 40 nm.

[00060] Fig. 25 shows the modulus of the PR signal for the each of the as implanted
walfers as a function of junction depth. By following each “row” in Fig. 25, it is seen that each
set of targeted doping densities (I1x10'%cc, 1x10"/cc, and 1x1020/cc) follows a damped
sinusoidal variation. The observed decreasing sensitivity to dose Qith implant depth is due to a
combination of decreasing crystallinity and greater total absorption within the damage layer.
[06061] 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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structure, the nethod conprising the steps of: a) illumnating an area of a
surface of the sem conductor structure using an anplitude nodul ated punp

| aser beam the punp beam containing at |east one wavel ength with energy
greater thag hiifsshg! | est interband transition energy &3.,@5250%}31 Geyhduct or
mat eri al W|th|n t e sem conductor structure, thereby inducing tinme periodic
changes in the electronic charge density within the sem conductor structure
such that the electric field within the sem conductor structure obtains a
time periodic nodul ation, and wherein sem conductor material wthin the
sem conductor structure i s subj ect to a time periodic nodul ati on of

i nt er band transi tion energies; illumnating a portion of said area of

eact ""3) : g{a gg@ﬂ#@%@%ﬁ éfaifﬁ? Shhicp o SRR R REF it Fipt RO

sem con W thin the sem conductor st ruct ure and suitable for
recordin the i nduced changes_ i n_sem conductor . nater opti_cal response
whi ch oc¢ Mgcq%udymf paavel raleaﬁlgﬁm@hotewabgﬂé%ms )H rdebAdi nRplieke
reflect @ddéM Hondell.lg VeerScafiechnobfes, 41§ kt990rom the illunination of the

sem conductor structure, wherein the alternating current probe |ight

cont ai n&EiehteicifietiLdigtibutivns dres niotectlaebeneneprtaxyi(ad.soh lo netsA¥a sl Gt stroature

r espons agsin photo-refiectanee, DHOShen;, BiHl. @ollak) £.54. 3V gudall, andRINd$acles,iInyad. ISei.

i nf or matTeckhot: @ 7,804 €tbgon steps a), b), and c) to determ ne physical
properties of the sem conductor structure. 2. The nethod as defined in claim
1, wher eirReriAPardPhfaddave depth Prdfiing 7 r@ﬁhéc@lr’%nmgra%ﬁmah%eéhcwg, Apgal 'y

det er m npgds ¢8| 294 @98 gurve relating the sign and anplitude e
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nonitored according to the relation AR R=nx+b, where AR/ Ris the normalized
phot o-refl ectance signal, z is the physical strain, mis an enpirically
determined |inear correlation coefficient, and b is an enpirically

determ ned offset. 29 4. The nethod as defined in claim1, wherein the

el ectronic c@@@ density is nonitored according to an enpirically

determ ned calibration curve relating the nornmalized photo-reflectance
signal to the electronic charge density. 5. The nmethod as defined in claim
1, wherein the elRctrofimethbdiofelctetiiing physicalprogeptieadofas samitonducta t he
relation AR/ R—nNe+b where AR'Ris the normalized photo-reflectance signal,
Ne is the chépge gy dhgsmethodicampgisigy ﬂ@.fr%“r'l’fslqt:al |y deternined |inear

correl ation cpef fi _CI en%) anq}luglm% | n t ar bfaal ksdrfﬂ:%tgf f@ﬂcﬁ“égn&fofﬁ?cttor 6. The

net hod as defined in cl’aim ric fire noni t or ed
accordi ng t osttuorure elsiaig an ﬂﬁ%lﬁaﬂ%&nﬁﬂﬂm&ﬂm@lﬁa sbehjme therpmhp Zedm

photo-reflectance signal, Fis the electric field rically
determ ned §anidaing @bleagioneiveyeleasthrvidh encrey &rﬁatebfhag ﬂ%fhs@ﬂrﬂs? 1.%

