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Background Art:

Note that the following discussion refers to a number of publications by author(s) and year of
publication, and that due to recent publication dates certain publications are not to be considered as
prior art vis-a-vis the present invention. Discussion of such publications herein is given for more

20 complete background and is not to be construed as an admission that such publications are prior art
for patentability determination purposes.

A variety of scatterometer and related devices and measurements have been used for
characterizing the microstructure of microelectronic and optoelectronic semiconductor materials,
computer hard disks, optical disks, finely polished optical components, and other materials having

25 lateral dimensions in the range of tens of microns to less than one-tenth micron. For example, the
CDS200 Scatterometer, made and sold by Accent Optical Technologies, Inc. is a fully automated
nondestructive critical dimension (CD) measurement and cross-section profile analysis system,
partially disclosed in U.S. Patent No. 5,703,692, This device measures the specular reflection of a
sample as a function of angle-of-incidence and polarization by scanning a laser beam laterally across

30  the entrance pupil of a high numerical aperture lens system. This device can repeatably resolve
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20 incident angle over a range @, such that the light or other radiation source rotates about the target
area, or alternatively the target is rotated relative to the light or other radiation source. Utilizing any
of these various devices, and combinations or permutations thereof, it is possible and known to
obtain a diffraction signature for a sample target.
Besides scatterometer devices, there are other devices and methods capable of determining
25  the diffraction signatures at the 0" order or higher diffraction orders using a light-based source that
can be reflected off of or transmitted through a target sample, such as a diffraction grating, with the
light captured by a detector. These other devices and methods include ellipsometers and
reflectometers, in addition to scatterometers.

A number of methods of determining CD utilizing various techniques and devices are

30 disclosed in the prior art. Thus U.S. Patent No. 5,910,842, to Piwonka-Corle et al., discloses a



30 disclosed in the prior art. Thus U S. Patent No. 5,910,842, to
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BRDF for most surfaces is a complicated function of the incident angie and Stokes vector of the

20  incident photon, the scattering direction, and the surface properties. An ideal mirror, by contrast, has
the simplest BRDF: it is unity when the scattered zenith angle is equal to the incident zenith angle
and the scattered azimuth angle is opposite the incident azimuth angle, zero for all other scattering
angles, and the scattered polarization state is equal to the incident polarization state.

Many surfaces have symmetry properties that reduce the number of independent

25 measurements necessary to describe its BRDF. For example, a diffraction grating of infinite lateral
dimensions constructed from dielectric materials does not rotate or mix the polarization state of light
incident orthogonal to the grating grooves. The dependence of the BRDF on incident polarization
state at this orthogonal orientation is described simply as two independent BRDFs representing the S

and P incident polarization states. Under these conditions the BRDF is also symmetric under grating



state at this orthogonal orientation is described sinply as two i ndependent
BRDFs representing the S and P incident polarization states. Under these
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metrology steps take place within the device, generally under computer control, with a finished wafer,
with desired structures etched thereon, exiting the device. This approach preferably requires
20  integrated metrology, such as measurement of CD. It is thus desirable that these components be

miniaturized to the extent possible, and occupy the smallest possible footprint, and further have a

minimum of moving parts.

SUMMARY OF THE INVENTION (DISCLOSURE OF THE INVENTION)

25 In one embodiment, the invention provides an apparatus for determining parameters of a
sample, the apparatus including a source for generating a beam of light; a variable illumination
numerical aperture component, variable over a numerical aperture range while obtaining data for
determining parameters, the varying numerical aperture thereby varying the range of angles at which
illuminating rays strike the sample; a variable observation numerical aperture component, variable

30  over a numerical aperture range while obtaining data for determining parameters, the varying



determ ning paraneters, the varying nunerical aperture thereby varying the
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20 include an assembly providing a projected image. The iris may include a non-mechanical iris,
including but not limited to a liquid crystal array forming an iris. The iris may be of any shape. In the
apparatus, the first detection system may be a photodetector or a spectrometer. The first detection
system may also include a computer-compatible output for recording data relating to receipt and
characterization of light, and may further include a processor for controlling the numerical aperture of

25  the variable illumination numerical aperture component and the aperture of the variable observation
numerical aperture component. In the apparatus, the numerical aperture of the variable illumination
numerical aperture component may be variable over a numerical aperture range from 0 to about 1.
Similarly, the numerical aperture of the variable observation numerical aperture component may be

variable over a numerical aperture range from 0 to about 1.



nunerical aperture conponent. In the apparatus, the nunerical aperture of
the variable illumnation nunerical aperture conponent nay be variable
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and char %9R@Jaﬁéﬂi@oﬁé&ﬁxaﬁ&?&pﬁaﬁur@gd%b&l@ﬁt In the nethod, the step of varying
e

at | east One paraneter can inclu varyi ng both the range of angles of 20
i nci dence of TieinyzeéEon tuﬁhdrlpgivtjess antethed mmbmramgjpardfreeterangesaniplalﬂglreahcmif
detected scatter fromth e ran es of incidence of the
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sanple can be varied by neans of a second variable nunerical aperture. The
met hod cédaamuf ligheto thargdmptkearidhiee rasgeeg sn@és @abarted scrageutfmm the gehtlplsby uinkaimsg)ft he
sanpl e an olarizin t he I| ht scattered fromthe sanp

net hod, ﬁ@gﬁt"”? é%{g"? SHEelCs FRepHE: WrPéFqCWIa“QﬁB?rM?rE‘“@éW ﬁcﬁ‘é‘%r‘iﬂj‘@hhdnf’ﬁ s, a

zoom | en%e@%?ﬂ@'sﬁép oftvarying at least one parameter can include varying both the range of angles of

20  incidence of the beam of light to the sample and the range of angles of detected scatter from the
sample. The range of angles of incidence of the beam of light to the sample can be varied by means
of a first variable numerical aperture and the range of angles of detected scatter from the sample can
be varied by means of a second variable numerical aperture. The method can further include the
steps of polarizing the light striking the sample and polarizing the light scattered from the sample. in

25 the method, the at least one variable numerical aperture can include an iris, a zoom lens assembly, a
variable beam expander, a variable aperture stop magnification imaging assembly, a spatial Fourier
transform of the aperture stop assembly or a combination of the foregoing. Detecting and
characterizing can include use of a photodetector or a spectrometer, and can further include a

computer-compatible output for recording data relating to receipt and characterization of light.



vari abl e beam expander, a variable aperture stop nmagnification inmaging
assenbly, a spatial Fourier transformof the aperture stop assenbly or a
conbi nat ivod 0w293the foregoi ng. Detecting and characteri zi POT/US/30089 ude use
of a photodetector or a spectroneter, and can further include a

conput er - conpati bl e output for recording data relating to receipt and
characterization of light. WO 02/29374 PCT/US01/30989 -7 A primary object
of the present invention is to provide a’met hod and device for CD

measur enent of structures, and in particular regular structures, by neans
of a differ enAIp%a@tw}aalo@aqle pre3PR vkt a6 BRvALE PG e D Of t he
present invention is to provide a-nethod and device- for scatteronetry or 5
el | i psoneraapuramantys steicturrsr aidrin pérdicurea regelao$truchicsisdenesan gf ®diff¢rentizbmimedicdly
means of a ar'aﬁje nunerical aperture conponent. Another object of the

pr esent iﬁ 68 'Y€ to provide a nethod of differential numerical
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enpl oyed which varies by snall and differential increnents the range of
angl e§ atelipsanegiry iahblysid méimg\ewws ofinciddoe adies istariad bymearbdf s vafaheaumetiet eby
provi di ng a vari abl e | |  um nati on nunerical aperture, or wherein an

obser vat ("8RS YTRAREHs enpl oyed which varies by small and differenti al

i ncrements th@natﬁé?gsjeafof%@%Le%gm%emhmo vabta n%%%fdtoﬁa.ﬁ&emtrapmnmsanstructure
are accepted, thereby providing a variab Ipe observation nunerical aperture,
or wher elanedtmve bBnayssiof CDl ofi rutirdsonhsyis b hianetionlsggev it dnasioysy shiemvaiee by

enpl oyed of the present invention.is to provide a nethod
S Gt SEa Gp Gferr RPBRETRrTS e 1BOg ACHGIoRGL EHE IV b b Bk R s chs

aper t1gr e sgfadeN@e@bpsbVidhd QVamuiRBILh&aliorARAT kLY Qperﬁ’IFe BOkbreivah bissenkafismor di ng
the power scattered into the observation nunerical aperture. Another object

of the prsggemts ¢émmyemt NVOIQh varies Oy pmalvardelifiaremtd] inocbreents tickenangeeofabglés atiwngh
observations rel at ed variable illum nation nunerical aperture or a
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part by integrating the scatterin over t um nat | and

obser vati on nan®hdroaject oamerptasems’,nvemoprsi toproyidad\nettoagad aévidetter difees@aty

i nvent| on is that it provides a device for scatteronmetry or ellipsonetry
with1d nichPraing Be '”WB’WWQ ngapice! ap&ﬁweaz&@aﬁ%%@“% RHEpejicY ﬁﬁ?'?“r T GORGY Mtie

