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DESCRI PTI ON SPATI AL- HETERCDYNE | NTERFEROVETRY FOR

REFLECTI ON AND TRANSM SSI ON ( SHI RT) MEASUREMENTS
WGEIWFAMBMT AS TO RI GHTS TO | NVENTI ONS MADE UNDEEI/US2004/027766

FEDERALLY- SPONSORED RESEARCH OR DEVELOPMENT Thi s

i nvention was made with United States Gover nnent

support under prine contract No. DE- AC05-000R22725 to

UT-Battelle, L.L.C. awarded-Hy the Depart ment of

Energy. The Gover nnment his certain rights in this

I nvention. BACKGROUND ION Field of the

| nvepi WL@ETERWNQWTMM?RWP@R KEFOECTYON ARDd
of spatlal-heterod ne mterferorretrgl g SHI Mor e

particul arly, FRANPMIESHONSGRHIRI) M4 H8ds and

machi nery for obtaining spatial-heterodyne
interferonetry for transm ssion (SH FT) and
spat i al SRATEMINAS Tiex RIGHEISoHR INYENGIONSMALE UdpERNd

Rerat oo WPERAEY SRONRARS EERPARGEDERAS T ERAfg] "

Thisl imteatibrowid madetwithdidied iStagds GdutrogresiphpporDDIERr. pribBtéontzact No.

hERCPERARGZPER: UhaRr I L e SR bR PG ofBpsoms, e

Govetinfhiehtdas béragi Mdtsdewickventibe. smal | angl e generates a

set of linear fr odynes the

refl ected obj ectbﬁg@%wm&ﬁﬁi s is then

used t qridig of @t tivbkt®ni mage at the het erodyne frequency

and reconstruct the conpl ex wavefront, Voel (19?SQI)M
ore

Thomveation elptep eensialy i the feld of gtiglrhsterodyped

phﬁ!fcﬁaxfrf M R{dnYoneldles E@Hlerheas arna GBI Y G BBy @amineemdyne
conpl ex wavefronts reflected fromthe surface of an

infpyfesemetry for ansmissipa (S TBHT) andrspriak-hetRrodweripigderomtrfor reflection
?{rﬁﬁ}m }Oﬂg %?eg;urgnlgg,tssurface is i nbedded in the
ase ? e wave

ront and the reflectivities of the
surfacé)lsnueswmftthﬁln@@tedhrtt he intensity of the

§fI1a? %o%d x3%2 a%w ? §2§ ? 1 rglt%{e(?g DY So 'D? &?ﬁgio gh)whﬁlﬁ-l)

reference wa I'magi ng gévi'ce
DIbidya refiéotadf abjeet wméﬁomtead:o&ntme:demthcn‘ referameawavaﬁt)mrat esmatangle on
terfe r f rin

P o e o BT s ePRART 3 0 R Mysppinees tha

sph%aﬁy heté@igneh theaefeced objpamveﬁdmlt SF@ibjeemialys@issthen used to isolate

nf or ma on sh up centered around th

(e b BRATRIG BEPepRG Fepaet ey ayefigntoYoclk! 1999).
wave' s phaee and anplitude information at a nonzero

frequency is
DDH is an implementation of spatial-heterodyne interferometry with Fourier reconstruction to

capture complex wavefronts reflected from the surface of an object. When a wavefront
strikes the surface of an object, the shape of the surface is imbedded in the phase of the
wavefront and the reflectivities of the surface are contained in the intensity of the reflected
wave. This reflected wave is combined with a reference wave at the digital imaging device so
that they interfere and create a set of linear interference fringes. These linear interference
fringes then contain the phase and amplitude information of the object wave. In Fourier
space, this object wave information shows up centered around the spatial-frequency of the
fringes. The recording of a wave’s phase and amplitude information at a nonzero frequency is
known as “heterodyning.”

However, DDH does not provide information regarding the interior of an object of interest



known as "heterodyning." However, DDH does not provide
information regarding the interior of an object of

wo paosioemsnnd only provides information regar di POI/UR®04/027766
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surface of the object. Meanwhile, phase contrast
m croscopy (PCI\/D |s a well knov% technique that is

b| oI | PCM i s
pa OE{Y\/ pﬁ?‘f‘% ﬂlréto g?fdgllg g%‘f s?}%ﬁfe i ncl udes
p hesewiilt, f;%ﬁ?%mbhtﬁbt mlcfceadpyr(pellvlt) 172} wo?lr lﬁlo%fté‘dhﬂipwqh@ﬂhat 1sh commonly
tran m.ssi bj However imt on o IS that
R i bialo ! sPEoRaE il i BAYico s R/ i Hbfdosical sample
phiaaadds %@Hfdr&lﬁaﬁlé m%@%d@@ﬂe%@mhﬁm @a8R1ssWiliBY However, a
anpl jtu % Recent | Jacob (2002) reported a

t SERkAtign ef P thatng go V%%’P%Wt pHaisstignsfprovided, the phase
| bRk AR ycmsoey%eepr&seme@ 4 t&i@cﬁ differences
bet ween two points on_ a photoli oraphlc mask. Wil e

t rﬁ@emé/ehwlq(zéﬂii)gemeateehm@@sm méu Heagemigtienrihess, shifpinterferometry
S Q1% flefufd yxuger&ﬁeréeas @ﬁ@&;& h&h g&hts%ﬁg &81;@{31@ u;?hgcdmask. While

t here ore, Oow scan wou ulre
ptibis éermauﬁge gblato measurgphasachaniges; 3@ mcbmds rrexfquired drjeedt height

ANfe RulGEN ah® MerSGRA, YOV fséjan Qveou l'{"eqrilﬁrgd o? 18&51%% \%h%f‘ c%:aglges across

phase changes over an entire na
n %dmdmo@oamnmﬁ pu olgjedt amdumeryz ong qctanmknlu}d terrequiirdé toaneisire )phase

efront in HTHtIO ard erlor tion of

e EBter it Bhay EneRE: Phildh el & pbrosB et &1 afieay
P rmwmie mmmveﬁomfeﬁﬁaaaﬁ rdghidd g M int@ior pegioh af Hbbpdet.
interior portion of an object and providing that

i nformati on qui ckly have not been net. Wiat is needed

| SHeetkd, theOBquiiRalents iof Bbth PAAGAS Y ﬁ&veh@mn%nwb% di
pr.obl ens. . SUMMARY. OF THE | NVE or]!i’éll'here is a need f SrSgar e an

t HBterien oskignRf aaopisel 2d grovidieg thatiafermalion aoicklydiave aot bepremet, What

| Ny g PR a's§luﬂéH thht smlﬁl?agec;uglyfsg‘@éseoﬁmﬁésé gmﬁﬁﬁl@ rding
to an aSpeCt of the I nvent 1 on, Erocess onpri ses:

d| gitally recording %JMWER%DIF B‘f‘é‘ﬂ}’/ﬂ@@ hol ogr am
nﬁiel‘é% Qgeeﬁ%xtth@{‘ollgghg %Xﬁ%f Ih'é'nﬂz% (!: t!hg Enventlon is not
anal ysis using a refere beam an an o% ect

Fdimifedrto sl agpsictsg t he digitally recorded

PR A0 SNk el R B o

h die@gvdamdthml@am mnlutimg smlammmnafrtﬂg&t fer BalyieeanaBsis usihg a

h f .
o SREERPepnd A Shice! iy O Bt A1 i e St gty
d Il@tetcﬁlyheyi Holldgt=ax, ib ghlﬁhlg aﬁnﬁgmmﬁxgixfm“@% digitallyl tecOidbd spatially-

nd the or i o defin resu
2 e g St S Bt B Sreteh AN e tned by an
r esle bem»e&eahe keflerbt@ badh S thd 61580t bSand, tA e taﬁ GichlyzBd PGB, digitally

an, object that is at |least partial I% transl ucent.
Addisripg 06 1 andyzsdh #nage o g g signgls agoped the original origin to define a result; and

performing an inverse Fourier transform on the result, wherein the object beam is transmitted

through an object that is at least partially translucent. According to another aspect of the
invention, a machine comprises: a source of coherent light energy; a reference beam
subassembly optically coupled to the source of coherent light; an object beam subassembly
optically coupled to the source of coherent light; a beamsplitter optically coupled to both the

reference beam subassembly and the object beam subassembly; and a pixilated detection



i nvention, a machine conprises: a source of coherent
l'ight energy; a reference beam subassenbly optically
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beam subassenbly optically coupled to the source of
coher ent Ilght a beansplitter” 5pt|cally coupled to

D th nce beam sub and the, o ct .
eSS grBrAI SHOpREE B PhPRETro Nt Fitdipot beam
d ehﬁastsetﬁblly @kchdesaxﬂﬂﬁ dcCthbd iy aﬂéﬁé@be@ﬁhlly@rahdlﬁ:ent the object transmissively
beaqs itter, wherein the ? ect an1suba senbly
ik copled Byruesn thpsgurges chtefen i ey i beartspliter

t raafok tanothél%s%ﬂ@t SfGhe veHASA apPbosEY dbm?ﬁ&és Cdibitally recording a first
upl.e et ween. the source of coherent ht energ