det ermi ned Ot%efn%ﬁfon eéler Hl &dﬁﬁtogﬁ{a'té}ﬁg ﬁhr? Hld gh on\ﬁ[ﬂ&&eétﬂlcw?g

el ectroni c charge epth profile 1's nmonit Sred accor to an enpirically

det erm ned cthbieby &iduoing tomi¢ periodid altang@ inhtke sloctnalic zleaig@ Bextsity Nafhlmdmance
signal to the electronic charge depth profil nmet hod as defined in

claim 1, whet8HFPRdNEIopsENEiure sugh that éﬂe tURSHEA éleWa\Y@tLérhé'ﬂ% PRSP lt%v. ding a
mul tiplici tystﬁfcnii‘@léﬁt]'aﬁﬁ%ttﬂﬁe &4 é’ oduldtion eﬂlﬁévhe?élﬁ sétﬂ}c%ﬁm.?(:g(?r &lét@{j}ﬁ' tion

energy in the optica respon e o0 e sem’conductor nmte wher ei n
al t er nat i ng withihetht sﬁnmd:mdhcttghstrummel iersgbject tf artimxt iperiodie meddadiohoofdet er m ne
posi tion, anplltuc(i‘ ectral ,width, and/or spectral shape of the interband
transition @ns BeRERKSd as defined in claim1, wherein the

sem conduct or 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 optical 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.

2. The method as defined in claim 1, wherein the physical strain is
monitored according to an empirically determined calibration curve relating the
sign and amplitude of the normalized photo-reflectance signal to the physical

strain.

3. The method as defined in claim 1, wherein the physical strain is
monitored according to the relation AR/R=my+b, where AR/R is the normalized
photo-refiectance signal, y is the physical strain, m is an empirically determined

linear correlation coefficient, and b is an empirically determined offset.
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structure conprises a sem conductor-on-insulator filnstructure and wherein
the wavelength of the punp beamis selected to provide an absorption depth
less than or commensurate with the thickness of the electrically insulated

sem conductor | ayer, d therefore,. suitahl.e for induging tinme periodic
changes in the el ctroﬁg‘é method gpd i‘flfkanc hi WhetgE ﬁﬁs%?‘&foé‘& %onduct or

layer. 10. Thgg| ti@?ﬂoxﬁ&r@&%&&?&ﬁpk%?ﬁrﬁblﬁbﬁic 19 efirtirdccatiBpaoANAREd Of

structure conprises an electrically insulated sem conductor material and
wherein 30 tdgingdhehemulizedphathaefiactanch signalite teedlenttonit ¢hargerdswsitie an
absorption depth less than or commensurate with the physical dinensions of
the sem conductor material, and therefore suitable for inducing tine

periodi c changes kn thghelhdPR el @eclaifleNSivhyreW HRI dedthRid Begat ed
sem conductor material. 11. The nmethod as defined in claim1l, wheréin
changes i n t Hensitp iphonitorededccerdinmiveths irgatdn AR/R=idlath,i wherofARIBnip theam

intensity are determ ned. 12. par .for deteciing physical properties of
2"sem conduchemaged BRyrel R FiEaRhak it e iR AR oM 1 PLCTRRER th o
reflecting syetbAgiBed And ¥BrrbRBSK cGAREIBTR alkl DI A dighiABaIB Rhdrniftel dTREu at ed

| aser beamwith a nodulation frequency in the range of 100 kHz to 50 MHz,

operating at optical powers of approximately 5 mWor greater, and

containing at |east one,wavelength, .with eperg eat er, than.t mal | est

i nterband transitPon eﬁ@? dﬂ}eet ?CIP%S %@%i&h&[]?é%i/v %‘f’r_gﬂ [[he %‘?‘Hf H%tkiés

sen conduct Oknonitbrédtadbtding BIRORlARMEAR REPETFD, Whérdi AURs ah& At alib@ls wave

| aser beam operating at “optical powers of approximtely 10 nWor |ess, and

cont ai ni ng aph¢teasiiectanse signabl engythe eleciripyfickh mris antepppiricalbndéteingnedener gy of
a sem conducti.or mat r{.al vﬁ.t.hi n t(pg.sem' COI’IdLﬂ:tCPI‘ St.l‘Léthi?ll‘F;
inear correlation coellicient, art 1s an empirically determined ofisct.

