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The present application clains benefit of U S.
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typically have sma
attain the earliest possible feedback during production, it is necessary to non-

destructively characterize the physical properties of device structures before the device is
complete. Importantly, the active region of many electronic and optoelectronic devices
are semiconductor quantum confined structures. For example, the gain media in
communications lasers typically comprise multiple quantum well structures.
Unfortunately, widely available optical spectrometry techniques such as ellipsometry or
linear reflectance do not have the sensitivity required to observe signatures of quantum
confined structures. The signatures of quantum confinement occur in the vicinity of
strong interband transition features such as the band gap, and typically have small

amplitudes, in some cases as small as one part in 10%. Additional quantum confined
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anplitudes, in sonme cases as small as one part in 106.
Addi ti onal quantum confined WO 2004/ 107026
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internal or interfacial electric fields also occur
nearby to strong interband transition features. These
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havéhangefediing elrémer QAspmeb,e 198Ul atThensonvempibaalu gboto-reflectance
nodul ation of the pu beam i.s conventi onal 15.. .
CONFERTAHAN | SHAeY /R tqﬁocgﬁqgg?ft pEap b@ﬁ’apfﬁeﬁna“?ﬁ S‘B?zlll %ﬁe&‘f’ﬂfﬁ ¢hgnges in
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accpmplistivdanith sn dpiseal chopper, oo byrdiiturorg apelhtizes ghifleoutput of a phase

reflectjvity . changes usin ase. ked det eckl on. .
ol 4 e Th R St CooRBRT 5h 36 SRBAEF b heam is ton
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ereln the electric fie I s _'nduced by the_ space X
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andCROEE (PSHINRR] 19160t CPhie il GuaiEp®be beam tapproatiadicreases the system

tunable punp beamw th wavel engths nearby to at | east
corapléx¥yY.r ong i nterband transition feature, or “critical

poi %‘th:clhe.k %r(?tﬁ@m R cﬁﬁ\;eﬂggfﬁ[l Splﬁio—fe@ﬁctgﬁﬁfgréjﬁg aRpflhded tunable
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purﬁ'ﬁ besmavitenave aets marfyeatatiteast aveatrong intérband tpaisition feafure, or
t he

“eriil gk 18 G RaBI Srv g ot grsBbiRe e hathls  Fgpprtant:
qu@%ﬁ?ﬂgﬁbfgl%gﬁéf Fl{i}?{? ua?lg' %lfla&?#]lse Bﬁédﬂfal freAliE Qe cilifiéfR%ts in t.he
optical absorption (Miller, 1982). Thus, by employing a tunable laser pump source with
wavelength scanned across the critical point feature of interest in the band structure of the
quantum confined structure, photo-reflectance information as a function of pump
wavelength beam may be used to characterize the signatures of quantum confined

structures.
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Also, the laser pump is not polarization modulated so as to induce anisotropic optical
responses associated with semiconductor quantum confined structures. Additionally,
although conventional reflectance difference spectroscopy has been accomplished using
polarization modulation, it has been implemented at normal incidence where no change
in coupling to quantum confined states exists. Also, conventional reflectance difference

spectroscopy uses lower laser powers.
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techiyique is to characterize photo-reflectance signals due to the optical response of
quantum confined structures. Quantum confinement generally shifts and sharpens
features in the optical response, and also enhances excitonic features without substantial
broadening. Excitonic spectral widths are typically on the order of 8 meV, or
approximately 5 nanometers in wavelength, at room temperature. Moreover, excitonic
spectra associated with quantum confinement are anisotropic with respect to optical
polarization. The polarization modulation photoreflectance technique provides the ability

to generate and record photoreflectance information due to quantum confined optical

response. To attain this, the present disclosure generally comprises a wavelength tunable
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to characterize photo-reflectance signals due to the
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the Froduizsep sAucnssaeh s g poaruree. HHe AGAahischpRy e DC
s1gr§d§%§%ﬁ?€@%ﬁ%}s/ Si%cﬁ*hﬁﬁfii’d’ti%n ol 13881 ink@Bity.0l Ti&r AICS signal is then

he conputer and perforns power and
propetiehsngthe ditferentiallthangoinaeflecivityn Toe steaal qppdifioagithen records

the GRORRERPRE CBITY o P epmpvirr Sopald I8 T A Feffr 3R menl
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proportional to the input intensity. The ot ceiver
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cadmium sulfide, cadmium selenide, or combinations thereof.

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.
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better understood, and in order that the present
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There are 30 additional features of the disclosure
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be e_i.n ecific construction ill

Br 1 SROTAdE i spRerBC RPTREIE S PPIACiZPa S otief e optical
syfé@wi ngs formpart of the present specification and

are included to further denonstrate certain aspect

of tHAE. prieblavk drgremoefithe clerhenigisignalisefr e mglarization modulation

photo-reflectance apparatus;

FIG. 5 is a graph of the polarization modulation photo-reflectance spectrum
obtained from quantum well test structure;

FIG. 6 shows shifting of quantum well excitonic positions as laser intensity is

increased.
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weld ftesy ustmeune, vighich sy be igrewn using golegRlge bsagoePTiarkt CUpRIses a