%Patlﬂg' “Nsieseryped hologram jmekiding sprsiat ksteserty é'rnga%fﬁéE@ur@f analysis using
t he fitstN QRO BeanPark a3 § Dbje %@E&‘i ?@allygé fd[u% d s)écond Spatlally-

recording a first spatla odyne
i nqteredymed bolegram incinsingspetishbet¢rpilymg dinges for ﬁ@!mrer enalysm using a second
anl%fe)‘ecﬂcg bkl Jhgiagie{dgp ﬁ@e&%@zﬁﬁ%ﬁ%ﬁmﬁaﬂ?&%@%@ ﬂlgflthﬁ}g‘ttecorded first

ect eam recordin
S pﬁ’@ilfdb’l-lsﬁmde’n@ﬂmnh bly @h}ﬂa‘lg]al firstloviginalprigiedfitiad digitally recorded first

urler lysi.s ing a second
%pé{l@ﬁ/%%&ég%%n g{rjla?% té)cso X t%ctaa Fstggzgﬂ-ﬂ%%ragxng parrier igequency
andﬂﬁ;azd [07] ﬁ:lseanglegiet\meh therfiest wfeienbefbleanﬁ tind the first obJect beam, to define a

S ST N AT A -

s padiogrrh, )byhbmﬁfgcuiyfmd okiginalgiig dfehesdititally rdcofde@ f;ecand spatially-
arrier frequency defined

h d by
o Tk RE e it P 4 06 SPRERGREDNS P gvplRy defned

f | tysd se&iiid%ﬁ%le Be:8n thesedbid Rferehcd bdafit anB AR ¥&M ob am, to define a
Fourier analyzing the digitally recorded secon

s ptedianglvardierasaiatallybleds Gmfirsgnabred imasg tcus el siggals around
Orthg ﬁﬁ%n%zﬁdl ik & défﬁl@ a @i&ﬂ bdsatt;la¥d BRRAL %rlﬁgﬁng R&ond analyzed

spati al | eterodyne hol ogran1to si't on

S é&@aﬂtos;ﬁm sinafrerraund dyarscandorigiapl drigirfo einfu;e mlsetondedsuhy
&%ﬁﬁ‘iq%éﬁ&lt fvBSt SRRy fr”ﬁfoﬁlﬁ%ﬁ% 6T Elf agxﬁ pe &@{Hu%f'gsecond

t he secohd obj ect beam 't I'ne a secon
| nagRese F@Ngﬁrttamfyrm o1 the |s¢cngd tehdt, vhersin thefilsyatabt bmgxe trhismitted

fi |
Le{%xog%ﬁ ansc#b?&?{hﬁ rlgétﬁi?a{g{jp Zly alrlsﬁé ang #f%lasf%)infri joe{:}ﬁ)gam is reflected
S éimlmthe a)habtyAe@rdm@’@anbthempecoéﬁthsmgmmbﬁ, aanawrmd cbl’ﬁpnses a source

ori n.to define a sec
o Ry i Pt g Bl R eu i art ectesoupled o the
fi sbsﬂce oBobbrent lighel a palctiionrefotnée E‘e@ﬂa@ﬂﬁhssdﬁw é}ﬁwﬁ%ohﬁéd to the
transfo %F$second resul t mﬁFreln the first

P RET OLBhAPRIZR: 3 SRR bt THhrsSeRY SRGHY Botpledia heisurce of

atcoh@&ﬁﬂlgﬁl@fh% oBjedtYbedrh StabdemBRtindkitingd MBanSRfGBH o%@ét%@ém path and a
eamis reflected fromthe object. According

AEH7EPn aRient Beamppath; gdransimiasion bsamsalitisnentically c@ap&pcﬁ fodwth the
a t&ﬁﬁﬁﬁﬁo@fefe@éﬁb@ﬁ&ﬁi subésgé}ﬁblﬁ B tﬁé’ obJ@ct HERD ﬁ.ﬁ%s%&hﬁ’l a reflection

ref erence beam subassenbly optical I'y coup
sosrBwliger epiipdlyeperled tgibpth the teedtion retf@mqe éﬁaem strb@&‘embb(mnd the

S %ﬁ%%gﬂlsﬂb£§gtﬂb%ﬁ laﬁct;a ﬁ&ﬁzﬁ @c@etécﬂor&ﬁakgécg %g{l&ﬁg (%upled t? at least one

coherent light; an o eam s
C GRgyrhsy Sqlf@teﬂ tﬁ@msfb@ goup wnswbmféhﬂ trdnisigtssion bdsamsphi;ee and the reflection

b%@@]%lﬁgés @ﬁ%&ﬂfhe‘ d%féc%aﬁlgsugasggnﬁ)n;mcﬁl ésoarr} 0 el:tetﬁat is éet?east partially

translucent, the object i) transmissively optically coupled between the source of coherent light




reflection object beam path; a transm ssion
beansplitter optically coupled to both the
W0 e@a®mssi on ref erence beam subassenbly and tPerT/okjoee027766
beam subassenbly; a reflection heansplitter optically
coupl ed to both the reflection™réference beam
serrb t he ect beam sub
o DRRREEHeH sPity S lRREeeB BRIy 5 B BRI fiah 3ienad and e
I etatsmission rhieaimhttér ah@il) ededtivelfnopliRllg taipd Gofek:s the BELr&Y of coherent
gtrans,maénﬁs]gl bg mg‘?llt er and the reflection
#HE SRSTEY d the fllecdion, PUffect beam subassenbl y
I n@“héidféﬁd 8the) Bipe&S ot thetnvbrtiodwill 8aBdttePAptdoitdd¥nd understood when
trans] ucent, the object i) transm ssively optically

> cothFridEres %@@ﬁctt(ﬁéw@db? owmgdetseipiion and the accompanying drawings. It
| ghobldnRRadd:fSddy RdweveR tHab ik 1o 1p|a@ﬁ WREE iddiBting various
source_of coherent |ight energy and the transm ss on

besiesimentsof thengventipn ansknuamerduy spegifisictadstherpol biaiten dy way of
be
P e MERRioh it PUE i fton AN BkiuldoHy inca s Sl Eoppor
t h@allrm@ncmbmaWd thadgewithin the scopp pf the mbréwnavlﬂhout departing from the
I on Wt
to RN A i RAINPREREeonl SOTMMREARR g i pfifiGuaaaions
I tandl‘mmadaﬂmmenw,er st ood, however, that the follow ng

doscr oL on, W S PSSR OO R RRRINERD 2,
i STIg:I drawingy/ace@ypanfing khdoimiag banobhid ;%&gllf};clﬁﬂg%ﬂsdrgﬁr?g}ﬁgd;m depict

b
¥l e S et RO bt 8By A e components

15 I natﬁl’di)bxﬁfbﬂmf@@éiﬁs p6RaddW ifiDthé QBRI SwEIYebdnhe BRERly apparent by
vention includes all such substitutions,

d_th
ﬁgf&ferfm%é% Ilwmm %@&%@f%wmﬂ@aﬁ%@mﬁﬂ@m@m inthe
DEf&KkinEY | lw@HeQﬁdJlHEal %%’é%éé(ﬁﬁmm@‘s RN AR iR RORT %g}élg tafésv)

andformng part of this specificatiron are inc
defssignate te sameclemenis tThe wention mapbe hettep nndemqqdéaam’prence to one or

CORGRRE{Hak: c%im gﬁg E@Mﬁiﬁ&ﬂo‘ﬁ&v gatﬂg?eﬁértq#gﬁ (%ﬂx%%m It s?{?uld be

operation o rovi Prvent Ion,

20 p emqléhatﬂ?eefeat@aﬁﬂlugtramﬂpaﬂwrdravwgsm 181t negegpatily drdven to scale.
exenpl ary, and therefore nonlimting, embodinents
illustrated in the drawi ngs, wherein identical
r fleBeledBiilustrata b exantpld dsfeay iersity hologramfernicd @A a@TD (charge

bS] B R B p SpE e s en eI 0 s eed egion
t tsheeing IﬂﬁNMnE@‘SlﬂuE‘blM ifitxigh phite@motiihted Bethe 8&€dck RIpbRBy and material

her e d ted that the features
2 L‘I%El@%}‘?ré#‘% r‘fpﬁesf’lﬁ'é‘g&? 8%89%@6%05 RVeRetessarily drawn
t FI66 2 428 lstrate IAGLEA) the Hﬁgrﬁﬁﬁ@oﬁﬂe Anarghé&ey Epe@ﬁ‘um of a hologram
| nt z%)r{gl ogram fornmed on g char ge coupl e
5 2“2‘ penferediang I%P%fﬁélt@’ﬁd giferBandiof fhediologiear, eepresentmg an
Fleﬁbouﬁlegfbquglg{,&ﬁgnregl on showi ng the |inear

sinusoidal fringe pattern nodul ated by the surface
t (ﬁ;g angln’;@ ifjagbiate; (BIG. 3A) the resultant amplifude of a portion of the chrome-on-