Aot her JaUANIARE pGlor EkoRARE e dbMEALE AlldiBabhturd T Provi des a device for

CD determ nation
Another object of the present invention is to provide a method and device utilizing

observations related to a variable illumination numerical aperture or a variable observation numerical
aperture, or both, to find unknown parameters in a model describing scattering from a structure
20  surface, in part by integrating the scattering model over the illumination and observation numerical
apertures. |
A primary advantage of the present invention is that it provides a device for scatterometry or
ellipsometry with a minimum of moving parts, and occupying a very small footprint.
Another advantage of the present invention is that it provides a device for CD determination
25  that may be incorporated as a module or component in an integrated semiconductor processing and
manufacturing device.
Another advantage of the present invention is that it provides a method for CD metrology
which may be applied to either scatterometry or elipsometry techniques, or in general to any method

employing BRDF, BTDF or BSDF analysis.



25 that may be incorporated as a nodul e or conponent in an integrated

sem conduct or processi ng and nmanufacturing device. Another advantage of
the presevioor/emsention is that it provides a nethod for CDP@RUS@l/®g8Y whi ch
may be applied to either scatteronetry or elipsonetry techniques, or in
general to any nethod enploying BRDF, BTDF or BSDF anal ysis. WD 02/ 29374
PCT/ US01/ 30989 -8 Yet another advantage of the present invention is that
it provides a nethod for scanning throu®&h a variety of incident or
reflective angles, or both, by varying the nunerical aperture in variable
pumer cal - aperel i aERAREO LA (OGH in0BlBE knat AANARLADRRY B IMRhg
features, and further scope of applicability of the present i'nvent i on

wi || be thetugh erbiety of inzétent drmefietiee dedled, betbtid @g earyipg themutneridabddeawe it aken i n
conjunction with the acconpanying drawings, and in part will becone
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may be | earn i i L | ect : s of
the i nventi on o e er anfady e e e e RIS Rl by ANER AR

i nst runenvedtipn wid de aptdorticio pbit mabe dnaiep dederigtioh & foyow tikat mdosjuiictiomwitihi@e
appended clainms, 10 BRI EF DESCRI PTI ON OF THE DRAW NGS The acconpanyi ng

dr awi hgs3CERAPRNINGCERIRESoFNIdR B EYW! PerereArBa el tfihaspudied Bithe freurdBeci fi cat i on,
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preferred enbodi nrents of the invention and are not to be construed as

li miti ngCYPRNGUIPRARFCHIATY Paied o1 indPeaRnsaded 9 1 is a schematic di agram
illuggrating an enbodi ment of the invention wherein both a variable

illum nation and observation nunerical aperture is provided by neans of a
variable iris; FIG 2 is griBEbESBRIPTICON agramprAWSIEsat i ng an enbodi nent  of
the invention wherein a variable 20 illum nation nunmerical aperture is
provi ded by n&5[AsCBTPaRY AV HAiGR AFe Imogmorated igtognd forya gwert of e srpckipgtion,

! I us_t r aﬁlhﬂ@teagﬁg%p&g%i m&m%tﬂstopﬁe!p@égﬂﬁ VQH{O‘A‘Q%‘?J%Q%m%P&vﬂ t% d%/s%Fip')t?)ﬁ,l seerve.
illum natron and observation nunerical aperture’i provi de ogether with
pol ari zi wExplaPAROSIRBIbIES of the invention. The drawings are only for the purpose of illustrating one or

15 more preferred embodiments of the invention and are not to be construed as limiting the invention.
in the drawings:

FIG. 1 is a schematic diagram illustrating an embodiment of the invention wherein both a
variable ilumination and observatjon numerical aperture is provided by means of a variabie iris;

FIG. 2 is a schematic diagram illustrating an embodiment of the invention wherein a variable

20  illumination numerical aperture is provided by means of a beam expander;

FIG. 3 is a schematic diagram illustrating an embodiment of the invention wherein both a
variable illumination and observation numerical aperture is provided together with polarizing
components;

FIG. 4 is a schematic diagram illustrating an embodiment of the invention wherein a detector,

25 array is provided;

FIG. 5 is a schematic diagram illustrating an embodiment of the invention wherein a variable
observation numerical aperture is provided by means of a variable iris, with a fixed illumination iris;

FIG. 6 is a schematic diagram illustrating an embodiment of the invention wherein a variable

illumination numerical aperture is provided by means of a variable iris, with a fixed observation iris;



FIG 4 is a schematic diagramillustrating an enbodi ment of the invention
wherein a detector, 25 array is provided; FIG 5 is a schematic diagram

i Il ustratwagzzs7€nbodi rent of the invention wherein a var P@biU801/3dbgYer vat i on
nunerical aperture is provided by neans of a variable iris, with a fixed
illTumnationiris; FIG 6 is a schematic diagramillustrating an

enbodi nent of the invention wherein a variable illum nation nunerical
aperture is provided by neans of a variaSte iris, with a fixed observation
iris; WO 02/29374 PCT/US01/30989 -9 FIG 7 is a schematic di agram show ng

ranges of var i@l bl [heRURIGA ARG GRS BF velbddhl AthoioR BRGHAALI LR’ N S,

with correspondi ng detectio ent i ncident an ective angl es,
utili zi ngbsamatienpaids et cootspohding duietion dniifisteat iectidend oidrefiecthas analek autilizing
illum nation and observati on nuneri cal ager_ture‘i s provided; 5 FIG 8 is a
schenat i @"FRGHERMGY herdmeRpaaT TR Dot 2 YHIEPIE BHefirandphesnatipn BURSrisyl e

pol ari zerpe@Reisshdle]; vari abl e nunerical aperture, utilizing a variable
slit iris, is enployed for both illum nation and observation; FIG 9 is a
graphsof the BiQgad a schematdtisirano bf f entlosietewiads thennvettnoal witatin aprbie yblarizer
obtained from three specinens using a differential nunerical aperture

devi ce ofanfl Fing'eVaRABIR NUBIETGHh @PsiUre. diiliding g variably shiglisa s srenfovas ipr 8eth fieingtian; abl e
nuner i calangggsregﬁqi&.i s enployed for both illum nation and observation; and,
FIG 10 is a schendtic diagramof variable irises that may be enployed in
enbodi ment of Fldhe is 4 gedpnbitesigrikbadAE6ERL P E Bk Ctioh It BiREFRRBRED o ivREDIOENTS
(BEST MODES FOR CARRYI NG QUT THE | NVENTI ON) A generalized enbodi nent of a
devi ce oftheHEPSCIRAEALFIBMA PEeisPR) NderticippEtu device|of Histinwepiiancde®n a Hrdei des a
sour of _ |.L: ] ] i5 0 ' j , r X

or oduge. ey e Shott (1l Rk R ARARR oo R0 bt ARy SO S8 Pt i
Li ght souwnhge 20 conventionally produces 20 nonochromatic |ight, and
preferably coherent light, and thus conventional |asers, light-emtting

di odes and t hE'Q-{IR& %ﬁgefbé'céjfﬁﬂf%y@‘d?”%éiﬁémat Ay eerBBEIPYRSH? emirdinpangof the
invention, as hereafter described, other |ight sources and fornms of I|ight

may be enployed. The colum of illum nating beam produced by |Iight source
20 is partially passed through illum nation aperture 30, which illum nation
15 DESCRIPTION OF THE PREFERRED EMBODIMENTS

(BEST MODES FOR CARRYING OUT THE INVENTION)

A generalized embodiment of a device of the invention is provided in FIG. 1. Light source 20
provides a source of light for illuminating beam 100, which light source 20 may produce any form of
light, either within or without the visible spectrum. Light source 20 conventionally produces

20 monochromatic light, and preferably coherent light, and thus conventional lasers, light-emitting
diodes and the like may be employed. However, in embodiments of the invention, as hereafter
described, other light sources and forms of light may be employed. The column of illuminating beam
produced by light source 20 is partially passed through illumination aperture 30, which illumination
aperture 30 may be varied during the process of measurement or scan as to size or shape, or both.