P t.echni of .th } ' .
neggltoty SEBANp ATk QAR Ry bR SR BpdtoRHich s grown
an qlbgawls:gi faapaalt auuﬁigmymgmm altsr:nide (rdGakonSsmeeddlayer be ~94.5
exenplary only and jn no wa imting j ..
narmmtﬁrﬁél%ewsa eé@rmﬁiop%l%?frr&% 138 °8¥ng’%ﬁiﬁl§s{§&?£“ewi gRwn on the
T TP SR A L1 oA oot R i o
GaAf qgg:mmt\ed:]s atideMGag(s Whmyiswawn omthefirst bagier layer. In an
structure that may.be characteriz using the 10 .. .
exegaplagy; £ Qﬁn%ddf\{dalf’}dé}ﬁl SHEED, &YS c@kcgo?lgglﬁeniaql}}élco ess of
ap%{/ﬁﬁnﬁﬂegge/m nSHGHRUES VAR bAMER Y coMpriset £ 8HickaibssUstt appeoximately
I ch may be grown using nol ecul ar beam epit axy
7. Acoampniet@s oA seemlt canfingmentpleyergis Srowm Qi Sernmekiplecayenium well

section. %ggtlﬁ%r} well %gs? g’ttrlgc%rg ATHRY cé)l\pnlpﬁpesl adfiti¥lal AlGaAs spacer layer

of approximately 94.5 nanometer thickness, followed by a thin GaAs capping layer.

In accordance with the arrangement of the present disclosure as shown in FIG. 2,
polarization modulation photo-reflectance may be used to measure the reflected spectra
from quantum well test structure, or any other quantum confined device structure, in
order to characterize the properties the quantum confined structure, and importantly,
establish the energy of optical transitions in quantum confined structure, establish the
form of the dielectric function in the vicinity of said optical transitions, and profile the
excitonic states in the vicinity of said optical transitions. Quantum confinement is known
to enhance excitonic features, often making them visible at room temperature (Miller,
1982). By introducing the laser beam at a non-zero angle of incidence with respect to the

quantum well layers, a component of polarization perpendicular to the plane of the
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an negatively doped al um num gal | i um arseni de (Al GaAs)
"spacer" layer of -94.5 nanoneter thickness. An
wapdepem2darri er |ayer conprising Al GaAs i s grPUIRIUSI004/015622
the 15 spacer layer. Then a nultiple quantum wel |
section conprising a nunber of periods of GaAs
quaniuaniveln lawedrs & realizedl GhlAS pbharization ¢amyet se achigred\iry laght incident

the first barrier layer. In.an ex | ary .enmbodi nment
sorby e S et e By S EB T e, o
polAPRAGX | SRipBh¥ntd i}%rﬁ?:ﬁﬂf%ﬂﬁ? 86 Sthe RftEntad! Wefl RyéBY the “heavy-hole”

conprise a thickness of approxi rmtel}/. 7.4 nanoneters.
excitorsie ebsuaptiwmstiengtheis trahsfpred foshgneashy Shightthelanabserptien (Weiner,
antumwel | . 2 ction, ant um, wel |
19835 Cha 0B iS85 poTigpiin At e S e HES dirfangoment
conrisePR hsblEadiedy/1a94; HlRanwrabRér, b lekesptic (EO) phase niwdulator
~a thin GaAs capping layer. In accordance with the )
witlara detioangenstaton eath opiesit SystesR | dsWPlesa SHRRTesSiveEy @ signal
. pol aki [ ' - I be
confitionBt i h EBpEl; RH G buARA Ry ben koI, b
wel Thé Rsér diddelis bt eftermal caly tondbds lagerativdenwitlo odriteremavelength of
devi ce_ structure, in order%%o char aagteriqzae thet L
appsrapelaly 44t A andhrienabic ey 2BRIPEIORAIY, 2G fgnometers. - Laser
eml%&ﬂﬁ?l%ﬁt?nﬁllc}ﬁde Satah 'cévtitgt B.Flaﬁf%eﬂﬂﬁﬂe Obhs@Ptenfiflng in the UV-NIR
ransitions I n quantum confined structure, establish
watdiengtli eange 200-h20aina).eThe laserf pavesriis appiroximiately il & nmyVi However,
of said optical transitions, .and profile t.he
lased,caphagdipents inaede Tosets ARSroinE ol R%Weg 0@%310&0’8&46@5? mW or above.

Thd [288dohBN8r is IRHEHMEBR ARRIBHrcE SothPaivle wilh the8aCdode and
exclitoni ¢ features, often maki n%ﬁt hem vi si bl e at room

may depaméolled byMhe|compus TBB2Apser Byeapnisy @mquni@Iq the electro-optic
EQE e R Bhos™ R0 SRR e, I BRRERAL 1R oy exemplary

emB&ditHeh? Blhdse indiRi R6Nehis GdesdnahOfrédiRnpy angpméxittacely 20 \WIHz and is
2004/ 107026 PCT/ US2004/ 015622 quant um wel

| layers is .
drivenesinuseiallyysnsatenal fonction sensinier- bac plase é‘IPé‘I:IYaERT will typically
Laht, LNgj t I o) I
orkh 8l OSSP M) Tl B, TR el 0ALR sncror
Enfbolanénzahlso nincladp doeidbandopligse mioduldtam, includieg QUG biagnoperation.