30  glass target and (FIG. 3B) the phase reconstruction of the portion of the chrome-on-glass

target, representing an embodiment of the invention.
FIGS. 4A-4C illustrate schematic views of three transmission examples showing (FIG. 4A)
the calculation of thickness given indices of refraction (FIG. 4B) the phase between different



characteristics, representing an enbodi nent of the
invention. FIGS. 2A-2B illustrate (FIG 2A) the

wore@siotaede of the full frequency spect rum of aP¢OUSWOHM7766
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and (FIG 2B) the centered and |ow pass filtered
SI de band of the hol ogram représentl ng an enbodl rrent

t hCell T gmx%{tgtﬁ%lé § foe %l}ﬁ%leﬁfangﬂﬂg?%)&h agglgqr/ %oecealcgl ate mdex of refraction
c h fo enatenig] eRksotva t}gﬁ&leﬁnﬁpl(efdnﬁﬁng ehidodiniéatydTalsEinvention.

j.on of ortion of the chro on- gl ass
‘3@? %A@p&“a%t& 50 aﬂa& VRS ﬂw&%& HigRof fllpBHRAIGR wave to
F| femsnhedAfave bHEAHIBur SERSER bbjecty, |r@3£‘§seﬂ’cfn terb@@iments of the
transm ssion exanpl es show ng (FI G 4A) t

cal™efii on of thickness given indices of refract| on

Fi

(718 e, s il 5Pl S o
t omée&fetqme&véoﬁ tHREERISHON, iepreserting on embedimentwf theiinlentidn.

OB RS RS A8y AOBSCER o g i

i nvention. F ustrate sc em
t histerferpmet fordranemissidn, rdpraserting b enbodiment obthie imestiint t ed

0252 L LB A o AL GBERY e o

s ctigsmitied wnweandrbﬂerta‘dl wayt fiyasd diffopht eigéets) Rpiegenting embodiments of
spﬁgli het erodyne interferonmetry for transm ssion,
represe |ng an enbodi rent of the invention. FIG 7

i | Flis Diilhtseatessn ShbpatRtviay off LfivstHasia oﬁ?ﬁMIgh asyl s?atﬁt[lhété}@hyne
desi het.erodyne i nterferometr
Ry A S A o PR A i f o i
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the transformation of illum nation wave to
t r'&%f%'iw@}ﬂ foraciisctipnpnd dfnsaission, (oRiesentipg an mbqﬂnmré péthe invention.

obj ects, repregNdMBTRIVOLIPRRRERRED ‘%MEOW@N‘IE%I c

FIG 9 |IIustrates a schematic view o
optliedayentiesangrihe wrioypiatiegs arbadsardenpons detils thersobare explained more

f Ofulty th ?&éﬂex?:‘% ﬁfhg nBﬁlﬁHfﬁﬁ% éﬁb%ﬁﬁﬂi@ﬁfﬂh%@%ﬁﬂ the accompanying

enbodi nent o e i nvent :
s chiaviags anddetailedin the Howing dbﬁasptmnolacscnﬂﬁond eﬁw@hkﬂo&m starting

S ptﬂ&tér?zils ﬁfc&@ﬁ’l ¥&:ﬁm lrfetsegofm oﬁ’éﬁ? ; Qbmé f l eoCtl cp S0 as not to
Sdi Pre FORHE

transm $si epre entln an - em
[ nmmessanly m&mmm iRk R Mﬁ@fs&ﬁﬂ[ﬂﬁw@h& that the

AR LS S8R PR PSP tmensor
r eifvenéoi aret giveintbg vmrmlf i tedtiog oﬁl@r‘mﬂnmpmy bhRhit&lod. Various
drawi ngs and detail ed

| | | %utf%‘éfe ?‘5{5&%}@ txﬁ?? /or quegmppta mdthithe spinit and/or scope of

k r’thd\ﬁncﬁﬂﬁfxg mmemrvatc@fcbptl viill bRdoRfeRppdre td MERITKAIE | the art from this

co nents and equi pnent are omtted so as not to
dilclostre, aare

Within this application several publications are referenced by principal author’s name
followed by year of publication within parentheses. Full citations for these, and other,
publications may be found at the end of the specification immediately preceding the claims
after the section heading References. The disclosures of all these publications in their
entireties are hereby expressly incorporated by reference herein for the purpose of indicating

the background of the invention and illustrating the state of the art.



unnecessarily obscure the invention in detail. It
shoul d be under st ood, however, that the detail ed
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i ndi cating preferred enbodi mantg of the invention, are
given by way of illustration onfy and not by way of

liqtation,. Vari suhst i i,0ns di ficati.ons, ]
e ISR TrRiet B BRI i S e ons dsipitembodimens tht
gnﬁé odefil Ganke Mirpdsteforiwhieh thel anl@ iﬂgmﬂl’lﬁié%nﬁﬁf&?ﬁ%ts w’L UK. Pat. No.

e ppar ent ose.skilled in the art fromthis |
di @@f?&gﬂg.“eﬁ% %‘ﬁ 2@&‘? gniy §| b&a‘tﬁT&ﬁ)‘g&#éﬂ?gfaPh% Holographic
P Ulter febkrief ) Sand FRIFVEIEF SICREENRYE. Mo, Datry RUBRIGT, Srdgdf¥R. Hanson,
fol |l owed_by year_of publication wthin parentheses.

FUPFViE it Besaieens Rfear Neadld, Jagie Catieane, Mishelp Sumkepanghgwrence
beCIE@%Péjh@ébﬁrtgtl}grle%Mn&ﬁ?Jrﬁ}@d SPRfekdnbC AR Eor' WatosdsRé entire

pr ecedi ng t aims a [

ter the section headin
RefoBicBi @& Y):S. PRleNai G155 issyiedFebayary 25883, guiisled S Acquisidon and

i ) o ' ! q
R R oS Bl RN AL ARG o
b etiegery B Hanson atedhefehy expiréssly imntporatdd bytrefatencechetdiie fos b parposes,

of .ar lcow:ref e U e . .
R IE PO 8L IS P S A i 5,
US4, 48 &y 10602, 804rand 3 /607,840 anhbherébyteliprgsshy corpdramd Bgreference

The entire contents.of U S. Pat. Na. 78,392 i ssued . .
3 Lhr1e eub%)’r alg Bbt@?seg.glﬁﬁelnrs E@Bt application Cepaipy (S#SOaspre t 6sgaﬁsgﬁﬁ9t’amed in
Hadopgtdinill.6. $enides. f16/60923 Ir (ditoraycddeiadt @umBéraAMBATI510), filed on the same

Carence.E, Thoms, Larry. R Baylaqr,. Gegory R .

e Bh S Bt ARICRR T e Copisih ot bhish RIe hetelygiprossly incorporated
Cag;treﬁm&eﬁ)rmwses,Suwkul et and Lawrence Cl ow are

hereby expressly incorporated by reference herein for

al | purposes. The entire conPEsViSWof U, S. Pat. No.

6, Fré Préek of ksapiBterEhd Bl1¥erdm ’im%éqg’vmaﬁgﬁ kdnl lﬁ%d?ﬂuaﬁe{y 6ﬂescribed

"Acqui sition and Repl'ay Systens Tor D rect-to- ]
Hotsig seaban litiaetiondhests, whera therefeches wavsGom, Uiihphand therabject

G ekt R : reby expressly incorporated by
refer en%’e %(g’l?)glg%rafe%?ﬁ%%’ pur poses. The entire contents

of U.S. Seryu, tWy)=2 @3 O42» 0,2BA/043y) -0k 234) P44,

0/ 349, 579; 16/ 4271, 444:°°10/ 607, 824; 'g(n?)lol"éo?,) 840 are
hereby expressly incorporated by reference herein for

allior pppeise § camrbreaspymadahat theppleienes Wane icplanaaiwith a phase of 0 and the

di. Ur e | S..al sq caontained.in copendi S .