25 In one embodiment, illumination aperture 30 includes an iris, such as depicted in FIG. 10. In
FIG. 10A variable slit iris 510 is provided in plate 500, which variable slit iris may be expanded to
different widths as set for in FIG. 10A. Similarly, in FIG 10B, variable square iris 520 is provided, and
in FIG. 10C, variable circular iris 530 is provided. It is undersiood that the iris may be any shape or

configuration, and that the invention is not limited to the illustrative shapes of FIG. 10.



aperture 30 may be varied during the process of neasurenent or scan as to
size or shape, or both. 25 In one enbodinent, illumnation aperture 30

i ncl udes ve@ 02/29334 such as depicted in FIG 10. In FIG [|PONUSawiond e slit
iris 510 is provided in plate 500, which variable slit iris my be expanded
to different wwdths as set for in FIG 10A Simlarly, in FIG 108,

vari able square iris 520 is provided, and in FIG 10C, variable circular
iris 530 is provided. It is understood tHat the iris may be any shape or
configuration, and that the invention is not limted to the illustrative
shapes of Fl GThalQortanQ%ﬁ%%ﬁr?g“bep gr{o'B]%QMgaﬂgﬁgmmat%oq a-EQrﬂIre @@fn{elrs%&sggmal
|Ilun1nat|ng beam 100 exiting the 1llumnation aperture 30 Intersects
parti al bbwarsrplﬁtpt 5@ tvdh a pOrtiombftiluménapay haaom 00frefiekted hy bextm agttebesam o

refl ected beam splitter 50 to form beam 110, and the remai nder
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whi ch naytieecanfoaen or bgndoaaigs serdireing thedeltiasofa bedf spletas obj ective system
conprising two or nore individual |enses or other optical conponents. Lens

60 creates a Reff§edbeam Aty géonusedRyllans 68nvigaemmiean feHsingdenssrsterp.isech #fcd dent
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surface froml raI he optica
properti esnéo treqss Hhingd OF iGRTRAT :ﬁiglesbhep@mlsﬂﬂébe%rfhameld%,anm dferiigd be,
for exanple, a diffraction grating on a wafer, is nounted on hol der 90, and
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t hrough | ens FAs & colum o ttere scattere
120. The forrezbiaple cnsfragiob etanmem 4 heredisshanne oﬁﬂnolaawogar\demn sayerftiicoght he
optical axis of lens 60 and the angle at which such ray was scattered from
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one enbodi ment, observation aperture 40 includes an iris, such as depicted
in FI G MIcha;H@p @y wag se@Hared from surface 95 can be accurately estimated from knowledge of the
optical properties of the device of FIG. 1.

20 Beam 120 passes through beam splitter 50 and partially passes through observation
aperture 40, which observation aperture 40 may be controlled as to size or shape, or both. In one
embodiment, observation aperture 40 includes an iris, such as depicted in FIG. 10, and discussed
above with respect to illumination aperture 30. By adjusting observation aperture 40 diameter, or
more generally its shape or size, detection system 70 receives scattered rays forming a part of

25  beam 120 which correspond to a particular range of scattered angles. Similarly, adjusting
illumination aperture 30 changes the range of angles that are incident on specimen surface 95.

Detection system 70 may include any detector device for detecting any parameter associated
with light forming beam 120, and thereby characterizing the received light. This may include, for

example, intensity, polarization state, spectroscopic properties, or the like. In one embodiment,

30  detection system 70 includes one or more photodiodes, photomultipliers or other elements



above with respect to illumnation aperture 30. By adjusting observation
aperture 40 dianeter, or nore generally its shape or size, detection
system 70vO ew2439£s scattered rays formng a part of 25 beR@T/UR0/389%Ch
correspond to a particular range of scattered angles. Simlarly, adjusting
illum nation aperture 30 changes the range of angles that are incident on
speci nen surface 95. Detection system 70 may i nclude any detector device
for detecting any parameter associated wi'th Iight form ng beam 120, and
thereby characterizing the received light. This may include, for exanple,
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one enbodi nent, 30 detection system 70 includes one or nore phot odi odes,
phot onul tsmplle|e®|mnb¢et@1tdnerovebemm1tesrawn&abtﬂesfme ROF¢ S0l 09i8ent on Efecimen
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to pi cosecond range, |aser pulses. Detection system may thus 1 nclude
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of stgndapdiiQopReshd A5 6RPL o‘dfﬂ%lg{sdetle&of?@fstm@gérmg%easﬂen t o B SYsLEM 70

permts nmeasurenents over a broa range or set of wave s In parallel,
whi ch i s rg@etor s:anbawdavpleadmarmtpagﬁﬂu&hIMme@My apeaiagedus m\amphe&a)eb«mee
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el ements. Detection system 70 can further include, as a conponent part
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and data retriev neans, rocess onent etection
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sel ecti vela/ recalling data, data analysis, 20 generation of a nodel system
conpar i s@Ad fga {q%evm%qns aﬁ@e §oRwUier Rreprocessor components of detection system 70, or

separate components, can thus provide for recording data, selectively recalling data, data analysis,

20  generation of a model system, comparison to the model and the like.
The device of FIG. 1 further optionally includes detection system 80, which detection

system 80 may be the same as or different from detection system 70. Detection system 80 includes

any detector device for detecting any parameter associated with light forming beam 105, and

preferably includes a photodetector for, in part, monitoring the illuminating power of beam 100, by
25 measuring beam 105 which is a known portion of beam 105, thereby providing one or more data sets

for use in calibration of the device of FIG. 1. In one embodiment, detection system 80 includes a

detector array. The detection system 80 may thus include either a one-dimensional and preferably a

two-dimensional detector array. Such array may include photodiodes, charge-coupled devices or

other detector arrays, appropriate for the wavelength and intensities to be detected. Use of a

30  detector array provides measurement of beam 105 over a corresponding range of incident angles.



The device of FIG | further optionally includes detection system 80, which
detection system 80 nmay be the sane as or different from detecti on system
70. Detesvoomsystem 80 i ncl udes any detector device forPdBRUSEINRY any

par anmeter associated with Iight form ng beam 105, and preferably includes
a photodetector for, in part, nonitoring the illum nating power of beam
100, by 25 neasuring beam 105 which is a known portion of beam 105, thereby
providing one or nore data sets for useldn calibration of the device of
FIG 1. In one enbodi nent, detection system 80 includes a detector array.
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preferably a two-di nensional detector array, Such array may include

phot odi od@ivdlnghlaerg@naotm\vaeldty@éwmse@l emalyS@ttMnlqdfa ector arrays appropri ate

for the wavel e nd intensities to be d a 30 detector
array provi de’%'”ﬁ’ﬁ%&%?@ﬁ’é?ﬁsr‘@fm BeBRr 8B AR F }% 16’5’??%‘%%‘8?1%’?1@&‘?0&?6%“%?

i nci dent sgp@l Bt oanBegg{)g%%Z\ feBET &%Q; glg%entloﬂr 'cmtguﬁ[rﬁ%gmg%!aﬁcs% nx%{ch

desi red paraneter ternine enpl oye as ca ration data
i ncl udi nghelitheninatecaanya ofid tae vosenetign eftrasteatindinvtc ale |atral graérsidne ofthé qaume

Al t hough the device shown in the schematic of FIG | illustrates the
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enpl oyed 1'n conjunction simlar optics
t hat charggandbeordinaleedmics okt dhblﬁge(lﬁlé tismetoif ofsrceaiotuerneﬁisdmam baﬁn sosespigait to
observation aperture 40 but prior to detector 70.
to observation aperture 40 but prior to detector 70.
FIG. 3 depicts an embodiment of this invention wherein polarizing component 150 is included,
20  and optionally polarizing component 155. Polarizing components 150 and 155 may include a linear
polarizer, a rotateable wave plate, such as a rotateable quarter-wave plate, or other polarizing optics.
Polarizing components 150 and 155 may be selected so as to control the polarization state of
illuminating beam 100, or of scattered beam 120, or both. In such embodiments, detector system 70,
and optionally detector system 80, additionally measure one or more parameters associated with the
25 polarization state of the light forming beam 120. It is to be understood that the arrangement of
components may be altered within the scope of the invention. For example, polarizing
component 1560 may form a part of light source 20, and may thus be before or after illumination
aperture 30. Similarly, polarizing component 155 may be before or after observation aperture 40. So

too polarizing component 150 may be employed with illumination numerical aperture component 130,

30 and may form a part thereof, or may be a separate component, and may be either before or after



FIG 3 depicts an enbodi ment of this invention wherein polarizing conponent
150 is included, 20 and optionally polarizing conponent 155. Pol ari zing
conmponentwO 05W3ahd 155 nay include a linear polarizer, aP€DUSIEaPE%e wave
pl ate, such as a rotateable quarter-wave plate, or other polarizing optics.
Pol ari zi ng conponents 150 and 155 nmay be sel ected so as to control the

pol ari zation state of illum nating beam 100, or of scattered beam 120, or
both. In such enbodi nents, detector syst&m 70, and optionally detector
system 80, additionally neasure one or nore paraneters associated with the
25 pol ar icempbrnt fdoati€af subMembdddidntd &F JIdyHg PRRAIMdLARcs, blandstd bifpRRettigder st ood
that the arrangenent of conponents nay be altered within the scope of the
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furt her Siagﬁ)éof@(g{egpf¥%n% aygd Wm?qycﬁrq{)@d@ent of the invention, and is not limited

to the embodiment of FIG. 4.