wel ]l | ayers, the "heavy-hogl e" Xcitoni c ahsorption, .. .
Onge thn AT ibgamr &St g?rfle € (R B B%lt%yl 1Y ﬂ'la_v ﬁgﬁ %m;?ll residual
am%@ﬁ%@ Rho@NadHe i@gfweds’oo};égf%@hasﬁﬁloﬂhﬁt%. | Phé-bkasé modulator design

rization no ati phot o-refl ectance arrangenent )
minimmipes eeisual amplabdemdiddieon. aBewever, igsesidoalamplithés modulation

pr %Ir gfctg]rn?téo E)ri)glpxgiggbag%swgy 2{1}%{1 é)’ems}nrcl)vgd.f lﬁ]l%tﬂo?ﬁization
mPRPEE BS& DESH is et BB@ed ofRNEHE baRpIRsurfadtthtan@aplRuWfenicidence of

W th nmeasurenent and system control software. ) .
approximately 45°. The optical system comprises various optical elements including

focusing and collimation lenses, and mirrors. All optical elements are matched to the
laser source wavelength. Once the laser beam is reflected from the sample surface, it has
sources of amplitude modulation at the modulation frequency from the difference in
reflectivity due to the polarization state change, including any polarization induced

anisotropy in the semiconductor optical response, and any residual amplitude modulation.
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The | aser diode is an external cavity tunable |aser

di ode with center wavel ength of 10 approxinately 844
waapocanaroeanabl e range of approxi mately 20 nanoPEL/E8R04/015622

Laser enbodi ments include external cavity tunable

di ode | asers emtting in the U/-NIR wavel ength range
The( r%(ﬂ@et&(i Q&amnjs colleetet! amd rfopuned ronits tlap phatrdiode.e I KIG13 shaws the

polsgiZa Rt B DR Y5 PES 6 OPEC STHER) csor

COﬂA§ 2 LREmpISrPmBALSK @ﬂ%&heﬂﬁqwodaﬁwdqﬁs& ®eRatis Birected onto
h the laser diode and 15 may be controlled by the

the csamplet avith Phlerikationr pavelieh tosthgi plene e inpidenaepalso known as “p”
ror B 1805 ST AR O It s o e
pol&FRaeh Fefjenditake thmBJﬂ)laﬁébe hﬁﬁdeﬁcé Qﬁss@nlaﬁiwrf aew’epmmmlon at
approxi mately 20 nd is ] Si nu%éhdal |y "W%l
the qu@lraﬁan fregneénayo nTlgfélntqnﬁbeﬁaf thfrh mia@,%e i &
o I per. above 1 MHz and may be driven

pfa 61 >1t B})ﬁ&%@{‘iﬁ%ctolg% ’generator. 20 Enbodi nents al so

whﬂmltetiﬁk@nﬁfyoaﬁﬁ@wp@mﬁed BRgibkiki on, including DC bi as

operation. Once the |aser beam exits fromthe phase
rdedFemIaRs mIoRi@yS(ﬁb)ue a small "residual anplitude
u ndu QA d 4 .15 .
Wh%%il %l g}eéﬁﬁecﬂﬁ ﬁ?épnogg% ‘lrg eéﬁ%{ﬁ ﬁjcll%%d llégp?esﬁg&%ly, m is
the el (ﬁfihe SANRN @ ant@fﬁit?/&ﬁﬁiumﬁ@h (ﬂf@ﬁhértpmmﬁ&ubmnﬂﬂ and €2
produces a constant or sloping background which may,
is th@nwdekatloff Heeqpercar iThatlassnben nwmnaﬂmﬁwragﬁﬂw%mﬁnﬁ%les which
E focused onto the sanple surface at an angl e of
may pe"gEifle of approxi mately 45. The optical system
conpu pespRari st)LFCIﬁjo([@LRn)@@g@t) ncl udi ng focusing
and “col’l i frati on nse and mrrors. Al optical
el efrhistis «frthe lfmm:MH—tAR trhaR cdsé@81, where AR HamReRgh hAlso, the
Once the | aser beamis reflected fromthe sanple ..
respeftivg clatensitiep Jaay ?Pi‘é Ong SEpAIRiet ]?Fd‘@sngﬂ Lfﬁ%trq%?j (fap polarizing
a{nli‘s?»ﬂlﬁﬂi%ué ol é}gi fnk %1;%19 Co¥ns dfo?ifﬁlﬁlﬁg efthdrf RIADEROR @tat%ochen directed
vity due to the polarizafion state chan
into aqalhumrﬂ@nwn yomptising rwo photodiedescengnected Bweughm/su aPtFFél circuit.
ical r.es

Thg ?ﬁ%{o%g]&%hglgta}ﬁgtﬁ‘lgb ﬁontalgs nlf%&?lgcgni%g%proggljtlgﬂﬁ to the difference
mt@@;@ﬁ&%@{%ﬁ QHER fha KFE%’&%! ected beamis collected and

focused onto the otodi ode. FIG 3 shows the
pol é;r+iga=tIoB|a—snhﬂ§,+Bﬁ)4tméo(Rﬁ*§%sbcob@Hm as it passes

T AR % o RER oA SAarCRN, WA & i SR EaatisiFe

the rg@ngl @()n‘f%uh? I%ﬁbl%ﬁk Zfddr JTogh8! di&ridal sighalsPinahe gllarization

i nci dence, a own as E_
modulation apparatus. The DC signal from the photoreceiver is proportional to I,[R—

AR], while the AC signal is proportional to I,AR. In order to measure AR/R, the laser
intensity I, must be eliminated. This is accomplished by dividing the AC signal by the
DC photocurrent. This normalized AC signal is proportional to AR/R + O(AR/R)Z.