SR Soshtl, S5 S oel A REL D ORDE o CEAPLEGHD craton,

f ith@fefihcd RaveTidiBis R A andI&8n k151 ARk yRBP) WiliffelfeBr to i bject

entire contents of which are her€by éxptessly
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(x,y) and the object

I(x,y)= [Ao (x, y)IZ +| AR|2 +24,(x,y) 4, cos( o(x,y) ——%;{—(Gxx +0, y)),

where A is the illumination wavelength. Thus, the recorded image not only contains the
intensity of the two waves, but also the relative phase between the two waves. The angles

between the two waves sets up (defines) the carrier frequency of the system and facilitates a



wavefront, Uo(x,y), are described as, U (x,y)=A
(x,y)e- (tm and U (x,y) (x,y)e- For sinplicity, it
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a phase of 0 and the intensity [s a constant, so U

(x,y)=A . For spati al -heterodyh “hol ography (SHH)
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ferry)f'&) tﬁ ngﬁlFeP g% X\? %‘m Etp& o‘fg\% a\f\@\ﬁg gc%a‘% },nl’f Jegover the amplitude

I nes quency o
f amdlplhamoé theabretovaye yt“romfthis ldata anaodis mﬁsdaﬁar vAmesK This @ndbe

arr ARttty b PR 8 BloaoBE LR Fipesam apd solting
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t ot gtito rFRRgtrancR o PrGREoSE the ipgas e cogrw%rlanmthe

p alidl@riiﬁ Dhe trdnbPEE S the REIOHEMLIrERIDIA tﬁ%osﬁmhﬁlg%?the complex wavefront
Mted y the surface structure, IS a

Ot Relisgreipromt pt froguency lggatien @/ , 6/4) in the Fourier domain.

S it Bbatat ! .
4o e P AP nh B soch g g fow-pas
a fater to giva # fupctism @) avheteal ues, a goal is to recover
the anplitude and phase of the object wave fromthis
data matrix scal ar yalues. This can be _acconplished

ut at i onal| | #= by (txa)k)l ng the Fourier transfzgrm oI t he
ot

ampags ( sol ating o SE 79f the sjde i Q8. ),
)z'@iﬂ asYD

in the conpl ¢k+3deét(Funro ﬂéd:éﬂyy e- band
structure is result of preponderan of |inear
fringes across the inmage and cosine function in the

hol ogram T I-eef) the hol ogramresults in the
p05| tioni nggg%jj?tlﬁg;‘%gnpl e vvavef ront information about

nt at u cation (.q/l 1) in.
*eBE ) BRRofs o 293 BREbS Dl sy pponéhia
orfugtion q)érfdrhle tHer, sﬁﬂu&‘ml&ym&%md Bniagde §6heEYE N, MptoHe igin, (0,0).
| 942 SRown in FIGS. 24 and 2B, where FIG. 2A represents the magnitude of the full

frequency spectrum of a hologram and FIG. 2B represents the centered and low-pass filtered
side-band structure containing the complex wavefront estimate required to determine 4o(x,y)
and ¢x.y).

The result of the shift and filtering operation is the approximate determination of the original

complex wavefront, i.e.,

UF (x’ y) = 2,u Ao (xa y)e_m(x’y) i UO (X, y)

Once an estimate of the original complex wavefront, Ur(x,3), has been determined, the



filter to give a function U (u,v) where, A +A (X,y) 2p
gxqgy) (uv), +2A A (x,y)cos\ ( x +q y)+ (x,Yy)

wob@se19M3 u, v)is a lowpass filter, (u,v) are PEEUS2004/027766
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frequency vari abl es, and the exponential function
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gi nary corrponent sof respectively. FIG 3A shows t
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etero

together to generate yné hol ogram

t Weflosted firpoethe surfape @frfh‘g@nect pEistsrade dn eachof thdsetwd cadesthe information
F I

t %gﬁeaﬁa% ANAL XES ek QoY i &Q&oogggndtbsegg\sﬁfg e Fes Qlofi, and
obilﬁerent,vmfmﬁztmntabmameb:bjebtﬁ mttelssxl t of a wav ef ront

J ﬁf% otwti ed tS(I;H 18 Phél()l{%sg{ag%%%%% ﬂ'?ge% l\jvlay%sclﬁo tsa?\ xtv?‘vg that passes
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oay B PSHR8 PP e o fothfor osaaldUurpifatin oan hﬁacalculated as
object has its anplitude nodified by the reflectivity
of all the surface§ passed

R= Nz"Nl
N, +N,

where R is the reflectivity, and N, and N, are the indices of refraction for the materials on

each side of the surface. For illumination at an angle,

2
iV_icosH—-iv—zw:osé"

R=| H,
ﬂ‘—cos@ +~A£2—cosl9'
Hy Hy

where &=angle from normal incidence, 6’ =angle from normal in second medium, and y ;



t hrough and the absorption of the material. For this
description, we wll assune transparent materials such
w0 bas/ostesdr pti on i s negligible. By using the FrecSHEk2004/027766
equations, the reflectivity when passing from one
medi um to another for normal ifPanination can be

cal cul at.ed as ‘N N e is the reflectivity, and N
et A 18 et piece B on s RteTenr qoch S e om the
0nreﬁ@&ﬂiti'tﬂ%p&éen@t@ﬁlsﬁ%if)ﬁleﬁr befeSleulatel WrnALipn at an
angle, \"2 R= MMN" N J-COS0+- ?-cos6> M M where
#:gﬁgp thefamphifude phich & freqsaditrdeobjent wavefput can previde infermation about the
se ' . the j p] i f
¢ naIfE oI e AR T B! AfemTAGR Gl s DAL EReto e more
5 r eintpogtaitiyi thy interbsting erforsmation thatsnibe piowided byisuok a transmitted object

C . = , ile.th | i,t ude of..such a
IR s ghafo e sl Relnl ST b Wi B B vavetront
ablb igt imiphstans bj redxt thatfthe piasy efstirantrhietedoliiédt Watksfronacontens information

det.erm ned.w t ho using Lnterferonetry. . e ) )

" AR Rk dRHhe ilcagof Mg B e miria et the higsbcomprises

pr andithiedgtbyhishhb transhfigiisabidet WavebhtgRisedaVRS ih@lof taffadtion is the
he corresponding SHH ) is the

t he .an si s, of.. ) i phase .

10 o545 B S LRV R AORET (5 ehr St ¢t i AGRHL (gs eiven by
the ppase of a transmtted object wavefront contains d
i nf¥or Tratthg HmeHo tavirekior pekniepessahrqugitaa abjegt ogddi(d) is £ =—;
refraction for the materials that the object conprises Y
antiereforg tglphadeidififeré¢rioe (A0 abawbdnt thelwaleifiont enwsivg fhe@iiterial and exiting
paﬁge%t .The hnd?xlgf refraction is the ratio of the
speea1 c?flallclaﬁ 7 “4H ?‘\f‘ﬁcuum (c) to the speed of |ight
in amterial () as given by c d N- , The tinme (f)

required for a wave pass through an object of w dth
15 (d)is = 'AQ:VZMEtJ@[r(ﬁQEﬁ%: EBth_b e dhference Aq )
tv Rt

Z=

bet ween the wavéfro eringvi\he/ material and

exiting the material can be calculated as where | is

t he wavel ength of the il||um nation wavefront. )
Thehets ¢y s thejwavelgnetipaf the, Hluginagion wayefient. (Fherefia dtcan be appreciated

Pohiti Ry pHabe JoRfonQRIRbjebBV e liBRtcom@Rt Rirdtmatiod éﬂ'o[fpthéf' f?ltﬁbﬁgess and

about the thickness and the index of refraction o
obfe tdexpef rpfpctipratthe object of interest.

20 FIGS. 4A-4C show three specific measurements that can be made using the reconstructed
phase information from a transmission SHH. Of course, the invention is not limited to the
exemplary measurements depicted in FIGS. 4A-4C.

FIG. 4A shows a wavefront passing through the object at locations with two different
thicknesses. The equation below FIG. 4A indicates that this difference in thickness can be

25  calculated from the phase difference if the indices of reftaction for the object and ambient
material are known. The ambient material can be a layer of material or a surrounding material
(matrix material) that is at least partially translucent (e.g., polymerized photoresist), a partial
vacuum (e.g., ultrahigh Vécuum) or even air. Specifically, the invention can include
calculating a difference in thickness (& 4) between a first through section of the object and a

30  second through section of the object as
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limted to the exenplary neasmnents depicted in

FIGS. 4A-4C. FIG 4A shows a wavefront passing through
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t hi cknessg&_lk’lﬁequati on below FIG 4A indicates that
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Sptbe first pastionsof therebi¢onerdhViipmn index dfmeffagtien efthesekendipoioa of the
phasge di fference (-17) between a first portion of the
obj ect and a second portion of the object as where d
15 i Flig. 4GieeRhically shéwhibt hbititydo fisterstingrbe indenofréfrackion b p @iterial using

a [ f t.h ' : i S . .
g RGP R e Fhe Qi G BB B 40 yloB e o ogreftion to
i nwberlcolbted e Speificaliynthe inveitionfchn Bitlugocddutning fin index ofipRakion (V,)
and i s _an indexof fracti on of the second portion of
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det erm ne_t heandindex of refraction for a material using

a sanpl e Y= thi ckness. The equation below FIG 4

al | ows the i ndex of refraction to be cal cul at ed.
20 Spwelerd +déd 4 ghasehdifferanaent isorwavalength of astereeaif collesni hight emergy and V;