20 FIG. 5 provides an alternative embodiment device, wherein a variable illumination aperture or
functionally similar illumination numerical aperture component is not provided, and wherein the only
variable aperture is observation aperture 40. This embodiment may be employed for characterizing
surfaces that scatter diffusely, but is in general not well suited to surfaces that are nearly specular,
such as sub-wavelength diffraction gratings. A complementary alternative embodiment device is

25  depicted in FIG. 6, wherein variable illumination aperture 30 is provided with fixed observation
aperture 45. In this case, all of the scatter light within the numerical aperture of lens 60 and fixed
observation aperture 45 is always observed, with the range of illuminating angles varied by means of
illumination aperture 30. This embodiment may be employed with weak, diffusely-scattering

surfaces, where scattering efficiency varies strongly with incident angles. Observing a large range,



plurality of detectors 82 form ng a detector array, which array nmay be as
described for detectors 72. The array of detectors 82 may be enployed with
any enbodveen23ed the invention, and is not limted to ther/@sticdpsvent of
FIG 4. 20 FIG 5 provides an alternative enbodi ment device, wherein a
variable illum nation aperture or functionally simlar illumnation

nuneri cal aperture conponent is not provided, and wherein the only

vari abl e aperture is observation apertur®&-40. This enbodi nrent may be

enpl oyed for characterizing surfaces that scatter diffusely, but is in
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15 aperture, including but not limted to (a) a zoom el enment that may be
enpl oyed light cang) dmdmasyingrteg aregire stop with a variable magnification; (c) printing the aperture stops,

or more particularly, the spatial Fourier Transform of the aperture stop, on a slide, or alternatively
20  patterning the aperture stops in a spatial light modulator which is then projected into the system,
whereby changing the slides or patterns changes the aperture stop; (d) directly changing the size of
the aperture, such as by opening or closing an iris; and (e) a combination or permutation of any or
some of the foregoing. It is also possible and contemplated that the numerical aperture may by
changed by means of liquid crystal components, such that the liquid crystals act as a switch or cell
25  that either blocks or transmits light, thereby forming a part of the aperture. Use of liquid crystal
arrays or panels can further provide a polarizer function. The use of liquid crystal arrays or panels
thus can form a part of a variable numerical aperture component, such that a device of this invention
has no moving mechanical parts. All of the foregoing are intended to be included in the disclosure of
a numerical aperture herein, and in the figures and described devices any of the foregoing methods

30  of changing the numerical aperture may be substituted.



the effective focal length of the objective, thereby decreasing or

i ncreasing the nunerical aperture; (b) adjusting the effective size of the
aperturewoop23nhi ch determ nes the dianeter of the rel evR@T/USOIVYPEY cone)
by i magi ng the aperture stop with a variable magnification; (c) printing
the aperture stops, or nore particularly, the spatial Fourier Transform of
the aperture stop, on a slide, or alternatively 20 patterning the aperture
stops in a spatial |ight nodul ator which!3d-s then projected into the system
wher eby changi ng the slides or patterns changes the aperture stop; (d)
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diffraction 0fﬁdatl ng specimen 295. In one enbodinent, slit 235 is

appr oxi mat @lojdsggop#iQieerensais aftindtieastsiieassipesigpras t he aperture of
m croscope In the embodiment of FIG, 8, the slit 235 is placed after beam splitter 240 and in close

20 proximity to objective 260. This minimizes the effect of diffraction from slit 235, which in general
reduces the crispness with which the range of illuminating angles is defined. An alternative
embodiment retains an illumination aperture in the position as shown by the device of FIG. 1, before
the beam splitter, and additionally includes an imaging system to relay an image of the illumination
aperture into the aperture stop of microscope objective 260.

25 The devices of this invention generally provide illumination of known intensity as a function of
incident direction, and optionally wavelength and polarization state, and provide for the observation
of light scattered by the observed surface into a particular direction and optionally polarization state.
The efficiency of observation may vary in a known manner. The surface model, in general referred to
here as a BRDF, provides the probability that a light ray at a given wavelength incident from a given

30 direction with a given polarization state will be scattered into a particular direction and polarization



obj ective 260. M croscope objective 260 focuses rectangul ar beam 330 onto
speci nen 295 and 15 collimates refl ected beam 340. The portion of reflected
beam 340 whbwpodpasses slit 235 on its return path is agaP@r/pséizopsved by
pol ari zer 250, passes through beam splitter 240, passes through spectral
filter 275, which renoves background |ight, and then excites photodetector
270. The DNA signature is photodetector 270 response as a function of slit
235 position. In the enbodiment of FIG ¥ the slit 235 is placed after
beam splitter 240 and in close 20 proximty to objective 260. This
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produci ng a new datum and error poi nt his process is repeated until a
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data, the surface g)ararret ers can be varied, and the simulation and error
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| owest desired rate, over a range from 0 to about 1. At each incremental step, the scattered light intensity,
20  overthe range of angles detected, is measured. This data may then be accumulated in stepwise
fashion. Alternatively, the numerical aperture may vary at a known rate over time, with detection of
scattered light intensity correlated to the initial numerical aperture and the rate of variation. Similarly
the observation numerical aperture may optionally be varied in incremental steps or at a known rate,
and correlated to the detection of scattered light intensity. By this means, the incident angle and the
25  detected scatter angle may be varied, with this variation thereby providing the basis for analysis,
including determination of BRDF. ”
In general, the DNA method of this invention is suited to finding the unknown parameters of a
surface scattering model. Since the DNA signature is a convolution of the model surface scattering
function and the illumination and observation numerical aperture functions, the scattering function

30  itself cannot in general be directly deduced. However, if changes in surface parameters result in a



error is determ ned. The set of surface paraneters having thus been found
within the accuracy of the nodel, technique, and experinental error, the
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provi de for determ ning data points for a given 15 specinmen over a range
of either illum nation or observation nunmerical apertures, or both, which
range of nunerical apertures necessarily subtends a range of incident
and/or scatter angles. It is understood-that the data points nmay be
step-wi se or over time. For exanple, the nunerical aperture of the
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ellipsometry, and bi-directional reflectance distribution function measurement at a single wavelength
20  orspectroscopically.

The methods and device of this invention may also be adapted to transmission studies. In the
case of bi-directional transmission distribution function measurement the illumination is placed
underneath the sample.

The observation and iflumination apert‘ures can be independently controlled as to numerical

25  aperture, and may additionally be varied in position relative to the beam, size orin shape, or a
combination thereof. For example, varying a fixed aperture relative to the beam may, depending on
the configuration, result in an effective variation in the numerical aperture.