In an exemplary case where the polarization modulation is small, R = Ry, then

AR/R may be written AR/R = m(R¢/Ry+1). Now, letting Rs — Rs + ARy, and Rp = Ry +
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5 pol arization. The phase nodul ator then places a
portion of the incident intensity into the

w@odoandad i on perpendicul ar to the plane of i neCHEsDE4/015622
al so known as "s" pol arization, at t he nodul ati on
frequency. The intensity of the "p" polarized Iight

AR TB¥hele AR; i dndeAR;, hpwrefen (td-thy Rpdueedichaiyes ds (s8@tigondubtor eptical
the intensity of the "s" polarized channel is: 10 Is

responsg foRthe “stand [ tepluriptipn, rﬁﬁ?@ﬁ*@vqizs AR 186OHEL t he
ef | vi ties. o p* polarized |ight,
AR/kesB’th/#{v%]I) / mﬁt‘/&g&iﬁ/ﬁéﬂ‘%ﬁgﬁd)t ude of the sinusoidal
| ntARS kY ERAUL qirbllsu}u@fﬁal &bt her sup®lofrthe atriean “hand etp;” channel
and S is the nodul ation frequency The | aser beam

reﬂwmtmsns'rhm mfsumtmn ontaired; it @Fﬁst@lfmelé sppvalent iy fheymformation

con A Elt 121? %E} en cﬂ?;- Sehlpso %:ﬁlﬁpdat rﬁﬂt Eé)ugﬁl 1 QfSimine filmstack

parﬁ"&@é(s%%h)ak i e eknbi. TyiﬂﬁﬁlyRm))ver ﬂd&Wavdlch@,th interval of tunable
respective intensities may be split ont te
laseb,etamsﬁxbytem@r(z@@ew slawihp Va g hrgkeiges FRAERHHGF Gt g, order of

10'@1 T ﬂlérﬂsﬁge{ r€ e P%m%&!&t Aba Rﬁ/l? | 10&]inl g 8'skéddl QBrivative-like

Imto a or ecel conpri sing
terrh 'WhieR 94 @6k ROABS 1@66@@&@@1&@6&&1gbmi?coﬁdi‘ixttmam;itlcahresponse These

circuit. 20 The phatorecei ver output th t
are dhe cveli-kaowe urhognrelselaprsy tReSHA (4s§nm19§5f %g‘?%ﬁ@h nTypical
i
BRI O LB g o st

rangé irt digplitQaetbA R0-AR16-5QRoDak) 2994), wvthep@:tnéRmckhmtychRy <10
+Rp). FIG _4 contains the

m
me¥] 2 600th dmpeRigrRlCingr 19%5; §b¢>a}5?7£ét T tepa Soaihonet r&‘ﬁOde the

o BB Sl 15 A, G B e IARRAEnd sy

recO¥d8 RRE nhAB@ement blﬂb‘é&urﬂeﬁtsor’ﬂlﬁts AR/Rrisasscorded\Rs R, funbkion of laser
laser intensity lo nust be elimnated. This is

wayclorgthine hsensy. dimiediments Melie Aegtians E‘ythF feranggment which do

ph gcupr.en o] _
nOt BPdr t f'ona nfi ;rlmﬂﬁ?lR ﬁ&@%@% o0 hlggﬁﬂ e ?rtr())l rg?l)e/ctg%cse e signal.
Enib'ﬁ@fn@erié% Qtls’,l%/ﬁhﬁdl\hd’eahhyb I’bdmﬁ@uﬂaabnso rwhese sthal photdzeceiRP, AC signal
t hen AR'R may b
containg i zhg:ﬂmo-re egta);/qge %13%% ugn aﬁ\R/ 55 ai a%lgi/)lg gﬁwon'\cﬁctor optical

resﬁgr%%/ i &z&%aof ﬁ%/ éﬂ%% e eg&ﬁ?%%am%?aniéﬂ@ﬁ 8tafd} A8NMfdedRBrein, the

ow refer t anges in sem conductor
pheiptefieaance signal is photo-induced changes in the semiconductor optical response,

and the linear reflectance signal is the difference in the linear reflectivity of the "s" and
"p" components of polarization.