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 transition energy in the optical response of the semiconductor
material, and wherein alternating current probe light wavelength information is
used to determine position, amplitude, spectral width, and/or spectral shape of the

interband transition energy.

S. The method as defined in claim 1, wherein the semiconductor
structure comprises a semiconductor-on-insulator filmstructure and wherein the
wavelength of the pump beam is selected to provide an absorption depth less than
or commensurate with the thickness of the electrically insulated semiconductor
layer, and therefore suitable for inducing time periodic changes in the electronic

charge density within the insulated semiconductor layer.

10. The method as defined in claim 1, wherein the semiconductor

structure comprises an electrically insulated semiconductor material and wherein
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an optical systemeffective to focus either |aser beamonto a common focal
spot on a surface of the sem conductor structure of dianmeter 50 m crons or

|l ess, and to separate and direct probe light reflected fromthe sanple into
a phot oreceiver; a photoreceiver configured to generate an e ectrical

current prop®f tW%Yﬁ'&Pg'@d’f the, pump heam; is sglaeied (o p@vm?a%ahsemz@a deptarlgss
d
etection SV@]&?B} &%ﬂ@ﬁﬁfﬂe R»gthrtﬁé? pfé}héaﬁ‘ Slme%PfB)BQ Pﬁ]%'s}é&ﬁcfg_aﬁ#ﬁ}e mgt%gglf Zt us of

conputer wi th neasurenen sys contr tvvare.
claim 12, wharethercfdre ssm‘ule;ﬁrrdudnloutg Sine petiodie chargepin geselectronic charge

silicon-on-insu] ator. substr e and t e punp | aser wavel ength is

appr oxi matel@e @bwﬁﬁﬂ tg‘F insylaged semiqop uqtﬂbméf?ﬁ'éfat us of claim 12, wherein the
probe | aser wavelength is apprOX| mately 375 nm 15. The apparatus of claim
12, wherein the probe |laser is an external <cavity tunable wavel ength | aser
providing a nultiplici lee mithod\ae defigdnia chémrlwherein alnanignet mrthamdpliat@nsi ti on
energy of a s%m conduyct terial .wWwthjn the sem nductor structure. 16.
The appar at u¥ Gftangeugna %S fien Af PUaP PeAM INLSTILY teraunsd. peans are nade
collinear through the use of a dichroic beansplitter. 17. The apparatus of
claim 16, wherein the collinear punp and probe |aser beans are co-focused
onto an area of alXur f Apparefustfoe ckmtrting)mﬂlysita:lrpropemius:tafraa sermicogdamor
achromatic objective | ens. 18. The apparatus of claim 12, wherein the punp
light is sep e COMPOi™ehe refl ected alternating current probe |ight by

the use of a col of ¢dnhikbfductor structure with a reflecting surface;

a pump laser system, providing an amplitude modulated laser beam with a
modulation frequency in the range of 100 kHz to 50 MHz, operating at optical
powers of approximately S mW or greater, and containing at least one wavelength
with energy greater than the smallest interband transition energy of a
semiconductor material within the semiconductor structure;

a probe laser system, providing a continuous wave laser beam, operating at
optical powers of approximately 10 mW or less, and containing at least one
wavelength nearby an interband transition energy of a semiconductor material
within the semiconductor structure;

an optical system effective to focus either laser beam onto a common focal
spot on a surface of the semiconductor structure of diameter 50 microns or less,
and to scparate 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.
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19. The apparatus of claim 12, wherein the punp laser intensity is directly
nodul ated with a reference signal generated internal to the phase | ocked
detection system 32

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.

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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