FIG. 7 illustrates simplified generic conceptual measurement sequences, utilizing a device of
FIG. 1. At each setting of the illumination numerical aperture, the photocurrent at the detectors is

30  measured as a function of the observation numerical aperture, The incremental difference in



10 method is not, in general, as well suited for sanples that vary rapidly
wi th observation angle, since the integrating nature of the technique
tends towavzesge" over the peaks and vall eys. There are, PCHO#&NINPE9
exceptions to this general statenent; for exanple, the observation of
changes in surface paraneters that result in a scaling of the sanple's
BRDF, since in this instance the integrated effect wll still be large. 15
The invention thus provides a nethod whi-th neasures scattering as a
function of angle-of- incidence by differentially changing the illum nation
or obser \bﬁgtb&ﬂreﬁmrﬁnﬁ@sth@Q@rﬁtFlMlgr%rorﬁ)hlgh@talﬂgle%@atteﬁr@)9§ﬁ@; ¥ ond Bandgnewn and
conventional nethod of laterally scanning across an entrance pupil. The

met hod anidpidieppibdie ibdmitdiios andwtsam/afnm apeiyure btags ddmosi serdplétely clpeed, ov maitge

angl e-resol ved s er one sonetry, and bi-directional reflectance
'St 1 DGR MR rORL it Ptbeh S PO Y ineisg Sgp oCnear

spect r 0sGRRhA Hcla¥nce HRG oRF SHRMIE l‘éf‘&tlgﬁ\é'ﬁ%%s@éd t h'x't§e LMHEELHINA aBYandlcSO be
adapted to transm ssion Sstudies. In the <case of bi-directional

t r ans@i sgmovinglalsrigrth& Mtaixio) the wheriatinn apais terseapa s bpenbe iniidrenma nted btie pa) witls apl aced
underneath the sanple. The observation and illum nati on apertures can be

i ndependé’?‘Fﬁ%?'“@BH‘i“F@ﬂﬁ WIS Vele v e opeayation sumagsislagpidire satePoRery \Wddie i onal |y
be vari ed)bgavﬁfamateamn@ﬁ'r@éomé@ of &ach Q@p?e@m v B e andlc SJ;'@%WPO{ béhhg

conbi nation thereof. For exanple, varying a aperture relati Ve to the
beam may, undepteorduhatga mnltnuuehe scemmfangufranammer wremull Incriemeatnhafdegictet wayiar | at i on
in the nurreri cal aper | lustrates sinplified generic conceptual

tu
measur engiftPYegu8 tt'”&i ?rloiNE |ahB t%lF dfes/|lginggien a'?flr@e sfop ‘N’peé‘ﬁﬁ ANSSIBEEMRY of
the il U@n@ﬂ&iﬁQﬁh&%ﬁs&r{;%lléatﬂceBESléF\EhontJ?)@rtlprgg{oB%p%ﬁéH| &half fgpsdehectors is

30 neasured as a function of the observation nunerical aperture, The

i ncr enentdifferahicé bawesciee ma%rﬁ)ﬂﬁﬁ&ﬂmg R/ thiSEHkBAOA B to F8d ph&bmﬂemare nt
determ nes the contribution from higher-angle scattering. In FIG 7, the
setting dPeaBUrelaps é3sstipplrm ihﬁ@(’?"l'q”ﬁﬁi AN ¢ & h%?ﬂﬂtr@bfgo@w%&aﬁwgérﬁmffcw st ops

al nmost CQI‘UPA r?att 8¢]¥rpﬁ géﬁrﬂ?s sﬁ&m* %]%I tol rLw'af napslépgfrr!gecagurer%%)ﬁ% s%a{%@ V\}(ltR't’hel?lthrrPne{h? at a

| ow nunmber, suc els | ["'um na near -

i nci denCelu&iédceméld:eytu&[l@ﬁylaéyestrs@ftlhg?ﬁhlleﬁﬁé biseve@sWpeture lsth tshpeseRtin brigsstezown
at Band C5 (nmoving along the X axis), the observation aperture stop is
opendd i ftiF Alse BeRstviedp moveplana e Y xiarsuch ACFERsithg hEnwrihdde dpevatiore val ue

for the Oag flr M%b g&’grr?f th&m{;]mlﬂ?tf‘o%to%e&‘%wg’&'&ﬁ%tsto e B%n&i‘g s %P?t%ﬁ vation
phot ocurr recor at each steps. i y two ste;?s, an 8 re shown, it
bei ng The general sequence as described in FIG. 7 contains, within the limits of the highest and
lowest numerical aperture settings and the bandwidth of the detectors, all of the scattering
information from samples having axial symmetry. For samples not having axial symmetry, the shape
20  ofthe illumination and observation apertures is matched to provide the appropriate symmetry and the
measurement sequence modified accordingly. For the case of diffraction gratings, the apertures may
have rectangular symmetry, and the measurement sequence may proceed along the diagonal of
illustrated settings of FIG. 7.
Utilizing a device as shown generally in FIG. 8, measurements were performed on both a
25 clean bare silicon wafer, and on diffraction gratings, made by photolithographic means, contained at
row 4, columns 5 and 6, of a wafer, such as a 300 mm silicon wafer. The panel 230 was moved by a
micrometer. Initially the micrometer dial was set so that the lower edge of slit 235 was on the optical
axis; the reflected beam was thus completely blocked by slit 235 on its return path and zero signal

obtained. By means of the micrometer the lower edge of the slit was moved below the optical axis in

30 2.5 ym steps, with the reflected power measured by photodetector 270. This differential process was



understood that a nultitude of steps, and of nmuch finer or small increnent
than depicted, may be enployed. In the settings showmmn at Dto F, the
i1lum natwonz/zpesture stop is opened one increnment 10 andP@BUM01ZI098%Nat
position, while the observation aperture stop is opened in small steps. The
di fference between the neasurenents resulting fromthe positions at Dto F
and the counterpart neasurenents resulting fromthe positions at Ato Cis
the contribution of scattering fromoff-&is illumnation. In the settings
shown at Gto I, a final set of neasurenents is made with the illum nation
nuner | caleoARfed E'rﬁ?th@trcffqerzt@d b3 8B boethdrt ol rlifind (G RATR SRLIRLRRRSdnu @
stop is opened in snall steps. 11 ( s arso pos e to nove aPong he Y
axi s, sudhe gicdimrim Phd oi)ff@:ttoo gf@tingsoverdrtoen trizesupdasisyrsirsitar DRansAPRT thelheatisg axp is
fixed and the illum nati on observation aperture sto ened in snal

steps. TRG*gEHENA MEFYFINLEeRiL! deodtt iSi58%°% F0 W@“d?gélﬁaft%‘glﬁ@ T thin the

limts ofnelghorfl &?ést@mmw% Gy AP EEdY Lid &9 he

bandw dt hnetgf trhggdet ecgtorso w%%%‘%s scx{lter%égglm Ir$?o'% rr(gt ?ﬁﬁ%m sanpl es
havi n§ axeslting yamt shpwn Emlesamnbem thestigihenisishgvreod tad Y syisTeidthe obséeatdnape 20
of the illumnnation and observation apertures is nmatched to provide the

appr opr i AMECEAARA P eHer A IHeAREHSUR Betenishewtiietocee 1aypf Teasigeer Bemgley. For
the case yfe diohl {6 Lo, 9 8king% &&%u,%po?{h%gh%ﬁ 0By hc%Yu‘?rﬂ e %go%'fa.
symetry, he neasur seq e afong' T he'di onal5 of

i |l ust ratuad whid i svgs' |§)ﬂwe|§hr€ﬁe gréunguméwmngstapsdﬁwoqm aﬁhe%l@ﬁﬂﬂre@ﬁfﬂ% akly in
FIG 8, neasurenents were perfornmed on both a 25 clean bare silicon wafer,

and on dla!"fjr%@#nzo?feﬁf’@tf?rﬁﬁ%gra?f’ﬁ&érw SIS0 Bi RoHLE YR ¢ $teReres 5006t ai ned at
row 44 col urm%hesda%'gf F@G ‘.pého@s F\E’S}gﬁé{{il}as Btn V\%Q;?%J%@ §rje|vx}effg a éxec(ornpyyﬁ

panel 230 was noved by a m cronet nitia e’m croneter was set

so that tthenelrgwarabigg@eaohdigibidl sigdduragshd@re &lshﬁ/vé])lps‘épé?ﬁbd frenibare stlibén. reel ect ed
beam was t hus conpletely bl ocked by slit 235 on its return path and zero
si gnal  o¥aurRsincreaye W@aﬁgm%ﬁlv Wﬁfeotrﬁewwg\eﬂ@%@%w@@cwg@ecﬁampﬁes sl i t was

moved belsgg\éu %%{ICP@E |Il%%ma %%eﬂ%%ggéf&l?% ﬁ%g( ésols% qbservgtrc])ntnngerrlc% ?(ﬁ‘

nmeasur ed etector renti process was

PCT/ USQt /d&&&ﬁgsentewm@mtcwmm rébatnigh wkReof\RHbEGLRABLRNVRbN ﬁmrﬁ&mdapbm& eaSl ng,
signifying that that the slit was centered on the optical axis. The