[ qg%aﬂ@ieﬂti@e?%ﬂeﬁgctﬁ)ﬁ?r acterizing a portion of the

obj ect as
The invention can include methods of obtaining high-speed transmissive spatial-heterodyne
interferometric measurements of objects that are at least partially translucent with respect to a
planar cross-section. The invention can include apparatus that produces high-speed

25  transmissive spatial-heterodyne interferometric measurements of objects that are at least

partially translucent with respect to a planar cross-section. This embodiment of the invention
is described in detail as example set 1 below.
The invention can include combination methods of obtaining high-speed transmission
measurements and obtaining high-speed reflection measurements using spatial-heterodyne

30  interferometry for complete inspection/metrology of objects that are at least partially
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source of coherent light energy and is an anbi ent
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10

15

20

25

30

of obtai ni ng hi gh-speed transm_ssive
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wavefronts for objects such as translucent materials, lithography masks, and biological

samples. In contrast to traditional phase shift interferometry, spatial-heterodyne
interferometry for transmission (SHIFT) measurements allow high speed reconstruction of the
measured wavefront by capturing the entire complex wavefront in a single digital image.
SHIFT is able to make millions of phase measurements (pixelating an area) in a single high
speed digital image capture and reconstruction. Also, SHIFT measures the entire complex-

wavefront providing amplitude data as well as phase data. This reconstruction can be
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a second refractive index N,. FIG. 5C shows that two materials with different indices of

refraction become visible in a phase image. FIG. 5D shows the transformation of an
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eansplitter 975. The reference beam created by
¢ herc;f 10 showd & SRk faf amdy !
optical path to the t rsrgﬁsgﬁrn? ed ﬁﬁ%?ﬂ%an{e%{ %Qd reference beams
c d1eBe werpteied Aptids paths, Susthe illuednatibn bmes WAYke 1038, i 66 ig ithetraference
b f
AT 4400 AR b MR monRAPHE T AaleFle A0S, 1000. Ay mismatch n
sithe twopkayeBpits istcenst@f. SAslong mmsumsmatclhe Kkeptstnall Beorugh arstill allow
E)Ejﬁ‘ee %%Qe g) e o ﬁttal%g%m%hesﬁqulre rg rlc?na?ﬁﬁe ﬁ%{gg%cy?iﬂlrggfn {he mrsmatch can
r dfeeemmdtluh;@amagrsmo@esmgrsert ed between the two

um' ti.on the reference ar FI G de
RS s SRR Fem o 3 BeripaireuSr o ito Be b ot he
rmaﬁdstteﬂ mmfrcmy sﬁdem ti&ishiited palv e fdnt AEIbHAS ¥ 6ne CCD image by recording
i nt er 1010 is optlcall coupled to a
¢ ot Wb st oot e aphes Betiea i o filbrontpgmad ansles
| Setieh 6 doyreSRHGihe §’et§ &F BjeSOmANSeRRR R R tT&rop&&%?stem can be

The ,second beansp]itter 1025 is optically coupled’to a

f jdegigned|te allavtkhe rf’élrctrﬁ%rr§veﬁ@3tﬂn¢ﬁl@ tranpitted aygfiontioibe gonveyed to the
| efge EGPP Acﬁhtiblﬂ&ll}p el ré’fer%ﬂééﬁJeﬁ‘rﬂs FoP e oPinest ¥ @édn%[ﬁg to the

1035. The third beansplitter 1035 1s optica cou

t &GP rvrthﬁte abﬂ@growgrsr taanglefincidenes tetwesn eaqim@rengbeamsd its

reference beam. For instance, the two beamsplitters that function as combiners can both be

wJ)

.

(L

optically coupled to a single additional beamsplitter that routes both pairs of beams to the
same CCD. The two spatially-heterodyned holograms can then be recorded simultaneously on

the same CCD at different spatial-heterodyne frequencies. It is advantageous that the



1040 is optically coupled to an object under
i nspection 1045. The object under inspection 1045 is

wopsosoky coupl ed to a second i magi ng | ens 10BOT/UI1064/027766
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second beansplitter 1025 is optlcally coupled to a
flrst mrror 1055. The flrst milPror 1055 is optlcally
dto eco
et e B TR = e R o 5o ik i the
f Qﬁﬂé&iv@ﬁ&m‘rﬂb bédn6bjddd 68am Hﬁgﬁe drOnbticBhdd@d WBih rdshét to thORMsmissive

c e e s Ta ey B LB Gsmsgive rofrence beam-
0 mwj&ﬁﬂ)éam 4n21PIny E\Q:nﬁ tmmlﬁge CCDWIReRaf s 118 AdvahiBe of significantly
third illumnation lens is optically coupled to a

s dedsing the qomputatigml reyise tRnHyEing thetwys dolograms. The techniques of
0
H’eéo@«ﬁhé Muﬁﬁ%h%ﬁ%l%?ﬁ%#d?ﬁéﬂ%ﬁlo el angffb[dhéﬁl g ; ngﬂe%&nbedm

The fourth

i raQye defail and.S19m0oNeyr18/ £d14 401607 S21yendion pI/6R7.849- a
fifth beansplitter 1080. The fifth beansplitter 1080
is optically coupled to a second charge coupl ed device
canera 1090. Not e, PmmﬂwﬂépmhmﬁmmmﬁmaHWWme sinplified

e bj .
o&‘rﬁc?%%l%@éhca{lgris 0%?&3?13}%1&360?’ ¢ P]ﬁ mat rgﬁﬂﬁliifﬁol%&m include:

i mﬂfm@gyeﬁ@mm’aommﬁphbﬁhﬁhegmﬁhemaﬁks lfmlbglhal\tﬁmeidopyxtmeasurement of

o1 e TS el B, P o SIRRRH Ysopel aplicatons
amf spatibBlicsrodnb ﬁwferdaﬂetg foneBdctibe ahdxmnmﬁfssmgsnﬂmpmblude
erence

the i Ll um pation 058, .106Q in the re

2}%3{5@@39%0 ﬂtOBéﬁmm@P rhiglogigal mygrogsepy; and
cao,nﬁameoh@ ﬁ{zasuil&%at ofindexIBf fiRbEdD, thitkh&S aﬁmrﬁA@a/ﬁrn&msa
i'sS constant. long as this msmatch is kept

erfEtIEAeenERbiget- ﬂiher&wreowtv% innygeablegisesforibe mr:rﬁ@a, 41’n°ftVﬁ’é°h need
I 6idtihd Bshil€8éen Of the frequency donmain, the msmatch

can be renoved through |nage processi ng. A possible
alternatlve to the met Aduaniages efdhalnseniiondi scussed

\étt?z}lglﬁtg%%‘a vvav gl;%\%' {opﬁo sgxflérs%mg %%I %%%ing%ﬂ Qnbodiment of
byther orantidi.regn btacmt effectiveaand |aﬂwfaatagmus §cprat leadt tueéolmmng/msons

f rst%gtlﬂﬁ rﬂg%rogl%ed %ﬁgrgggxﬁéﬁﬁgfj Jcsr a1y 51%553 8@?\%8 ciapgﬁegof?lief Cé)plgheg é;vavefront
b emrmmtté'dﬁhro:ngh e ebj eqxﬁpamldﬂmrddynadaﬁﬂeg'ﬁeﬁieﬂmfoatrhr(swls‘sfa)ﬁ allows

flglglgsﬁt afgﬁa¥1e£ [ ﬁt@t ggﬂé )&%S&k%ﬁ ?Vja%t nf @E‘ Vtg ﬁlg%?ctt thtai(:) only a single
reﬁa&ﬁm&ﬁuh@aBﬁnﬁpma@a@mw@ﬁm&ﬂﬁﬁ&m@ﬂ&ﬂﬂmﬁﬁwﬁ@nMEM@auhﬁumnmnof
CCD.with the ability toe¥ary t he angl e of

th

| P AEEoBR hiREh MRS SRqnai{orisiiasn IR e mileal clamees etc).
beam For instance, the two beansplitters that

function as conbiners can both be optically cou Ied to

a @P?@%@te@&meéil@?f&qrorsﬁtm@meﬂ@qt@a a@chgfensm@am h representing an

PakbaditfentFABBint itibik) 8an be cost effective and advantageous for at least the following

reasons. Spatial-heterodyned interferometry for reflection and transmission allows

simultaneous capture of the complex wavefront transmitted through an object and the
complex wavefront reflected from the object surface. The invention improves quality and/or

reduces costs compared to previous approaches.