The underlying principle of the polarization modulation photo-reflectivity
technique is to characterize the photo-reflectance spectra associated with semiconductor
quantum confined structures, and to derive critical point parameters associated with
quantum confined structures such as excitonic resonance energies and spectral widths.
Critical point parameters generally characterize the “active” electronic properties of
quantum confined structures. Excitonic features are enhanced in the presence of quantum

confinement and characterize the splitting of the “light-hole” and “heavy-hole” excitons
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response for the "s" and "p" polarization,

respectively, OR/ R beconmes AR'R = nm( RS/ Rp+1) +
WOrRRAR02RS/ RS+ARp/ Rp) . The first termis propPCT/Us084/015622

to the sumof the linear "s" and "p" channel 5

reflectivities. The information contained in this term
assdcated] withaquantunt cortfwemient arr stedin.oAs is erelldinosuh, Ere photoreflectance

conventional. ellipsonetric data, an A sed ) i
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hot ocurrents. Th ' nek icon 1of
e PRGLFEN o S e d 5P S,5 R BEA S om i
nn@halgé 8t INRIR itselft (ARpAds ADYBHEThe Whiptifuddpbroadéning,taid pdsition of

fundanental polarization nodul ati on photo-reflectance
excagtiogiea AbsorjRtirme direstron glal dlueresdube inteynat SieldsgGensrateh by photo-

re t.he p or.ecgi ver AG Si t ai
exiifgt SR Dafance B Mol FhRcyBle TR Foff dhantum well test
strf@ieCOPINEL & aoRtie€ A polRBROGS enddutitioadphayortfiectivitangavelength

in punp beam pol arization state. As used _herein, the
scaph o€ dSSF INSBIE el 35T Jhell TR, S AikidE GBVe g dinep, refloctance
t ' hGal }Ed9ah increasi
ba%ﬂg?%q?%l% %g&gfe%rgdévleg iﬂéllng % epogﬁ@g?@ﬁbé eTllﬁﬁﬂtt%]fg%lci bl §th increasing
lastiepdveat dndi duyvesfaré irelidied to gnide theeye olmpheserscanspthe PMPR spectra

B

et B£C Bhi 40 PPt RorefbiiRAty2ARE BRRES i@ ideal for the
fedggseogfa@gl%vﬁht% ser(#l%g%du@% o(r) © guanfum confi ned

chateterizationsof stmih, sinceltrei major effedt of unjasiah stresa inteethéft gnd split the
associated with quantum confi.ned structur ch, as

XIS SHAECY. BRI 5rRES USiAE gt of: %@#SFASPHG& 1980),

wittll kbedls Qolje@%hift’ ot SlcRoBRNE] %E&C hanaet eftbddtyt Reincreased.

actrve” electronic properties of° 30 quantum confined,
Exsitonictposi¢ions dorbiet] dring tHie data resshome is fi@né.edhe axeitpaic widths are

ess%rnteiestl?}r) ?n%egeftnd%rlftaoqllgsrgr intensity. The total redshift for either the light hole or the

heavy hole is approximately 5 meV. For quantum well test structure, excitonic redshifts

-

of approximately 1 meV per 6 kV/cm internal electric field are expected. This shift is
due to space-charge separation of photo-excited carriers. Thus, the observed shifts are
indicative of internal electric fields approximately 30 kV/cm in magnitude. Such fields

can also be directly measured by photo-reflectance using the above bandgap Franz-

11



10

15

20

25

30

confi nenment and characterize the splitting of the
“light-hole" and "heavy-hole" excitons 10 WO
WQRMMNA0IO26 PCT/ US2004/ 015622 associ at ed w t PCTJUS2DUMS622
confinenent or strain. As is well known, the
phot orefl ectance spectrumis proportional to the
Keldighi \oatillagorsf (Grey, d2@f1ecBedaphihyuntGispn. Howewdt.eltbe t palerization
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nes Aspnes, 1980). The
to therplettrordptic brodakitomi Aire phast modulatied tasef beapkisi themfasused onto the

sng B S5 B N AL SR Dbk adeléto o
phc{tééljgyé{/é@t% plnbRedi el ;gf@meg &5 Gibysut,f OOk gl paopitional to the

structure exposed to a series of polarization | ,
sunmrod difitremee ffemple s cnd o tpflogtivitiesn gthe photerseerygr AC signal is

| aser . power.s.0 6 | . ?ﬁ Mg, -
normai?@?ﬂ gyﬁ%égtp%ﬂg’gm c@vﬁéal %sl glgg’e_n HERA glba% ic?]rédnwner,
whithPRéYHHE Bdndbwidth TRRed defection $€ahe BOVnidiulationefisquegcy. The
| aser power and curves are included to %I de_t he eye.

corlditiarted signat an thentrassePNPrhe semppigr, 28hish slesesdAR/R, g6 ja/@metion of
structure “heavy-hqgl ' and."l.i ght i '
lasggrineRe. TheigeaEarar P b B R C sl e by a f
to BROJISWRS V@%fnkMidedr AdfReetiviBK Backigtounde alhuspthet fudarization modulated
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phefnitafteciancs mrragemant charagterizes shripalpngation modulricd phgte-geflectance
. feat ur . [ [ t he |ineshape
mgg?l%&liﬁ%t %%‘ﬁas%i"%%&t? aﬁ@mﬁ%sgﬁﬁgvey&gﬂﬂ Y

pnes, ch revedls a redshift of
t he A8x©i 4 Girtier dieugyorEgf & haser of nisaegesaridyopegation of the present

disghipon s AN pP GPPESR HEMORE DGHT SRFHRG. dhdsondingly, no
R gg&:ﬁ?f&k relaﬁﬂg RS G nn@f o{flﬁﬁgé ald WRstiohYwill Begrbwitid.