d| ff ridct i\Glve gy dﬁ'i’gﬁjg Sifje e f?hﬁhd?ﬁéﬁgﬂﬂ’@d'n@?d BY erllimstedrravenand g ktpwnife8 gr at i ng

row peasur e ste steps of 5.0 pm and steps
of 5.0 pme#ﬁJe nqﬁ]gflcg orrtlurrtfgO three(ftbedéltearsnghlﬁsmelqn‘}'P?'n 6 was neasured tw ce,

each time in stepssiafo 5x0r pm The 5 resulting data is showedn FIG 9,
wherein the signal is shown on the Y axis, and the observation
where x is the distance of the ray from the optical axns fis the focal length of the objective, and @ is
the angle which the ray makes with optical axis after exiting the objective. A ray initially parallel to
20  the optical axis at a height x above it will strike the sample at angle ©. The position of the lower edge
of the slit below the optical axis, given the specular nature of the sample, determines the effective
observation system numerical aperture, defined for a sample in air as
NA=sin®=x/f EQ. 2
where x now represents the distance that the lower edge of the slit is below the optical axis, and NA
25  isthe numerical aperture. Initially the observation numerical aperture is zero. As the lower edge of
the slit moves below the optical axis the observation numerical aperture increases until it reaches the

maximum value set by the microscope objective 260, which is a known quantity, 0.8, such that

0.8 =x_max/f EQ. 3



nunerical aperture, calculated as set forth bel ow, shown along the X axis.
The signature fromthe bare silicon wafer is "Si", "4,5 # 1" is the
measure o¥oone3gr ating at row 4, colum 5, in steps of 2. BCT/pRY1/3ep89 e "4, 5
# 3" is the sanme grating neasured in steps of 5.0 pm The signatures for
"4,6 # 1" and "4,6 # 2" are both for the grating at row 4, colum 6, both
rreasured in steps of 5.0 pm 10 The data of FIG 9 shows that t.he
signatures of the two gratings are well -8&parated conpared to the
repeatability of an individual signature, and are also well separated from
bare sil ig@Ralud R x_fAbARAIMEIinbd RN RS mw%m%'w& ,wcﬁothefeb %EM&%MQ
numeri cal aperture because the sanple is Specul ar l'um nat1 on
nuner i callowgsepdsilior ozecesgisl trive thebsieowater ©adinaere mnaitnorap‘enumm gigral.al | data
presente ' Th? n?@r oneter readings were converted to an observation

nurer i cal Lol efﬁmﬁﬁqah%oeﬂﬁredg?mﬁnﬁdﬁé adingion o for an ideal |ens

i1l um nat ed by col Nian®g géx ) @%sx and the known 0.8 objecti g, guneri cal
aperture of the objective 260. The sine lawis sin 0=x/f EQ1l where x is

t he disst difesaiofilatethealnafpr NAoms thue popéd amalnsiasidnsl asfshown inféG feocal | ength of the
obj ective, an the angle which the ray makes with optical axis after
exiting the o&]tg‘?:fofe@@mgﬁx?rﬁ ©ithi iyra{pgtign E)%[Pki?lfj@ a?'Bgl‘?Ua‘fer'%‘QH‘pi“Pé’a'P”Zéﬂ?”s at a
hei ght x I e
over cageror gL e bheoBauR B AU Ch R RoRGRa PR Rloet 7,
of the sangletin wilieh @rerdanei etch&as@fsfr&@é mir@r widss esfléatiah@tha gt uth argier Feal
aperture, defined for a sanp in air as NA=sinG=x/f EQ 2 where x now

repres entS¥MRiFY. H‘Fﬁ‘%ﬁ%‘@%ﬁé@ tct tP?eSUfkaWéW Weryerror thal dhesiempleisefipaive ipfiegiance
optical axd fot e %regéol)’ Sveti *ﬂ&d&#@%&&%‘mﬁ&{éﬁél% fe lén {htdfﬁ'llefsm ﬁnﬁo h the

observation nunmerical aperture I's zero I't noves
bel ow t hesappsiarcadturaxt 8labdreamnsioss/ad pmﬁud@mﬁfbrﬁﬁllurﬁmlbh uvatneméaecasr%%hunu |
it reaches the nmaximum value set by the m croscope objective 260, which is

a known dliaAw *eeyapp@X@*at%wntfwat"'W@mn for fhgwake of simpjicity. \\hio Aiomade) then,
PCT/ US01/ r%@%%%l is se%g Ir;r !ﬂ@ un\{tﬁh H&e 8P{he )ﬁqeg%%m Fuﬁ&tnﬁm@ npo%gl[’&]g Hgﬁ?gz c?s as g1 by

subtracting the mcroneter rea owest (O] zero signal

from t he simge oiret @ith seerkicng raﬂlectahee pAs theisperumf mmntrnmmtgmmbt non&bf thé nat i ng
f, the nuneri cal Perture is obtained as a function of x NA =0.8 * x /
x_max! SEQ illuminagingriight eagy ke abaenser WitInLBe pyerviRiioniag etiopl 3resiuest deficedRydhengit. AS gnal

as shown thc—pslﬂs%we?ed below the optical axis it is predicted that illumination which is as far from the optical
axis, whether above or below, as the lower edge of the slit is below the axis will fall within the
observation numerical aperture and be measured. In the first few measurements, as shown in
FIG. 9, the lower edge of the slit is just barely below the optical axis so that only the sample’s
20  effective reflectance at normal incidence is important. This first measurement constitutes an
uncalibrated measure of the sample's surface-normal reflectivity. Given that the reflectance of the
silicon sample is known, it is possible to directly calibrate measurement of the grating samples for
near-normal incidence.
As the slit is differentially lowered, if the grating’s effective reflectance were constant the
25  signal level would increase linearly at twice the rate at which the slit is lowered, the factor of two
resulting from the portion of the slit above the axis remaining fully illuminated, the portion below the
slit increasing linearly as the slit is lowered, with both the portion above and below the slit observed
by the system. Inspection of the measurement signatures shows that to first order the signatures are
linear in observation numerical aperture. As the slit is lowered, the observation system continues to

30  accumulate signal over larger and larger angles of incidence until finally the limit of the objective is



In the foregoing exanple, the illum nation consisted of a single wavel ength
and polarization state. Wth the slit oriented along the grooves of the
grating 3wOp/29374t was appropriate to consider a nodel |iRCWoSelBPsve sanpl e
acts as a sinple mrror whose refl ectance changes with angle. For
simplicity, the slit is considered to be sufficiently such narrow that the
sampl e's effective reflectance 10 did not change appreciably over incident
directions orthogonal to the length of thle slit. Al though the Gaussian
nature of a | aser beam does not produce a uniformillum nation over the
area of t&Rn&d.idnly thk itk £855uREARRIX (B DM thOLM hdvk WRbRARSUsoN for the
sake of sinplicity. Wthin this nodel, then, no signal is seen in the
initial srttap@ta@ﬁn tlm@enmsiwremmten@ntrreweiemﬂﬂhﬂesammjﬁl refidviange mitegratpdaneisa as a
sinple mrror %n effective ref]lectance; with the specular nodel it is
pr edi ct ed®19R&f "’"FF e WG9 lifeAnglysiy Pmﬁ‘?ﬁuﬁa‘{e?‘ﬁée‘ii PRAYE: @ﬁ’ﬁv%e&éb@éi‘wa within the
obser vat iggRra®EdORlfo@er ture defined by the slit. As the slit is |owered
bel ow the optical axis it is predicted that illumnation which is as far
from he opt [ @tﬂlzmga)elfsregmhmtaw@mcaﬁooméA enalysé| cawpe asnstrivged buids captpget aofi ntahe
slit is observatjon nunerical aperture

2nd be: reBUTNEEE T ey P e s bR RS MEN BHCS ST 85 & | b

| over edgg,dQfe of E@n&anﬁt df &n ln%Faté&aﬂr&Jeysn%eJnQW]a%D@ct@rmg'0%@1[:8 AXkgnisdhabdi@t only
the sanple's 20 effective reflectance at normal incidence is Inportant.