same CCD. The two spatially-heterodyned hol ograns can
then be recorded sinultaneously on the sane CCD at

walpdobmrems spati al - het erodyne frequencies. |t PGI/US2004/027766
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advant ageous that theadvant ageSb;s that the reflective
reference beamand the reflecfrve object beamthat

i ne the refl ec ive, ref beam obj ect be a
0 e s BGR a Fosy iy ik SRS By SRR DRt e e PR biCratity, as
(rj eﬁ;sanmqﬁ 1b@éﬂmecamiwbh>enfofea?ammsme&embar%mer lasgmmaetn is defined
efine the transm ssjive reference anohj ect bea
afige easrﬁsegﬁef? Qe The firgs sqw@n&desomliﬁsaﬁamsg‘h Sincluding”

t iRcRdYAHcRAGT) hd/sd ‘BBYihE T m% had)," 8 skl Hagbid, BR defined as open language
copput ational requirements 1or anal %/ZI ng the two

hdl-ogeating whit is therpafier peiieds but opemsiog fhg fomjof pgspecified
S RRddeirb ¥y, BRIREQEYRERr ﬁ@eﬁﬁﬁt‘@ﬁv&ﬂn P r%ghﬁ@lThb BAYE “consisting”

are described in nore détail U.
1 @¢opsistsjepasisted)/agd/pr ‘@mpom/(mmppwswmm@i) appenéther@m, close the
Agpélﬂe& ﬁlehﬁ%ﬁ Sag?&raﬁlpgr cjoﬁl\bgs%é e 1ﬁ&h§1&?$f rp?(?)@hﬁr&agthﬁﬂﬁe(s) and/or

er odyne |nter er onet ransm
( mmtgntqshmhudhﬂn thq;e rqgite;ggxcem dori anslﬂmﬂs; agljunots and/or impurities

frg)%ﬁgrh ngg({xeﬁg&]ﬂlgrg l;l?lb TEC ?lag?x ggml rg sclrlttxar‘clll(l}:/ E‘ﬁl@%‘g"ﬁh the terms

e esnsistimg ol "mmpbsmgl’smmc&m th@reoxkqdemd‘tbod &ppacatds (aﬂdllor composmon open

ap Iyefgri ﬁi‘% ﬁlr‘]; ’8“1" éeg H’g‘?{’gé 2 %"I'%%Hfgr or eﬁlgptga)yvhlch do
amdt mm%ﬁﬂlytaﬂaﬁt thd ba@ia @bl chhagiriaidi dftlfé&sk@osmmmﬁ‘hxgueﬁﬂboupled as

mecr d. si nul t aneous npeasurenent of jnd of

r &% ?‘Eﬁs d%%?‘&%?@%@“&ﬁ&%ﬁ‘f@d’@&“ﬂ“&%? y duectly, ag ot necessarily
t mARBANKGERITH l@érﬁicabpr&m@y ak @seu hérethd]sldéfihdany BEIEADPEBse to a given
uses for the invention, all of which need not

be
d el (g H@fe@bl}’mﬂwﬁ}% gg more prafsraplyethin 1% of, and most preferably
SRt 19402 TRCAR guﬁsﬁht?d'llfyeis%gﬁf Heyeuﬁ % detfﬁq@mmlga B0k not

(SHI FT), representin di ment he 1 nventi on,

c @ﬂceé@rlbb‘gholbfﬁhaé whichds m@ﬁ% Whmeag e@rwsallﬁ/oas uged Hegais tis defined as at
t I

e SRR EFERSEE TooNal e B QRS dtd g g
c bujMing, shippiogiosialling adSnopasihgt Thedagrhmaansms jusasitherein, is defined as
g’fﬁ?%ivb\xg{eh % \%rg gﬁ’dg&%oW&g ?or%hlg(ﬁﬁ% %refsﬁ{ T}l% #03 r}ﬂ'osgjr:’am or phrase

g
t _rcamputbr_smogrmnmmédhrﬂn dexdefihed atshﬂ;etlmte dfhﬁmuctrdny designed for

7 st o BB Eorgetucs S, AR AP SEPHEHD, e B sbroutine
phdbetisara pbdedins, dnmlbﬁb'@ﬂeh thaal, 8 btgbcs ifipleietiatfon) 43 dxt@able
erial C an

SRRt 4 PSRy 5te DR POlFat Pt ode o hae b gamic load

t NiBRESyTAfigir Othet RAhdRES of iNQRERSRA ALifRd F6t cREdAEH HENEonGuter or
the invention, can be cost effective and advant ageous

f GPmBYLe] YSER. t he fol | owi ng reasons.

Spat e lirshieded %%M&ﬁx@ntb Bt @& S LR ITR K106 et éa%te 'nﬁﬁe aRthised
transm ssion all ows sinultaneous Capture of

c Sitipebundeg experdmentation s light ol diselowigh The H’db‘}t@étls ngt dimited by

t BiRoretical statements recited herein. Although the best mode of carrying out the invention

e,

contemplated by the inventor(s) is disclosed, practice of the invention is not limited thereto.
Accordingly, it will be appreciated by those skilled in the art that the invention may be

practiced otherwise than as specifically described herein.



conpl ex wavefront reflected fromthe object surface.
The invention inproves quality and/or reduces costs

w@owparwds t o previ ous approaches. The terns a OPCHIOS2084027766
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used herein, are defined as one_or nore than one. The
tern1p|ura|ity, as used herein21rs defined as two or

i TR N L —
Cﬁﬁfhﬁ‘ featuitg of the aivpition @fay be (ﬁlﬁﬂé waBebx dev1atﬂ1@|ﬂd>di LGk sp1r1t and/or scope of

u stg (ge]r ¥’inﬁ Imrxlzglliltgv%gd qeﬂteg elaﬁiﬁxla{] tgﬁ éfﬁrgtgaéd/ﬂ scgzne of the underlying
I efgviéniive BondBi ks HctinkdBy @8 hpRhdddedihe ghd el e@PARNEsRbver BE such
i ncl usi on of unsFeC|f|ed procedure(s), structure(s)

an%?ﬁFmWW§ﬁ@H? ipng) addifions pd/qragasiangemsotit s. The terms
' CRNHeSfidetFed AGRRR Rl Foatt QHF 'eaﬁl@slzlo@&pe! odmfeﬂﬂ?iﬂ%'e Rmbined with,

(conposes, conposed), as used herein, ose

r et stibsiityied fap éhe digslosedsalementsyand denpives of| |emry piben disglosed embodiment

[ f /

| e B AloRIARARE R d AR AL1yIE Apign may be made inthe
ansi¢ps lonin thessequaticeiolsteps atmltqsmglmqﬂmds th:selsbedﬂldﬁemar ily

e T IR N ———

Ctbat[ihﬂsmteg'éromwd magbé ineegrawdl ihte dhensyittrn de.g.aphpsslittidgmaphic inspection

and/or C si,ti.a en _on f.or. .the incl usi on  of
unk tr%neflﬁ g‘p&m%x gla ng glilted S’f?i-ﬂe &c{lﬂa\g{f gsm}g.}x?ar)t%peed not be formed in the
i ngm@ecempa) ombmbimedim tholisdIedee bd)rﬁ‘ighisatlaﬁsf B loild Be p%ided in
characteri CcS Qf({he co |t|on The term
‘(}%\‘%‘éf AL NP éF@P‘ﬂm ia VH’&P C%ég@amvéct ed,

a | THeQipPehdEDElaife GRSBI0! HedintepFeddit ds inclidliE ikdhs-PIRS- Gk Add lifitations,
mechani cal Ly. The term approxi mately, ‘as used herein,

SUniss fuck & hagta%?n is xplicithy|rerdted {1 gives i vsia dhe phease(s) “means for”
p ra%ﬁ)%l‘ adad pVfo §ulbothediO %ﬁ%dun&% @f tHE ﬁlfv@r{ti%{? by d\éhﬁela’teﬁ m}%ﬁe appended

, and nost preferably w . 1% of ).
s ue@ﬁparmenfaqlmgas angkthejy @cwmqn@ $pecnﬁ§ earéﬁdlmms agthb awggioy are
b i fied.
AT R IR Appynted Rkdin! ol A B EQUPRER 2%,
| east approaching a given state. The t erm depl oyi ng,
as used herein, is defined as designing, building,
shi pping, installing and/ or operating. The term neans,
as used herein, is defined as hardware, firmare
and/ or software for achieving a result. The term
program or phrase conputer program as used herein, is
defined as a sequence of instructions designed for
execution on a conputer system A program or computer
program may include a subroutine, a function, a
procedure, an object nethod, an object inplenentation,
an executabl e application, an applet, a servlet, a
source code, an object code, a shared library/dynam c
load I'ibrary and/or other sequence of instructions
desi gned for execution on a conputer or conputer
system All the disclosed enbodi nents of the invention
di scl osed herein can be made and used



wi t hout undue experinmentation in |ight of the
di scl osure. The invention is not limted by

Wo b@soemital statenents recited herein. A thouRel/UBE04/027766
best node of carrying out the invention contenplated
by the |nventor(s) IS dlsclose& “practice of the
invention is not limted thereto. Accordingly, it wll
be appreciated by those skilled in the art that the
invention may be practicedEammaEmkgg than as

al |y _described_herei It Wi ni fest 1 hat
vai %%15 s LRFQEpstisRdo Eprﬁ S, Kl}me qagrraicRlgnyp