i
or either the light hole or the .
With respect to the above description then, it is to be realized that the optimum

dimensional relationships for the parts of the disclosure, to include variations in size,
materials, shape, form, function and manner of operation, assembly and use, are deemed
readily apparent and obvious to one skilled in the art, and all equivalent relationships to
those illustrated in the drawings and described in the specification are intended to be

encompassed by the present disclosure.
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test structure, excitonic redshifts of approxinmately
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expected. This shift is due to space-charge

separation of photo-excited carriers. Thus, the

obsBierefdres kief fosegaing B8Rohsidéredins kstrativenendy wé theeprintiples of the

i B SR bl S D oy Kty oceur to
tho®N\QtiRsd & the GHARGE ndb HEGreliNG IARPHR dgneedtdthersactldon¥ction

2004/ 107026 PCT/USZOQ4/015622 Kel dysh oscill atigns .
and( Gpergtior2 Sigawyn Sad adsstnibed] 388 accorginglpr all shigable modifications and

caufSAAHBEY b FroaRE 1, PARREWRRRRF FopfPELEeARBRTT, °

fields fromline-shape analysis. Thus, this disclosure
is suitable for the characterization of the

pol ari zation 5 nodul ated photo-reflectance as a
function of laser intensity and |aser wavel ength. A
tunabl e di ode | aser provides the optical intensity
needed to i nduce changes in the optical response of
sem conduct or quantum confined structures due to
space-charge separation of electrons and holes. The

| aser controller provides intensity and wavel ength
control for the tunable |aser diode. The conputer nay
program | aser scans via interface to the |laser 10
controller. The EO phase nodul at or nodul ates the

pol ari zation state of the | aser beam at approximately
20 MHz. An external function generator is used to
provide drive current to the electro-optic nodul ator.
The phase nodul ated | aser beamis then focused onto
the sem conductor sanple structure. Reflected |ight
is collected and directed onto a photoreceiver. The
phot or ecei ver provides, as output, an AC signa
proportional to the 15 sumor difference of sanple "s"
and "p" reflectivities. The photoreceiver AC signal is
normal i zed by the DC photocurrent. The AC signal is
provided to the signal conditioner, which perforns
bandwi dth Iimted detection at the EO nodul ati on
frequency. The conditioned signal is then passed to
the conputer, which stores OR'R as a function of

| aser parameters. The linear reflectivity contribution
to the AC signal is renoved by a fit 20 to the slowy
varying linear reflectivity background. Thus, the

pol ari zati on nodul ated photo-reflectance arrangenent
characterizes the pol arization nodul at ed

phot o-refl ectance signal as a function of |aser
intensity and | aser wavel ength.
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As to a further discussion of the manner of usage and
operation of the present disclosure, the sane should
wheooappmeent fromthe above description. AccorBPCTnyh004/015622
no 25 further discussion relating to the manner of
usage and operation will be provided. Wth respect to
Reféﬂe@ceabove description then, it is to be realized that
opti mum di mensi onal rel ationships for the parts
[JSO?MPW%D%¥@%m§sure to include variations in size,
materi al s, shape, form function and manner of
operation, assenbly and use, are deened readily
6,1%pEr en2/260ld o0B6vdyous.te.one.-8kOMVed in the art, and
all equivalent relationships to 30 those i 11 ustrat ed
in the drawi ngs and described in the specification are

4,93 NiPndeg 199 beAsprgonpassed. byeboe present disclosure,
12 WO 2004/ 107026 PCT/ US2004/ 015622 Therefore, the

foregoing is considered as illustrative only of the

39%%%@?'p§ﬁ§7§f glsclosure PF ;aptsher, since numerous

i cati ons and changes  WwiTl readily occur to those
skilled in the art, it is not desired to limt the
di scl osure to the exact construction and operation
OthepBulplicaiensdescri bed, and accordingly, all suitable

nodi fi cations and 5 equivalents naybe resorted to,
falling within the scope of the disclosure. 13 WO
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WO 2004/ 107026 PCT/ US2004/ 015622 dainms: 1. A nethod
of determ ning physical characteristics of a

wa@egvaamneuct or quantum confined structure, theCTES1904015622
conprising the steps of: a) illumnating an area of a
surface of a sem conductor material 5 wherein the

Clagmri conduct or material conprises one or nore quantum
confined structures w th a wavel ength tunable | aser
beam haviAngmethwk of elcteramirghe phyticaleehdpyctéristias dfemstmivoaductor

"critical point" in th ptical. response of a
quagi s caﬁ%ﬁhw@egf?lﬁ@aﬂgs PFSEOr with a
wavel engh t URLRFinh @R Gn Ofre A RPT %R b? al Setfi®Mductor material

greater, and using a focal spot size of 40 mcrons or
wheessthewsemi@inducthemagsial cdepnnes onpas swde tjhandwg leoafined structures

wiffeil {)&é&ﬁ?ﬁ% &H_@%i 7 1oet lgshegig?xg&)gg]]ﬁ%&&r[egf rg{?%tgienngwasptearq{y taoba(%\{gast one
"orRRUAPbiAAT inOihe Fptiel REpdni® 8Ph&ehisRtuAEA Uil cohfined structure,
i1lum nating the quantum confined structure;

b) .
withecwatlength Waingsphgeofappeixinntalt § em ou graskar, dudgising a feal spot