Thi s fir shanoase: mevtarrm@nﬁteldewteecs‘ Fé&m 8 inmoqalbatdsraadirete meadierpecofpabéie@3ganpl e' s
surface- normal {'ef ectivit G ven that the reflectance of the silicon
sanpl e | QB it 33p, W@ChJB ipps MYlignenUshe 8% PYh ihe opsrnsttian Arilymieation pupgricahe
gratiqpg %@E@Jr@SBJ &ﬁ;zm@%fod@%é?%r iGRSbAENER, aftSa fdiGizR blibe thaflls HtﬁF %P%éa?rl ly

| owered, 1f the grating' s effective re |'ect ance were-constant the 25

si gnal I epigler MO porrdrease thd aseantblyofame denice eart fh@vithiatleneationdunche bker @l it i s
| ower ed, the factor of two resulting fromthe portion of the slit above

the axis PEREMAICHP TPy §/°mIbV6ﬁ1°'ﬁé’f #galeE AR (hofevisep 80 B nbandsgimijar
i ncreasi ré%bbblﬂ@ﬁtg chn @rﬁ%&h% f%\l/v'ag ohéortﬁmgﬁﬁig paWst ghdb;% Pl v&{f\lfﬁ oﬂ%rﬁloﬂ@omgve and

bel ow the slit observe system I nspection o e neasur enent
si gnat ur esdes hiappraxately S)Crhlbl;/ 30 crorbgleo chhesrsalignaltlizigga tyul crystanegertutenit is
observati on nunerical aperture. As the slit is |owered, the observation

systgrfh c&ﬂifﬁ'%@smwes%ded@e@msatvgn@r‘&ﬁ%mo 6‘\3@?9 ma?ftjalﬁa'ézﬁ@s | &g angl es of
I ncl enCQ'mH%hiah&%%%Js%oﬁ}%;én%@d ({(_?)htema%te(a, ér]%% bééﬁed for M%P%V\ﬁn%ﬁgréhe slit is

PCT/ US01/ 30989 reac e rnitial neasurenments
j ust bel ow t h&hepresedhg\eeadpleObmibeuspealed vl pim@dralica@ss by subg@mag &le, gehdrally
measur enent represents the sanple's refl ectance integrated over a range of

angl es. UEFRAGITIEHI ds?wp%?%npﬁnmﬁww%@}@e .leoaﬂbef\}@s inM@Aiay B thoproused i1y ¢

surface 4, preceding examples.

20 Although the invention has been described in detail with particular reference to these
preferred embodiments, other embodiments can achieve the same results. Variations and
modifications of the present invention will be obvious to those skilled in the art and it is intended to
cover in the appended claims all such modifications and equivalents. The entire disclosures of all
references, applications, patents, and publications cited above are hereby incorporated by reference.

25



paraneters can be found. 5 Utilizing the foregoing, a device for DNA

anal ysis can be constructed that is conpact and may be inplenented in a
variety ofyg@nbsgurations. Such configurations may incl udg@pReBshon as a
nodul e or conponent of an integrated processing and manufacturing device
for sem conductor nmanufacture. For exanple, the device of FIG 8

i ncorporates a single novable piece, panel 230 including slit 235, which
functions sinultaneously as both the obsé#vation and illum nation nunerical
10 aperture. By utilizing a diode |aser for light source 220, and a

pol ari zi ng cube beam splitter for beam splitter 240 and pol arizer 250, the
assenbly of the device can fit within dinensions on the order of
approximately 5 cmby 5 cmby 25 cmor smaller. Simlarly, the devices of
FIG | and simlar enbodinents can egﬁlo% as few as one or two noving
parts, and can fit w thin di nensions order of approximately 5 cm by
20 cmby 20 cmor smaller. UWilizing a liquid crystal aperture, it is 15
possi ble to provide a device of this invention with no noving nechani cal
parts.5 Ef\Weatid atl@medrisni at uri zation i s thus both possible and contenpl at ed,
and is desired for many applications. The precedi ng exanpl es can be
repeated with simlar success by substituting the generically or
specifically descri folatare -ﬁ&ﬂg i i.tians of this

i nvention forqthoséggggd ﬁnﬂpgﬁgﬁgrecéﬁ%%ﬁagégi%fggf&ggh%wghough t he

i nventi on has been adesice fdogeharaiingletoaarh ofighth parti cul ar reference to these
preferred enbodi ments, other enbodi nents can achi eve the sanme results.
Variations and nodiVeIieg {'YhBalep niRericalaReyie COMRABARY Yariablp PyergaugBNGabus t o

t hos Ki i : and Lt i SNt i . cl ai ns
al | oo edipr e B bha Rt ok ol BhARGREer R Uil AN ERREIREY,

r ef er enceerepynyiaathe enge ofaigRebsyhi@ntinidthd £8¢ stasthe€ sdrigle;above are her eby
incorporated by reference. 25 WO 02/29374 PCT/US01/30989 -22 CLAIMS 5
What is clainmed is:?2 Veraggokgpiyaticanysenist angeviecainaeegt paiealvererasnugterieal sanpl e

conprising.. a souree for. geperati , f_light: .a variahle
iIIuninaE%gnun&néricaﬁ aﬁ@gfuﬁeﬂ%S%%BﬁEﬁ%@ﬂ%ﬁ??%ﬁﬁ%v%vg%“Q“ﬁﬁﬁéP?%% 10
aperture thempevaning iee edibabndng@s diawiachi astteget raydfrdn g sPaplaarRt REsped ARl varyi ng
nunerical aperture
15 a first detection system positioned to receive and characterize the light accepted by

the variable observation numerical aperture component.

2. An apparatus for determining parameters of a sample comprising:
a source for generating a beam of light;

20 a variable illumination numerical aperture component for varying the numerical
aperture over a numerical aperture range while obtaining data for determining parameters, thereby
varying the range of angles at which illuminating rays strike the sample;

an observation aperture component, accepting scattered rays from the sample at a
fixed range of angles; and

25 a first detection system positioned to receive and characterize the light accepted by

the observation aperture component,



t hereby varying the range of angles at which illumnating rays strike the
sanpl e; a variable observati on nunerical aperture conponent, variable over
a numeri calo o2@peist ure range whil e obtaining data for det erpgmidad/30989
paraneters, the varying numerical aperture thereby varying the range of
angl es at which scattered rays fromthe sanple are accepted; and 15 a first
detection system positioned to receive and characterize the |light accepted
by the variabl e observation nunerical aﬁéTture conponent. 2. An apparat us
for determ ning paraneters of a sanple conprising: a source for generating
a beam of |iglht; 20naappariualdr@etelnhibing parbrmedrsuseihgatorapeihur e conponent
for varying the nunerical aperture over a nunerical aperture range while
obt ai ni ng data for afetEe RrePGRlisacReeT ef Whtit hereby varying the range of
angl es at which illuninati. rays strike the sanple: an observati.gn
aperture conponentfmgﬁﬁﬁﬁ?ﬁﬁae@%ﬁf@@?%ﬁ”&8%%”??%¥W?ﬁ@9%8 gsﬁﬁwga‘fixed
range of angh&mg r8R8dirZbiha skinpiet detection system positioned to receive and
characterize the light accepted by the observation aperture conponent. WO
02/ 29F74 PCT/ US01/ 30388ble olmgrvationsymepigrasrerye dooworket for varyingihe pemeritet er s of

a sanple conprising: a soyrce fo nerating.a beamof |ight; an

i 11 uni nat?pgn%rgﬁé?rt RS %Hérﬁ?rfca'éa@gg‘#rﬁf?ﬂgﬁég%%b? 'a%iat%krﬁﬂam"gat whi ch

i 11 um nat paagmétasihseby klyitdiBe RAFP b inges 8 Widh sabtfePRFERIMA N @AmpEERY | cal
aperture conponent for varying the nunerical aperture over an increnental
nuner i cal 2&pRied: 3n¢ range while obtaining data for determining paraneters,

t hereby varying the range of angles.at ich scattered rays fromthe sanple
are accepted; and ag'r%idrgff tmﬂéi’%%? POHCLTS PeRThE ST F%%%Cgerﬁ:z%%\eé'etgia\%epgeﬁ&y

char ant erthg@aidbr dbb@dtioneeaRiEnPYnenrl0 the vari abl e observation aperture
conponent. 4. The apparatus of claim1, 2 or 3, further conprising a beam

splitter positioned to direct the beamof |ight generated by the source to

][ Qﬁssggg! ,?I ojn-g"dS-suFIﬁ'gtaﬁ'g%)rg}L%&% ain?tl, 2C(|)r%|. mrtlj{ér c%mgrrisir%’a ge%ﬁnts%ﬁtgergc?s%%dstlong a

direct the beam of light generated by the source to the sample.

15 5. The apparatus of claim 1, 2 or 3, further comprising a lens positioned such that the

lens focuses the illuminating rays striking the sample and collects scattered rays from the sample.