I EREH1BINGE MOIY, fagel 1331 features of the invention may be
made without deviating fromthe spirit and/or scope of

Sthe underlying inventive concept. It is deened that

t e 55d8b, 1. itk RdARIA. ?@&H@rm Offzgy'z b@sdz‘vﬂ‘ rﬁh}ﬁo%sl% ﬁ i5sY6% and Phase
concept’ as defined by the appended clai ms an eir

qMﬁeréT@éWOéngy, lnspeptiony #nsk Rroqess Gondrol for Mlcrohthography XVl,
no. iccat /
{ ne ORI 08 softd S TUEAAY hrch EODEIRAEY fProceltngs of SPIE
endoli#468At10,an be conbined with, or substituted for,
1o the disclosed el enents and features of every other
di scl osed enbodi nent except where such el enents or
f e@ffuThemasy & afytiDiredt koyDizital idography \WarrSeaticondudayWifer Defele Detection

A R D R A AT e A P

descri bed herein can be a separate nodule, it will be

i fest that t interfero r m inte nt o
S i g a75 0% spprdons 10n QU PHHEd (s o Holography
15 | NEbloprapHit htéMeﬁdmae&I aﬁndlowao@&&@falr@t:@ﬁ Thbifs, LarryR Baylor,
i ndi vi dual_ conponents _need not_ be formed in th

di Sreeoy & HapsepeRavidp. ResmsssacEdear Yordkl glages Gger@cane Michele

C O\frugit: 8hd PRsenddliowoul d be provided in virtually any
shapes, and/or conbined in virtually al

configurations. The appended cIainB are not to be

[ r u e

o NG 3 S P BRPRE o B 2ARtion apg Replay Systms
20 r efor DerdctftmrDagltgl Helngroplyi andllnkﬂqvgslmﬁ ¢o fjhreaseﬁéyﬁhoﬁme amisGregory R.

f an d/or "step for." Subgeneric enbodi nents of the

i nventi'on are delineated by the appended i ndependent

claims and their equival ents. Specific enbodi nents of

the invention are differentiated by the appended

dependent cl ainms and their equival ents. REFERENCES E

Voel kIl et al, "Introduction to El ectron Hol ography",

Kl uner Academ cs/ Pl enum Publ i shers, 1999, pages 133ff.

J, Jacob, T. Litvin, and A Merriam Hi gh-Resolution

Phot omask Transm ssion and Phase Measurenent Tool,

Met rol ogy, I nspection, and Process Control for

M crolithography XVl, SPIE Conference, Santa C ara,

California, March 4, 2002, Session 2 (Proceedings of

SPI E Vol . #4689-10).




CE. Thomas, et al, "Direct to Digital Hol ography for
Senm conduct or Waf er Defect Detection and Revi ew',

wormseedings of SPIE, Vol. 4692, pp. 180-194, RODBS2004/027766

U S. Pat. No. 6,078,392 issued jJune 20, 2000, entitled
"Direct-To-Di gital Hol ography,” “Hdl ogr aphi c
Interferonetry, and Hol ovision" to Carence E. Thonas,
Larry R Baylor, Gegory R Hanson, David A
Rasnussen Edgar Voel kI, Jangd AIM8 r acane, M chel e
% ldlet and .Lawrence Clow U S. Pat. No. 6,525, 821,
B4° d?‘y 25, 2003, entitled "Acquisition and
Repl ay Systems for Direct-to-Digital Hol ography and

Hol ovi sj on o C arence E. Thomas and G egory R
S Fiahoon ATAg

son. SPARESIPE clai med is: 1. A met hod,

C onpr i sigiglly %c&dﬁ@ a ﬂfstrsﬁﬁﬁﬂjih&&oayrfeﬂ 'hﬁfogram 1nc1ud1ng spatial heterodyne
patial | y- het er ody ram i ncluding spati al

h ettimgsdfohiouries %@b@s flmg ‘F@G jefarengp beaysang afisptiegicet Hopmist
r ef er ent&e ATbRANMS adeddnll §;I§at1 ﬁéi&ro!ﬂgx c}g% Etllntu"f‘éldd‘!'ng spatial
a odyne

recording a second spati eter
i nsteiering frinses fanmﬁ@r anabiip M@lng p sm&d;refammwbm ad a second object

10 2Ngdaysi s using a second reference beam and a second
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object beam Fourier analyzing the digitally recorded
first disatiérantlyzingthe ﬂlgdgdbedcmdﬂddgstapatlaﬂy-h&moﬂyned golagram, by

£ .
S Ip{:l {1 hgk&?%na? gﬁm 8f ﬁ'lg fl ggelgrrﬁe oaaegci érgtghgtfa StFrogHea thologram to
f i gitsan tepaf 4 Bt dpe(iaéhadmdme@ﬂfer ﬁ'qufeﬁ@qieﬁﬁml}’oydﬁfrBtmﬁgle Bytween the

t b d th
£ Sl e R A T ol ok pidPRte St e
Fo urie momfalamym@ thi BigthlGi recvrded sé@ﬁ‘a@ @pﬁﬁduysﬁ&é}s&med hologram by

allg/ he ero ned hfgt}ﬂg |ft|ng a second
o PRk YR IETE reo Hhe e s oshuted serond Gedsieerodymed
S ptfldgadnh i&i’%&é}ﬁ&hﬂk@%nﬁ QbARI-RRb &S 'cﬁm@xr‘fréqﬁ&c?fdeiﬁled b a second

'second spati al -heterodyne carrier frequenc%e efi ned

a WELOREegh B seqvad irEerpnce ez anddhesceendabinstheametorfeting second
t hRa§eeapdgobj ect beam to define a second anal yzed

i mge; di gltally filtering the first anal yzed inmage to
cut of digitplinBltesing the first anslpzetliimage to eutgiffrignatsraiayind the dirst original

dq{dgﬂletoqeﬁl?erasﬁrstrrg&lﬁl lng @nd digitally filtering the

second anal yzed Tmage to cut off signals around the
second digitally fitgring thegeeont enalgied ireage t et offignels edound the second

original origin to define a second result;
performing a first inverse Fourier transform on the first result, and
performing a second inverse Fourier transform on the second result,
wherein the first object beam is transmitted through an object (940, 1045) that is at

least partially translucent and the second object beam is reflected from the object.
2. The method of claim 1, wherein a first digital image includes the first spatially-
heterodyned hologram and a second digital image includes the second spatially heterodyned

hologram.

3. The method of claim 1, wherein the first digital image is generated by a first pixilated



performng a first inverse Fourier transformon the
first result, and perform ng a second inverse Fourier

wo eas®iosin on the second result, wherein the fPCEUS2004/027766
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obj ect beamis transmtted thrqough an object (940,
1045) that is at |east parti aI'Izﬁ}‘transI ucent and the

Seco. lect beamis. reflected from.the opject. 2. |
T sy in B ot SicaREdiEaL bR s sl BY » evfighpiniared
i niztaetlesddvive. fi rst spati al | yhet erodyned hol ogram and a
second digital image includes the second spatially

het er odyned hol ogram 3. The nethod of claiml,

wher ei etk tHol o8 laie OivitRteid t(RB Gt hiizldiS A6 A% ¥ s@ond angle and a
first g_l xi | atedpi xji | ated detection device and the
1

t
s eugirdiaita) image ingldgeboth thedise spatieHy-hereradyed Belggram and the second
pi%hﬁﬂgqgtegﬁ?%tﬂo%aqﬁvi ce. 4. THe net hodof cl ai i,
wherein the first angleis not equalto the second angl e
and a single digital image includes both the first
spat i aldy- r :
SBati ol e oPMAES WISl E AR A Spa R A pdyed hologram and
4 thevspsored spatidhly-hiotddyndddiofograst are digitalll regordedtvathadsmpbalpixilated

DL AGEAMAR b SRR RGP L o PR Bcion

defeeict. on device and the single digital imge is

generated by the single pixilated detection device. 6.

The nethod of claimb5, wherein the first reference

beam arntie ifethod ef clith R hjherin the Akt RFRendO beadDiARS Wecomdidbject beam
resgect to the second eferencg b%%?1and the second

obfFeRYt Rt With repReet fode,Rsqongkrelerenpahegm apf diespopnd pRyect beam.
spatial heterodyne fringes of the first spatially
hetero%ﬁned hol ogram are substantially orthogonal wth

r éspect!ng rethrd ok gaim & Whekindho tpfiel heteradyessfiripgesiofithe first spatially
S GRSy REAO!GEkdnY ard SHRFREMRRAHD n%iﬁ{rﬂespectga ?}e@?étﬁ@ﬂet&t)dyne
claim, further conprising calculating a difference in

t Hriegas of e gecpndenatigbrheteredyned halegramugh section of the

obj ect and a second through section of the object as

Agl where Aq is a phase difference, | is a wavel ength
of8.a sdibe method ofJiiny e fitrthiei epniprising cglyylating aatiffexervie émthickness (5 )

T O I T Y

cal.cul anphg a phase difference (Agq) between a first
pof Ti Ié;ﬁe obj ect and a second portion of the
obj ecztmgg nd |

where A is a phase difference, A is a wavelength of a source of coherent light

energy, N is an ambient index of refraction and N, is an index of refraction of the object.