. th illumnation of the onf i t .
sz 84 i B 085 ek P W o 05 ARIET 4 Bgco-opti
ph#&it hbdlabp bperatifi @t dr abarRgESHzNfrédiRnSE 0 achiewute inodulation of the

opti cal response, known as the photoreflectance
polgrigatiom, statedof fanabler faseieheasn imsior He liupdngtinge theeqyaniym yconfined
str@fdehe "s" and "p" conponents of polarization, known
as the linear reflectance signal or both; c) repeating
steps a) band hgcoadings shet heflected nglteraatges ofurtene lighterfrom the
sour ce f step so asrti{o col | ect

: | t . .
illyrnglion Of She igvarHE Gedimer ?#%r%%glaeﬁ%ﬁmﬁ% fifEent light
cotin®Bhé gﬂher FHRORARIGCA] cHahifesSf M LRRHbGTdRE of ggﬁgéa@b )'i'ésponse, known

confined structure; d) repeating steps a) b
as thergedorefiectpoweignabrigd the diffeeenica de theslinear eeflestivitis of the “s” and
«Lollect ntensity.informatign.in the vicinity,of )
PepompanspishipalastAion, kaowp s e tincras fectuloeterph both
sem condygt or r%@ﬂh%‘@“ﬂe @zgfdnﬂfb()’ aﬁlbﬁéiﬁl%lﬂﬁlﬁh% 2difge ©F theSlaftd source
the information collected in steps c) and/or d) to
of gtepesst as 5 celtpgt Meatlength informatian Inctheoticinity of raiticalnpoints in the

fined st e 2 T fined in clai
onioR BB S dCHE it Sonchvrol SRR GCR R AFEME" ooy S
sem conduyt or rgpakihpBlepeh) d b avioso udin@r rafigef tia laser source

wi res, sem conductor quantum dots, or. int e{f aci al, )
50| agyter gollect intensity information in the vicinity of critical points in the optical

response of the semiconductor quantum confined structure; and
e) using the information collected in steps c¢) and/or d) to detect
physical characteristics of the quantum confined structure.

2. The method as defined in claim 1, wherein the quantum confined
structures comprise semiconductor quantum wells, semiconductor quantum wires,
semiconductor quantum dots, or interfacial layers.

3. The method as defined in claim 1 wherein wavelength information is

recorded related to a quantum confined structure and the linear reflectance spectrum is
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3. The nmethod as defined in claim21 wherein wavel ength
information is 30 recorded related to a quantum
W@ oovitemes st ructure and the |inear refl ectancePGpPESINUMS622
is 16 WD 2004/107026 PCT/US2004/ 015622 renoved from
t he pol ari zati on nodul ati on photorefl ectance data
remysied groan thet pdlarization nholubation phbtosefieatanee Hate kiginguntit td the linear
4. Th mEt hod.as defined in claim1l wherein wavel ength
reﬂleﬁtfi%‘feﬁthﬂ“"%rﬁup@' recorded related to critical points

assgci at ¢fe Whithod Wa rdeined o fol@d 1 Sk hateinUivaselerddl ih®rmBtion is

used to derive critical point position, shape )
receudefl irelatid, toseréliqal apingg ashciatgd gritly nugﬁa@ecoqﬁgﬁéﬁ@%tﬂres, and is

.. .The. nmet hod . def i ' =T ' . aaal

s fpe i anBal Pt oot oG Bhfligiat ol SR 4R & phase
pard@ttened in claim4 wherein changes in critical point

10 paraneters as a function of |aser intensit arle )

det & m ndho mrethorhys deBnpdn Giaimyd pihiceen pryakie 4t dlgral electric ficld
isde?l@%(fi n changes in critical paraneters as a function

0 aser intensity are used to predict the behavior of

a g@ant uffhe ométhoécas définedt inr elaim de rwltkeeiincehaopes at icotied]l point

condi ti ongl, hefore the final {_i'i&vi ce |s conplete. 8.
parpmsteRsAs o AmgHonyoF lasrt dntppsity|azg %‘i‘ei n changes in

i nterfachpl HR6P% ddrmedeRSlalnt 62 fwHeli® Chazedin &itRGI phrdmeters

fields are correlated to changes in critical point
as pdnsetiemeslaserdnteTibity aret usod te prafiedtithe dehayiq ofi arguantum confined

wher ei vel ength information ks recorded.rel a 0
strgfpcre A i it o SOREp bt Bt R IRl Feii S BbRBicte
strgct ur g%e Adfod b YefXed n0dlhitn BOShdrbianthadg® iafhictfatial charge
are derived. 10. The nmethod as defined in claim.1
densitgrosiinterfasiall dhengtitifields anerenrrelofedite chargep Ergritirabipqint parageters.
to excitqgnic feature oci at. ' ' .o
Str Sot ur g B et G AAEE bt SALUEERRA KRR on is
rechbided et iohextitesicoiehturts thsédtiatedivithquahtane confined structures, and

performng a value of strain is derived. 12. The
thegscHeric Rositiens skenliffing ¢ dsrivedyherein the | aser beam

4§ natgs fn@?xogg%u? le80RdUSPT WRERIH Havilen@ ARGhRtion is

il
of incidence o
recorded related to excitonic features associated with quantum confined structures, and

the excitonic amplitudes are derived.

11.  The method as defined in claim 9 wherein performing a value of strain is
derived.

12. The method as defined in claim 1, wherein the laser beam illuminates the
semiconductor material at an angle of incidence of about 45°.