6. The apparatus of claim 1, 2 or 3, further comprising:
a first component for polarizing light positioned such that the component polarizes
20 light striking the sample; and
a second component for polarizing light positioned such that the component polarizes

light scattered from the sample prior to receipt and characterization by the first detection system.

7. The apparatus of claim 6, wherein the first component for polarizing light and the
25 second component for polarizing light comprise elements selected from the group consisting of a

polarizer, a wave plate, an electrooptic modulator, a photoelastic modulator and a liquid crystal.

8. The apparatus of claim 1 or 2, further comprising a second detection system
positioned to receive and characterize a first portion of the light subsequent to the variable

30  illumination numerical aperture but prior to striking the sample.



| ens focuses the illumnating rays striking the sanple and collects
scattered rays fromthe sanple. 6. The apparatus of claiml, 2 or 3,

further cempniesng: a first conponent for polarizing |i ghtpdagsdotseged such
that the conponent polarizes 20 light striking the sanple; and a second

conponent for polarizing |ight positioned such that the conponent polarizes
| ight scattered fromthe sanple prior to receipt and characterization by
the first detection system 7. The appar#®fus of claim6, wherein the first
conponent for polarizing |light and the 25 second conponent for polarizing
| ight conprise elenents selected fromthe group consisting of a polarizer,
a wave plate, an electrooptic nodul ator, a photoelastic nodulator and a
liquid crystal® 8. ThRErRaspay eftcledn 8ffudieaFemmrisye adean gelttaerostiomerte dirastha

second de t] : itioned.to receive and characteri first
portion oﬁrgttc%)ggﬁic’g%?h@ﬁ oggég]ge@%l?oo?egect“ﬂ'ésy?t:em aarlglaeseC%‘H ploﬁlllo'& tﬁ%bq%g??a}%rreri cal
aperture spi@rior to striking the sanple. WO 02/29374 PCT/ US01/ 30989 -24

9. The apparatus of claim8, further conprising a beamsplitter positioned
to dirfect the first portion of the light to the second detection system

and a second rti of the light to the . s | e 10. .The appar at us of
claim1 or 2, IC)@/ner g’?’ﬁ af)%aég}\t}sa?#ic%ﬂ?éof %MBWPH&??@?{{QH'&%W@B?“ %@BF%P%G“““% .
CoNpr i sescangBdLhesbsraelkaey frélﬁmetdﬂ@p_g%@éi‘a@in%%' Db wih ais BRRHMYEER W th
an iris, a zoomlens assenbly, a variable beam expander, a vari able

aperture &isepbiyeryyarifble aednnexpinteyi ngrialss epetuse, siep magpéitatah irfamingiagsenttharst or m
of the aperture st ssenhly and conbi pati on of the foregoing. 10 11.
The. appar SEA g s arTRTG REr ol 5P ha~ g 2nes gimiliyon AR Brepa Mo rhe

appargtus of claiml1l, 2 or 3, wherein the first detection system conprises
a nmenber selected fromthe group consisting of a photodetector and a

spect ronet er. 115 13 heThearaippelrctinud0 ofhecdirathenris js & agy sh@pe.wherein the first
detection system conprises a conputer-conpatible output for recording data
relating to recei pt and characterization of light. 14. The apparatus of

claim1l, further comBlpsdiits & RIS whQbin @ AbLERY shdisn BRERLESA!
member selected from the group consisting of a photodetector and a spectrometer.
15
13. The apparatus of claim 1, 2 or 3, wherein the first detection system comprises a

computer-compatible output for recording data relating to receipt and characterization of light.

14. The apparatus of claim 1, further comprising a processor for controlling the numerical
20  aperture of the variable illumination numerical aperture component and the aperture of the variable

observation numerical aperture component.

15. The apparatus of claim 1 or 2, wherein the numerical aperture of the variable
illumination numerical aperture component is variable over a numerical aperture range from 0 to

25 about 1.

16. The apparatus of claim 2, further comprising a processor for controlling the numerical

aperture of the variable illumination numerical aperture component.



20 aperture of the variable illum nation nunerical aperture conponent and
the aperture of the variable observation nunerical aperture conponent. 15.
The apparwigu@0374cl aim 1 or 2, wherein the nunerical aper tpgeyi/zédae
variable illumnation numerical aperture conponent is variable over a
nunerical aperture range fromO to 25 about 1. 16. The apparatus of claim
2, further conprising a processor for controlling the nunmerical aperture
of the variable illumnation numeri cal aﬁé“rt ure conponent. WD 02/ 29374

PCT/ US01/ 30989 -25 17. The apparatus of claim3, further conprising a
second detectiign systeapppass éiceined, dither ERERIsVE 2 38¢bnE Bateadh 8Ydtere pasitlohésio
portion of the Ii%ht subsequent to the illum nation aperture conponent but
prior to $EPYKINWFhemaeiedzefyirg porion gf theriipht wibpratatt isthe fllumingiion apertyrg cemegnent
conprisin r.o or for controlling the nunerical aperture of the

vari abl e %ﬁgg&\}%‘t&ﬁ%ﬁ; thﬁrsrééwl%al aperture conponent. 19. A nethod for

determ ning paraneters of a sanple conprising the steps of: generating a
beam of light; 10 focusing the beam of |ight on the sanple; varying at

| east ne par dfet erThg @prasategiofforaiinm t fagheg coupisios A prosessagfopsontrplinarthspemesical
angl es ofai Bc;e% g‘c%agg t he betam of I.ight to the sa[nrrpl e and the range of
angl es of *RFEHE L VaakI% WPeVFIPE AP RLFASRBIE CBYPIERhs of at |east one

vari abl e nunerical aperture; and detecting and characterizing the scattered
light. 15 20. The method of claim 19, wherein the step of varying at | east
one par anet er 19conpyinetbed feadepérmgningatabametass sfarmgapsfcomnigirmsthestepnai dence of
the beamof light-to thte S rrple‘c g the range of angles of detected
scatter fromthe s3I ° %ﬂ’ net hod of claim20, where the range of
angl eg of i nci denceod@king e ReA® Rht b @OtamBi® the sanple is varied by neans
of a first variable nunerical aperture and the range of angles of detected
scatter fromthe saaping at kastané pdabyieneissd dbmahsgounansisimgabihe rangeef i cal
ggle\; :J;?na%feﬁé;fr{rllgaﬂniﬁ;te&)tg?g%{élotﬁjlﬁgt]té ’ %%?lte%ﬁ%thg?a gglo elln%%stopgetesctigdpsscat?efr' 25

from the sample by means of at least one variable numerical aperture; and
detecting and characterizing the scattered light.
15
20. The method of claim 19, wherein the step of varying at least one parameter
comprises varying both the range of angles of incidence of the beam of light-to the sample and the

range of angles of detected scatter from the sample.

20 21, The method of claim 20, where the range of angles of incidence of the beam of light
to the sample is varied by means of a first variable numerical aperture and the range of angies of

detected scatter from the sample is varied by means of a second variable numerical aperture.

22, The method of claim 19, further comprising the steps of:
25 polarizing the light striking the sample; and

polarizing the light scattered from the sample.



pol arizing the light scattered fromthe sanple. W 02/29374 PCT/ US01/ 30989
-26 23. The nethod of claim 19, wherein the at | east one vari abl e nuneri cal

aperture weppphises a menber selected fromthe group consipgii@8hosan
aperture with an iris, a zoomlens assenbly, a variable beam expander, a

vari abl e aperture stop magnification inmagi ng assenbly, a spatial Fourier
transformof the aperture stop assenbly and a conbi nation of the foregoing.
5 24. The nethod of claim 19, wherein deBé&cting and characterizing
conprises use of a device selected fromthe group consisting of a

phot odet ect or 2and &ns RRAIHNBLIEI19, Wivreid he aMRENOHe Pdriablk ALMEAD) apphgkei n
detecting and characteri zing conprises a conputer- 10 conpati bl e output for

r ecor di ngeodatisesraghehbaigeleded eaeihptorandondrtin@cftaprapgratre oith af iri,iaglobm lens
assembly, a variable beam expander, a variable aperture stop magnification imaging assembly, a

spatial Fourier transform of the aperture stop assembly and a combination of the foregoing.

24, The method of claim 19, wherein detecting and characterizing comprises use of a

device selected from the group consisting of a photodetector and a spectrometer.

25, The method of claim 19, wherein detecting and characterizing comprises a computer-

10 compatible output for recording data relating to receipt and characterization of light.