9. The method of claim 1, further comprising calculating a phase difference (A8)
between a first portion of the object and a second portion of the object as

2ad
AO =—§-—(N3—N2)

where d is a thickness of both the first portion of the object and the second portion of the
object, A is a wavelength of a source of coherent light energy, N, is an index of refraction of

the first portion of the object and Vs is an index of refraction of the second portion of the



AgQ (Ns - ) L where d is a thickness of both the first
portion of the object and the second portion of the
wokjent9943 is a wavel ength of a source of coheP@mnUS2004/027766

light energy, is an index of refraction of the first
portion of the object and JV3 7% "an i ndexof
re{)lﬁggti onof the second portionof theobject. 10. The

of claim1, further conprising calculating an
index of refraction characterizing a portion of the

s 2nd hase d erence, | is a,.
EF e ndiod st Eofin Dotutffer EoRr bt colchlgits Shiaieget lisction (%)
ancmfdateﬁﬁhgw&eas@ﬁfmsbbja&bson . The nmethod of claim,
further conprising noving the object within a plane

5th .+é§%ygﬁtant|ally per pendi cul ar to both an axis
de |neﬁrdoy the first obj ect beam and an axis defined

¢ hubs 2P e R B Rt LR Ayelimptt foe i o e
d|gwﬁyhh&Aﬁeeﬂadbngnh&ﬁcﬁ&m&mﬂmspat|aIIy het er odyned

hol ogram 12. The nethod of claim, further conprising
digitally recording both a third spatiallyheterodyned

holiogr ameatthad of eMink I, faidiek cathprisilaahSRNOHE sgjeé% QJ_Ii_tﬁﬂlre?ﬂﬁne that is

novi ng the obj ect within _the pl ane.

10 ne%tﬁé}erlte% ly perggndicplar ighotheanpxisletiped byithabist ehlechbesmopndigs axis
objegmtd Qﬁtﬁénsé%&l &ﬁ&@f)@th%hep ¥ ﬁaliy@éﬂ‘d@é’ﬁ@ e E‘&tlhl‘i&-heterodyned

pulse node, 14 hot ol i t hogr aphi c mask i1 nspecti‘on
deggam anghadter §igﬁgl HReOrdipg the aecend maaalbrhetex@dynw hologram.
netrology process conprising the method of claim. 16.
An apparatus, conprising: a source of coherent |ight
enkk gy Tho 1@thodof glyrm &, tﬁrrﬁnsmngmsmg digithldy mmrémg batna third spatially-

15 . gl%zer?euﬁéwti l?oéﬁg?&ﬁ atid e?ol ec 1&1%/ e ercg(gfﬁedsl? 0 m {ter moving the object

s uwitles dripllapeopt i cal | y coupl ed to t he source of
coherent light; an object beam subassenbly optically
coupled to the source of coherent |ight, the object

belmn s (hassewloy clainc 1, wehiereh the ref@asgibemh amtl @OpHIsedt bapaire generated

pabya lgsggol%re{tﬁfgllr? g&léeorgo ebJ ectbeam path;

20

14. A photolithographic mask inspection process comprising the method of claim 1.
15. A metrology process comprising the method of claim 1.

25 16.  An apparatus, comprising:
a source of coherent light energy (910, 1010);
a transmission reference beam subassembly optically coupled to the source of coherent
light;
a reflection reference beam subassembly optically coupled to the source of coherent
30 light;
an object beam subassembly optically coupled to the source of coherent light, the

object beam subassembly including a transmission object beam path and a reflection object



a transm ssion beansplitter (975, 1080) optically
coupled to both the transm ssion reference beam

wGeaasseebl y and the obj ect beam subassenbl y; BCT/US2004/027766

10

15

20

25

30

reflection beansplitter (970, 1065) optically coupl ed

to both the reflection refer erid@-beam subassenbl y and
thg ob ct beam subassenbl y; and a pixil ated detection
devi e 80, 990, 1070, 1090) optically coupled to at

| east mmnﬁ’ﬁishat b@ﬁﬂsﬂﬁteed)ﬂi,rlco)lsv)tdpﬁcary%ﬁple‘cbtb%ﬁxtth@ﬁax@ﬁﬁssion

the_.tran mss itter and the reflection
be’ngé?ﬁ\c? ‘?aglrsu Wﬁ%‘? Yﬁ“‘fth%"l@ﬁitgﬁﬁm a3eRbassenbl y

i ncl ud %&eﬂé&n@fbb@ﬁispl(t&ff B&70 1@65} optibaty dofipléd tolbesthe reflection reference
i) transm ssively

rtlaIIy nsl ucent, the object
qal’f‘aglu %ﬁs“d‘ﬁﬁﬁb‘i“@d heehj¢st berm FhasshlE@ndt coherent | i ght
ener gy aﬁi‘ﬂla@eﬂ%efeﬁtﬁﬁ%@@{%@ 998 2150 l'Obb)ed'pu@zﬁﬂf cobipled tot least one

reflectlvely optically coupl ed between the Source o

c oRepsiselpgteghone ey sarsisting of the frewsmission @mmrtané the reflection
17peahBfiit@PPar atus of claim 16, further conprising:

anot her transmi ssion beamsplitter i) optically coupled

bet weenvherein the abjeds befm eubhssembly ihdlugles arestgecy (P4ANID45 that is at least

i g e YT RN —

e r@hgyntdrgdt emhgy ahxj the tram,mcmlliaaﬂﬂﬂmhi angd nalrbdlee’tfv@Iylwﬁcally coupled

r ecti,on bea cou et ween

tﬁgeek‘goﬁlﬂbe So'érf’eg ?rglﬁ 1gp %‘ﬁlig?g?f&% qﬁ‘?%m?p flecti on

ref erence beam subassenbly and | | ) opt| cal l'y coupl ed

be nee the sour ce of rent ht energy and the

ob’[ ect a&%ﬁé’&@%ﬂé%‘ﬁ rcoﬂ’@ paratus of claim

16, wh %ﬁ&hé} tiahnibdich Bel§itter) 6&&@11?&5&?169 %&Ween the source of coherent
Bbﬁgrsen‘ol y.includes an illumnation [ens.

energy and the tiapsmission 1gfvesnes bpapmrgb %mt&mdda optmally coupled
I SeBIRAGR sBEREHIShG SR Sk e)ﬁeﬂg? GhdHile abJ@a bedrh gtma&%bﬁnand

| ens. 20. The aé)par atus of claim16,” wherein
r ef | eceneherrefestiarieampliser i aptissteprypled |bmequfés s<a1rce of coherent

I QfoRf SRES Ml e Wflectich refelic ﬁ’lrsilfr%#%nﬂfly ?rldag %&é@ﬂy coupled between

wher el nfg?he obj ect beam subasse

i rfh@mﬂgfeloéﬁ@le@m lighhenesgyprad dteuz‘sueofbeamasubassamblymher ein

the obj ect beam subassenbly includesan illum nation

| ens. 23. The apparatus of claim 16, further

codpr i ShegpparabtsivEclaim k6, wdibeth tHetrasmission deforene beam subassembly
op | 1 l.ed to one nenber selected fromthe
r}écl}%&cgﬁgﬁ@t aﬁangf‘ ‘'t he transm ssion

19.  The apparatus of claim 16, wherein the reflection reference beam subassembly

includes an illumination lens.

20.  The apparatus of claim 16, wherein the reflection reference beam subassembly

includes a reference mirror.

21.  The apparatus of claim 16, wherein the object beam subassembly includes an imaging

fens.



beamsplitter and the reflection beansplitter. 24. The
apparatus of claim 16, wherein the sourceof coherent

wo p@hon1emer gy i ncl udes a | aser operated in pul BE/Deme4/027766
25. A photolithographic mask inspection instrunent
conprising the apparatus of cl#’m 16. 26. A metrol ogy

| nfir u rﬁ%tapﬁa%%ﬁé Sflais] 1%,h“e/he?glg t%re% _]%gt b%gm%{lbaalssrgmjb?y includes an

illumination lens.

23.  The apparatus of claim 16, further comprising another pixilated detection device
5  optically coupled to one member selected from the group consisting of the transmission

beamsplitter and the reflection beamsplitter.

24.  The apparatus of claim 16, wherein the source of coherent light energy includes a laser
operated in pulse mode.
10

25. A photolithographic mask inspection instrument comprising the apparatus of claim 16.

26. A metrology instrument comprising the apparatus of claim 16.
15 |