13.  The method as defined in claim 1, wherein the polarization modulated
light comprises a component of polarization perpendicular to the surface of the
semiconductor material and a component of polarization parallel to the surface of the
semiconductor material.

14.  The method as defined in claim 1, wherein the data is used to extract

information related to the photo-reflectance spectrum of the quantum confined structure,

17



10

15

20

25

30

13. The nmethod as defined in claim1, wherein the
pol ari zati on nodul ated |[|ight conprises a conponent of
w@odoandmad i on perpendicul ar to the surface of PEEUS2004/015622
sem conductor material and a conponent of polarization
parallel to the surface of the sem conductor
the npttogo-reflectaBBe bhectiine cortistog af tikepblacdation olodiletion anisotropic
V\/nerejénthe data i.s ed to extract information |

TeSROLSG P '@Pet%‘a?'_ﬁ@ ?ﬂ‘i‘gPS‘f? 88t ance spectrum of the
quamns um ¢RAMIIRA & défimel if claith /1, Whe28i4hd olfidfed beam is passed
PCT/ US2004/ 015622 the photo-reflectance spectrum
thrarghsi ilariwgtion bedne splistes prigntoi keingwseerded.i on ani sot ropi c
response of confyi n r 4 .
ot Rod ad et F REAHR R GAG, Schh e perfRond i materil
cond§radt b BrAASEEY seinfidodd@diosmpietiall i zati on beam splitter
prior to being recorded. 5 16, The nethod as def

; ; ' | hed i
"n &7ai nilhe matBec i deRaedsinglaigh du dtlisFeimnie sprgIconduttor material

[ I sam.¢ il nitekib. ;
corf ARG R SRR, cn S BEAR L ITR A it aluminun
nitrédxyigalbineuphiosphidatiadival gallhomarsesids, ipdium antinaesdeiod gpmbinations

gal lium al um num arsenide, galliumnitride, alum num
thef5of'r i de, gal | i um phosphi de, i ndi um gal | i um ar seni de,
| ndijgm ant,iRRisdGor Qfete‘éﬁﬂ%' PBlsicAn Schaddickid@E €8 .a k8miconductor
Apparatus for detecting physical characteristic of a
quaduri confingst structuge; @ampnsivenf i ned structure, conprising:

a wavel engt h tunabl.e.dj ode | aser; a |laser controller
eff@é"fai"@]g’gg%tﬂ%qh?%ﬁlhﬂflﬁ ¢t and wavel ength scans; 15 a
POWGasSH BiltdblIePERE 8 B SerfRmSptRedr ¥in® WeReleligh bédds] aser ;
a polarization state nodul ator effective to produce

phas@owstisupely emnneétable to gpply prvente thedptsie | aser; an

optical syste ffeati [ ec ' f .

P i RRbE T BRGbINR SRt bl B8R of o g
beddh Blodf Beahegr configured to generate an el ectrical

current proportional to the, in[i),u in ensitﬁy; .
an optical system effective to direct light reflected from a sample into a

photoreceiver;

a photoreceiver configured to generate an electrical current proportional to the
input intensity;

a signal conditioner connected to record the photoreceiver output; and

a computer with measurement and system control software.

19.  The apparatus of claim 18, wherein the laser power is approximately
15 mW with output wavelengths nearby to at least one critical point of a quantum
confined semiconductor structure.

20. The apparatus of claim 18, wherein the polarization state modulator
comprises an electro-optic (EO) phase modulator based on the Pockel's effect driven by
an external function generator.

21.  The apparatus of claim 18, wherein the optical system comprises a

polarization beam splitter.
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a signal conditioner connected to record the
phot or ecei ver output; and a conputer w th neasurenent
wa@e@4ay®eem control software. 19. The appar at uBCD1S2004/015622
claim18, wherein the |aser power is approximately 25
15 mWw th output wavel engths nearby to at | east one )
cr i1, cal Theoipphratfs &f cjaiani Bnfurthentompusisg ai ssonenndugior material
structure. 20. The a at,us of claim 18, wherein the
CoMPEEEI A& OF B15TS T B E STV pr | ses an
el egf r o-AR! dpafabidofRIAHD TRt Ble SRAS&MIOE0E Haterial comprises
Pockel 's effiect driven by an external function
a vegiboad catityr surface @mittimhlasetppar at us of cl ai m 18, wherein

spi 74t er THas g SO AR5 Sheltn BE BT OURAR e g Crow
II-TRRBAIEECtef mafedibin 18, further conprising a
sem conductor material conprising one or, nore ﬂua%grrnnprises

con?i.nedThe anperaitseef claim 22ppvhergip dhosepicondugioy
... wherein .C 1 or F Bk C | i Ifide,
P 8, SRR B Rl WL o e sl
cadpRakalide, &fdnth@istieRide, ovtverbinatioheteswf.conduct or

material I1s a Goup, I1-1V senm.conduct.or erial. 25 .

The2GppalFhe epagrtuscllansl, ‘%’Fé‘?@ S]?'F &1 {% Hbq?ﬁaé e
awgﬁgeri al conprises silicon, germanium silicon

germani um carbon, silicon carbide, zinc oxide, zinc

sul fide, cadm um sulfide, cadm um sel eni de, or

conbi nations thereof. 10 26. The apparatus of claim

22, wherein the sem conductor material conprises a

waf er. 19
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